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CONVERGENCE AND QUASI-OPTIMAL COMPLEXITY
OF A SIMPLE ADAPTIVE FINITE ELEMENT METHOD

ROLAND BECKER' AND SHIPENG MAO?

Abstract. We prove convergence and quasi-optimal complexity of an adaptive finite element algo-
rithm on triangular meshes with standard mesh refinement. Our algorithm is based on an adaptive
marking strategy. In each iteration, a simple edge estimator is compared to an oscillation term and
the marking of cells for refinement is done according to the dominant contribution only. In addition,
we introduce an adaptive stopping criterion for iterative solution which compares an estimator for the
iteration error with the estimator for the discretization error.
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1. INTRODUCTION

The analysis of adaptive finite element methods has made important progress in recent years. Based on
classical residual-based a posteriori error estimators [1,16,20] it has been shown by Doérfler et al. [14,15,17] that
an adaptive mesh refinement algorithm converges towards the solution of the Poisson equation with homogeneous
Dirichlet boundary conditions and given square-integrable forces f in a two-dimensional bounded domain 2 with
piecewise linear boundary 0€:

—Au=f in £, u=0 on O (1.1)

In [17] the importance of controlling oscillations in data not captured on a given finite element mesh is pointed
out and a special local refinement algorithm (‘newest-vertex-bisection’) is used in order to control a term
measuring the data oscillations.

An important further result is the estimation of the dimension of the adaptively constructed discrete spaces,
first achieved for wavelet discretizations by Cohen et al. [12]. This result is extended to a modified version
of the algorithm of [17], including an additional coarsening step, by Binev et al. in [6]. A further significant
improvement has been achieved by Stevenson [19] who shows that the additional coarsening step is not necessary
in order to prove optimal complexity.
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estimates.
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The importance of the last-mentioned results lays in the fact that they show optimal complexity of certain
adaptive algorithms: if the solution of (1.1) can be approximated by a given discretization method on a given
family of meshes at a certain rate (quotient of accuracy to number of unknowns), the iteratively constructed
sequence of meshes will realize this rate up to a constant factor.

The results obtained in the cited works rely on a special treatment of the before-mentioned data oscillation
term and the use of the newest-vertex-bisection algorithm. To overcome the need of this special refinement
algorithm, which is cumbersome for practical purposes, is a difficult task, since the classical local lower bound,
which is at the heart of convergence proofs, has to be avoided. A first result in this direction has been recently
proven in [18], which does however not provide any information on speed of convergence nor complexity of
the algorithm. More recently, in [10] the authors provide a convergence and complexity result for an adaptive
algorithm avoiding the inner node property. The idea is to replace the local lower bound by a decrease estimate
of the error estimator.

Our algorithm is based on an adaptive marking strategy comparing an oscillation term with a simple esti-
mator, following [5] where this idea has been introduced in the context of the new vertex bisection and [2] for
mixed finite elements. In the present work, we avoid the inner node property, which makes it possible to use
other local refinement algorithms, supposed that they satisfy a complexity estimate stated below. With respect
to the cited articles, we simplify the a posteriori error estimator by suppressing the volume residual. This is
natural, since it is known for a long time that the volume term leads to overestimation in the case of lowest-order
conforming finite elements [8,9]. The resulting algorithm is attractive in practice, since the obtained refinement
will in general be dominated by the edge residuals.

In addition, we introduce a new adaptive stopping criterion for the iterative solution of the discrete system
in each step of the mesh refinement algorithm. The idea of this stopping criterion is to compare the iteration
error ¢;; with the estimator for the discretization error. This strategy potentially saves important computing
time, since criteria with a fixed small constant, say s;; < 1078, often used in practice, require close to com-
plete solution in each step. We analyze the resulting algorithm with incomplete iterative solution and prove
convergence and optimal complexity.

Throughout this paper we work with families of shape regular triangular meshes in the sense of [11]. In
order to deviate as less as possible from standard notation, we denote by h an element of a family of admissible
meshes H, and by wuj the corresponding finite element solution. The set of cells of mesh h is denoted by Kp,
and the set of interior edges by &5,. In addition, the set of nodes is denoted as N,. As compared to standard
notation in finite element literature, h denotes a mesh in a family of meshes H and not a global maximal cell
width.

The paper is organized as follows: In Section 2 we define the adaptive algorithm. In Section 3 we prove some
lemmata concerning lower/upper local/global bounds which are used later. Although the techniques used here
are well established in the literature, we give complete proofs since we need to elaborate the precise dependence
on iterative solution for the purpose of the subsequent analysis. In Section 4 we prove geometrical convergence
of the error of the adaptive algorithm, under natural assumptions. In Section 5 we prove an asymptotic estimate
for the complexity of the sequence of generated meshes. Possible concrete forms of the stopping criterion are
discussed in Section 6. In Section 7 we present some numerical experiments and some conclusions are drawn in
Section 8.

Throughout the paper we use the following notation. We use the standard Sobolev space H} () and write

for u € H{(Q) and w C Q |ul1,, := ([, [Vul? dz) 2 and |ul1 = |u|1.0. The L?(w)-scalar product is denoted by
(+, ) with corresponding norm || - ||,,, omitting the subscript in case w = .
Furthermore, P* denotes the polynomials of maximal degree k > 0.

2. DEFINITION OF THE ADAPTIVE ALGORITHM

We define the family of admissible meshes H in the following recursive way. Starting from an initial mesh hy,
we suppose that we have a local mesh refinement algorithm Rio.(h, F) which refines for a given mesh h € H
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all marked edges F C &,. The resulting mesh is supposed to be conforming and the local mesh refinement
algorithm is supposed to satisfy the following assumption. Let us denote by Nj = #K;, the number of cells of
the mesh h. Then we require that:

Assumption 2.1. Let hy, k=0,...,n be a sequence of locally refined triangulations created by the local mesh
refinement algorithm, starting from the initial mesh ho. Let Fy, C &Epn,, kK = 0,...,n — 1 be the collection of
all marked edges in step k. Then h, is uniformly shape regular and its shape regularity only depends on that
of hg and for all E € Fy all neighboring triangles of E are at least bisected once. Furthermore, there exists a
mesh-independent constant Cy such that

n—1

Ny, < Niy +Co Y #Fp. (2.1)
k=0

Assumption 2.1 and especially the complexity estimate (2.1) are known to be true for the newest vertex
bisection algorithm, see Theorem 2.4 of [6] (where the set of marked cells instead of the set of marked edges is
used).

Let h € H. We use the Courant finite element space

Vi i={op € Hy(Q) : vp|x € P for all K € K } -
The Ritz projection uj € Vj, is defined by
(Vuh, VU}L> = <f, Uh> Yo € Vy,. (2.2)

In order to approximately solve the discrete system in (2.2), we use a multigrid algorithm, which is based on
the sequence of nested spaces V3 C ... C V; C ... C Vp with Vi, = V}, resulting from the hierarchical mesh
refinement. The multigrid algorithm employs mesh transfer operators and a smoothing operator only acting on
the locally refined meshes, see [7,21] for detailed definitions and proofs of the mesh-independent convergence of
the resulting algorithms.

We denote by u}* the discrete function obtained from m iterations of the multigrid algorithm starting with
the solution from the previous step of the mesh-refinement algorithm. In order to estimate the iteration error,
we use an a posteriori error estimator for the definition of the stopping criterion of the multigrid iteration. Let
Ch(u}) be an estimator satisfying the upper bound

lun — u [} < Crag G (uiy?). (2.3)
Several estimators satisfying (2.3) are possible, see Section 6 for a detailed discussion. Our results on convergence
and complexity of the adaptive algorithm do not dependent on the concrete form of the estimator but only (2.3).

Let h € H and let w, be the set of cells joining a node z € N}, and denote by m, the mean-value operator
(7w (f) :== [, fdx/|w]). We define for given z € N}, and P C N}, an oscillation term

1/2
osc. == |w. Y2 ||f = 7w, fllw., osch(P) = <Z 0sc§> . (2.4)
Next we define for E € &, and any given subset F C &, the standard edge residuals for a given function vy, € Vj,:

Bl sen=(gaw) e

K
B EeF
where [-|g denotes as usual the jump of a cell-wise polynomial function. We set for brevity oscy := oscy(N3)
and Jh(’l)h) = Jh(vh,Sh).

Jp(vy) = |B|Y?
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The purpose of this article is to analyze the following adaptive finite element algorithm:
Algorithm 1 AFEM

(0) Choose parameters 0 < ¢, 0 < 1, v > 0, & > 0 and an initial mesh hg, and set k = 0.
(1) Do m iterations of the iterative solution algorithm applied to the discrete system (2.2) with h replaced
by hy to obtain the finite element solution u"; m is determined by the condition to be the smallest integer

verifying:
G, (ui) < iy, (ug™). (2.6)
(2) Compute the a posteriori error estimator .Jp,, and oscillation term oscp, .
(3)  — Ifoscy, <~J7 (uj) then mark a set F C &, with minimal cardinality such that
Ji(F) > 0., (2.7)

— else find a set P C N3, with minimal cardinality such that

osc, (P) > o oscp, (2.8)

and define F to be the set of edges containing at least one node in P.
(4) Adapt the mesh: hii1 := Rioe(hi, F).
(5) Set k:=k+1 and go to step (1).

Remark 2.2. The refinement is only governed by the oscillation term, if it is big compared to the estima-
tor, following the idea of [5]. Therefore, in most practical cases, the edge residuals alone dominate the error
estimation, such as suggested in the work of Carstensen and Verfiirth [9].

Remark 2.3. The choice of parameters can be guided by our theoretical results. The stopping criterion « has
to be small enough relative to 6 in order to yield convergence; the other parameters 6, o, and v are arbitrary.
The fact that « is arbitrary for our convergence result indicates that the edge residuals play the dominant role
in the overall refinement.

In order to achieve optimal complexity, in addition to the condition on «, the marking parameter 6 has to
be small enough and v has to satisfy a condition, whereas o is free.

Such a condition on € is known from other complexity estimates [19]. In [6], § = 1 is possible, but an
additional coarsening step is used.

3. SOME TECHNICAL LEMMATA

For the purpose of the later convergence and complexity proofs, we collect here some lemmata concerning
upper and lower bounds of the estimators. Although the techniques used here are well established in the
literature, see [8-10,17,19], we give complete proofs since the subsequent analysis requires to elaborate the
precise dependence on iterative solution.

Lemma 3.1 (upper bounds). Let h € H. There exists a constant C1 > 0 depending only on the minimum
angle of hy such that for up € Vj, the solution of (2.2) and arbitrary wy, € Vi,

|u7wh|f < C’l(JfL(wh)+osci)+2|uh7wh|f. (3.1)

Suppose in addition that H € H and F C Ex are such that h = Rioc(H,F). Letting P C Ny the set of nodes
included in F and ug € Vi the discrete solution, we have

lup, —wi |} < C1 (Ji(wa, F) 4+ osci (P) + lup —wi|)  Vwy € Vi, (3.2)

and
#F < C3 (N, — Ng). (3.3)
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Proof. The global upper bound (3.1) with wy, = wuy, has been proven by Carstensen in [8] introducing a weighted
Clément-type quasi-interpolation operator, denoted by Cj. The generalization to wy # wup follows from the
triangle inequality.

For the proof of the localized upper bound (3.2) we make use of the operator C}, which allows for the local
interpolation estimates, known from the Clément-operator. First, there exists a mesh-independent constant Ci,
such that

1/4 _ 1/2
max(|v — Cpolr, [K[ v — Cholox) < Cing [ K|V 7[0]1,05

where wg is the union of the neighboring elements. In addition, C}, is constructed in such a way that, with
another mesh independent constant Cyy¢n,

(f,v—=Chv) <C Z w2 || f = Tw. flo. [v[1,0. < Coren 0sc [v]1.
ZGNH

Let now vy € Vg denote the quasi-interpolant of vy, = up, —wpg € Vj,. Then the support of v;, — vy is located
to the locally refined region augmented by one layer of elements. Therefore we obtain the bound (3.3) with F
to be defined as the set of edges belonging to the support of vy, — vy:

lun —wrlf = (V(un —wn), V(o —vm)) + (V(ur — wn), Vo)
< A{fivn —vE) — (Vwn,V(vn —vg)) + lug —wrlilveh
< (Corgn0scy (P) + Cine Ju (Wi, F))|vn|1 + 2Cstab|un — wili|val1,

where Cyiap is the H}-stability constant of the weighted Clément operator. We conclude by setting C; =
maX(Cort}n Cin‘m 2Cstab)- 0

The next lemma concerns lower bounds of the error. Whereas the global bound has a standard form, the
local bound is different from the one commonly used for convergence proofs, since the inner node property is
not assumed here.

Lemma 3.2 (lower bounds). There exists a constant Co > 0 depending only on the minimum angle of hy such
that for all vy € Vi

Ji(vg) < Cs (Ju—vulf + oscy) . (3.4)
There exists a constant Cy > 0 depending only on the minimum angle of hy such that for F C €y, h =
Rioc(H, F) and arbitrary § > 0

1+6
Jg(vh) < (1 Jr(S)J]Q{(UH) — %J?{(’UH,}-) + 04(1 + 1/5)|vh - UH|? Yop, € Vi, v € V. (3.5)

Proof. The global local bound (3.4) is obtained using the standard techniques of [20] as follows. First we recall
that for a given triangle K € Ky and given edge E € €y there exist a cubic bubble function by € H}(K) and
a quadratic bubble function bg € HJ(wg), where wg denotes the union of the neighboring cells of E. Taking

the test function wg := [‘igj—f]bE we have with positive constants C, ¢ > 0 and fx = wx f that
ovy 2 Ovy
cl||—=— — | wgpds = VogVwg dz = V(vg —u)Vwg dz + fwgdz
on gl On o o o

V(vg —u)Vwg dz + Z wade—i—/ (f = fr)wg dx

wWgE KCWE WwWE wWgE

0
. <|E|-1/2|u sl B2 S (Ul + 1~ fKnK)) I152]

KCwg

IN

)
E
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which yields

b 2
=1 |52, < ('“”H'iwﬁ > KIS = el + 32 |K||fK|%(>. (36)
E

KCwg KCwg

In order to estimate the last term in (3.6), we choose the test function wy := fibr, yielding

/ V(u—vg) - Vwg dz :/ fdexz/ wade—i—/ (f — fr)wk dz,
K K K K
from which we deduce that

ell ficle < € (1K1 2l = vl + 1F = ficllic) el

and therefore
(K| fxll%x < C (ju—vult g+ |KIIf = frel%) -
Combining the last inequality with (3.6) and making use of the estimate

> IKIIf = fxllk < C oscy (3.7)

KeKn

gives (3.1). The bound (3.7) follows from the fact that for a node z € Ny, it holds Y-, IIf = fxl% <
Y okcw, If— 7. f||% and that the number of cells sharing a node is bounded for the family of meshes.

Next we prove (3.5), following [10]. We divide the edges created by the local refinement into three sets. The
first set consists of newly created edges in the interior of a coarse cell. For such an edge F we have that

v 12 d(vn, —vm)]? 2
E — =|E _— < — .
21 [ | Ge] as=1e1 [ |20 as < Clon - oulh,

The second set consists of edges obtained from dividing a coarse edge E into two new edges, £ = E; U E,. For
a coarse edge from this set, we have by Young’s inequality

0Uh 2 0Uh 2
E — d E. — d
| 1| E1’:an} o | 2| E2’:an ’

L (2] =)
(1+5)2 o ds+ (1+1/6) > /. o ds
149 ovn |’ [B] [ [90n —vm)]”
o5 L0 [ [29] a1 al2] [ [P ],
yielding (3.5) in this case.

The last set is the set of unrefined edges. Here we have

|E|/E [%rds (1+5)|E|/E [%}—frder(lJrl/éﬂﬂ/E {W]st

) 2
(1+6)|E|/ [ﬂ} ds + C(1+1/8)|vp — verli,, -
E an ’

IN

IN

IN

IN

This completes the proof. O
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4. CONVERGENCE PROOF
We prove error reduction with respect to the following error measure:
e(h,m) := |u —u"|? + By osci + Bz JE(ull") (4.1)

for some constants (3; > 0 and B2 > 0.

Theorem 4.1. Assume that ¢ satisfies (2.3). Let {hi}x>0 be a sequence of meshes generated by algorithm AFEM
and let {UZZ“};CZO be the corresponding sequence of finite element solutions. Suppose that

92
0<a<—r 4.2
=% 640, Crny (42)
then there exist constants 1 > 0, B2 >0, and p < 1 such that for all k =1,2,...
e(hkt1,mi+1) < pe(hg, myg). (4.3)

Remark 4.2. For the convergence result of Theorem 4.1, the parameters v, § < 1, and ¢ < 1 can be chosen
arbitrarily.

Proof. We set o := aCipg.
First we set up = un, ., ug = up,, up’ = UZ::I’ ul, = u’,?:, Jp = T, Jg = Ju(uly), Ju(F) =
Jp (uly, F) and similarly for the other involved quantities. We consider the two cases of the algorithm separately.
Let us start with the first case. We make use of the Galerkin property of the finite element discretization.

Since for arbitrary £ > 0 we have
(V(w—up), V(ui —up)) = (V(un —up’), V(up —uj))
< (/28 un — ui[f +€/20up — uyli,
we find by means of the stopping criterion that
=l g = 2090 ), V0 )
@

£

Combining the last inequality with (3.5) and introducing 5 := 2 + o’ /£ we obtain

< u—uyl? = =&y —ulylf + 7.

Ju— [t = (1= &)up’ — u |t + 553
Ju = w7 + (B5Ca(1+1/8) = 1+ &) Jup? — uly [}

ACERE By )]

lu—upl} + Badi <
<

which leads to
e(hym) < fu—ulyl2 4+ (BCs(1+1/6) — 1+ ) |uf? — uly 3 + By osc]
1456
+ ((1 +0)J5 — TJ,%,(]-‘)) : (4.4)
Imposing the condition

(Bﬁ%) Cs(1+1/6)—1+¢ <0, (4.5)
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and using the refinement criterion, we have

0(1+46
e(hym) < |u—uly|? + B osc + 3 ((1+5)J12{ (; )JIQJ)

We next introduce 6’ = (14 60)8/2 — 6 and parameters a,b > 0 to be chosen later.

e(h,m) lu — uby |2 + B1osci + Bo(1 —0')J%

<
< Ju—uly|? —ab' BhTE + Brosc —(1—a—b)0 ByTH + By(1 — bo')J7,.

Using the upper bound we have |u — ul;|? < (Cy + 2a/)(J% + osc?;). Taking into account osc?; < vJ% we find
aBh0’
e(h,m) < (1 - m) u—ufg|T + (81 + ab'By) oscy

— (1 —a—b)0' By T + B5(1 — b6")J 7
af350’ Jo1 l—a—0b
+ (1 — b0 J%
< p1Ju—uby|3 + p2 B1 0scl; +p3 B2 T3
< p'e(H,1),

with p! = max(p1, p2, p3) and

pr =1 0B/ (ot 20) ™, pa = 1402 ( %b) s = (B5/2)(1 — D).

We now show that under the condition (4.2) we have 0 < p; < 1 for i =1,2,3.
First we notice that (4.2) implies, since 1 —z < /1 -2 <1 —12/2 — 2?/8 for 0 < # < 1 (which we apply
with © = 60/2),

6? 1—-6/4—\/1-6/2 1-6/4—(1-0/2 6
o < < [A-V1-6/2 _ /A-(1-6/2) 6 (4.6)
6404 204 204 8C4
Next we consequently choose the parameters J, b, and (5. First consider the quadratic equation
40/04 — 9/2 40/04
8?4+ A5+ B = A=———"— B= : 4.
+ A+ 5 =0, 1-0/2 1-0/2 (4.7)

By (4.6) we have A < 0 and A?/4 — B > 0. Therefore (4.7) has a positive root and this implies existence of
0* > 0 such that

(1—0/2)6*% + (40/Cy — 0/2)6* < —4d/Cy. (4.8)

We choose § < min(d*, %). (4.8) implies

o/ Cy(1+1/0) o/ Cy(1+1/9) 1
— Z. 4.
o 672 —s(1_6/2) 4 (49)
Due to (4.9) the quadratic equation
'Cy(1+1/5

oo g2 @G +1/9) (4.10)

0/
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has two roots satisfying 0 < & < & < 1. Choose & < € < &2, such that

f_g> a/C4(zl+ 1/6)

Direct manipulation leads to
1-6 o - 1-¢ o
0 & Cu1+1/6) ¢

We can therefore choose 35 > 0 such that

ﬂa_l < ﬁ < 17_5 _ il
o ¢ TP o1+1/5) €
The left inequality in (4.13) leads to
!
B2+ /€ B2+ ' /€ B

1>b><1g—2)/9’,

This allows us to choose b such that

which implies
%

2

03 (1-00") < 1.

The right inequality in (4.13) leads to
FCa(1+1/0) + & <1,
which is (4.5).

1211

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

It remains to choose a < % to obtain py < 1. Since for the indicated choices, it holds p; < 1, we have

completed the proof in the first case. Notice that §; > 0 is arbitrary up to now.

Now we consider the second case of the algorithm. We have the following property concerning the oscillation

term involving a constant 0 < p < 1:
2 2 2
oscy — oscy, > p oscr (P),

(4.17)

which follows from the facts that the number of triangles containing a given node z € N}, is bounded and that

the marked cells are at least bisected once, see [18] for more details.

The inequality (4.17) implies osc? < (1 — o) osc?,;. With the same choice of 32, £, and § as before, it follows

from (4.8) under the condition (4.5) that:

e(h,m) < [u—uly|? + (35C4(1+1/6) — 14 &) [up’ — uly|} + By oscj,

ACEDE BEsr 1)

< |u—uly|? + B osc + Bo(146)J%

IN

+05(1+0)J5; — bBipo osc;

<1 g PrHoy
Ci(14+7) +2a/

+ [z <<1 + i/> (1+46)— b&’yua> J%

IN

(28 B2

IN

p? e(H,1).

lu — uly|? — aBpo osc?y + Br(osc —(1 — a — b)uo oscy;)

)l a4 511~ (1 0 Do) sy
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We choose a, b such that 1 —a — b > 0 and ; such that

L1+
By > M (4.18)
byuo
It follows that 0 < p(® < 1. We conclude the proof by setting p = max(p', p(?). (]

5. COMPLEXITY ESTIMATE

In order to express the optimal complexity, we introduce some notation from nonlinear approximation theory,
developed in [6,13]. Let Hy be the set of all triangulations h which satisfy N, < N.
Next we define the approximation class

W? = {(%f) € (Hy (), L*()) : [|(w, f)lwe < +00} (5.1)
with

Il(w, f)|lws := sup N*® inf (|u — up|? +osc,2l).
N>Ng heHN

We say that an adaptive finite element method realizes optimal convergence rates if, whenever (u, f) € W?#, it
produces a triangulation h; with dimension Nj and corresponding approximation uj such that

lu — ug|3 < CN, % (5.2)

Theorem 5.1. Suppose (f,u) € W*. Let {hi}r>0 be a sequence of meshes generated by algorithm AFEM
and let {Vi}r>0 and {ug}tr>o be the corresponding sequences of finite element spaces and solutions. Let gj :=
lu —up™ |3 + osci and N = dim(Vy). Assuming the parameters v and 0 to satisfy

1 —~vCy(1+Cy)

0<y<1/(Co(1+Cq)), 0<O< , 5.3
7 < 1/(Cof 1)) Ca(Cr + Comg) (5.3)

we have the following estimate on the complexity of the algorithm: there exists a constant C' such that
Ny <Cep'”. (5.4)

Remark 5.2. In case of exact solution, a = 0, and zero data oscillation osc;, = 0 (and consequently v = 0), we
get the condition 6 < 1/(C1C%). This condition states that the percentage of marked cells should not be larger
than the inverse of the efficiency index of the estimator C'yC5. Such a condition seems natural, since § = 1
corresponds to uniform refinement.

Proof. We use the same notation as in the convergence proof. As before, we consider the two cases separately.
First let osc? < ~J%. From our regularity assumption we have existence of a mesh h* € H such that for

A > 0 to be chosen below

2 +osci. < A(Ju — uby|? 4 oscy) (5.5)

[t — wp
and
Np- < C (Ju — uby|? + osc?) 715, (5.6)
Following the proof of Stevenson [19] (proof of Lem. 5.2), we can suppose that h* is a refinement of H, if we
replace (5.6) by:
Np- — Ny < (Ju — uby|? + osc?) 715, (5.7)
Let F* C £ be the set of refined edges and let P* be the set of corresponding nodes. We now prove that

J3H(F*) > 0J%. (5.8)
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From (3.2) and the stopping criterion we have, since |u — up+|? = |u — uby|? — |uly — up-|?,

(Cy +)T3H(F*) > |upe —ulg|? — Crosc (P*) = |u — ubg|? — |u — up~ |3 — Cy 0sc (P*)
> Ju—uly|] — A (Ju — uly |+ osc3;) + osci. — Cy oscq (P*)
> (1—A) (Ju—uly|} + osci;) —osc}; — Cy osci (P*)
1—A
Z C—2JI2_I — (1 + Cl)OSC%{

2

(10 A L+ cl)) 2

Choosing A = 1 — C2(Cy + )0 — vC2 (1 + C4), which is positive by assumption, we obtain the desired
bound (5.8).
Since F is chosen to be the set with minimal cardinality satisfying the bound (5.8), we find that

#Fy < HF* < Np- — Np < ;7% (5.9)

Now we consider the second case. Similarly as before, there exists a mesh h* such that with A to be chosen
below

lu — wp=|3 + osci. < A (ju—uly|] + osck) (5.10)
and
Ny~ — Ny, SC(|u—ulH|f—i—osc§{)71/s. (5.11)
It follows from (5.10) and (3.1) that
oscf; —osch (P*) < osch. < A(Ju—uly[] + osch)
< M(C1+ &) (T3 4 osc?y) + oscy)
1
< A (1 +(C1+d) (1 + ;)) 0sc;.
From this we obtain
2 * / 1 2
oscy (P*) > (1 - (1—|— (Ch+a) (1 + ;))) 0SCYy .
o l—0o :
We choose A = THCita) (7 D) to obtain
osc? (P*) > o osc. (5.12)

With the same argument as before we get (5.9).
Let now e := [u—uy"' |3 + B osci, +02 J; (uj"). From Theorem 4.1 we know that with a constant 0 < p < 1
there holds

k—1 e

e < p ;, kE>1>0.

Due to the definitions and the first lower bound (3.4) of Lemma 3.2 e; and €, are equivalent. Then we also
have with a constant C' depending on 31, (2 that

er <Cp*le, k>1>0. (5.13)
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The estimate (5.13) together with Assumption 2.1 imply

k k
N1 —No < C Z#j:k <C Zﬁl_l/s
=0 =0

IN

k k
- Z s —1/s Z _ C s
C% 1/s (Ek/gl)l/ S CEk 1/ < p(k l)/S) S mgk 1/5.

1=0 1=0
This concludes the proof. O

By Theorem 5.1, the number of unknowns is asymptotically optimal. The convergence analysis of multigrid
on the type of meshes considered here, see [7,21], can be used to check that the stopping criterion of the multigrid
iteration can be fulfilled with linear work count (supposing we use the nested algorithm). We note that it also
has already been discussed in the literature, see [14], how the logarithmic factor required in the complete sorting
of the estimator can be avoided.

Corollary 5.3. The algorithm AFEM can be implemented with optimal work count in the sense that for a
given accuracy € > 0, the algorithm provides a discrete solution up satisfying |u — up|y < & with a number of
operations proportional to g=1/2s,

6. STOPPING CRITERION

One way to obtain an a posteriori error estimator satisfying (2.3) is to follow the idea of [4].

The hierarchical refinement leads to a sequence of nested spaces Vi, C ... C V; C ... C Vp with V;, = V},. Let
the discrete operators A; : V; — V; be defined by (Aju;,v;) = (Vuy, V) for all v; € V; and Q; : L?(Q) — V; be
the L%(Q)-projection.

Let u}' be the approximate solution of the multigrid iteration after m iterations. We define with h; ~ 2!

L
Cu(up?) =Y lll(Qi = Qi-)R™| + |QuR™|l, R™ :=Qnf — Apuj. (6.1)
=1

Using the relation Q; A, = A; P, where P, is the Ritz-projection on V, it can be shown that the residual terms
appearing in the definition of (6.1) can be related to the residuals of the multigrid iteration, see [4]. As compared
to the estimator proposed there, (6.1) seems to be more appropriate on locally refined meshes. In order to prove
that (2.3) is satisfied, let w := uj, — u}*. We then have

lun —ui'lt = (V(un — i), Vw) = (Qnf — Apuj’, w)

|
M=

(R™,(Q1 — Qi—1)w) + (R™, Qow)

N
Il
N

I
M=

(Qr— Qi—1)R™,w) + (QoR™, w)

N
Il
A

IN

L
c (Z Bl(@Qe — Qi) Rl + |QoRm||> fwly

=1

by the use of the Clément interpolation and the Poincaré inequality.
Another way to derive such an a posteriori error estimator, which might also be valid for other iterative
methods, is given next. Suppose that an a priori estimate of the form

= w1 < pimglu — up'ly, (6.2)
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FIGURE 1. Refinement creating a hanging node and a hanging nodes and corresponding con-
forming refinement for triangles.

77

RS
(AL

Fi1GURE 2. Typical mesh and plot of exact solution for Example 1.

with p;g < 1 holds. Then we define a simple estimator by
Gul(uf?) = T — s, (6.3)

Notice that (6.3) is easy to implement, since it is at hand in standard implementations of the multigrid algorithm
and other iterative solvers.

7. NUMERICAL EXPERIMENTS

We present two numerical experiments. The first one has a smooth solution and is used to examine the
behavior of the algorithm with respect to the different involved parameters. It is also used to compare with
other algorithms known from the literature. The second example employs a solution which is not in H?(Q). It
illustrate the complexity estimate by showing that the optimal error decrease can be recovered by our adaptive
algorithm.

For both examples we use Q = ]—1,1[ x |—1,1[. The local mesh refinement uses quadrilateral meshes with
hanging nodes which are cut into triangles as indicates in Figure 1. A proof of Assumption 1 for this algorithm
as well as further details can be found in [3].

In the first case, we use u(x) = exp(—10|z|?) and f(z) = —Au(x). We employ inhomogeneous Dirichlet data,
the generalization of the estimator is immediate. This example has been treated before in [17]. A typical mesh
is shown in Figure 2.
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FIGURE 3. Example 1: Error versus N for different values of 6 (left, v = 0.1) and ~ (right, 6 = 0.8).

We examine the behaviour of the algorithm with respect to the implied parameters. The important pa-
rameters are 6 and . For simplicity, we set throughout ¢ = 6 and a = 0. The ratio between the true error
e = ||V(u — up)| and the estimator varied between 0.5 and 0.288 in all cases, and between 0.292 and 0.288 for
all computations with N > 500.

The quality of the generated meshes for different values of § are shown in the left picture of Figure 3. Since
u € H2(), all plots have the optimal slope s = 1/2. We have only represented § = 0.9 and the extreme values
0 = 0.99 and § = 0.1. It can be noticed that the behaviour is hardly influenced by the value of 8, as long as
0 < 1.0. In this case (adaptive refinement), there is a gain in the number of unknowns of a factor 2.5-3 as
compared to uniform refinement (6§ = 1.0), which is explained by a better constant in e(N) ~ N 5.

In Table 1 we make a comparison of our algorithm with the MNS algorithm [17]. We have chosen v = 0.1 and
0 = 0.7. We denote by M,, and M. the number of marked cells due to the estimator and the oscillation term,
respectively. As can bee seen from Table 1, in contrast to the MNS algorithm, the algorithm presented in this
article leads to refinement according to the oscillation term only during the first steps. In the following iterations,
the refinement is only done according to the jump estimator, which reflects the fact that the oscillations are of
higher-order accuracy. Notice that for practical purposes, one would use a larger value of # and and even larger
value for 0. The choice of § = 0.9 and o = 0.95 lead to a reduction of the number of adaptive iterations from 13
to for the same final accuracy in our tests.

Our second numerical example is intended to examine the complexity estimate. We compute the Poisson
equation in the L-shaped domain @ =]—1,1[ x ]—1,1[\[0,1] x [0, 1] and with right-hand side f = divg. The
vector g = (g1, g2) is given by g3 = —1 if x > —0.5 and g; = 1 otherwise, and go = —1 if y > —0.5 and g, = 1
otherwise. A plot of the solution is shown in Figure 4.

Although the presented theory cannot be applied directly, since f & L?(Q), we consider this as an interesting
example to see, if the optimal slope s = —1/2 can be reached by the adaptive algorithm. The problem presents
a singularity along the lines of discontinuity of g, as well as the corner singularity. Both are resolved to a certain
extend by the adaptive mesh refinement, as can bee seen from Figure 4.

Finally, we show the decrease of the estimator for different values of # in the right plot of Figure 5. It turns
out that slope s = —1/2 can be recovered for § = 0.9. For § = 0.1 the complexity is not improved, but the
number of iterations required to achieve 7, < 0.1 is increased from 12 to 74. The choice of § = 0.99 leads to
less favorable behavior, but the optimal slope seems to be recovered when the mesh is fine enough.

The number of nodes is approximately doubled during the adaptive refinement for 6 ~ 0.9, which could be
expected from isotropic refinement in two dimensions of a one-dimensional singularity. A much better behavior
could be expected for this example from anisotropic refinement, but this is out of the present scope.
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TABLE 1. Comparison between MNS algorithm (columns 2-4, from [17]) and the present one
(columns 5-7, v = 0.1).

Tter N | M, | My N| M, | My
0 1 ] 0 1 0 1
1 64| 16| 16 16 0| 12
2 704 | 56 8 54 0| 12
30 2256 80 0 94 0 8
4| 4208| 96 8 120 0| 24
50 6624| 112 24 202 0| 80
6| 8752 | 344 0 492 0| 208
71 17512 432 0 1224 | 644 0
8| 28368 | 608 0 3588 | 1796 0
9| 42896 | 768 | 16 9396 | 3304 0

10| 60216 | 2192 0| 19466 | 11476 0
11| 113040 | 2296 | 24 || 54388 | 28356 0
12| 160592 | 3816 | 24 || 141144 | 48360 0

Y] XXX, XX XX
XIXIXTX] QX
%
]
XXX XXX X
X <]
)

FIGURE 4. Typical mesh and plot of exact solution for Example 2.

8. CONCLUSION

We have proposed a new adaptive algorithm for conforming finite elements based on an adaptive marking
strategy and an adaptive stopping criterion for iterative solution.

In this article, we have carried out the proofs of geometric convergence of the error and asymptotic complexity
of the resulting meshes in the case of lowest-order finite elements in two space dimensions. The generalization
to three dimensions seems to be possible.

Numerical examples have been presented in order to compare the adaptive marking strategy with the col-
lective marking known from the literature and in order to illustrate the complexity of the sequence of meshes
generated by the adaptive algorithm for different values of the involved parameters. The second example illus-
trates the gain in adaptivity, but it also suggests the possible improvement by anisotropic refinement. However,
the proof of convergence and complexity results for anisotropic adaptive finite element algorithms requires
further consideration.
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FIGURE 5. Decrease of the estimator for Example 2.
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