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Abstract. In this article, we examine the Bramble-Pasciak-Xu (BPX) preconditioner in the
setting of local 3D mesh refinement. While the available optimality results for the BPX preconditioner
have been constructed primarily in the setting of uniformly refined meshes, a notable exception is the
2D result due to Dahmen and Kunoth, which established BPX optimality on meshes produced by a
local 2D red-green refinement. The purpose of this article is to extend this original 2D optimality
result to the local 3D red-green refinement procedure introduced by Bornemann-Erdmann-Kornhuber
(BEK). The extension is reduced to establishing that locally enriched finite element subspaces allow
for the construction of a scaled basis which is formally Riesz stable. This construction turns out to
rest not only on shape regularity of the refined elements, but also critically on a number of geometrical
properties we establish between neighboring simplices produced by the BEK refinement procedure.
We also show that the number of degrees of freedom used for smoothing is bounded by a constant
times the number of degrees of freedom introduced at that level of refinement, indicating that a
practical implementable version of the resulting BPX preconditioner for the BEK refinement setting
has provably optimal (linear) computational complexity per iteration, as well as having a uniformly
bounded condition number. The theoretical framework supports arbitrary spatial dimension d > 1,
and we indicate clearly which geometrical properties established here must be re-established to show
BPX optimality for spatial dimension d > 4. The proof techniques require no coefficient smoothness
assumptions beyond those required for well-posedness in H?.
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1. Introduction. In this article, we analyze the impact of local mesh refinement
on the stability of multilevel finite element spaces and on the optimality (linear space
and time complexity) of multilevel preconditioners. Adaptive refinement techniques
have become a crucial tool for many applications, and access to optimal or near-
optimal multilevel preconditioners for locally refined mesh situations is of primary
concern to computational scientists. The preconditioners which can be expected to
have somewhat favorable space and time complexity in such local refinement scenar-
ios are the hierarchical basis (HB) method, the Bramble-Pasciak-Xu (BPX) precon-
ditioner, and the wavelet modified (or stabilized) hierarchical basis (WHB) method.
While there are optimality results for both the BPX and WHB preconditioners in the
literature, these are primarily for quasiuniform meshes and/or two space dimensions
(with some exceptions noted below). In particular, there are few hard results in the
literature on the optimality of these methods for various realistic local mesh refine-
ment hierarchies, especially in three space dimensions. In this article, the first in a
series of three articles [2, 3] on local refinement and multilevel preconditioners, we
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assemble optimality results for the BPX preconditioner in local refinement scenarios
in three spacial dimensions. (The material forming this trilogy is based on the first
author’s Ph.D. dissertation [1].) The second article [3] builds on the BPX results we
present here to develop some analogous optimality results for the WHB method in
local refinement settings. The main results in both articles are valid for any spatial
dimension d > 1, for nonsmooth PDE coefficients p € Lo ().

The problem class we focus on here and in [3] is linear second order partial
differential equations (PDE) of the form:

~V-(pVu)+qu=f, ucH}Q). (1.1)

Here, f € La(Q), p,q € Loo(Q), p: @ — L(RYRY), g : Q — R, where p is a symmetric
positive definite matrix function, and where ¢ is a nonnegative function. Let 7y be
a shape regular and quasiuniform initial partition of 2 into a finite number of d
simplices, and generate 77,7, . .. by refining the initial partition using red-green local
refinement strategies in d = 3 spatial dimensions. Denote as S; the simplicial linear
C" finite element space corresponding to 7; equipped with zero boundary values. The

set of nodal basis functions for S; is denoted by ®(7) = {¢§J)}£\le where N; = dim §;
is equal to the number of interior nodes in 7}, representing the number of degrees of
freedom in the discrete space. Successively refined finite element spaces will form the
following nested sequence:

SHCSC...CcS;C...C H(Q). (1.2)

Let the bilinear form and the functional associated with the weak formulation
of (1.1) be denoted as

a(u,v) = / pVu-Vo+quuvde, b= / fodr, u,ve Hi(Q).
Q Q

We consider primarily the following Galerkin formulation: Find u € S;, such that

a(u,v) =b(v), YvesS;. (1.3)
The finite element approximation in S; has the form uld) = ZZV:JI ui(bz(-j ), where u =
(u1,...,un,)" denotes the coefficients of u) with respect to ®). The resulting
discretization operator AU) = {a(gb,(f), gj))}ivizl must be inverted numerically to
determine the coefficients u from the linear system:

AUy = FU), (1.4)

where FU) = {b(qbl(]))};\;jl. Our task is to solve (1.4) with optimal (linear) complexity
in both storage and computation, where the finite element spaces S; are built on
locally refined meshes.

Optimality of the BPX preconditioner with generic local refinement was shown
by Bramble and Pasciak [8], where the impact of the local smoother and the local pro-
jection operator on the estimates was carefully analyzed. The two primary results on
optimality of BPX preconditioner in the local refinement settings are due to Dahmen
and Kunoth [11] and Bornemann and Yserentant [6]. Both works consider only two
space dimensions, and in particular, the refinement strategies analyzed are restricted
2D red-green refinement and 2D red refinement, respectively. In this paper, we ex-
tend the framework developed in [11] to a practical, implementable 3D local red-green
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refinement procedure introduced by Bornemann-Erdmann-Kornhuber (BEK) [5]. We
will refer to this as the BEK refinement procedure.

There is one main and one side result of this article. The main one establishes that
the BPX preconditioner is optimal-both norm equivalence to H'-norm and computa-
tional complexity per iteration—for the resulting locally refined 3D finite element hier-
archy. The analysis here heavily relies on the techniques of the Dahmen-Kunoth [11]
framework and can be seen as an extension to three spatial dimensions with the
realistic BEK refinement procedure [5] being the application of interest.

The side result is the H'-stability of Lo-projection onto finite element spaces
built through the BEK local refinement procedure. This question is currently under
intensive study in the finite element community due to its relationship to multilevel
preconditioning. The existing theoretical results, due primarily to Carstensen [10] and
Bramble-Pasciak-Steinbach [9] involve a posteriori verification of somewhat compli-
cated mesh conditions after local refinement has taken place. If such mesh conditions
are not satisfied, one has to redefine the mesh. However, an interesting consequence
of the BPX optimality results for locally refined 2D and 3D meshes established here
is H!'-stability of Lo-projection restricted to the same locally enriched finite element
spaces. This result, which is established in [3] based on the results here, appears to
be the first a priori H'-stability result for Lo-projection on finite element spaces pro-
duced by practical and easily implementable 2D and 3D local refinement procedures.

Outline of the paper. In §2, we outline the BPX preconditioner in the local
refinement setting. In §3, we introduce the BPX and slice operator to make the
connection between the (implementable) BPX preconditioner and the corresponding
slice operator which is used in the norm equivalence to H'-norm. In §4, we introduce
some basic approximation theory tools used in the analysis such as Besov spaces and
Bernstein estimates. The framework for the main norm equivalence is also established
here. In §5, we list the BEK refinement conditions. We give several theorems about
the generation and size relations of the neighboring simplices, thereby establishing
quasiuniformity for the simplices in the support of a basis function. In §6, we explicitly
give an upper bound for the nodes introduced in the refinement region. This implies
that one application of the BPX preconditioner to a function has linear (optimal)
computational complexity. In §7, we use the geometrical results from §5 to extend
the 2D Dahmen-Kunoth results to the 3D BEK refinement procedure by establishing
the desired norm equivalence. The geometrical properties established in §5 lead to
quasiuniformity of the support which gives rise to an Ls-stable Riesz basis; one can
then establish the Bernstein estimate. While it is not possible to establish a Jackson
estimate due to the nature of local adaptivity, in §8 the remaining inequality in the
norm equivalence is handled directly using approximation theory tools, as in the
original work [11]. We conclude in §9.

2. Preliminaries. In the uniform refinement setting, the parallelized or additive
version of the multigrid method, also known as the BPX preconditioner, is defined as
follows:

J J
Xu:= Z 27(d=2) Z(u, gbgj))gbz(-j).
7=0

= =1

In the local refinement setting, in order to maintain optimal computational complexity,
the smoother is restricted to a local space S;, where typically

Sj \Sj,1 C Sj C Sj.
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The basic restriction on the refinement procedure is that it remains nested. In other
words, tetrahedra of level j which are not candidates for further refinement will never
be touched in the future. Let §); denote the refinement region, namely, the union
of the supports of basis functions which are introduced at level j. Due to nested
refinement Q; C Q;_;. Then the following hierarchy holds:

Q;CQy1C---C Qo= (21)

The main ingredient in the local refinement setting for the analysis of the BPX pre-
conditioner is the local quasi-interpolant which will be explicitly given in (8.5):

Qj : LQ(Q) — Sj. (22)

In fact, in our construction this operator will turn out to be a projection, i.e. Lo-
self—adj~oint a~nd Q? = Q;. For u € §;, the projection ); will have the local property
that (Q; — Qj—1)u vanishes outside of ;. A detailed discussion on the vanishing
property is also presented by Oswald (see page 94 in [19]). Let the local smoother be
the following symmetric positive definite operator (examples of these are given in [7]):

Rj : Sj — Sj, (23)

where S; := (Q; — Q;_1)Sy. This choice for S; indicates that the smoother acts
on a local collection of degrees of freedom (DOF) which will give rise to optimal
computational complexity per iteration. Nodes—equivalently, DOF—corresponding to
Sj and their cardinality will be denoted ./\N/} and N j» respectively. We now define the
BPX preconditioner for the local refinement setting as:

Xu = Z2J @2 3™ (u, 7)) (2.4)

ieN;

The multilevel splitting of u € S; using (2.2) is then

u =

(Qj - qu)ua (2.5)

Mk

<
Il
o

with Q_1 = 0 and Q the identity on S;. If Qj is a local projection such as a local
quasi-interpolant, then the individual terms in this splitting are locally supported.
The main difference in the analysis between the local and uniform refinement cases
lies in the choice of the projection. Namely, in the uniform refinement case, the Lo-
projection Q; is used for the splitting in (2.5). But since (Q; — @;—1)u has global
support, it is not a practical choice that will lead to an optimal method. Therefore, in
the local refinement case, we employ the local projection Qj which allows for optimal
computational complexity. While the analysis throughout the paper will be based on
the use of Qj, with the exception of the optimal computational complexity result in
(6.1), all results also hold for projections which are globally supported such as @;. In
particular, the main optimal norm equivalence results (4.1) and (8.12) hold for Q; as
well as Qj. This fact will be used in [3] for the analysis of H!-stability of Q;.
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3. The BPX and slice operators. Throughout this article we use the following
standard notation: for x,y € R* and universal constants c;,co € R*, we write:

r~y if cy<z<cy.

We first move to a general analysis framework where (2.4) becomes a special case.
From this point on, the following operator will be referred as the BPX preconditioner
for u € Sy.

J
Bu = ZRJ(Q] — Qj_l)u, (31)
7=0

Utilizing the splitting (2.5), one can write u = S u’ ) where u®’ = (Q; —
Qj—1)u. Note that B can be written as a diagonal operator using (2.5):
B = diag(RoQo, R1(Q1 — Qo). ..., Rs(Qs — Qu-1)).
Using the projection properties, one can observe that
~ ~ ~ ~ ~ ~ . f . f
Rj(Qj — Qi) Ry Q5 — Qj-1)u)” =l
Then,
B_l = diag(éalé07 Rfl(Ql - Q~0)7 s 7R;1(QJ - QJ*l))-
The ultimate goal is the prove the following norm equivalence
(B u,u) = (Au,u), (3.2)
which will give kK(BA) =~ 1. To reach this goal, we use the slice operator induced by
the splitting (2.5):
J

Cu:= Z 22j(Qj - Qj_l)u. (33)

§=0
The following assumption (which naturally holds) will be enforced on the local
smoothing operator R;:
279 |v|? = (Rjv,v), veES;. (3.4)
Now, we can link the two operators by using (3.4).
J

(B~ u,u) = Z(Rj_l(éj —Qj-1)u, (Q; — Qj-1)u)

j=0
J

~ 3 29)(Q; — Q-)ull3, = (Cu.u). (3.5)
=0

Therefore, we focus entirely on establishing the following norm equivalence:
(Cu,u) =~ (Au,u). (3.6)

The flow of this article is as follows. The proof of the main norm equivalence
(3.6) will be given in Theorem 4.1.

%(Cu,u) < (Au,u) < co(Cu,u), u€Sy.

vy
The missing crucial result of this article, i.e. o5 = O(1) as J — oo, will be shown in
(8.12) so that (3.6) holds.
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4. Main norm equivalence. Let Q C R? be open, for arbitrary k = 1,2,...
and h € R?, and define the subset

Qkﬁ:{xeRd:[x,x—Fkh] c Q}.

Define the directional k-th order difference of f € L,(2) as

k
(ALf) () == Z ( I: > (=D f(x +7rh), = heRL
r=0

A finer scale of smoothness than differentiability, modulus of smoothness, is a central
tool in the analysis. This will be used in the definition of Besov spaces. L,-modulus
of smoothness is defined as

wk(f7taQ)p = Sup HAZf“Lp(Qk,h)'
|n|<t

Then, Besov spaces are defined to be the collection of functions f € L,(2) with a
finite Besov norm defined as follows:

||f||q;’q(g) = Hf”lip(g) + |f|q;,q(g),
where the seminorm is given by

flBs @) = 127wk (£,277, Q)p}jen i,

and k is any fixed integer larger than s.
Besov space becomes the primary function space setting by realizing the Sobolev
space as a Besov space:

H*(Q) = B,(Q), s>0.

The analysis needed for functions in Sobolev space is done in the Besov space. The
primary motivation for employing the Besov space stems from the fact that the charac-
terization of functions which have a given upper bound for the error of approximation
sometimes calls for a finer scale of smoothness.

The Bernstein estimate is defined as:

w1 (u,t)p < c (min{l,t?']})ﬁ||uHLp, uedSy, (4.1)

where c is independent of v and J. Usually k = degree of the element and in the case

of linear finite elements k = 1. Here 3 is determined by the global smoothness of the

approximation space as well as p. For C" finite elements, 6 = min{l + r + %, k+1}.
Let 75 be defined as follows.

lu—QjullL, .

0j,7 == sup Oy :=max{1,0;;:7=0,...,J}. (4.2)

ueSy w2(u72_j)2 ’
Following [11] we have then
THEOREM 4.1. Suppose the Bernstein estimate (4.1) holds for some real number
B > 1. Then, for each 0 < s < min{3,2}, there exist constants 0 < c¢1, c3 < 0
independent of u € Sy, J =0,1,..., such that the following norm equivalence holds:

%(Cmu) <lul}y, <ex(Cuu), we sy (4.3)
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Proof. Adding and subtracting u gives

J
(Cu,u) < e (Jullz, + Y27 1Qu —ullz,).

§=0
Using the definition of v; we have
1Qju —ulZ, < c 0y wa(u,27)2,

and thus

J
(Cu,u) < evF (ullf, + ) 2% wy(u,277)3) < cvillullzy -
=0

For the upper bound, we use the splitting (2.5) where u; := (Q] — Qj_l)u. By (4.1),

wa(u, 272 < > walu, 27 < e (O 207 i, + D i),
j=0 j=0 j=n+l
which gives
D> 2%wy(u, 273 < e (O 2227 2w, + Y sz, }?)
n=0 n=0 7=0 j=n+1
<e (D22 2 g, 4+ D220 D gl }?)
n=0 j=0 n=0 j=n+1
<ec ()27 unlli,),
n=0

with the last step due to a Hardy inequality (cf. [11]). This gives [[u[|%, < ¢ (Cu,u).
2,2
0

5. The BEK refinement procedure. Our interest is to show optimality of the
BPX preconditioner for the local 3D red-green refinement introduced by Bornemann-
Erdmann-Kornhuber [5]. This 3D red-green refinement is practical, easy to imple-
ment, and numerical experiments were presented in [5]. A similar refinement pro-
cedure was analyzed by Bey [4]; in particular, the same green closure strategy was
used in both papers. While these refinement procedures are known to be asymp-
tocially non-degenerate (and thus produce shape regular simplices at every level of
refinement), shape regularity is insufficient to construct a stable Riesz basis for fi-
nite element spaces on locally adapted meshes. To construct a stable Riesz basis we

will need to establish patchwise quasiuniformity as in [11]; as a result, d-vertex adja-
cency relationships that are independent of shape regularity of the elements must be
established between neighboring tetrahedra as done in [11] for triangles.

We first list a number of geometric assumptions we make concerning the underly-
ing mesh. Let Q2 C R? be a polyhedral domain. We assume that the triangulation 7;
of ) at level j is a collection of tetrahedra with mutually disjoint interiors which cover
Q= UTeTj 7. We want to generate successive refinements 7y, 77, ... which satisfy the
following conditions:



8 B. AKSOYLU AND M. HOLST

AssuMPTION 5.1. Nestedness: Fach tetrahedron (son) T € T, is covered by
exactly one tetrahedron (father) v/ € T;_1, and any corner of T is either a corner or
an edge midpoint of T'.

ASSUMPTION 5.2. Conformity: The intersection of any two tetrahedra , 7" € T;
is either empty, a common vertex, a common edge or a common face.

AssuMPTION 5.3. Nondegeneracy: The interior angles of all tetrahedra in the
refinement sequence Ty, Ty, ... are bounded away from zero.

A regular (red) refinement subdivides a tetrahedron 7 into 8 equal volume sub-
tetrahedra. We connect the edges of each face as in 2D regular refinement. We then
cut off four subtetrahedra at the corners which are congruent to 7. An octahedron
with three parallelograms remains in the interior. Cutting the octahedron along the
two faces of these parallelograms, we obtain four more subtetrahedra which are not
necessarily congruent to 7. We choose the diagonal of the parallelogram so that the
successive refinements always preserve nondegeneracy [1, 4, 17, 22].

If a tetrahedron is marked for regular refinement, the resulting triangulation vi-
olates conformity A.5.2. Nonconformity is then remedied by irregular (green) refine-
ment. In 3D, there are altogether 26 = 64 possible edge refinements, of which 62 are
irregular. One must pay extra attention to irregular refinement in the implementation
due to the large number of possible nonconforming configurations. Bey [1] gives a me-
thodical way of handling irregular cases. Using symmetry arguments, the 62 irregular
cases can be divided into 9 different types. To ensure that the interior angles remain
bounded away from zero, we enforce the following additional conditions. (Identical
assumptions were made in [11] for their 2D refinement analogue.)

ASSUMPTION 5.4. Irreqular tetrahedra are not refined further.

ASSUMPTION 5.5. Only tetrahedra T € T; with L(t) = j are refined for the
construction of Tj11, where L(T) = min{j : 7 € T;} denotes the level of T.

One should note that the restrictive character of A.5.4 and A.5.5 can be elimi-
nated by a modification on the sequence of the tetrahedralizations [1]. On the other
hand, it is straightforward to enforce both assumptions in a typical local refinement
algorithm by minor modifications of the supporting datastructures for tetrahedral
elements (cf. [14]). In any event, the proof technique (see (8.8) and (8.9)) requires
both assumptions hold. The last refinement condition enforced for the possible 62
irregularly refined tetrahedra is stated as the following.

ASSUMPTION 5.6. If three or more edges are refined and do mot belong to a
common face, then the tetrahedron is refined regularly.

We note that the d-vertex adjacency generation bound for simplices in R? which
are adjacent at d vertices is the primary result required in the support of a basis
function so that (7.1) holds, and depends delicately on the particular details of the local
refinement procedure rather than on shape regularity of the elements. The generation
bound for simplices which are adjacent at d — 1,d — 2, ... vertices follows by using
the shape regularity and the generation bound established for d-vertex adjacency. We
provide rigorous generation bound proofs for all the adjacency types mentioned in the
lemmas to follow when d = 3. The 2D version appeared in [11]; the 3D extension is
as described below without any additional framework.

LEMMA 5.1. Let 7 and 7' be two tetrahedra in T; sharing a common face f. Then

|L(T) — L(7")| < 1. (5.1)
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Proof. If L(r) = L(7'), then 0 < 1, there is nothing to show. Without loss
of generality, assume that L(7) < L(7’). Proof requires a detailed and systematic
analysis. To show the line of reasoning, we first list the facts used in the proof:

1. L(7") < j because by assumption 7" € 7;. Then, L(7) < j.
2. By assumption 7 € 7;, meaning that 7 was never refined from the level it was
born L(7) to level j.
3. Let 7" be the father of 7. Then L(7") = L(7') — 1 < j.
L(7) < L(7") by assumption, implying L(7) < L(7").
5. By (2), 7 belongs to all the triangulations from L(7) to j, in particular 7 €
T1(), where by (3) L(7") < j.

f is the common face of 7 and 7’ on level j. If 7/ is obtained by regular refinement
of its father 7"/, then f is still the common face of 7 and 7. By (5) both 7, 7" € Ty ().
Then, A.5.2 implies that f is the common face of 7 and 7”. Hence, 7/ must have been
irregular.

On the other hand, L(7) < L(7') — 1 = L(7"). Next, we proceed by eliminating
the possibility that L(7) < L(7”). If so, we repeat the above reasoning, and 7"
becomes irregular. 7" is already the father of the irregular 7/, contradicting A.5.4 for
level L(7"). Hence L(7) = L(7") = L(7') — 1 concludes the proof. O

By A.5.4 and A.5.5, every tetrahedron at any 7; is geometrically similar to some
tetrahedron in 7y or to a tetrahedron arising from an irregular refinement of some
tetrahedron in 7. Then, there exist absolute constants c¢i, c¢o such that

.~

¢ diam(7) 275 < diam(7) < ¢y diam(7) 2757, (5.2)

where 7 is the father of 7 in the initial mesh.

LEMMA 5.2. Let 7 and 7' be two tetrahedra in T; sharing a common edge (two
vertices). Then there exists a finite number E depending on the shape reqularity such
that

|L(1) — L(7")| < E. (5.3)

Proof. Start with 7 = 71, obtain the face-adjacent neighbor 5 (either of the two
faces), and then obtain the face-adjacent tetrahedron 73 of 75, repeat this process ¢
times until you reach 7/ = 75. After you pick one of the two faces, the direction of
the face-adjacent tetrahedra is determined. § is always a finite number due to shape
regularity. Lemma follows by face-adjacent neighbor relation (5.1). O

LEMMA 5.3. Let T and 7' be two tetrahedra in T; sharing a common vertex. Then
there exists a finite number V depending on the shape regularity such that

IL(r) = L(=")| < V. (5.4)

Proof. Take one edge from T and 7" where the edges meet at the common vertex.
By shape regularity, there exist  (a bounded number) many edge-adjacent tetrahedra
between 71 = 7 and 7,, = 7/. By the above construction in Lemma 5.2, there exist
01,2 many face-adjacent tetrahedra between 7, and 7. We repeat this process until
we place 6,—1,, many tetrahedra between 7,,_; and 7,,. Hence, there exist Z?Z_ll 0iit1
face-adjacent tetrahedra between 7 and 7’. Again, face-adjacent neighbor relation
(5.1) concludes the lemma with V' = E?;ll diiv1. O



10 B. AKSOYLU AND M. HOLST

Consequently, simplices in the support of a basis function are comparable in size
as indicated in (5.5). This is usually called patchwise quasiuniformity. Furthermore, it
was shown in [1] that patchwise quasiuniformity (5.5) holds for 3D marked tetrahedron
bisection by Joe and Liu [15] and for 2D newest vertex bisection by Sewell [20] and
Mitchell [16]. Due to restrictive nature of the proof technique (see (8.8) and (8.9)),
we focus on refinement procedures which obey A.5.4 and A.5.5.

LEMMA 5.4. There is a constant depending on the shape regularity of T; and the
quasiuniformity of Ty, such that

di
w<c, vr, 7' e T;, TNt #0. (5.5)

diam(7”)

Proof. T and 7' are either face-adjacent (d vertices), edge-adjacent (d—1 vertices),
or vertex-adjacent, and are handled by (5.1), (5.3), (5.4), respectively.
diam(7) 1oy diam(7)
diam(r) _ op(n)-L()) D) by (5.2
diam(7’) — ¢ diam(7/) (by (5:2))

< ¢ 2max{LEVE A0 (hy (5.1), (5.3), (5.4) and quasiuniformity of 7o)

6. Local smoothing computational complexity. The following result from [5]
establishes a bound for the number of nodes used for smoothing (those created in the
refinement region by the BEK procedure) so that the BPX preconditioner has prov-
ably optimal (linear) computational complexity per iteration.

LEMMA 6.1. The total number of nodes used for smoothing satisfies the bound:

J
- 5 2
> N; < 2Nj— SN, (6.1)
= 3 3

Proof. See [5]. O

A similar result for 2D red-green refinement was given by Oswald (see page 95
in [19]). In the general case of local smoothing operators which involve smoothing
over newly created basis functions plus some additional set of local neighboring basis
functions, one can extend the arguments from [5] and [19] using shape regularity.

7. Establishing optimality of the BPX preconditioner. In this section,
we extend the Dahmen-Kunoth framework of to three spatial dimensions and the
extension closely follows the original work. However, the general case for d > 1
spatial dimensions is not in the literature, and therefore we present it below.

Our motivation is to form a stable basis in the following sense [19].

1" wdl |y = [{volume 2 (supp 6) wi}a,en; - (7.1)
z; €N

The basis stability (7.1) will then guarantee that the Bernstein estimate (4.1) holds,
which is the first step in establishing the norm equivalence. For a stable basis, func-
tions with small supports have to be augmented by an appropriate scaling so that

Hqﬁij )|| Lo() Temains roughly the same for all basis functions. This is reflected in

volume(supp ¢Z(-j )) by defining:
Lj; =min{L(1):7 €T, z; €T} (7.2)
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Then

volume(supp qbgj)) ~ 27,
We prefer to use an equivalent notion of basis stability; a basis is called Lo-stable
Riesz basis (cf [3]) if:

1" @b | raie) = I{a}orens e, (7.3)

z;EN;

where gZA)EJ ) denotes the scaled basis, and the relationship between (7.1) and (7.3) is
given as follows:

D) = 2d/2Lis ) g = 9=d2Lsi gy, g€ N, (7.4)

REMARK 7.1. QOur construction works for any d-dimensional setting with the
scaling (7.4). However, it is not clear how to define face-adjacency relations for d > 3.
If such relations can be defined through some topological or geometrical abstraction,
then our framework naturally extends to d-dimensional local refinement strategies, and
hence the optimality of the BPX preconditioner can be guaranteed in R%, d > 1. The
analysis is done purely with basis functions, completely independent of the underlying
mesh geometry.

For linear g, the element mass matrix gives rise to the following useful formula.

volume(r e as
2 _ 12
HgHLz('r) - (d—|—1 d+2 Zg xz [Zg(xz)] ), (75)
where, i = 1,...,d+ 1 and z; is a vertex of 7, d = 2,3. In view of (7.5), we have that

odL; volume(supp ngSEj))

16112, ) =
(d+1)(d+2)

Since the min in (7.2) is attained, there exists at least one 7 € supp gi;E] ) such
that L(7) = L;,. By (5.2) we have

. diam(7)
2hii 5 ———. 7.6
diam(7) (7.6)
Also,
volume(supp d) Zdlam (1:), Ti € supp J)Ej ). (7.7)
By (5.5), we have
diam(7;) =~ diam(7). (7.8)

Combining (7.7) and (7.8), we conclude

volume(supp qggj)) ~ Mdiam?(7). (7.9)



12 B. AKSOYLU AND M. HOLST

Finally then, (7.6) and (7.9) yield
1

2dLJ,rL R
diam?(7)

volume(supp qASEJ )) ~M

M is a uniformly bounded constant by shape regularity. One can view the size of any
tetrahedron in 7, in particular size of 7, as a constant. The reason is the following:
A.5.4 and A.5.5 force every tetrahedron at any 7; to be geometrically similar to some
tetrahedron in 7y or to a tetrahedron arising from an irregular refinement of some
tetrahedron in 7y, hence, to some tetrahedron of a fixed finite collection. Combining
the two arguments above, we have established that

10| a0y = 1, i € N (7.10)

Let g = Zme/\@ ﬁiq?)gj) € S;. For any 7 € 7; we have that

lgl2,m < D0 w1613, 0, (7.11)
z €N+

where N, = {z; € N : z; € 7}, which is uniformly bounded in 7 € 7; and
j € Ny. By the scaling (7.4), we get equality in the estimate below. The inequality
is a standard inverse estimate where one bounds g(z;) using formula (7.5) and by
handling the volume in the formula by (5.2):

— 27dLj’i g($1)|2 S c 27dL_7~Yi2dLj,i

| ? 9ll7, - (7.12)
We sum up over 7 € 7; in (7.11) and (7.12), and by using (7.10) we achieve stability
(7.3). This allows us to establish the Bernstein estimate (4.1).

LEMMA 7.1. For the scaled basis (7.4), the Bernstein estimate (4.1) holds for

B=23/2
Proof. (7.10) with (7.11) and (7.12) assert that the scaled basis (7.4) is stable
in the sense of (7.3). Hence, (4.1) holds by Theorem 4 in [19]. Note that the proof

actually works independently of the spatial dimension. O

8. Lower bound in the norm equivalence. The Jackson estimate for Besov
spaces is defined as follows:

inf |[f = glle, <cwalfi277)p [ € Lp(), (8.1)
geS,

where c¢ is a constant independent of f and J, and « is an integer. In the uniform
refinement setting, (8.1) is used to obtain the lower bound. However, in local the
refinement setting, (8.1) holds only for functions whose singularities are somehow
well-captured by the mesh geometry. For instance, if a mesh is designed to pick up
the singularity at x = 0 of y = 1/z, then on the same mesh we will not be able to
recover a singularity at « = 1 of y = 1/(z — 1). Hence the Jackson estimate (8.1)
cannot hold in a general setting, i.e. for f € WI’f. In order to get the lower bound, we
focus on estimating v directly, as in [11] for the 2D setting.

To begin we borrow the quasi-interpolant construction from [11]. Let 7 € 7;

be a tetrahedron with vertices x1,zo,x3,x4. Clearly the restrictions of qggj) to 7 are
linearly independent over 7 where x; € {x1, 22,23, 24}. Then, there exists a unique
set of linear polynomials ¢7, 43,13, 1] such that

/%W%MN&&MWZM,%mﬂ%m%M} (8.2)
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For z; € Nj and 7 € T}, define a function for z; € 7

1

, 7 (x,y,2), (x,9,2) €T
e (2,y,2) =4 M 2G)
07 (337117 Z) g SU.pp ¢z

(8.3)

where M; is the number of tetrahedra in 7; in supp ngSEj). By (8.2) and (8.3), we obtain

( ](qj)a Al(j)) = / gl(gj)(xa y,Z)(ZASl(CE,y, z)dxdydz = (Skla Tk, T] € A/] (84)
Q
We can now define a quasi-interpolant, in fact a projection onto S;, such that

Qi) @y, 2) = > (£, (2., 2). (8:5)

xiENj

As remarked earlier, due to (8.3) the slice operator term Qj — Qj,l will vanish outside
the refined set €; defined in (2.1), which is critical for enforcing optimal (linear)
complexity of the smoother. One can easily observe by (7.10) and (8.4) that

1€y = 1,z €N, j € No. (8.6)

Letting Q, , = U{7' € 7, : 7N7" # 0}, we can conclude from (7.10) and (8.6)
that

1Qi oy =11 . (£ nair) < el fllac,- (8.7)

k€N~

We define now a subset of the triangulation where the refinement activity stops,
meaning that all tetrahedra in 7;*, j < m also belong to 7,,:

T ={reT;: L(r) <j, Qi N7 =0, V7' € T; with L(7') = j}. (8.8)

Due to the local support of the dual basis functions fgj ) and the fact that Qj is a
projection, one gets

lg = Qjgllary =0, TET; (8.9)

Since Qj is a projection onto linear finite element space, it fixes polynomials of
degree at most 1 (i.e. II;(R3)). Using this fact and (8.7), we arrive:

lg = Qigll Loy < N9 = Pllrair) + 1Q5(P = 9)ll ot
<cllg=Pllrye;.) TETL\T (8.10)

We would like to bound the right hand side of (8.10) in terms of a modulus of
smoothness in order to reach a Jackson-type estimate. Following [11], we utilize a
modified modulus of smoothness:

et Q)1 = t—S/

[—t,t

s

k
. IARFIT () G-
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They can be shown to be equivalent:

(‘D/H-l(f: tv Q)P ~ Wk-‘,—l(f, t’ Q)p

The equivalence in the one-dimensional setting can be found in Lemma 5.1 in [12].
For 7 a simplex in R? and ¢ = diam(7), a Whitney estimate shows that [13, 18, 21]

inf — Pllp,(r) < @rpa(fit,T)p, 8.11
pinf I = Pl < 6k (.87, (8.11)

where ¢ depends only on the smallest angle of 7 but not on f and t. The reason why
Qj works well for tetrahedralization in 3D is the fact that the Whitney estimate (8.11)
remains valid for any spatial dimension. 7; \ 7. is the part of the tetrahedralization
7; where refinement is active at every level. Then, in view of (5.5)

diam(Q;,) =277, Te T\ T}

Taking the inf over P € II;(R?) in (8.10) and using the Whitney estimate (8.11) we
conclude

lg = QjgllLs(r) < ca(g,277, Q1)

Recalling (8.9) and summing over 7 € 7; \ 7;* gives rise to

Hg - ng”Lg(Q) < C‘DQ(ng_qu)Q <c w2(gv2_j7ﬂ)27

where we have switched from the modified modulus of smoothness to the standard
one. With (4.2) one then has

vy=0(1), J— oo (8.12)

9. Conclusion. In this article, we examined the Bramble-Pasciak-Xu (BPX)
preconditioner in the setting of local 3D mesh refinement. In particular, we extended
the 2D optimality result for BPX due to Dahmen and Kunoth to the local 3D red-
green refinement procedure introduced by Bornemann-Erdmann-Kornhuber (BEK).
The extension involved establishing that the locally enriched finite element subspaces
produced by the BEK procedure allow for the construction of a scaled basis which
is formally Riesz stable. This in turn rested entirely on establishing a number of
geometrical relationships between neighboring simplices produced by the local refine-
ment algorithms. We remark again that shape regularity of the elements produced
by the refinement procedure is insufficient to construct a stable Riesz basis for finite
element spaces on locally adapted meshes. The d-vertex adjacency generation bound
for simplices in R? is the primary result required to establish patchwise quasiunifor-
mity for stable Riesz basis construction, and this result depends delicately on the
particular details of the local refinement procedure rather than on shape regularity of
the elements. We also noted in §5 that these geometrical properties have been estab-
lished in [1] for purely bisection-based refinement procedures that have been shown
to be asymptotically non-degenerate, and therefore also allow for the construction of
a stable Riesz basis.

To address the practical computational complexity of an implementable version
of BPX, we showed that the number of degrees of freedom used for smoothing is
bounded by a constant times the number of degrees of freedom introduced at that
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level of refinement. This indicates that a practical implementable version of the
BPX preconditioner for the local 3D refinement setting considered here has provably
optimal (linear) computational complexity per iteration, as well as having a uniformly
bounded condition number.

The theoretical framework established here supports arbitrary spatial dimension
d > 1; we indicated clearly which geometrical properties must be re-established to
show BPX optimality for spatial dimension d > 4. All of the results contained in
this article require no smoothness assumptions on the PDE coefficients beyond those
required for well-posedness in H'.

Acknowledgments. The authors thank R. Bank, P. Vassilevski, and J. Xu for
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