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4. LECTURE 4. COMPLEXITY OF AFEM

Despite the overwelming computational evidence that AFEM lead to optimal meshes, the math-
ematical theory started very recently with Binev et al [4] and Stevenson [44]. Paper [4] discusses
geometric properties of bisection, reported in section 4.1, which turn out to be crucial for optimal
complexity; the AFEM in [4] includes a coarsening step which is not necessary in practice for linear
elliptic PDE. Paper [44], instead, analyzes the AFEM of Lecture 2 and shows optimal complexity
without coarsening. We describe the main ideas of [44] section 4.2 and 4.3. We conclude in sections
4.4 and 4.5 with optimality bounds taken from [10] for general elliptic PDE such as (1.3).

4.1. Procedure REFINE: Properties of Bisection. We now study geometric properties of bisection
[2, 4, 31, 33]. We already described the algorithm in section 2.3 as is the one used by ALBERT for
mesh refinement [43].

Let 7 be the conforming triangulation generated AFEM in the k-th step. We denote 7 . a
refinement of 7j, (in general non-conforming) satisfying the Interior Node Property, and M(7y, ) the set
of elements of 7, that were refined in 7}, .. Finally, ﬂ(’]}*) is the set of elements of 7} with nonempty
intersection with M (7} .); in particular, note that M(7 ) C M(7j,.) and #M(Ty. ) < C*#M (T, )
with C* a universal constant solely depending on the shape regularity constant v* and the dimension
d. This is a consequence of #N(T) < C* for all T € T},.

If an adjacent element to one marked for refinement happens to have a refinement edge other than the
common edge, then the adjacent element must be refined first recursively. This generates a compatible
refinement edge of the original element and its (new) neighbour. This recursion is guaranteed to stop
for every element of a refined triangulation if the recursive refinement does not create cycles on the
(usually very coarse) initial triangulation 7o [33]; this can be easily checked for a triangulation with
a given choice of refinement edges. For three dimensions, this is proved only under some additional
assumptions on the initial triangulation [31]. In Figure 4.1 we show a situation where recursion is
needed. For all triangles, the longest edge is the refinement edge. Let us assume that triangles A and
B are marked for refinement. Triangle A can be refined at once, as its refinement edge is a boundary
edge. For refinement of triangle B, we have to recursively refine triangles C and D. Again, triangle D
can be directly refined, so recursion stops there. This is shown in the second part of the figure. Back
in triangle C, this can now be refined together with its neighbour. After this, also triangle B can be
refined together with its neighbour.

FIGURE 4.1. Recursive bisection refinement: Triangles A, B are initially marked for
refinement. Triangle B yields a concatenation of refinements that stops in triangle D.

As shown in Figure 4.1, the concatenation of refinements of 7} to maintain conformity may involve
several refinement levels, perhaps as many as k. This hints at the difficulties in bounding the number
of degree of freedom #7;41 in terms of those marked # M (7 ) with a constant independent of k.
The following geometric estimate of Binev et al [4] and Stevenson [45] is crucial in this respect.

Proposition 4.1 (Complexity of REFINE). Let {7x}r>0 be a sequence of conforming nested partitions
generated by REFINE starting from To. Let M(Ty ) be the set of elements of T, marked for refinement
and Ty . be the (nonconforming) partition created by refinement of elements just in M(Tx.). Then
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there is a constant Cy solely dependent on Ty such that

k
(4.1) #T — #T0 < Co Y #Ti — #T,.

=1

In what follows we will repeatedly used the notation a < b to indicate a < Cb with a constant
independent of the main parameters involved.

4.2. Localized Upper Bound and Optimal Marking. The next key estimate is due to Stevenson
[44] and gives an upper bound between two consecutive discrete solutions in terms of the error indicators
of the coarser solution, but restricted to the elements in which the partition differ. We refer to Lemma
2.1 for a global upper bound.

Proposition 4.2 (Localized Upper Estimate). Let u, € Vi and uy « € Vi . be a discrete solutions over
a conforming mesh Ty, and its nonconforming refinement Ty, . with marked elements M(7y, «). Then

(42) luk —wrsllv < > (D)2
TEH(T}C,*)

Proof. Since Vy, , C V, are nested subspaces of V, we can proceed as in Lemma 2.1 with test function
U = U — U« € Vi . Since the definition of Clement interpolation operator Ij of Proposition 1.6 on
an element T involves its neighborhood N(T'), we realize that Iyv = v for all T ¢ M(7 ). Therefore,
the same argument as in the proof of Lemma 2.1 applies with ¢ = v — I}v and leads to (4.2). O

The following result of Stevenson is a consequence of Proposition 4.2. It allows us to relate an
optimal partition in terms of degrees of freedom with the Marking Strategy E of Dorfler [21], which
has optimal properties in terms of energy. We assume
e The PDE is (2.19) with A =1: —Au=f
e The forcing function f is piecewise constant over 7y, whence oscy = 0 for all £ > 1
e The polynomial degree is 1.

A by-product of these assumptions is the equivalence of energy error and estimator (see Lemmas 2.1
and 2.2); note that constant Cy is proportional to that in (2.7):

(4.3) Co Y (1) < flu—wif* < Cv D me(T)*.
TeTy TeTy

The ratio g—; > 1 is a measure of the precision of the indicators {ng(T)}r: the closer to 1 the better!

Corollary 4.3 (Optimal Marking). Let the previous assumptions be valid. Let uy € Vi and ug « € Vi «
be as in Proposition 4.2. Suppose that they satisfy the energy decrease property

(4.4) lu = ug v < Mlu = uglv,
with 0 < A < 1. Then the set M(Ty .) of marked elements satisfies the Dérfler property
(4.5) S ()= 02 (1),
TEﬂ(Tk,*) TeTy
1 p2 _ C 2
with 6% = (1 — A%).
Proof. We invoke the orthogonality relation of Lemma 2.11, which is valid for (2.19), to write
Cr o Y (D) = [k — unlld = [l — w3 = [l — w3
TEH(T}C,*)

> (1= N)lu—upll§ > Ca(1 =N > me(T)?,
TeT

This implies (4.5) with the asserted parameter 6. O
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We immediately see from Corollary 4.3 that the range of 6 is limited by the precision of the indicators
{nk(T)}7. Since A > 0, we need a more conservative marking with 6 satisfying

Cs
4. —.
(4.6) 0<0<C1

4.3. Optimal Complexity I: The Simplest Case. We now show that (4.6) is the bridge between
the minimality property of Dorfler marking and optimal partitioning for a given accuracy. To this end,
we need to introduce an approximation class

(4.7) A = {v €eV:|vls=sup ¢

inf
e>0 T CTo: inf [[lu—uz|v<e

(#T— #75)5 < oo}.

and equip it with the norm ||v||s = ||v|lv+|v]s. So As is the class of functions that can be approximated
within a given tolerance € by continuous piecewise linear functions on a partition 7 with degrees of

freedom #7;, —#7p < 5’1/3|v|i/5. Classical estimates show that for s < 1 we have H'*25(Q)NV C A,,

in which case uniform refinement is optimal. On the other hand, the class is much larger and related
to Besov regularity [5].

Lemma 4.4 (Upper Bound of DOF). In addition to the previous assumptions, let w € As. Let Ty
be a conforming partition obtained from Ty. Let Ty, . be a nonconforming mesh created from Tj, upon
marking the set M(Ty, ) according with the Dérfler marking with g satisfying (4.6). Then

(4.8) #Th — #T0 < lu— gl [uly/,
where the hidden constant depends on the discrepancy between 0 and g—f

Proof. Let X and ¢ satisfy 0 < A2 =1 — %HE < 1and e = AJu — ug||v. Let 7 be a refinement of 7y
with minimal degrees of freedom satisfying ||u — ur.|lv < € and

BT — #To < e Vo ults < N5 lu— gy ol 5.

Let now ’]7:' be the smallest (nonconforming) common refinement of 7, and 7;. Since both 7} and
7. are refinements of 7y, the number of triangles in T,;r that are not in 7% is less than the number of
triangles that must be added to go from 7y to 7, namely,

T — #T, < #T. — #7T.
Since the energy error is monotone and ’T,:r is a refinement of 7, we see that
llu— Ugt lv <|lu—urllv <e=Au—ulv,

whence T,:r satisfies a Dorfler property according to Corollary 4.3. On the other hand, Marking

Strategy E selects a minimal set M (7 ) = 7y, with the Dérfler property, which implies that the
ensuing nonconforming partition 7 , satisfies

HTow — #Te < #T — #T0 < H#Te — #T < NV u— wellyJul/*.
This is the desired (4.8) with an explicit dependence on the discrepance between 6 and g—f viaA. O

We are now in the position to show that AFEM possesses optimal complexity. To this end we have
to accumulate via Proposition 4.1 the effect of each adaptive loop quantified in Lemma 4.4.

Theorem 4.5 (Optimal Complexity 1). Let f be piecewise constant in Ty and let u € A, for0 < s <1/2
be the solution of —Au = f in a polyhedral domain 2 of R® with vanishing Dirichlet boundary condition.
Then, the k-th iterate uy, € Vi, of AFEM satisfies the optimal bound

(4.9) lu—wurllv < #FTe = #T0) " *|uly/?,

where the hidden constant depends on the discrepancy between 0 and g—f
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Proof. We first note that since oscy = 0 Theorem 2.12 implies the error reduction
u = upgrlv < aflu —ukllv,

whence for 0 < k< n
e = g5 < @ =y [

We next employ Proposition 4.1 in conjunction with Lemma 4.4 to deduce

n—1
#T, — #T0 <> #Thw — #7T
k=0
n—1
s —1/s
< Jul 3 [l — |y

k=0
n
_ k
< = wallg [l Y o
k=1

—1
<l = unlly ™ fuly”,
because o < 1 makes the sum bounded independently of n. This is the desired estimate in disguise. [

We note that Theorem 4.5 asserts that the error decay is the optimal one expected for a membership
in the approximation class A;. Theorem 4.5 does not account for possible degeneracies of u and
corresponding higher rates.

4.4. Marking Revisited: Towards Optimal Complexity. If oscy # 0, then the above proof have
to be modified considerably. Instead of the approach proposed by Stevenson in [44], we follow here the
more recent approach of Cascén and Nochetto [10] that simplifies that in [44] and applies to general
operators £ as in (1.3).

We start by showing that Marking Strategy O, even though effective in reducing oscillation, may
lead to suboptimal meshes. The following counterexample is a simple modification of Example 1.3
studied computationally in section 2.6.1

U=Uug +us.

Here uk is the function of Kellogg [29] discussed in Example 1.3 with v = 0.1, and ug is the oscillatory
function

us = 10~%a; ! sin®(107x) sin(107y)

where a;, being constant in each quadrant, is the diffusion coefficient given in Example 1.3. We
observe that ug is much smaller in magnitude than ux and is also smooth, but it leads to a small
amount of data oscillation. Since Marking Strategy O reduces data oscillation in step k + 1 relative
to the preceeding value in step k, the absolute magnitude of data oscillation relative to the error is
inmaterial. This fact is an early indication that Marking Strategy O may yield suboptimal meshes and
this is confirmed computationally and depicted in Figures 4.2 and 4.3.

4.5. Optimal Complexity II: The general Case. In order to decrease the oscillation relative to
the error size we need to make a few important modifications in AFEM. We start by defining a new
notion of oscillation which majorizes the previous one oscy and incorporates the variation of all data
within an element T € 7p:

= 2
OSC(f, T)Q :h%“ Hf - fTHLQ(T)
osc(A, b, ¢;T)? :=h%osc(DA, T)? + h% osc(b, T)? + h% osc(c, T')?
0sc(A, b, ¢, up; T)? 1= osc(A, b, ¢; T)? lug[|7
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We now define the new element oscillation osc(ug,T') and element indicator (;(T) to be
osc(ug, T)? := osc(f, T)? 4 osc(A, b, ¢, ux; T)?
G(T)? := mp(T)? + osc(ug, T)?,

where 7, (T) is the error indicator already. introduced in (2.4). For their global contributions we
employ the following notation:

m= Y m(T),

TeT;
osc(ug, Tp)? = Z osc(ug, T)?,
TeT;
osc(A, b, ¢; T)? = max osc(A, b, ¢; T)?,
TeT;

Gi=>_ (1)
TeTy
4.5.1. New Marking Strategy and AFEM. We still utilize the Dérfler marking as follows:
e MARK;: This procedure selects a set M(7y,1) C T}, satisfing the following property for the element

indicator (7,
DT> =67 ) (T

TEM(T]CJ) TeT

This marking gives rise to a (nonconforming) partition 7 1 of 7j:
7;671 = MARKl(Gl, Ck)

e MARK,: Given parameters 03,c, € (0, 1), this procedure performs several steps of Dérfler mark-
ing with 02 on {osc(ug,T)}r, where uy is taken as a constant, and generates a (nonconforming)
refinement 7y, o

Tk.2 := MARK3(02, osc(ug, 71, €k)
satisfying the condition,
osc(uk,ﬂ,2)2 < eg.

Note that the tolerance for MARK, depends on wuy which is kept fixed in this process. So execution of
MARKj does not require any call to SOLVE to update uy, in the subsequent refinements of 7;, until the
final partition 7} o is reached.

We are now in a position to write the new AFEM. We assume that the initial partition 7 satisfies
the following two restrictions:

(4.10) C*hSHb”Loo(Q) <1
(4.11) 8A¢Cyosc(A, b, c;7p)* < 6§
where § > 0 is a (rather technical) constant to be determined in Theorem 4.6 and Ay = (1 —

C*h§|Ibl| Lo ()" > 1 is the constant in (3.1).

AFEM

Choose parameters 0 < 61, 63,0 < 1, and initial mesh 7 satisfying (4.10) and (4.10). Set k = 0.
(1) ug := SOLVE(Ty, ug—1).
(2) {n?,osc(ug, Tp)*} :== ESTIMATE(7, u).
(3) 779,1 = MARKl (91,@%)
4) If (osc(u;.c,’ﬂc)2 > g = %Cg) then 7 2 := MARK2 (02, osc(ug, 7x)?, €k)-
(5) ’];c+1 = REFINE(’];C’l,I]_];;,Q)
(6) Update k « k + 1, and go to step (1).
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We stress that in step (4) of AFEM we reduce oscillation osc(ug, 7x) only relative to the estimator (j
as suggested by the counterexample of section 4.4

4.5.2. Convergence and Complexity of AFEM. The next challenge is to prove convergence of AFEM.
The difficulty arises from the fact that

Theorem 4.6 (Convergence of AFEM). Let {uy}r be the sequence of discrete solutions produced by
AFEM There ezist constants 0 < a < 1 and B > 0, such that two consecutive iterates satisfy

o = g1 I, + Bosclunsr, Tsn)? < a2 (lu = wgllg, + Bosc(ur, T0)?) -
Proof. As in Theorems 2.13 and 3.4, we use the notation

2 2 2 2
e, = Jlu — unlg . € = [lur+1 — urllg -
In view of the upper bound (2.1), with C; > 1, the definition of (i, and procedure MARK;, we get the
following expresion for the error in terms of two consecutive discrete solutions and oscillation

ej, + osc(up, Tp)* < Cimj + osc(ug, Tp)* < C1Gp
C
<= > G(@)?

L Te M(Ti 1)
(& & (&
< 70, e+ <9202 + 92)OSC(uk,Tk) :

We define the constants Ay :=

(1 - —) and thereby obtain,

ei > Alei — Ay osc(ug, Tp)%.
Using Lemma 3.1 about quasi-orthogonality, we easily see that
(412) 6k+1 (A() — Al)ei + AQ osc(uk, ﬂ)Q

On the other hand, the following expression is valid for all ;1 > 0 between consecutive oscillations (the
proof is similar to that of Lemma 3.3)

osc(urt1, Trr1)? < (14 p)osc(ug, Ti)® + (1 + =) osc(A, b, ¢; T, ) %e2.
We choose = 1 and use the upper bound (2.5) to write
osc(tpy1, Try1)? < 20sc(up, Tr)? 4+ 201 osc(A, b, ¢; 7})27],%
We next argue according to whether the conditional of step (4) of AFEM is verified or not. If

osc(uy, 71,)% < ek, then the mesh is no longer modified and

osclugs, Ten)? < 3G + 2GF < 02
If instead osc(ug, Tx)? > ek, then MARKg reduces the oscillation so that on exit we have osc(uy, Ty 2)? <
er. Consequently, after repeated use of the relation between consecutive oscillations, we obtain
osc(upt1, Trt1)? <2o0sc(ug2, T2)? + 208¢(A, b, ¢; Ty 2)? [Juksr — un oy,

<dosc(uy, Tr2)? +4o0sc(A, b, c; Ty 2)* (|||Uk+1 — w2l + k2 — ukm?z) :

whence
osc(tpy1, Try1)? < dep + 4A0Cy osc(A, b, ¢; T1.)%n (k + 577;: < 8¢
Note that we have resorted here to the quasi-orthogonality relation (3.1) and the upper bound (2.5)
i1 — un2llg + w2 — urllyy, < Ao llursr — urlley, < AoCim.

Since osc(ug+1, Tp+1)? < 8¢ in either case, we have for all 8> 0

Bosc(ugir, Tni1)? < BOCE < 55 er + @(1 + Cy) osc(ux, Tr.)?.
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Adding this expression to (4.12), we obtain

36

6(1+C
624’,1 + BOSC(U]@+177;€+1)2 < (AO — A+ C_2> 62 + (AQ + %—22)) osc(ug, 774)2-

The asserted contraction property follows at once provided we can choose « € (0,1) such that,
B6(14Ca)
56 , Mo+ =%
AN—-M+—=—=a"=— 32—
Co B

To see that this is possible, we first hg sufficiently small so that

Ay A2
rlbllre) € =—————— = Ao—A1 <1- <1,
ollbllz=@) < C*(1+2Ay) L T
and then o? € (1 — %, 1). Having chosen «, a simple calculation shows that 8 and ¢ are given by
5= Ao + (14 Co)(@® — Ao + A1) (a2 = Ag+ A1) Coa?
OéQ ’ A2—|—(1+CQ)(Oé2—A0+A1)
These explicit expressions for § and 0 conclude the proof. O

This Theorem is the first key ingredient to prove optimal complexity of AFEM. The next step is
to identify an approximation class, but turns out to be much more involved than A, in section (4.7)
because now we have to approximate not only the solution but also the coefficients and they interact
in a nonlinear fashion. We consider the following quantity
(4.13) (u, f, A, b, )]s == Supe( inf (HT — #T;)° )

>0 N llu—uzflg+osc(u,T)<e
This defines the concept of optimality of a partition 7 in terms of number of degrees of freedom #7 to
approximate the combined quantity ||u — uz]|, + osc(u, 7) within tolerance e. We note that Theorem
4.6 establishes geometric reduction of a related quantity, namely [|u — u]|, + osc(ur, 7).
We are now in a position to state, but not prove, the complexity result alluded to earlier. The proof
along with applications in given in [10].

Theorem 4.7 (Optimal Complexity 2). Let {uy, ;. } x>0 be the sequence of finite element solutions and
nested meshes generated by AFEM. Then

|||u - uk”'ﬂ + OSC(uk7'Z7€) < (#776 - #7’0)78 |(U, fa A7b7 C)lS'
4.6. Exercises.

4.6.1. Ezercise: Relation between Oscillations. Show that the new oscillation osc(A, b, ¢, ug; T')? bounds
from above the old oscillation of Lecture 2.



