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COMPUTABLE A POSTERIORI ERROR ESTIMATES IN THE FINITE
ELEMENT METHOD BASED ON ITS LOCAL CONSERVATIVITY:
IMPROVEMENTS USING LOCAL MINIMIZATION ***

IBRAHIM CHEDDADI', RADEK FUCiK?, MARIANA I. PRIETO? AND MARTIN VOHRAL{K?

Abstract. We investigate in this paper improvements of the a posteriori error estimates in the finite
element method discretization of the Poisson equation, introduced in [M. Vohralik, A posteriori error
estimation in the conforming finite element method based on its local conservativity and using local
minimization, to appear in C. R. Math. Acad. Sci. Paris] and [M. Vohralik, Guaranteed and fully ro-
bust a posteriori error estimates for conforming discretizations of diffusion problems with discontinuous
coefficients, submitted]. The estimates presented in these references are guaranteed in the sense that
they feature no undetermined constants and fully computable but numerical experiments show that the
effectivity index, i.e., the ratio of the estimated and actual error, does not approach the optimal value
of one but rather a slightly bigger value. We identify in this paper the reason for this and introduce
a possible remedy, which consists in performing a local minimization of the values of the estimators
over patches of simplicial submesh elements sharing a given vertex. We then present a set of numerical
experiments showing the improvements achieved and compare our estimators, both theoretically and
numerically, with the classical residual ones.

Résumé. Estimations d’erreur a posteriori calculables pour la méthode des éléments finis
basées sur la conservativité locale de cette méthode : améliorations employant une min-
imisation locale. Nous étudions dans cet article des améliorations des estimations a posteriori pour la
discrétisation de I’équation de Poisson par la méthode des éléments finis, introduites dans [M. Vohralik,
A posteriori error estimation in the conforming finite element method based on its local conservativity
and using local minimization, & paraitre dans C. R. Math. Acad. Sci. Paris| et [M. Vohralik, Guaran-
teed and fully robust a posteriori error estimates for conforming discretizations of diffusion problems
with discontinuous coefficients, soumis]. Les estimations présentées dans ces références sont garanties
au sens ou elles ne comportent pas de constantes indéterminées et sont entierement calculables, mais
des essais numériques montrent que l'indice d’efficacité, donné par le rapport entre 'erreur estimée et
Perreur exacte, n’approche pas la valeur optimale de un mais une valeur légerement plus élevée. Dans
cet, article, nous en identifions la raison et nous introduisons une correction basée sur une minimisation
locale des valeurs des estimateurs sur des ensembles de triangles ou de tétraedres d’un sous-maillage qui
partagent un sommet donné. Nous présentons ensuite une série d’essais numériques et comparons, tant
du point de vue théorique que numérique, nos estimations avec les estimations classiques par résidu.
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INTRODUCTION

In the last decades, a vast amount of literature was dedicated to a posteriori error estimation for the continuous
piecewise linear finite element approximation of the model diffusion problem

_Ap = f in Q, (13)
p = 0 on 09, (1b)

where Q C R, d = 2,3, is a polygonal (polyhedral) domain and f is a source term. Several types of estimators
have been developed, such as the averaging ones, cf. Zienkiewicz and Zhu [25], the residual ones, cf. Verfiirth [19],
or the equilibrated residual ones, cf. Ainsworth and Oden [1]. Many useful properties have been proven about
the majority of these estimators, like, e.g., the local efficiency. This property means that each element estimator
represents a lower bound for the actual error in the given element or in its neighborhood, up to a multiplicative
constant. This property is thus the basis for successful local mesh refinement. In the majority of the cases,
however, the estimates are not guaranteed, meaning that a fully computable upper bound on the error is not
given. In the averaging approach, for example, the estimate does not give any upper bound on the error, whereas
in the residual one, the estimate only gives an upper bound on the error up to an unknown multiplicative
constant. Finally, in the equilibrated residual approach, the upper bound is given but it is not computable
since it involves a solution of local infinite-dimensional problems. A remedy for this situation in the case of
residual estimates was presented by Carstensen and Funken [4], who evaluate the “unknown constants”, whence
these estimators become guaranteed and fully computable. This result complements some other ones, like,
e.g., the works of Ladevéze and Leguillon [13], Destuynder and Métivet [6], Strouboulis et al. [17], Luce and
Wohlmuth [14], Vejchodsky [18], Repin and Sauter [16], or Korotov [12].

We have recently in [22], [21], and [7] introduced estimators for mixed finite element, finite volume, and
discontinuous Galerkin methods which are guaranteed and fully computable, robust with respect to (independent
of) the domain and the weak solution, computationally inexpensive and the effectivity index is close to the
optimal value of one. Their versions for the finite element method were then presented in [23,24]. During the
CEMRACS 2007 summer research center, we have first implemented these estimators into the FreeFem++ [9]
code and made a series of numerical experiments. These experiments confirm the theoretical results of [23,24].
In particular, the estimate is guaranteed, fully computable, and robust with respect to the domain and the
weak solution, as we show below for a test case where the domain has a reentrant corner and the (known) weak
solution possesses a singularity. We have next compared our estimators, for the above model problem and also
for a model problem with a regular solution, to the residual ones of Verfiirth [19], with the constants evaluated
according to Carstensen and Funken [4]. We have concluded here that our estimates lead to much sharper
error upper bounds. However, these numerical experiments also showed that the effectivity index still does not
approach the optimal value of one.

We have thus consequently focused on the investigation of this issue, identified the overestimation source,
and proposed a remedy to this situation. It consists in performing a local minimization of the values of the
estimators over patches of simplicial submesh elements sharing a given vertex and leads to a solution of a small
linear system for each vertex. As we demonstrate on numerical experiments, this technique helps to considerably
decrease the effectivity index. In particular, for the regular test solution, the effectivity index for a sequence
of adaptively refined meshes approaches the optimal value of one, which suggests the asymptotic exactness in
this case. Also for the solution which possesses a singularity at a reentrant corner, the effectivity index for a
sequence of adaptively refined meshes is quite close to one. We note that as the evaluation is local, the overall
cost stays a linear function of the number of vertices, which is optimal. Another approach, avoiding any linear
system solution, is pursued in [23].

Two other issues, not presented in this paper, were pursued in our project in the CEMRACS 2007 summer
research center. First, a generalization of the present results to the reaction—diffusion case, yielding estimates
which are guaranteed and moreover robust with respect to the reaction coefficient, is given [5]. Next, all the
above-cited results only hold under the condition that the linear systems associated with the numerical scheme
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are solved exactly. This is of course not necessarily true in practice and, moreover, it may be even interesting not
to increase the precision of the solution of the linear system if we know that the error is due to insufficient (local)
mesh refinement and the discretization (not the algebraic) error. This last point is pursued in [11]. Finally,
the estimates in [7,21,22] are derived for convection—diffusion-reaction problems and the present approach in
the finite element method can be readily extended to this case. As the overall methodology is quite general,
extensions to other types of problems seem possible and will be the subject of a future research.

This paper is organized as follows. In Section 1, we summarize the basic results of [23,24]. In Section 2,
we recall the classical residual estimates of Verfiirth [19], with the constants evaluated according to Carstensen
and Funken [4]. Next, in Section 3, we present our local minimization strategy and finally, in Section 4, a set
of numerical experiments on two model problems is presented.

1. GUARANTEED AND FULLY COMPUTABLE A POSTERIORI ERROR ESTIMATE

We recall here the basic results of [23,24], giving a guaranteed and fully computable a posteriori error estimate
in the finite element method.

1.1. Notation

Let 75, denote a conforming simplicial mesh of €2, i.e., a mesh consisting of triangles (d = 2) or tetrahedra
(d = 3) such that Q = Uker, K and such that if K,L € 7;,, K # L, then K N L is either an empty set or
a common edge, face, or vertex of K and L. Next, V), (Wi, V*t) stand for the set of all (interior, exterior)
vertices of 7;, and &, for all the sides (edges if d = 2, faces if d = 3) of 7;,. We will also use the notation

Ty = {LeTy LNV £0} VeV,
Vi = {VeV,;VCK} K €Ty,
Ex = {o€é&;0C K} K eT,.

In addition to 7}, we shall here consider dual partitions Dy, of 2. A dual volume Dy associated with vertex
V' (we also use the notation Vp for the vertex associated with a given dual volume D) is constructed as follows.
When d = 2, Dy is the polygon whose vertices are the barycenters of all the triangles K € 7y and the midpoints
of all the edges having V' as vertex, see Figure 1. When d = 3, Dy is a polyhedron and its vertices are in addition
the barycentres of all the faces having V as vertex. We use Dit* DXt to denote the dual volumes associated
with vertices from Vit Vext | respectively.

Finally, we will use a second simplicial mesh S, of €2, constructed by dividing each D € D;, into a mesh Sp
as indicated in Figure 1 and then taking S, = UDeDh Sp. We will use the notation Gj, for all sides of S;, and
gint (G4 for all interior (exterior) sides of S. Next, n denotes an exterior normal vector, whereas n, stands
for a normal vector of a side o whose orientation is chosen arbitrarily but fixed for interior sides and coinciding
with the exterior normal of  for exterior sides. Finally, the jump operator [-] is defined by

[l := (elx)lo = (2lL)lo (2)

for o € Gint shared by K, L € S, such that n, points from K to L. We put [¢], = 0 for any o € G&**. Similarly,
the average operator {{-} is defined by

(Pl + 3 (o1l 3)

N =

{e} =

for o € GI* shared by K, L € Sy, whereas for o € G, {¢} := ¢|,. Analogous notation will be used on &.
Concerning functional notation, we denote by (-, -)s the L2-scalar product on S and by || - ||s the associated

norm; when S = , the index is dropped off. We denote by |S| the Lebesgue measure of S, by |o| the (d — 1)-

dimensional Lebesgue measure of ¢ C R?~!, and in particular by |s| the length of a segment s; hg then stands



4 ESAIM: PROCEEDINGS

FIGURE 1. Original simplicial mesh 73, the associated dual mesh Dy, and the fine simplicial
mesh &y,

for the diameter of S. Next, H'(S) is the Sobolev space of functions with square-integrable weak derivatives
and H{(S) is its subspace of functions with traces vanishing on 9. Finally, H(div, S) is the space of functions
with square-integrable weak divergences, H(div, S) = {v € L?(S); V- v € L?(9)}.

1.2. Continuous and discrete problems
For the problem (1a)-(1b), we define a bilinear form B by
B(p,¢) := (Vp, V),

where p, p € H}(Q), and the associated energy norm by

llell* = Ble, ).

The variational formulation is then to find p € Hg(Q) such that

Blp.p) = (f,¢) Vo€ Hy(Q) (4)

and its finite element approximation consists in finding ps, € X} such that

B(pn,on) = (fron)  Ven € X), (5)

where
X = {on € Hy(Q); onlk €PI(K) VK €T}
with Py (K') the space of linear polynomials on K € 7p,.

1.3. A local conservativity property of the finite element method

Although this is still not commonly known, the finite element method is locally conservative; not on the
primal mesh 7, but on the dual mesh Dy, cf., e.g., Bank and Rose [2], Eymard et al. [8, Section II1.12], Hughes
et al. [10], or [23]. Our a posteriori error estimates are based on this property.

Let RTN(S,) € H(div, ) be the lowest-order Raviart—Thomas—Nédélec space over the fine simplicial mesh
Sp; this is a space of vector functions v having on each K € S, the form (ax + dxz,bx + dry)t if d = 2 and
(axg +drz, b + dry, cx + dKz)t if d = 3, with the normal trace across all o € g};“ continuous. Recall that
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v -1, is a constant for all ¢ € G, and that these side fluxes represent the degrees of freedom of RTN(Sp). We
now define t;, € RTN(S},) by

th-n, =—{Vp, -n,} Vo € Gp, (6)

where py, is the finite element approximation given by (5). Note that tj - n, is given directly by —Vpy, - n, for
such o € G, where there is no jump in Vpy, i.e., on all the sides o € G;, which are in the interior of some K € 7},
or at the boundary of 2, whereas a simple average of the two normal gradient values is used otherwise. The
following important property holds for t;, constructed in this way; we refer to [23, Lemma 5.2] or [24, Lemma 3.1]
for the proof.

Lemma 1.1 (Local conservativity of the finite element method on the dual grid Dy,). Let f be piecewise constant
on Ty, and let ty, by given by (6). Then

(V-tn,)p=(f,1)p VD e DM, (7)

1.4. Poincaré and Friedrichs inequalities

The two following inequalities play a crucial role in our a posteriori error estimates, as well as in the evaluation
of the constants in the residual estimates by Carstensen and Funken [4].
Let D be a polygon or a polyhedron. The Poincaré inequality states that

le = enllh < Cephpll Vel Ve e HY(D), (8)
where ¢p is the mean of ¢ over D given by ¢p := (p,1)p/|D| and where the constant Cp p can for each convex
D be evaluated as 1/72, cf. [3,15]. To evaluate Cp_p for nonconvex elements D is more complicated but it still
can be done, cf. Carstensen and Funken [4, Section 2] or Eymard et al. [8, Lemma 10.2].

The Friedrichs inequality states that
lells < Crpoahb||Vel% Ve € HY(D) such that ¢ = 0 on 92N ID # (. 9)
As long as 0N is such that there exists a vector b € R? such that for almost all x € D, the first intersection of
Bx and 0D lies in 0€), where By is the straight semi-line defined by the origin x and the vector b, Cr p.aq =1,

cf. [20, Remark 5.8]. To evaluate Cr p oo in the general case is more complicated but it still can be done,
cf. Carstensen and Funken [4, Section 3] or [20, Remark 5.9].

1.5. The a posteriori error estimate

The following result has been proved in [23,24]:

Theorem 1.2 (Guaranteed and fully computable a posteriori error estimate). Let p be the weak solution of
problem (1a)—(1b) given by (4) and let p, € H}(Q) be arbitrary. Let next t, € H(div,Q) be such that

(V-tn,)p=(f,1)p VDeDmM, (10)
let the diffusive flux estimator npr p be given by

nor,p = ||Von + tullp D € Dy,
and the residual estimator nr,p by

nr,p ==mpl|lf —V-tulp D e Dy,
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where
mp = Cpphp  DeD,
mp = O;{%,thD D e D,

with Cp p the constant from the Poincaré inequality (8) and Cr p,oq the constant from the Friedrichs inequal-
ity (9). Then

1/2
lllp = pulll < { Z ("R, D +77DF,D)2} : (12)

DeDy,

Note in particular that the above theorem holds true for an arbitrary t, € H(div, ) satisfying (10), and
that (6) thanks to Lemma 1.1 seems as the most natural choice.

1.6. Efficiency of the a posteriori error estimate

The local efficiency of the a posteriori error estimate of Theorem 1.2 is given in the following theorem. We
refer to [23, Theorem 6.1] for the proof (done in a more general setting).

Theorem 1.3 (Local efficiency of the a posteriori error estimate of Theorem 1.2). Let f be piecewise constant
on Ty, let p the weak solution of problem (la)—(1b) given by (4), and py, its finite element approximation given
by (5). Let next t), be given by (6) and let Tj, be shape-regular, i.e., minger, |K|/h% > k1 for some positive
constant k7. Then for the a posteriori error estimators of Theorem 1.2, there holds

C|||p—ph|||D7
C|||P—Ph|||D7

nor,p <
nR,p <

where the constant C' depends only on the space dimension d and on the shape regularity parameter kT and the
constant C' in addition depends on Cp p from the Poincaré inequality (8) if D € D™ or on Cr, p.oq from the
Friedrichs inequality (9) if D € D§*t.

2. CLASSICAL RESIDUAL ESTIMATES WITH ALL CONSTANTS EVALUATED

In order to compare our results with the residual estimation technique, cf. Verfiirth [19], we recall here these
standard estimates, with the constants evaluated according to Carstensen and Funken [4, Section 5].

Corollary 2.1 (Classical residual estimates with all constants evaluated). Let p be the weak solution of prob-
lem (1a)—(1b) given by (4) and let pp, be its finite element approzimation given by (5). Then

1/2 1/2
llp = palll < Cl{ > WIS+ Aphlli} + Cz{ > holl[Von - n]lli} ; (13)

KeTy, oy
where

1 .
Cpg 1, hr, Ve,
CV = 1’ v ¢
Cf 1y ool V€V,

1
2
— 2 2
C; = max E ¢/ min hiy o
KeTy, KeTy

EVk

1
C3 = 3C; max max{hg/hoh%/|K|}+ —33012 max max {hx/hoh3 /| K|(3+ h3 /| K]|)}.
Ex 2 KeTy o€k

KeTy, oc
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Let us here compare briefly these and our estimates from the theoretical viewpoint (a numerical comparison
is done in Section 4 below):

Remark 2.2 (Comparison of our and classical residual estimates). We point out the following differences
between our and the above residual estimates:

e In our approach, the strong form (1la) of the equation is applied to the vector field t, which has been
“made for” (tj, has the appropriate regularity, i.e., t, € H(div,Q) and is locally conservative by (10))
whereas in the classical approach, it is applied directly to pp, which has only been designed for the weak
form of (1a) given by (4) and which in particular is such that App, = 0.

e The constants have the same nature in both estimates: it is basically the Poincaré constant Cp for
interior vertices and the Friedrichs constant Cr for exterior vertices.

e There is no “overlapping” in the computation of our constants (as D € Dj, are disjoint), whereas there
is an overlapping in the computation of the classical constants (as 7y, V € V), are not disjoint).

e There is no maximization over the sides of an element / the whole mesh of the constants and different
geometrical quantities in our estimates.

e The constants are very simple in our estimates, whereas the computer evaluation of the constants in
the classical estimates is rather complicated.

e One is led to construct the meshes D} and Sj, in our estimates, which is not the case in the classical
estimates.

e Our approach extends readily to three (d in general) space dimensions.

3. IMPROVEMENTS USING LOCAL MINIMIZATION

In Section 1, we have shown that a choice of t;, € H(div,) in Theorem 1.2 leading to local efficiency and
robustness with respect to the domain and the weak solution for the finite element method is given by (6).
However, it is not apparent at all whether this choice leads to the best upper bound. In particular, by closer
investigation, it turns out that whereas in mixed finite element or finite volume (discontinuous Galerkin) meth-
ods, the residual estimator represents a higher-order term, as in these methods one has (with an appropriate
ty) (V-tn, 1)k = (f, 1)k for all K € Tp, which implies V - t;, = (f,1)x/|K| by the properties of the Raviart—
Thomas—Nédélec elements, it is not the case here, as (7) is only true on a set of elements Sp(D) and not on
each element K € Sp. The numerical experiments for t;, given by (6) presented in Section 4 below indeed show
that the residual estimators nr,p represent a major contribution to the estimate in the present case.

A natural idea in order to decrease the estimate is to try to choose another t;, € H(div,2) satisfying (10).
Notice now that t, € RTN(S},) given by (6) only for such o € G), which are at the boundary of some D € Dir*
satisfies t, € H(div, ) and (10) and we can choose any value of t;, - n, for the other edges. In particular, we
can choose values that minimize the estimate. Moreover, as the estimator is build locally on each dual volume,
we can perform this optimization process locally on each dual volume. We describe here how we perform the
minimization in two space dimensions; a similar development can be done in three space dimensions. For the
sake of simplicity, we assume henceforth that f is piecewise constant on 7j,.

3.1. Local minimization strategy

Let D € Dy, be the dual volume corresponding to a vertex Vp as in Figure 2; D is decomposed into a
subdivision Sp of n subtriangles Ky, ..., K,_1, numbered in the counter-clockwise direction. If D belongs to
Dsxt, the triangles Ko and K,,—q are on the boundary, unambiguously defined by the counter-clockwise order.
By construction of the dual volumes, the number n of subtriangles is an even number and n > 6 for an interior
dual volume, n > 2 for a boundary dual volume. On each subtriangle K;, the vertex 0 is the center of the
volume D, the other vertices are numbered in the counter-clockwise direction, and we call aj- the edge opposite
to the vertex j. We call n: the exterior normal vector of the edge a;. Let next @b;, 7 =20,1,2, be the basis
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FIGURE 2. Dual volumes and their subdivisions Sp. Left: interior dual volume; right: bound-
ary dual volume

function of RTN(Kj;) corresponding to the vertex j, i.e.,

. 1 )
P _(x—V!
’lp] d|K1|(X _])?

where V; is vertex j of the triangle K;. On Kj, t;, can consequently be written as
thlr, = agipp + a9t + Ay,
The values of the external fluxes over 0D are prescribed by (6) in the same way as before:
e for any dual volume D € Dy,
ah = —|ob|Vpn i, 1=0,...,n—1;
e if D € D™, then in addition

ay = —|o9|Vpp, - n, and ™t = — o Vpy, - o1

The internal fluxes, given by the coefficients o} and o, have to first fulfill the continuity of the normal trace

across the edges, which imposes

e if D € DN,
i +abtt =0,i=0,...,n—1 with o = a}; (14)
o if D € DX,
o +abtt=0,i=0,...,n—2. (15)
Therefore, there are n degrees of freedom o' = a4, i =0,...,n — 1, if D € DI and n — 1 degrees of freedom
at=al,i=0,....n—2,if D € D5t left and these can be chosen in order to minimize the estimator; from

now on, the local estimator on a given D will be considered as a function of them.
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We denote X = (a,...,a" 1) if D € D™ and X = (a°,...,a" 2)" if D € DY and write
15 (X) = (1pr,p(X) + nr,p(X))?.

We seek the minimized estimator
mi

np™" = mingp(X)

1/2
77 :—{ > (775:‘)““)2} :

DeDy,

and redefine consequently our estimate as

In fact, as we are looking for a minimization strategy that would not increase too much the computational cost
of the estimator, we rather choose to minimize

77123F,D(X) + nﬁ,D(X)

instead of n%(X). In contrast to n%(X), we will see that this expression is a quadratic form in terms of X.
Finally, note once again that on a given dual volume D € Dy, the coefficients o} and o} correspond to internal
edges (except a and a?_l if D € D**); consequently, if we modify them, we modify the local estimator np
but not the local estimator in the other dual volumes. As the minimization process will be done with respect
to these coefficients, this means that we can perform it locally, independently on each dual volume.
We now express the local estimators with respect to the degrees of freedom, first for interior and then for
boundary dual volumes.

3.2. Estimators for interior dual volumes

Let D e D}I‘“ be an interior dual volume and Sp = {Ky,..., K,_1} its subtriangulation. Using condition
(14), we obtain
bk, = o+ oy oy, ”
thlr, = abi+alpi —aTlph i=1,...,n—1.

We now calculate separately the residual and the diffusive flux estimators.

3.2.1. Residual estimator

For each dual volume D € D}lnt, the residual estimator is defined as

n%{,D = szHf_v'thH%):m%ZKesD Hf_v'th”%(
= szZKestK(f—V-th)de.

To evaluate the above integrals over triangles, as well as similarly below, we will use the quadrature formula
K|
/ gdx = 3 Z 9(My), (17)
K cEEK

where M, is the midpoint of the edge o, which is exact for polynomials of second order.
Using (16) and the definition of 9¢, we have

thlr, = dul<0| (ag(x - Vo?) + OC.O(X - Vlo) - qn_l(x - VQO))a (18)
bl = qr(@h(x = V§) +ai(x— Vi) =i (x = 15)), i=1,...,n—1
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and 1L (0 4 0 1
Votnlk, = \Iio\(%"i_of —an” )s | (19)
V tulg, = iy (e +aof a7, di=1,...,n—1
Using (19) and denoting f; := |K;|f(M,:), we have
m [ (7~ tw)dx = Of +Cfad + (a1 + CRan=ad + Cf(ad)? 4 (B 1)
m2, fKi(f—V-th)2dx = Ci+Cia'+ Cia™1 + Clai~tal + Ci(a®)? + Ci(a'=1)2, i=1,...,n—1,
where, for i =0,...,n:
Gy = iy ()2 + () + () = 205§ + fi + F)oh + 3(0)?]
0 31K, L\Jo 1 2 0 1 2)%o Qo))" ]
j m? i i pi i
Ci = 3|1<DiJ [—2(f0+f1+f2)+6040} )
T
ot = —2m}
b=
. m2
c: = \K?\'

Thus the residual estimator writes

Mo = Y fK (f-=V- th)Q dx }
= Y CE+ (O + Oy el + (CP T+ CF)an
+09aam ™t + C9(a%)? + C(a"1)? + Y1 (Chalai ™t + C(a)? + Ci(ai™1)?)

and we notice that n%{yD is a quadratic form with respect to X = (a,..., a" 1)k

1
n%{,D(X) = ar — B%X + §XtARX,

where
2(C)+C3) C c3
aR:ZCS, Br = — : , Ar =
=0 0?71 + OS . . cn—t
. . :
9 op=t o2t 4 09)

3.2.2. Diffusive flux estimator

Writting t, = (t7,t7)", the diffusive flux estimator on an interior dual volume D € Dint is given by

noro = Von+tulh
= Ykesy Jx ((Oupn + t§)% + (Oypn + t7)?) dx.

We evaluate the integrals over triangles with the quadrature formula (17); using (18) and the fact that Vpy, is
constant over each triangle, we obtain in the same way as for the residual estimator,

Jicy (@upn + ) + (Oypn +t7)%) dx = Df+ Da’ + Dja' + D§a’a™ ' + D(a®)? + DY (a™ 1),
Jic, (@upn +£5)? + (@ypr + £)?) dx = D + Dia’ + Dya'™! + Djala’™!
+Di(a)? + Di(a’~1)2, i=1,...,n—1

3
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where
Dy = 3d2 Zf o (K] 0upn + oy (mh — 24))? + (dIKi|dypn + af(n’ — y))?,
by = sdz E? o (Al Kl Dapn, + ady(m§ — ) (my — 2} + (d|K3|Dypn + o (n — yh)) (nf — y),
Dy = 3d2|K Ef o — (A |0pn + o (m — x§)) (mf — 23) — (dK:]0ypn + o (nf — yp))(nf — ),
Di = 3d2|K1 E? 0 (m _551)(7” — ) — (n )(n —yh),
Dj = 3d2|Ki\ 5 o(mf —x1)% + (nf — y})?,
D BdQTKi\ Z? o(mf —x5)% + (n} — y3)?,

and (m},n})" = My and (z%,y5)" =V} for i=0,...,n— 1 and j =0, 1,2, respectively.

Thus the diffusive flux estimator writes

MBrp = fK( Dupn + £7) + (Dypn + t7)%) dx
E D+ 3 Q(DZ D§+1>a'+(D"‘1+D°>

and np p is a quadratic form with respect to X = (a?,...,a" )"

1
n%)F,D(X) = apr — BEFX + §XtADFX,

where
2(D§ + D) Dj DS
et DY + Dj Dy
apr = »_ Djj, Bpp=— : ; App =
=0 D™+ D S Dy~
DY Dyt 2(Dy 4+ DY)

3.3. Estimators for boundary dual volumes

Let D € D§** be a boundary dual volume, and Sp = {Ky,..., K, _1} its subtriangulation. We recall that
now, aJ and a?_l are already prescribed and considered as constants, and that the degrees of freedom are

X = (a...,a""2)t. Using condition (15), we obtain

talk, = Q)+ %y + 048%,

et 0401[;0+a1¢1_a1 1¢2, 1217,n_2 (20)

Unlike interior dual volumes, boundary dual volumes can have only two subtriangles; this limit case has to be
taken care of separately.

3.3.1. Residual estimator

We distinguish two cases.

e General case n > 2:
We find

By = C9+30 CO+C" 24 (CY 4 CHA® + P (CE 4 O Yot + G2 a2
+OO( ) +Zi:1 (N z 1 Z+CZ( 1) _"_O’L( i— )2)
+O§172an73an72 + 0272( ) On 2(an73)2,
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where ~
Co = Cj—Cha5+C3(a5)?,
Y = Y- CSal,
Cp 2 = P Pacpt+Cptap Oy,
Cr™2 = Oy 2+ 0y 0y ey,
Ci™? = Cy?+0yh
Once again, 3 p is a quadratic form with respect to X = (a?,...,a"7?)":
2 t |-
Nk, p(X) =ar — BgX + §X ARX,
where ~
Y + Gy
n—3 C% + 022
ap =C+ > Ch+Cy % Brp=- : :
i= n—3 n—2
1 Cr 7+ Gy
cp?
203+ C5) Gy
Ci '
Agr =

20+ 057 Oy
Cy? 2072
e Limit case n = 2:
There is only one degree of freedom x = o and we find

7712-{,D = arx? + brz + cr,

where
aR = Cg + Cé,
b = C)+C3—C5+ Clai,
CR CY + Ciay — Caf + C2(ah)? + C}(al)?
3.3.2. Diffusive flux estimator

We distinguish two cases.

e General case n > 2:

We find
mr.o = D8+ XDyt DY* o+ (D 4+ Dhjal 4 3L (D) 4 Dyl + DY a2
+D9(a%)? + 307 (Diai~tal + Di(a')? + Di(ai~1)?)
+D§z—2an—3an—2 + D2—2(an—2)2 +Dg_2(a"_3)2,
where ~
Dy = Dj— D3as+ Dg(af)?,
DY = DY - Dial,
Dy = Dy’ 4+ Dp + DYl 4+ D T,

S
=3
b

[

D?72 _|_D;171 +Dg71a71171,
Dy™* = Dy ?+Dp %
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Once again, n%)F,D is a quadratic form with respect to X = (a?,..., a" %)

1
77]23F,D(X) = apr — BEFX + §XtADFX,

where ~
DY + D,
n—3 D% + D%
QDF:D8+ZD6+D3_2, Bpr = — ,
i=1 D;L—B’N_i_ €3—2
DY
2(D§ + D3) Dj
Di '
Apr =
2(Dy 7+ Dy7?) Dy?
n—2 nn—2
D3 2Dj
e Limit case n = 2:
We find
Nbe.p = apFE” + bpra + CDF,
where
aprp = Dg + D%,
bpr = DY+ Dj— D3ad + Dzoq,
cor = DY+ Dia? — DYal + D2(a9)? + Di(af)?.

3.4. Minimization

Given a dual volume D € Dy, our purpose now is to find the vector of degrees of freedom X; such that it
minimizes 7712DF., p(X) + 17%17 p(X) and evaluate the quasi-optimal local estimator as

1/2
ni= { > (ngi“)Z} . 0B = np(Xa). (21)

DeDy,

We distinguish two cases.

e General case n > 2:
Finding X; is easy: we have

1
M, p(X) +1pp, p(X) = a = BX + gXtAX,

where
a=ar +apr, B=Br+Bpr, A=Ar+Apr.
The matrices Ag and App are positive, and so is A; A is also definite, as one can easily prove that
X!ArX and X!AprX cannot be zero at the same time except if X = 0. Thus, finding X; is reduced
to solving the linear system AX = B.
e Limit case n = 2:
There is only one degree of freedom x = o and

n%{,D(x) + 77]2:)F,D(=T) = ax? + bx + ¢,
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101 . . . . 45 T T T T
= © =min. est., uniform -e- m?n. est., uniform
—©— min. est., adaptive 4l =—©— min. est, adaptive | |
= = =exact error, uniform
oL exact error, adaptive | |
10 X ptiv a5k ]
x
£ <
S £ 3F b
5 107} 1 2
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@ S 25+ B
5
_. 2r B
1072 E
1.5 b
=l 1 1 1 1
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number of triangles number of triangles

FIGURE 3. Estimated and actual error against the number of elements in uniformly /adaptively
refined meshes (left) and corresponding effectivity indices (right) of the minimization estima-

tor (21)
where
a = ar + apr, b = br + bpr, ¢ = cr + cpF.
The minimum is found for .
= — %,

Once again, we stress the fact that this minimization process is local and the size of the matrices is small: it
corresponds to the number of subtriangles of the dual volume, which is generally of the order of 10. Thus, the
total computational cost of the estimator does not increase excessively and remains linear.

4. NUMERICAL RESULTS

We present here a set of numerical experiments in order to confirm the theoretical results for the estimates
of Section 1, demonstrate their improvements using the local minimization of Section 3, and compare these
estimates with the residual ones presented in Section 2. We first consider a model problem where the exact
solution is smooth, whereas the second problem is posed in a L-shaped domain and has a singular solution.
We shall term in this section (12) as the jump estimator, (21) as the minimization estimator, and (13) as the
classical residual estimator.

4.1. Square domain and a regular solution

We consider here the problem (1a) on Q = [0, 1] x [0, 1] with an inhomogeneous Dirichlet boundary condition
prescribed instead of (1b), given altogether with f by the analytical solution

p=a*+y’ +a+y.

To begin with, we in Figure 3 show the best results we can obtain in this case, using the minimization
estimator (21). In particular, in the left part of this figure, the estimated and actual errors are plotted against
the number of elements in both uniformly and adaptively refined meshes. As the solution posses no singularity
here, the adaptive approach only leads to a slight improvement of the error attained for a given number of
unknowns. The effectivity indices are then shown in the right part of Figure 3. We can see that for uniform
refinement, we overestimate by a factor of approximately 1.5, whereas for adaptive refinement, this value is
very close to the optimal 1 for the finest meshes (1.0376), which suggests the asymptotic exactness of the
the minimization estimator in this case. This represents a striking improvement over the classical residual
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50 T T T 70 T T T T
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40k = = =classical est., uniform| | classical est., adaptive
50 1
x x
(3] e e e e e e e e — . >
2 30f fmmm === 1 Baof 1
z --" z
= =
5 S 301 7
2 201 1 £
5} 5}
20 1
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FIGURE 4. Effectivity indices of the jump estimator (12), the minimization estimator (21),
and the classical residual estimator (13) against the number of elements in uniformly (left) and
adaptively (right) refined meshes
10" . y : 10" . . : :
= # = jump dif. flux est., uniform = % = jump dif. flux est., adaptive
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10 " 3
10° E
10—31 ‘2 ‘3 ‘4 5 10—41 ‘2 ‘3 ‘4 ‘5 6
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number of triangles number of triangles

FIGURE 5. Comparison of the jump estimator (12) and of the minimization estimator (21)
components against the number of elements in uniformly (left) and adaptively (right) refined
meshes

estimator (13), see Figure 4. The effectivity index of the latter one is around 30 for uniform refinement and
around 65 for adaptive refinement. From this figure, we can also see that the original jump estimator (12)
performs quite well in this case, with the effectivity indices equal to, respectively, 2.75 and 2. We finally in
Figure 5 compare the diffusive flux and residual parts of the jump and minimization estimators. It turns out
that in the jump estimator, the major part of the estimation is represented by the residual estimator and only
a minor one by the diffusive flux one. Performing the local minimization of Section 3, the residual estimator
gets superconvergent in comparison with the diffusive flux one and consequently insignificant on fine meshes.
This is a similar effect as observed before for mixed finite element, finite volume, and discontinuous Galerkin
methods in [7,21,22] and we deem it as a prerequisite for asymptotic exactness.
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FIGURE 7. Estimated and actual error against the number of elements in uniformly/adaptively
refined meshes (left) and corresponding effectivity indices (right) of the minimization estima-
tor (21)

4.2. L-shaped domain and a singular solution

We consider here the problem (la) with an inhomogeneous Dirichlet boundary condition prescribed instead
of (1b), given altogether with f by the analytical solution

2 2
= 3 qj —9 .
P r351n<3),

here (r, ) are the polar coordinates. The L-shaped domain € geometry is shown in the left part of Figure 6.
We again first in Figure 7 show the best results we can obtain in this second case, using the minimization
estimator (21). In particular, in the left part of this figure, the estimated and actual errors are plotted against
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FIcGURE 8. Effectivity indices of the jump estimator (12), the minimization estimator (21),
and the classical residual estimator (13) against the number of elements in uniformly (left) and
adaptively (right) refined meshes

the number of elements in both uniformly and adaptively refined meshes. As the solution posses a singularity
here, the adaptive approach leads to an important improvement of the error attained for a given number of
unknowns. The effectivity indices are then shown in the right part of Figure 7. We can see that for uniform
refinement, we overestimate by a factor of approximately 4.2, whereas for adaptive refinement, this value is close
to 1.3. It thus seems that there is no asymptotic exactness in this case, but still the overestimation factor is
very mild. As for the first test case, the minimization estimator represents an important improvement over the
classical residual estimator (13), see Figure 8. The effectivity index of the latter one is around 34.5 for uniform
refinement and around 65 for adaptive refinement. From this figure, we can also see that the original jump
estimator (12) performs much better than the classical residual one but not as well as the minimization one, with
the effectivity indices equal to, respectively, 10 and 8.75. It is very interesting to compare the diffusive flux and
residual parts of the jump and minimization estimators in this case, as we do it in Figure 9. It again turns out
that in the jump estimator, the major part of the estimation is represented by the residual estimator and only a
minor one by the diffusive flux one. Performing the local minimization of Section 3 in this case only equilibrates
the residual and diffusive flux estimators on uniformly refined meshes. On adaptively refined meshes, however, as
in the previous case, the residual estimator gets superconvergent and consequently insignificant on fine meshes.
In particular, the improvements in the effectivity index using the local minimization are much more significant
here, compare Figures 4 and 8.

We have paid in this case a particular attention to adaptive mesh refinement using our error estimators.
As in the previous case, an element was marked for refinement if the estimator exceeded 25% of the maximal
element estimators and the adaptive mesh refinement possibilities of FreeFem-++ [9] were exploited. A particular
remark here goes to the fact that on each refinement step, FreeFem++ generates a completely new mesh on
the basis of the given error distribution and this new mesh is thus not a simple refinement of the previous one.
Another point is that our numerical experiments suggest that one gets better results (better error decreasing
with the number of elements) in adaptive refinement when the elements for refinement are chosen using the
jump estimator and not the minimization one; this seems to be in agreement with the theoretical developments,
since we prove the local efficiency for the jump estimator, see Theorem 1.3. We thus for the best results use the
jump estimator distribution in order to choose elements for adaptive refinement and the minimization estimator
in order to control the overall error. To conclude, the predicted and actual error distribution as given by the
jump estimator in the uniform and adaptive cases are plotted in Figures 10 and 11, respectively; we can see
that they match excellently.
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FIGURE 9. Comparison of the jump estimator (12) and of the minimization estimator (21)
components against the number of elements in uniformly (left) and adaptively (right) refined
meshes
Estimated Error Distribution Exact Error Distribution

IsoValue IsoValue

2]
(3]
(4]

M0.544935 M0.0310969

M0.602296 M0.0343276
M0.659658 M0.0375583
M0.717019 M0.040789

M0.774381 M0.0440197
M0.831742 M0.0472504
M0.889104 M0.0504811

M0.946465
M1.00383
W1.14723

M0.0537118
M0.0569425
M0.0650192

FIGURE 10. Estimated error (left) and exact error (right) distribution using jump estimator
and uniform refinement
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