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Abstract

In this paper we describe and analyze an algorithm for the fast computation of sparse wavelet
coefficient arrays typically arising in adaptive wavelet solvers. The scheme improves on an ear-
lier version from [17] in several respects motivated by recent developments of adaptive wavelet
schemes. The new structure of the scheme is shown to enhance its performance while a com-
pletely different approach to the error analysis accommodates the needs put forward by the
above mentioned context of adaptive solvers. The results are illustrated by numerical experi-
ments for one and two dimensional examples.
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1 Introduction

During the past few years the design and analysis of adaptive wavelet techniques has undergone a
rapid development. In particular, this concerns the theoretical understanding of convergence and
complexity estimates for a new algorithmic paradigm [6, 7, 8, 9, 12]. These results bring now also
new demands on computational tools into focus which try to exploit to the best possible extent
the (near) sparseness of wavelet representations of functions and operators.

The central theme is the development of computational schemes that are capable of solving
a given problem at a computational expense that stays proportional to the number of degrees of
freedom that are intrinsically needed to achieve a desired target accuracy. In the context of the
above mentioned adaptive schemes this boils down to a computational task that will be outlined
next, see also [8].

1.1 Problem Formulation

The central problem treated in this paper will be explained now in a sufficiently general format
in order to accommodate later several different cases of interest. In the following H will always
denote a given Hilbert space which plays, for instance, the role of an energy space for a variational
problem. One should think of H, for instance, as L2(£2),  a domain or manifold, or as a (closed
subspace of a) Sobolev space (defined e.g. by homogeneous boundary conditions) or a product of
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such spaces. The space of bounded linear functionals on H, the normed dual of H, is denoted by
H'. The dual pairing (-,-) on H x H' is always tacitly be assumed to be induced by the standard
Lo-inner product on the underlying domain 2. As usual we set ||w||3y = sup|,|,, <1 (v, w).
Suppose now that
UV={Y: AeJ}CH

is a Riesz basis for H, which means that there exist constants cy, C'y such that

cullvle, <D uxtalln < Cullvlie, ¥V veb. (1.1)
reJ
Here v = (vy)ae7 is for any v € H the array of coefficients in the unique expansion v =

> oaes Ua¥a. Bases W satisfying (1.1) for the above mentioned examples of H are available as
wavelet bases, see e.g. [4, 5, 15, 16, 11].

The central problem treated in this paper can be formulated as the following recovery Task
R which has two parts:

Task R1: GIVEN g € H' AND SOME FINITE SUBSET 7 C J OF INDICES, COMPUTE AN ARRAY
W SUPPORTED IN 7 THAT APPROXIMATES g7 = (g )ae7 := ((¥x, 9))reT-

Task R2: MOREOVER, WHENEVER FOR A GIVEN TARGET ACCURACY ¢ > 0 THE TRUNCATION
ERROR SATISFIES ||g — g(7)||¢, < €, THE APPROXIMATION W SHOULD SATISFY FOR SOME FIXED
CONSTANT C' ||g(7) — w|lg, < Ce, LE. THE APPROXIMATION ERROR SHOULD BE COMPARABLE

TO A GIVEN BOUND FOR THE TRUNCATION ERROR.

To understand this task, recall that the Riesz basis property of ¥ implies the existence of a
dual basis W C 'H' such that (5, 1,) = dx 4. Thus, the gy = (¢, g) are the expansion coefficients
of g € H' with respect to the dual basis

9= (¥ 9)¥x.
AeJ

Moreover, a duality argument yields (see e.g. [13])

Cy ' (Wxs w)reglles < llwllze < eg' l(Wn, wreglles, ¥V weH'. (1.2)
Hence 3 }
W = g7lle, < Coll D watn — > gatallre, (1.3)
AT AT

i.e. the accuracy of w as an approximation to g7 is controlled by an approrimation error for the
truncated expansion g7 := ) o7 g\ in H'.

As will be seen later, the approximation of the finite array g7 is often just a vehicle for
fabricating an approximation to the whole infinite array g. The rationale then is that, from
some background information, the set 7 is known to contain the most significant terms (¢, g)
of the whole expansion. Since, due to the norm equivalences, accuracy is measured in £5, “most
significant” means here the largest in modulus. The relevant error is then controlled by

W —glle, < Cull > watha = > aatnllae + llg — gzlles, (1.4)
AT AT
which explains Task R2. In fact, ideally the approximation error of the finite expansion in the
first term should be at most of the same order as (a bound for) the prediction error in the second
term.



1.2 Some Background and Motivation

One might think of many situations where the computation of wavelet coefficients is needed. In
particular, the problem of computing sparse wavelet expansions (or nonlinear composition of such)
has been addressed in earlier investigations, see e.g. [19, 20, 18, 3]. However, the results obtained
there (with varying level of rigor) do not quite seem to meet the requirements mentioned above.
The considerations in the present paper are guided primarily by the following two scenarios whose
brief description may help identifying the particular computational demands and motivates Task

R.

Lo-approzimation: The first case concerns simply H = Lo(Q2) (assuming that a wavelet basis is
available). Thus H' = H = L2(2) and the objective is to approximate g in Lo(€2) by some finite
expansion ) s wyiby (where the role of primal and dual basis does not matter). By (1.3), the
accuracy of the coefficient array is comparable to the approximation error in Lo which will later
be seen to simplify matters and is essentially the situation considered in [17].

Dual norms: The second scenario typically involves topologies where H is compactly embedded
in Lo(2) such as a Sobolev space of positive order. A corresponding model problem may be
formulated as follows, see [8] for more details. Given Q C R¢, consider

—div(aVu) +Gu)=f in Q, u=0 on 09, (1.5)

where G : v — Gov = G(v) is a possibly nonlinear composition map and a is a (possibly variable)
uniformly positive definite matrix. For this problem to be well-posed it helps looking at the weak
formulation

(Vv,aVu) + (v,G(u)) = (v, f), v €EH, (1.6)

where now H is to be chosen suitably. Clearly the leading second order term suggests H = H}(€2)
(the space of Lo-functions on © whose first order derivatives are also in Lo and whose trace on
02 vanishes). Thus we require that G maps H = H{(Q2) into H' = H~1(Q) so that (1.6) makes
sense whenever the data f belong to H' = H~(Q) as well. The general format of such problems
can be stated as follows. Given F : H — H’ and any f € H’' we wish to find a u € H such that

(v, F(u)) = (v, f) ¥V veH, (1.7)

where this problem is assumed to be well-posed in the sense that the local linearization of F' defines
in a neighborhood of a locally unique solution u an isomorphism from H onto H’, [8, 9] (see also
[10]). In the above example it is not hard to confirm well-posedness when G is monotone so that
(1.6) is the Euler-Lagrange equation of a strictly convex minimization problem. For instance,

G):=v3 = G:v— G@), G:HY{Q) - H(Q), for d<3. (1.8)

To explain how Task R fits into this context we briefly recall the main ideas from [8], see also
[10]. The strategy proposed there deviates from conventional approaches in that the problem is
first transformed with the aid of the basis ¥ into an equivalent one that lives now on 5. In fact,
testing both sides of F'(u) = f with all basis functions ¢y, A € J generates for u = )y 7 uxix
the arrays F(u) = ((¢x, F(u)))res, £ = ((¥a, f))res so that (1.7) is equivalent to

F(u) = f, (1.9)

where u is the array of wavelet coefficients of v with respect to the Riesz basis ¥ for H. Moreover,
one derives from the Riesz basis property and the above mentioned well-posedness that (1.9) is



now well-posed in £5. This means that its local linearizations are boundedly invertible on ¢5. This
in turn, can be used to contrive an iteration

u"“ :u"—Cn(F(un) _f)7 n:071’2""’ <110)

where the (infinite) matrix C,, is a preconditioner, so that (for a suitable initial guess ug with ug
in some neighborhood U of u) the error is reduced in each step by at least a fixed factor p < 1,
ie.

[u—u"", < plu—u"|n, n=0,1,2,.... (1.11)

Only then one addresses a numerical realization by carrying out such an iteration approximately.
The key task is then to evaluate adaptively for a given finitely supported input array v the image
F(v) within some dynamically updated accuracy tolerance. Such an evaluation hinges on two
pillars, namely first the a-posteriori information on the given input v (i.e. the knowledge of the
significant coefficients in v) and, second, the a-priori information on the mapping F', viz. F. Aside
from the norm equivalences (1.1), at this point a second key feature of wavelet bases namely the
cancellation properties often expressed in terms of vanishing moments, come into play see [9]. This
will allow one then to predict the indices hosting the significant coefficients of the image F(v).
(The prediction set 7 will actually in general not be completely arbitrary but will have some tree
structure as will be explained later, see [9]). The structure of such an evaluation scheme looks
therefore as follows:

(I) Given an n-significant set of indices 7,(v) for v, i.e. [|[v — V|, (v)lle, <0, predict a possibly
small set of indices 7 = 7,(F,v) such that for a fixed constant C

[F(v) = F@)lze, < Cn. (1.12)

(II) Compute an approximation w,, such that

[F)lz = wylle, < Cn. (1.13)

Thus here we have g = F(v) € H' and the set of significant coefficients identified by the index set
T is known here from the prediction in step (I). For the concrete construction of asymptotically op-
timal prediction sets for a certain class of linear and nonlinear operators F' (of at most polynomial
growth at infinity) we refer to [9]. In brief it means that, given a target accuracy ¢ > 0, one can
predict an e-significant tree 7 = 7. such that ||g — g(7)||¢, < € while the cardinality of 7. grows
with decreasing ¢ at some optimal rate. In [8] the precise requirements on the approximation of
F(v) have been identified under which the overall adaptive scheme has asymptotically optimal
complexity, see the notion of s*-sparsity in [8]. Together with the above mentioned prediction
results these requirements are met whenever Task R is fulfilled.

Therefore we focus in this paper on step (II) which is exactly Task R. It will be important that
the accuracy in the fy-error (1.12) is here related to the accuracy of the corresponding functions
(or distributions) in H’, due to the above mentioned mapping properties of F.

Of course, in order to benefit from the ability of the above schemes to optimally track the
significant coefficients of the unknown solution, one would like to compute the entries of w in a
possibly efficient way which means at a computational cost (in terms of floating point operations
and storage manipulations) that ideally stays proportional to #7. Moreover, one has to assert
the accuracy of such computations e.g. via estimates like (1.4).

A first natural idea would be to compute each individual quantity (i), g) by quadrature.
However, a quick thought confirms that this would never allow one to keep the above desirable



computational budget. In fact, the coarse scale wavelets give rise to integration domains that are
comparable to the size of 2 and each of these entries would require a growing quadrature effort
with increasing accuracy. In addition wavelets from different scales still interact.

Instead we shall pursue a different strategy and take up an idea suggested already in [17].
There an analytic framework has been proposed that facilitates complexity estimates also for those
situations where the sparseness of wavelet expansions is significant and prohibits transformations
to more local single scale representations.

The work in this paper improves on these earlier findings in several respects. First, on the
algorithmic side, we shall develop and analyze here a new scheme which differs from that in
[17] in important points. It has a much simpler structure and offers a significant quantitative
improvement of performance and storage demands. The main point is that in [17] at some point a
full usually pessimistically large prediction index set had to be assembled and allocated. Moreover,
approximate coefficients were generated through a coarse-to-fine-to-coarse sweep. This is avoided
in the new scheme which generates the significant inner products in a single sweep from fine to
coarse. This results in an overall more simply structured algorithm with less subroutines and
reduced storage demands.

Second, we present here a different approach to the complexity analysis which addresses the
demands put forward by the above mentioned recent developments of adaptive wavelet methods.
The major deficiencies of the approach in [17] can be summarized as follows. The error analysis
relied on relating the accuracy of the computed entries to an approximation error of a function
approximation in Lo. As pointed out above, in the context of adaptive schemes the role of Lo is
played by the dual H’ of an energy space, typically a Sobolev space of negative order. We shall
explain later in Section 3 in more detail why, in spite of norm equivalences induced by scaling
wavelet bases, this poses a serious obstruction. Moreover, the error analysis in [17] worked under
the assumption that local polynomial errors (caused by quadrature) are essentially equibalanced,
a fact that can generally not be guaranteed in the context of interest. Finally, the regularity
assumptions which the error analysis in [17] was based upon are not quite compatible with the
demands of the above mentioned developments.

1.3 The Layout

The layout of the paper is as follows. At first, we collect a few wavelet prerequisites and introduce
the notion of indez-trees in Section 2, which will play a pivotal role for the recovery scheme.

Section 3 is devoted to an outline of the basic strategy of our approach as well as to the
introduction of our main computational scheme RECOVER.

Section 4 is devoted to accuracy considerations for the two scenarios indicated above. The
main focus is on the balance between the truncation and quadrature error. After indicating briefly
a range of cases where the quadrature error can (in principle) be made zero, we turn to the general
situation where quadrature effects need to be accounted for. We address briefly the first scenario
of Lo-approximation and relate the results to previous work in [17]. The second scenario involving
dual norms deserves more care. We shall first explain the principal difficulties arising in connection
with an error analysis which is compatible with Task R. The subsequent discussion in Section 5
is then to identify suitable quadrature strategies satisfying Task R. The main objective here is
to understand the essential ingredients which would have to be quantified and made more precise
in any concrete application.

These asymptotic considerations are complemented by some numerical one- and two-dimensional
experiments in Section 6 that are to shed more light on the quantitative performance of the scheme.

For realization details concerning some core steps of RECOVER in the case of cardinal B-spline



wavelets, we refer to an extended version of this paper [2].

2 Some Wavelet Prerequisites

Meanwhile several constructions of wavelet bases for nontrivial domain geometries are available,
see e.g. [4, 5, 15, 16, 11]. We only recall briefly the main features that are relevant in the present
context and refer to the original literature for further details.

2.1 Norm Equivalences

We shall make heavy use of the fact that rescaling a single pair of anchor bases for Lo(€2) provide
Riesz bases for a whole range of smoothness spaces. Thus, corresponding constructions aim at
providing first a dual pair of biorthogonal wavelet bases

O={0:AeJ}, O6={h:reT}

which form Riesz bases in Lo(2). Recall that this means that there exist constants cg,Cg such
that for every v € La(Q)

IN

coll((Or,v)erllee < Ivllza( Coll((0x, V) rerllezs

i (2.1)
Co' @ eglle. < ol < co'll(0x,v)reslles-

Here J is the set of indices A which usually encode the scale j = j(A) = ||, the location k = k()
and type of the wavelet. Clearly, one has © = © in the case of orthonormal bases. Such wavelet
bases are usually constructed with the aid of a multiresolution analysis which means (in the
case of biorthogonal wavelets) two sequences S := {S;}jen, and S = {S;};en, of nested spaces
S; C Sji1, S'j C Sj41. These spaces are usually defined as the span of corresponding generator
bases ®; = {¢x : X € I;}, i.e., denoting for any finite collection © of functions by S(©) their linear
span, S; = S(®;) and likewise S; = S(®;).

Nestedness of the spaces can then be expressed by a two-scale or refinement relation which
says that any coarse scale basis function can be written as a linear combination of the fine scale
basis function. Viewing the basis ®; as a vector, this can be written as

T T 57 _ &T
;=5 M, @5 =05, M, g, (2.2)

where the A-th column of M ¢ consists of the mask of ¢,. Biorthogonality of the generators, i.e.
(Ox; Pu) = x> A, € I, implies .
M;e"M, ;=1 (2.3)

One then looks for complement spaces W;, Wj such that S;11 = S; ® W; and §j+1 = S’j <) Wj
with B B

W; LS;, W; LS;. (2.4)
Wavelets are now obtained as bases for these complements W; = S(0;) and W; =S (Qj), where
O, ={0x: A€ J;}, ©; ={0): X € J;} respectively. Again since ©; C S;1; and ©; C Sj;; there
must exist (#Z;11) x (#J;)-matrices Mj e, and M, 5 such that

T T aYs 57

Again biorthogonality (2.4) gives
Mje M, g =1 (2.6)
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Now we can set
0=2 (] 6, 6=3 ] 6,
Jj€No J€No
to obtain a pair of biorthogonal multiscale bases.
To describe the decomposition and synthesis operations, we need the inverses of the comple-
mented matrices M; := (M; ¢, Mj o), M; := (Mj@’Mj,@)’ respectively,

: ~ G, ; ~
Gj = Gj’q) = Mj_l, Gj = 5% = Mj_l. (27)
Gje Gj,é

Note that, by (2.3), (2.6),
Gjo = M]»@T, Gjo:= ijéT, Gj,ci) = Mj7<1>T, Gj,é = MJ-’@T‘ (2.8)

In particular, (2.7) implies
T, =d]G, 3 +6]G,e, (2.9)
expressing fine scale generator basis function as linear combinations of coarse scale basis functions
and wavelets. In the above mentioned constructions all two scale matrices are uniformly sparse
in the sense that all rows and columns of the M;, G;, Mj, Gj have a finite uniformly bounded
number of non-vanishing entries, see [2]for details in the special case of cardinal B-spline wavelets.
Given such a dual pair of Ls-anchor bases one can generate a whole scale of bases for other
function spaces reflecting for instance different scales of smoothness. The most prominent example
are Sobolev spaces H® for some range s € (—7,~) (where for s < 0 we define H® = (H®)’ by
duality) but other variants of energy spaces such as [|v||3, = I/HVUH%Q(Q) + ||v||%2(Q) are covered as
well [13]. Here H*® stands for H*(2) or for a closed subspace of H*(2) defined e.g. by homogeneous
boundary conditions. In this case a suitable diagonal scaling of an L4 basis yields one for a Sobolev
space. Therefore we shall assume in the sequel that the Riesz basis W for the relevant Hilbert
space H is obtained through scaling an Ls-basis, i.e.

Uri=waby,  dai=wi'0y AE T, (2.10)

and there exist constants cy,Cyg such that

coll(@rv)eslle, < ol < Cul(@r0)reglle,, veEH
(2.11)

CyMll(@n, el < vl < g I(Wrv)aeglley, v EM.

Note that the scaling can be easily incorporated directly in the two scale relations. Let
D, :=diag (wy : A € J;). We immediately infer from (2.5) that

Ul =97, \Mjy, M,y :=M,;eD;. (2.12)
: 77 — OT-1 :
Since by (2.10) ¥; = ©; D, we infer from (2.9)

71 57 T
(I>j+1 = CI)j ij) + \Ifj ij” where ij, = DjGj7é- (2.13)



2.2 Tree-Structures

What is important in our context is the fact that one can in all presently known cases associate
with J a tree structure. In general one can (not necessarily in a unique way) assign a collection
of a uniformly bounded number of wavelets on level |A| = j + 1 to a parent wavelet on the
preceeding level |A| = j. This can be made more specific for the above quoted constructions
based on patching together parametric liftings of tensor product bases on the unit cube. For each
parametric patch the indices have a structure similar to that for wavelets on the full Euclidean
space, i.e. A = (|]Al,k,e) where k = k(\) is a multi-index encoding the spatial location and
e = e(\) € {0,1}4\ 0 refers to the type of the wavelet. The index sets J; identify the true
wavelets ¥y, [N\ = j,e(A) # 0, on level j. The type e = 0 is always reserved to the scaling
functions and we will therefore identify (j,k,0) with A° = (j,k), |A°| = j,k(A°) = k. The set of
scaling function indices (j,k) on level j is denoted by Z; while Z denotes the union of these sets
over all levels.

For all the constructions mentioned earlier one can associate with A° = (j,k) a support cell
Oxe with the property Oyo Csupp¢y, |A =7, k(X)) =k. Moreover the P; := {Oyo : X\° € Z;}
shall form a hierarchy of nested partitions of Q, i.e. Q = = Oy and each Oyo is an essentially
disjoint union of support cells of level |\| + 1. In the simplest case of translation invariant scaling
functions the support cells have the form O,y := 279 (k + [0, 1]%).

In what follows, we will often identify A € J with the support cell Oy and by A° we will
denote the index-set of support cells associated with the set of indices in A € J. We will make
use of the fact, that A° C Z. Note, that except for the case of Haar-wavelets, Oyo C supp ¥, and
that the difference grows with the order of the wavelets.

The hierarchy of nested partitions P; induces a natural tree structure with respect to set
inclusion. Whenever O, o C Oy we say that p° is a descendant of A\° which we express by
1° = A°. When equality is permitted we write p° > A°. Conversely \° is called an ancestor of u°,
which will be denoted by A\° < u® (or A° < p°). When |A\°| = |u°] — 1, u° is called a child of \°
and \° is referred to as the parent of u°.

A subset A C 7 is called a tree if for each A° € A with |\°| > jy also its parent belongs to A.
It will greatly simplify data structures when a tree is complete in the sense that whenever A° € A
implies that all the siblings of A° also belong to A. We shall work in what follows exclusively with
complete trees.

The tree structure of Z induces a tree-like structure in J by saying that 7 C J has tree
structure if 7° is a tree in the above sense. Note that therefore A € 7 implies that all y € T with
|| = |\ and k(p) = k(X). We shall again refer to this property as completeness and call also the
set 7 (in slight abuse of terminology) a (complete) tree.

Recall that the set of leaves of a tree 7° C I consists of those A° € 7° which belong to 7°
but none of their children are in 7°. We shall have to deal also with the set 07 ~ of outer leaves
of 7° which consists of those A° € 7° whose parent is in 7°. It is easy to see that the set of outer
leaves 07 ~ forms a partition of 2 consisting of support cubes. Hence the span of wavelets from
a complete tree 7 C J are associated in a natural way with a locally refined mesh, namely 07 ~.
Thus the adaptation potential offered by spans of wavelets whose indices form a complete tree is
comparable to trial spaces on locally refined meshes, cf. [8, 9, 10].



3 The Recovery Scheme

We address now Task R1 from Section 1.1. Recall that 7 denotes always a complete finite tree.
We wish to compute a sequence w = (w))re7 with suppw C 7 that approximates the array

g(7) == ({(¥x, 9))reT-

Recall that the entries (), g) are the wavelet coefficients of g = Z)\ejﬁﬁ)\,gh;)\ with respect
to the dual basis ¥ whose projection to the span of Uy = {1[1)\ : A € T} is denoted by gr =
Yoaer(¥x, 9)¥a. Since (Yy, g)ihy = (0, 9)0) it suffices to compute the array

d(T) = ((0x,9))rer = ((Or. 97)) e

to obtain
g(7)=Dsd(7), Dry:=diag(wy:A€T). (3.1)

3.1 Motivation and Main Idea

The scheme we are going to develop next is based on the coefficients (1y,g), A € T, being
presumably small in a sense that will be made more precise later. Specifically, we shall at this
point only make use of the fact (to be established later) that quadrature errors are small on
supp q§j7k whenever 0; i is a support cell whose index belongs to 7 ~, the set of outer leaves of
7T°. Recall that the support cells associated with 97 °, form a partition of 2. On account of these
accuracy considerations we shall speak of safe approrimations/quadrature whenever it applies to
the quantities (¢;x,g) for (j, k) € T°.

We shall explain next how to use this in order to compute correspondingly accurate approx-
imations of all (0©),g) (resp. (VUy,g)), A € 7. We deliberately postpone a detailed discussion of
accuracy issues and focus first on the computational ingredients.

We shall abbreviate in the following ¢k = (¢, k., g) for (j,k) € Z;, and dy := (O,9),A € T,
and write for any subset G of Z; or of J briefly

c;i(G) = (cjx: (k) €G), d(G):=(dr:\€G),

where we simply set ¢; = ¢;(Z;), d;j := d(J;). In terms of these coeflicients (2.5) takes, upon
using the two-scale relations (2.2), (2.5), the form

O7d; = 7, M, gd; = 7, (cj01 — M, 4c5), (3.2)
whence we conclude that
cjr1— M ¢, = M, gd;. (3.3)
We shall employ the canonical projectors
Pow = > ($jw)bjx = Y Cixdix (3.4)
keZ, keZ,

and exploit the fact that (Pj41 — Pj)w = ZAEJJ,<@)\,U}>@)\.

To point out the significance of (3.3), it will be convenient to introduce some further notation.
Let 7; := T N J; denote the set of elements in 7 of level j and let J = max{j > jo : 7; # 0} the
highest level appearing in 7. If d; is supported on 7, (3.3) says that the array cj11 — ijci)cj
vanishes outside the union of the columns of M, & selected by T;.

9



Remark 3.1 Denoting for A € TUJ; by 1\~/Ij‘)‘, Gj A the \-th column of Mj, respectively the A-th
row of Gj, and defining Gj11 C Lj41 by

Giv1 = J suppM;* U | suppG;*, (3.5)
)\6730 )\6730

one concludes from (3.3) that, whenever suppd; C T;, one has

(cj+1 =M, 5¢5)(Zj+1 \ Gj+1) = 0. (3.6)

Relation (3.6) means that if we approximate the values of c; 1 and c; only for a subset of indices,
such truncated arrays combined via (3.3) cause no error outside a certain finite set of indices. The
following considerations aim at exploiting this fact systematically. To this end, one derives from
(2.9) that
T T 5T T AT

‘PjJrle_H = ‘13]» Gj,écj-i-l + @j Gj7éCj+1 = ‘13]» c; + @j dj, (3.7)
so that

C; = Gj7&)Cj+1, dj = Gj7écj+1' (38)

We wish to compute now as few scaling function coefficients as possible in order to generate in
a reliable way the arrays d(7;) of non-vanishing wavelet coefficients. This requires taking the
truncation effects in the two-scale relations into careful account. First, note that, by the second
relation in (3.8), we only need to know c¢;y1(Gj4+1) to determine d;(7;) because only the rows

GJ)‘ with A € 7; are required and they are all supported in G;1. Likewise, the first relation in
(3.8) says by the same reasoning that ¢;(7;’) is accurately determined from ¢;11(Gj+1). So we can
think of c; (’Z;O) being obtained from accurate data on level j + 1 through (3.8). The remaining
coefficients ¢;(Z; \ ’Z;O) need to be computed independently. So, splitting c; into those two parts
n (3.7), provides, upon making use of (2.2),

BT 1 (e = ML\ T)) = 81(G, yej1)(T7) + 6] (7). (3.9)

As immediate consequence of (3.6), this tells us, that Relation (3.9) remains valid when the full
array c;11 and the array M, ;5¢;(Z; \ 7)) are restricted to Gji1, i.e.

ST 1 (e51(G541) = (M 4 (T \ T))(G511) ) = BT(Gy o) (T7) + O7dy(Ty). (3.10)

Applying now G; 5 to the array c;11(Gj41) — (M} g¢;(Z; \ 7;7))(Gj+1) yields by (3.8) the safe
coefficients (G, q)c]Jrl)(T ) and applying G, g yields d;(7}), provided the partial array ¢;11(G;+1)
is safe. Moreover we do not need all of c; (I \ 7;°) but only c;(G; \ 7;°) because, by the above
reasoning these are the only relevant coefficients for the next lower level. The main point conveyed
by these observations is that, computing only the entries c;1(G;j4+1) and also a suitable truncation
of c¢; on the next lower level, these truncated arrays suffice to represent c;11 — M ;. 6Cj exactly on
all of Z;,1 whenever d; is supported in 7;. This motivates us to express expansions in terms of
quantities like cj1 — M, 3c;. In fact, we can write in view of (3.9),

J J+1
Prg:=Pig+ Y (P —Plg= Y (T \T) =M, g¢1(T1 \ T20)). (3.11)
J=jo J=jo+1
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Hence, in order to derive all necessary information within suitable accuracy tolerances, we only
have to take into account g; =Gj \7}0, 7 < J, and QJ_H =Gji1-

Main idea: The idea now is to compute the arrays cj(gj_) by quadrature. Since quadrature is
therefore applied only at places where local truncation errors are small one can hope that a fixed
quadrature order, independent of the scale, suffices. This gives rise to the scheme described in the
next section.

Note that the above reasoning remains unchanged when the sets G; are replaced by somewhat
larger sets. We shall point out in [2] that such supersets are efficiently and easily obtained for
an important class of wavelet constructions. So employing for the purpose of analysis the exact
format of the sets G from (3.5) does not interfere with practical realizations using slightly larger
sets.

3.2 A Top—To—-Bottom Scheme

We shall compute an approximation to d(7°) working from top to bottom, guided by the consider-
ations of the previous section. One main point will be that the vanishing of the coefficients d for
A € T implies that the scaling function coefficients ¢; x := (¢, 97), (4, k) € 7° can be computed
by quadrature with high accuracy. At this point it does not matter yet which quadrature rule
is used. Since its choice will be intertwined with a subsequent error analysis we postpone its
specification.

As mentioned before, quadrature will only be used to approximate the arrays c; (QJ_) and these
approximations will be denoted by q; = qj(gj_). The key is then relation (3.10) which is used
to successively decompose the representation (3.11) from top to bottom. The scaling function
coefficients produced on the next lower level are then those obtained by quadrature on the sets
g; complemented by those living on Tjo obtained from transforming safe coefficients from higher
levels. This leads to the scheme RECOVER that determines for a given tree 7 an approximation
d®(7) supported on 7 to the wavelet coefficients of g7 with respect to the dual basis O as follows:

RECOVER — [¢,7]| — d™(7)

Find minimal J € N such that 7; =0, j > J

Determine G | = Gy41, compute q41(G;, ;) and set €511 := 0.

For j=J,J—1,...,70 do

Determine G, = G;\7; and OIj(g;)

Set B 3 _ _ _
So1 = &1+ 41(G530) — (M, 595(9)) (97) (3.12)

Compute 5 B . B
C; = G'j’éCjJrl, and dj = G'j’éCjJrl (313)

R ._ R ._ x.
Set djofl = ¢} 1= G

From now on we define for the sake of convenience dj,—1 := cj, and df _; := cJ}.
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Remark 3.2 Note that the support of d? is always contained in T;. The scheme requires com-
puting the quantities q;x as approximations to c;x = (¢jx,g) only on the set

J+1
¢ =6 (=9 (3.14)
J=jo
Moreover, one has for some constants C,C’
#G~ < CHIT < C'#T. (3.15)

Hence, whenever the quadrature requires at most a constant cost per entry, the number of flops
needed in RECOVER remains uniformly proportional to #7T .

Thus from the computational complexity point of view the above scheme satisfies all require-
ments put forward in the adaptive solution context described earlier in Section 1.2.

Recall that in the context of Task R2 the objective of RECOVER is to produce an array
w, that satisfies ||g(7) — w||g, < Ce whenever ||g — g(7)l|l¢, < €. However, when g = F(v)
is a composition, the prediction set 7 depends on a-posteriori information about v and priori
knowledge of F. The latter typically refers to a whole class of nonlinearities and may lead in
concrete cases to rather pessimistic predictions rendering 7 unnecessarily large. The top-to-
bottom structure of RECOVER easily accommodates individual adaptive adjustments on the fly:
As soon as the array d*(7;) is computed in (3.13) we can replace it by an array di} with possibly
small support in 7; such that [[d™(7;) —d}||¢,(7;) < €, where €; is such that Z}']:jo ej =¢. Thisis a
typical coarsening step as described in [8] based on quasi-sorting and thresholding coefficients with
smallest modulus. In this way the complete tree 7 may never have to be completely assembled
which is a crucial distinction from earlier versions in [17]. We refer to [2] for more details relevant
for practical relizations of RECOVER. In particular the sets G; can be replaced by somewhat larger,
symmetric supersets that can be constructed very easily.

4 Error Estimates

The scheme RECOVER introduced above produces for a tree 7 an array d®(7") supported on 7°
to approximate the exact sequence d of wavelet coefficients of g with respect to ©. Likewise the
scaled array g"(7) = D7d®(7) should approximate the sequence g of wavelet coefficients of ¢
with respect to .

Recall from Section 1.1 that in either case the total error of such an approximation has two
sources. First, there is the truncation error ||d — d(7)||s,, respectively ||g — g(7)||s,, which
depends on the prediction set 7. Second, there is the error incurred by quadrature in the scheme

RECOVER when recovering the truncated array d(7).

4.1 Exact Quadrature

In a number of relevant cases the goal in Task R2, namely that the quadrature error is dominated
by (a bound for) the truncation error, can be achieved trivially because, in principle, the quadra-
ture can be made exact. To explain this, recall the example in (1.5) with F(v) = —divaVv+ G(v)
and suppose first that G = 0, i.e. the problem is linear. In this case one has to approximate the
entries ¢jx = (¢jk,9) with ¢ = F(v). In the context of adaptive schemes v is a finite wavelet
expansion v = Y\ .- vAYy, wWith 7, the tree of significant coefficients of v. Just as done in (3.11)
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we can rewrite v in local scaling function representation v = z(j,k) o CjkPjk- Assuming that
7, is well-graded, which means that the transition between scales is sufficiently gradual (see (4.8)
below for a precise definition), only a uniformly finite number of scaling functions in this expansion
overlap a given point. Thus

Gx = (GcFO) = > Grldjw—div(aVe;w))

(5,K)€EGy

B > Gk (Vojk, aVdjx). (4.1)

(4,k")€EGy
Supp ¢ 1/ M supp ¢; k70

By the previous remarks, the sets {(j,k’) : supp ¢ Nsupp¢;x # 0} have uniformly bounded
cardinality. Thus, when using piecewise polynomial scaling functions and whenever the diffusion
matrix a is piecewise polynomial, the quantities (V¢ x,aV¢; k) can be computed exactly, so that
in this case ¢jx = ¢jk, (j,k) € G, and no quadrature error occurs. By the above reasoning, the
computational cost stays proportional to #G~ so that Remark 3.2 applies.

This extends to simple nonlinearities. For instance, in the case (1.8) we have g = G(v) = v

so that 5
k= Z <¢j,ka H¢ji,ki> .
i=1

(4k4)€G, ,i=1,2,3,
SUPP B(j; k;)SUPP @5 170

3
¢

Again for each (7, k) there is a uniformly bounded number of integrals involving still only piecewise
polynomials that can be calculated exactly.

Thus in such cases one can, in principle, make the scheme RECOVER exact so that, in view
of the relation ||d™(7) —d(7)ll¢, < ||d—d(7)|le,, and likewise | D7 (d*(7) —d(7))ll¢,, < llg—
g(7)||e,, Task R2 is trivially fulfilled.

In general, however, one may have to accept a quadrature error or prefers to accept a quadra-
ture error, because even in the above cases the necessary exactness order of quadrature may be
fixed but rather high. Therefore we need to estimate this error part and devise ways of decreasing
this error if necessary. The subsequent sections are devoted to both issues. We present ways of
estimating this error, out of necessity in an essentially different way from [17], and derive strategies
for controlling it relative to the truncation or prediction error.

4.2 The L,-Case

We shall address first the case H = Ly(£2) which corresponds to the first scenario indicated in
Section 1.2. Let for (j,k) € G~

Gjk ~ Cik = €k (42)
denote the deviation of the computed value g; k from the true one ¢; x = (¢;,g). The correspond-
ing arrays e; = (ej7k)(j K)eg- are always supported on G; without further mentioning. Recall that

’ J
G711 =Gs+1. Since (3.11) involves only coefficients that will be approximated by quadrature we
can think of RECOVER to produce the approximation

J+1
Pig=>" &7 (a;— M, 4a;-1(G51))(G) (4.3)

J=Jjo

13



to Prg, which, by (4.2), immediately yields the error representation

J+1
Bri=Pig—Prg= Y &7 (e;~ M, 3e; 1(9;-1))(G;): (4.4)
J=jo

Of course, the approximate coefficients in d®(7) produced by RECOVER arise by decomposing

g which generates as byproducts the auxiliary arrays ¢;, ¢;, cf. (3.12), (3.13). It will be therefore
important to understand how the quadrature errors related to G~ effects those arrays and thereby
d®(7). Inserting (2.13) into (4.4), proceeding from top to bottom, provides Ez = @%Ejo_l +

Zj jo@T(G E]+1>(T) where for j =J,J —1,...,j¢
i1 = [Gial-Goal(Gy 151G, aRumI(T7) + ROITT)
TRy )(T2) + o+ Ry) | (G), (4.5)
and
R; = R;(G;) = (& — M, 4¢;1(G,-1))(G;)- (4.6)

Thus the error on level j + 1 prior to decomposing is obtained by successively decomposing error
contributions from higher levels. Here and in what follows we always assume that the multiscale
decompositions are applied exactly. Alternatively, one can describe E; recursively as follows

E; = |G, 4(E;11)| () + R, (4.7)

Thus the error on level j consists of a part living inside the tree obtained from decomposing higher
level contributions plus a remainder situated on Qj_ that is newly introduced on that level through
quadrature.

The overall ¢s-error in d®(7") caused by the quadrature in RECOVER can be easily estimated
by exploiting the norm equivalence (2.1). To simplify matters technically we shall specify next
somewhat our requirements on the tree 7. The theoretical foundation of good predictions for
significant trees 7 developed in [9] required the trees to satisfy the so called expansion property
which, roughly speaking means that the leaves of subsequent levels do not overlap too much, which
is familiar in this context, see also [17]. The tree 7 is called well-graded if one has

U M Nnze, =0 (4.8)

A:)\Oegj_

In other words, as soon as one leaves the tree on level j those scaling functions will not overlap
the safe area on level j 4 1. It has been shown in [9] that the expansion property does not affect
the asymptotic growth of the e-significant tree 7 = 7. when ¢ — 0. Since condition (4.8) can be
realized by at most a finite uniformly bounded number of subdivisions of the leaves of a tree with
expansion property, the same is true for well-graded trees. We shall always assume this property
in what follows. The main result of this section can now be stated as follows.

Theorem 4.1 There exists a constant C depending only on the wavelet bases ©, © and the well-
gradedness parameters so that the computed array d*(7T) satisfies

J+1

llcjo — dfy 1117, + [14(T) D7, <C > lles(G)Iz,- (4.9)
Jj=jo+1
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Proof: Recall that 97 ~ denotes the set of outer leaves of the tree 7°, i.e. A° € 97 ~ means that
A° does not belong to 7°, yet its parent does. As the support cubes associated with 07 ~ form a

partition of 2, by (2.1) we have with ¢} =d} _;

llejo = €5yll7, +14(T) = d"(TIIE, < o' 1Bl =o' Y BTl 0,0 (4.10)
A°€dT —

The well-gradedness of 7 implies that for every A° € 97, one has that (@] Ry)|o v 7 0 holds
only for a uniformly bounded number of levels |l — j| < K. Since the two scale matrices define
uniformly bounded mappings on ¢o, the assertion follows. [

Note that the main difference from earlier results in [17] lies in the fact that the estimate
involves no assumptions e.g. concerning the equilibration of local polynomial approximation errors
of g, or in the case g = G o v, of v.

In fact, suppose the g;; have the form ¢;, = (Q;x(9),¢;r) where Q;x(g) is a polynomial
approximation of g on the support S; . of ¢, of some order m, say. Suppose that e.g. a discrete
least squares fit to g on a fixed sufficiently dense sample set in S even assures (for the give
9) that |lg — Q;k(9)lLy(s;,) < Cinfpep,, (|9 — Pllrys,,) = mjk(9). Moreover suppose that the
tree T is essentially balanced with respect to the 7, . This means that for some § > 0 and all
(4, k) € 0T~ we have 7, ;(g) < § while for a subset A of 07 with #A > c¢#07 one has 1, ,(g) > 6,
(j, k) € A. Then, whenever g € B;(L,) with 1/p < s/d+ 1/2 for some s < m one has (see [17])

1/2

> < C(#T)_S/d\ngg(pr (4.11)
(3,k)€0T ~

see e.g [21] for the definition of the Besov spaces B;(L;) and their semi-norms. One immediately
derives from (4.9) and (4.11)

1/2 L
(leso = 52, + 14(T) = d*(T)IE,) < CHT) ™ Iglpya,- (4.12)

The interest in estimates of this type lies in the following points. The right hand side of (4.12)
involves measuring smoothness of g in L, which for the above admissible range of p imposes much
weaker conditions than measuring smoothness in Lo. Thus a proper choice of a tree can make up
for the lack of smoothness so as to retain an optimal order relating accuracy to the number of
degrees of freedom even in the presence of singularities. Moreover, under the above assumptions
the truncation error can be shown to be also bounded by the right hand side of (4.12) (although
it could actually happen to be smaller), so that at least for the class of functions g € B a (Lp) one
obtains optimal error estimates. However, the line of argument of [17] works only under certain
assumptions on the distribution of local errors and does not quite meet the demands arising in the
context of adaptive solution schemes, see Section 1.2 and the notion of s*-sparsity in [8]. Recall
from Task R2 that ideally one would like to relate the errors created by RECOVER directly to
the truncation error ||g — Prg||, (o) or equivalently to ||d —d(7)||s, (or bounds for those terms).

Note that one has
ld—d(T)]7, = > A (4.13)
AC€O0T p:u®>=A°

Recall that p° > A° means that p° is a descendant of (not equal to) A°. Clearly, the “local
remainders”
me =me(d,T) = ( Y |du})? N €T, (4.14)

L pC = A°
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are just local Lo-errors of the approximation Prg to g. Thus it would be ideal if the quadrature
errors eyo (see (4.2)) could be estimated in terms of ryo, or at most by a finite number of nearby
local remainders, which would entail ||d — d™(7 )|, < ||[d—d(7)]s,-

~

4.3 Dual Norms

As indicated before, when dealing with adaptive schemes for operator equations such as PDE’s
the relevant function space is most often not Ly but some other Hilbert space H’, typically a
Sobolev space of positive order, see Section 1.2 and [8]. What will matter here is that the primal
norms can be localized, i.e. restrictions of f € H to sub-domains Q' C Q (of suitable regularity)
belong to a localized version H(£2') and that one has for any partition P of € into cells A

S By S WG feM. (4.15)

AeP

This is, for instance, the case for H = H' with ¢ > 0. Under the assumption (2.10) that a Riesz
basis W is obtained from an Lo-Riesz basis © through scaling we can still apply the above scheme
RECOVER to obtain

g¥(T) := Drd™*(T) (4.16)

as an approximation to the desired array g(7) = ((¥x,9))ae7, cf. 3.1. Of course, this scaling is
incorporated in the loop of RECOVER, i.e. (3.13) is replaced by djp-” = D, Gj 6Cj+1. Again our
objective is to estimate ||g(7") — g%(7)||¢, and ultimately ||g — g™(7)|¢,-

4.3.1 Main obstruction and inherent problems

Estimating ||g(7) — g%(7)|l¢, poses a certain principal difficulty which is perhaps worth pointing
out first. The above estimate in Theorem 4.1 provides a bound in terms of local Lo-errors resulting
from approximating the function g in Ls. The relevant function space here, however, is H’. So
in order to estimate the accuracy of the scaled array in (4.16) one would have to relate it to the
error in H’. This is not straightforward as Sobolev norms of negative order do not localize in a
simple way.

At the first glance an easy remedy is offered by the norm equivalences (2.1). In fact, we recall
that one can deduce from (2.1), (2.10) and (2.11) that for some &, C' one has

el (wnwhdallze < Y- walfa, w)balln, < CIY - (oa, w)dalle. (4.17)

AeJ AeJ AeJ

This tells us that approximation of some expansion w = 3, j<¢Aaw>1/;A in H' is equivalent to
approximating the scaled expansion X (w) := >\, wx(Bx, w)0y in Ly, which by (2.1) yields an
estimate for the approximations to (¢, w) in terms of an Lo error for the approximant. For
simplicity we shall assume that the scaling weights w) depend only on the scale |A|, wy = WYA|-
Accordingly, it is suggested in [22] to approximate

J
S(9)r =Y walbr, 9)0r = wjo Piog + Y wi(Pj1 — Py)g
XeT J=jo

in Lo and then use the above error estimation. However, that would require approximating the
inner products (X(g), ¢; ). This, in turn, would require knowing the coefficients (%(g), ¢ /) for
all (j/,k") such that the support of ¢jr ) intersects that of ¢; 1, as the level dependent scaling
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factor w; prevents cancellation inside the tree. This difficulty could be seen as a ’lacking locality’
which, due to the negative norm, is inherent to the problem. Thus the approximate scaling
function coefficients ¢; ; cannot be computed by just sampling g locally on the support of ¢;x and
a related approach (see [22]) therefore does not seem to be computationally feasible.

In order to get around this difficulty and use only computationally feasible approximations to
(g, ¢ k) for indices in G, one could attempt to employ the same decomposition strategy as before
trying to “hollow” the tree. To this end, note first that one has

J
g1 = wjPjg+ Z wj(Pj+1 — Pj)gr

J=Jjo
J+1 _
= > ‘I’JT([wj—l - wjlc; (777) +wj—1(0j - Mj—l,écj—l(g;—l))(g;)>7 (4.18)
Jj=Jjo+1

where we have used (3.6), see Section 3.1. In order to turn this into an approximation one needs

approximations to the arrays c; (730) and c; (g] ). These approximations are already produced by
the scheme RECOVER. Thus, we are led to define

J+1

Prg = ), éf([qu - w;]¢;(7) +wj—1(qj - Mj,léqjq(gfq))(g]))
Jj=jo+1
J+1 _
= Y T (w8(G) - wiE(T)) (4.19)
J=jo+1

The main difference from the previous situation, reflected by (4.3) and (4.4), lies now in the
additional term [w;_1 — w;|€;(7;°) due to the new scaling in front of the telescoping summands.
This means that the error terms will no longer live only on G~ but that multiscale decompositions
of higher level error components are transported into the interior of 7. It does not seem to be clear
how this will effect the overall error. These observations seem to indicate that error estimation
for Ly does not simply carry over to more general norms. Thus, in summary, the computational
complexity of the approach proposed in [22] is therefore not clear to us.

4.3.2 A general estimate

On account of the remarks brought up in the previous section, we prefer to stay here with the
original order of operation, namely to apply RECOVER to g and then scale the resulting coefficients,
see (4.16), as opposed to scaling g first into ¥(g) and then applying RECOVER. It is now less
obvious though how to estimate the resulting array in a proper way and, based on such estimates,
how to realize Task R2. One probably cannot expect a complete analysis that works in the
generality considered so far. Therefore the objective of this section is to further explore some
basic aspects of Task R2 and to derive from these considerations suitable algorithmic ingredients.
This is to identify more specific requirements on the quadrature that may lead to the desired
asymptotically optimal computational performance. In particular, it will be seen that, in a strict
sense, this requires generally more than just accuracy bounds for the individual coefficients g; x.
For technical simplicity we shall continue assuming in what follows that the scaling weights
in (2.10) depend only on the scales, i.e. wy = wyy- The following reasoning, however, can be
extended to more general situations. One easily concludes from (2.11) that then for (well behaved
sub-domains Q' of Q)
inf o=l S willlian, veH. (4.20)

v; €
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Our goal is again to estimate the scaled arrays ||g(7) —g™(7)||¢, in terms of the quadrature errors
exe, A° € G7. One might think that the ideal estimate would be

J+1

lg(T) —&"(TlIz, <C Y willes(G)z, (4.21)

J=jo+1

i.e., the error contributions scale like wavelet coefficients. This would indeed be the case if the
error components were scaling function coefficients of some underlying error function, i.e., exo =
(¢, E7) which would entail the relations

ij)e]q_l = €y. (4.22)

This, in turn, is equivalent to Gj,ci)q]qu = qj, which, of course, will generally not be true. So
it seems that all we can hope for is an estimate that involves the deviation from (4.22) which
then hopefully is relatively small. In order to make this more precise, we introduce the following
notation. Let

Q= U supp i, Pi(w|G;) = Z (B W) Pj k- (4.23)

(1.k)€G; (1 K)EG;

We can use (2.11) to conclude that

18(7) = g"(T)llex < CullET e, (4.24)

where E7 is given by (4.4). Furthermore let P/(|G;") denote the adjoint of P;(-|G;") and

o]l ey == sup M
werary lwllre

where H(Q') consists for Q' € Q of those w € H(Q') whose extension by zero to all of € is still
in H. In order to develop suitable quadrature techniques, it will be convenient to employ the
mappings

Ljg:= Z 3j.x(9) B x; (4.25)

(7.k)EG,

which always involve only indices from gj‘. As before, the coefficients ¢;(g) forming the arrays

q; on g; are to approximate the exact scaling function coefficients c;x = (¢;x, g) for (j, k) € g;.
We shall now present some general estimates for the error in the dual norm in order to obtain
upper bounds for (4.24).

Proposition 4.2 Under the above assumptions we have the following estimates of the quadrature
error E7 defined in (4.4).

a) One has
J+1

1Bzl S (D 197 ejll3yq,) "> (4.26)
Jj=jo

b) Recalling the definition of P; (3.4) we have for any L; given by (4.25)

J+1
1Bzl S (3 I1Lig — Piglya,)> (4.27)

J=Jjo
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Proof: As for a), we recall the definition (4.4) and obtain, upon using (2.2) and biorthogonality
of ®;,®; several times,

J+1 =T — _
IE7| sup (E1,w) sup zj=jo+1<(1)j <ej - Mj—l,éej—l(gj71)> (gj ), w)a,
Hl = =
w Jwllnw [[wll#
J+1 & _ N _
Tl (e - My ae1(61)) ), B (wlg) D,
- Tl
J+1 F _ . _
S (BT (e = M,y gei1(G)), Py (wlG) e,
= su
w el
J+1 = = N _
_ gup Dzt (BTes = O rej, Pi(wlG) e,
w [l
J+1 = = N _
< sup St 19T e; — @5 1€ 1l a1 P (wIG;) ;)
S lwlin
J4+1 e =
< sup Zj:jo—l—l ||‘I);"Fej - ‘I)jfleijH(H(Qj))'||w||H(Qj) (4.28)
Sy [l ’ -

where we have also used that the Pf(-|g;) are bounded in H. Since e;_; is supported in G, |, we
have that ||<1>j,1ej,1\|(H(Qj))/ = ||<I>j,1ej,1H(H(anQj_l))/ < ||<1>j,1ej,1||(H(Qj_1))/, since the dual
norm is monotone in the domain. Using this, applying Cauchy-Schwarz, bearing in mind that,
by well-gradedness, only a uniformly bounded finite number of €2; overlap at any given point and
employing (4.15), yields the assertion a).

Concerning b), we have the representation, cf. (4.2)

ejk = qik — Cik = (Pjk: Ljg — Pjg), ie e;j=(®;, Lig— Pi(g|G;)). (4.29)

Clearly, (4.29) says that i)fej = Pj(L;jg|G; ) — Pj(9l9;)) = Ljg — P;j(g|G; ). Hence, using the

biorthogonality of ®;, ‘i>j, we can rewrite the terms in (4.26) as follows.

= (®Te;, Pr(w]G))e, (Lj(919;) — Bi(9lg;), Pf (wlGi))e,
H‘I’j ejHH(Qj)f = sup =
wer@y)  lwlln@) weH(Q;) [wll#(a,)
L;g — Pjg, P (w|GY))a,
sup (Ljg 39,175 (w] b )>QJ ’ (4.30)
weEH () HwHH(Qj)
which confirms the claim b) by the same arguments as used in a). "

5 Quadrature

So far we have not specified how to compute in RECOVER the approximate scaling function
coefficients g; . So the objective of this section is to find relevant requirements on quadrature.
We will start by identifying desirable properties of L; from (4.25).

5.1 A wishlist for the mappings L;

In what follows we shall make frequent use of the following fact.
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Remark 5.1 For any sub-domain Q' of  one has ||g||? ey S D A8y £D |(wx, g)|%, where
Sy = supp .
Proof: For w € H(Y) one has

(w,g)l = [(w, > Wagdnl =1 D (w9l

xeJ A:S\NQY #D
S Ml D Keon g2,
A=\ NQAD
whence the assertion follows. . 3 ]
Recalling that Pjg = Z(j,k)ezj<¢j,k79>¢j,k = Z(j,k)ezj ¢jx®jk, the subsequent discussion will
be guided by the following simple observations based on Proposition 4.2 b).
Proposition 5.2 a) If
1Lj9 — Piglln,)y < Cllg — Pigllue,)y (5.1)
uniformly in j, then the approximate array g®(7T) on the well-graded tree T produced by RE-
COVER satisfies

18(7) —g"(T)lle, < C*llg — &(T)lley (5.2)

where C* is independent of T but depends on C' from (5.1) and the constant in (4.27).
b) Suppose that T satisfies

g —&(T)lle <e (5-3)
and that J is the highest level appearing in T. If for jo <j<J+1

L9 — Pigllrey)y < Ce/#G; [#G~ (5.4)

uniformly in j < J, one has ||g — g"(T )¢, < (1 + C*)e, where C* depends on the constants in
(8.15) and (4.27), but is independent of T .

Proof: Applying Remark 5.1 to g — P;g, (5.1) says that for gy = (¥x,9)

IZjg = Pigltra,y < > Il (5.5)
21>
supp N8 AP

Since by well-gradedness of 7 only finitely many of the 2; overlap at a given point and since by
(3.15) #G~ < #T < #0T , we conclude that the right hand side of (4.27) can be bounded in
the following way

J+1 J+1 12
1Brlle S (3 1Es0 - Palie,y) S (X S ll?) (X 10:P) "= g - &l
Jj=jo Jj=jo A>3 T
supp N #D
which confirms a). The proof of the second claim is analogous. "

Obviously, (5.1) is the stronger assumption which would yield the best possible result, namely
that the quadrature error is dominated by the prediction error. Recall, however, that the scenario
given by part b) in Proposition 5.2 is sufficient for Task R2 which warrants optimal complexity
estimates in the adaptive context described in Section 1.2. This leads us to the following definition.

Definition 5.3 We shall call a quadrature reliable for, respectively e-reliable for g when the cor-
responding mappings L; satisfy (5.1), respectively, when (5.4) holds whenever (5.3) is provided.
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5.2 Reliable Quadrature

We still have to detail on how to set up a reliable quadrature routine, cf. Definition 5.3. Before
going into this, we comment briefly on the fact that we are actually dealing with approximating
g in spaces on which point evaluations are generally not continuous. One should keep in mind
that the main context where RECOVER applies has been outlined in Section 1.2. In this case we
have g = F'(v) where v is a finite wavelet expansion and where F' is a local operator. Moreover, v
itself has usually the form v = aeT, Uatx where 7, is a tree that is contained in the prediction
tree 7. Since quadrature affects only terms (¢;k, F'(v)) where (j, k) € G~ and since 7 is a well
graded tree ¢; ) “sees” only the image of lower scale wavelets in the expansion of v under the
mapping F. Thus, on the support of ¢;x, F(v) is roughly speaking “finite dimensional” and
can only oscillate with a frequency comparable at most with the diameter of ¢ ;. Moreover, the
composition actually has some pointwise smoothness even of some positive Holder degree. (Of
course, when ¢ — 0 these norms may eventually grow unboundedly because F'(v) is only stable
in H'). Thus it is justified to assume always that point evaluations are well defined and that, for
any fixed 7 = 7., refining quadrature locally, does provide increasing accuracy of approximations
to quantities like (¢, k, g)-

The approximations g; k(g) approximating the exact scaling function coefficients ¢; x = (¢, 9)
on G, can be obtained, for instance, by making use of the fact that J ¢jk(z)f(z)dz can often be
computed ezxactly for certain functions f such as arbitrary other refinable functions or polynomials
of any degree, see [14]. A simple way then is to determine some local approximation @ ;k(g) on
the support of ¢, , either by interpolation or by a least squares fit using proper oversampling.
Then (Q;k(g9), ¢jk) can be computed exactly providing

Gige = / Qix(9) (@) bac(x)dz, (3, k) € Gy (5.6)
Q

Exactness in Sj: By the above remarks, @;k(g) might be a polynomial of possibly high fixed
order, or a linear combination of high order B-splines. However, recall from (5.1) that the main
issue is to make L g close to Pjg in (H(9;))". This suggests to make L; map into S; = span ®;, cf.
Section 2.1. Especially, for fixed but sufficiently dense sampling sets Y x one could define Q; x(g)
by the least squares fit

Qj,k(g) = Z q;,k/ggj,k’, where

(4,k’):supp ‘gj,k’ Nsupp ¢;, 1 #0

q° = agming Y (9() = > Gwdiw®)? (5.7)
(

yey},k jakl)
so that, by biorthogonality, q;x = q;fk. In this case the mapping L; would be indeed exact on Sj.

Boundedness in (H(f2;))’: Moreover, “ideally” the mapping L; would be a linear projector onto
Sj(gj—) ;= span {¢;x : (j,k) € G; } which is bounded in (H(£;))". In fact, one could then write
Ljg — Pj(9|G;) = Lj(g — P;g) so that the boundedness of L; in (H(f2;))" would immediately
give (5.1) hence Proposition (5.2) a) would apply and provide the desired estimate (5.2). Such
a requirement will generally not be feasible. Without any further assumptions on g this cannot
be guaranteed by any fixed rule for forming the g;y. In fact, L; can ultimately be based only on
discrete information on some finest resolution level. On the other hand, in the above mentioned

“locally finite dimensional case” one can expect to contrive a mechanism for improving the quality
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of the g; i if necessary. This means, one can realize the necessary closeness of L ;g to the particular
projector Pjg in (H(f2;))" required by Proposition 5.2. We shall describe next some ingredients of
such a mechanism.

To this end, denote by G, the set of those indices in Zj4, which arise from an r-fold subdivision
of the q%b (7,k) € g;. These indices enter local refinements of Sj over {2;. Let for r >0

L;Q = Z qu'+r,k(g)¢j+r,k
(j+r,k)€g;r

be a mapping into §j+r(g;r). The L% could be defined by any of the above ways but with respect
to higher resolution level j+r. If L% g provides better approximations to g with increasing r, then
its projection back to Sj(gj—) can be expected to yield better approximations to Pjg, provided
these approximations are stable in (H(€2;))’. Thus, given L%g we then set

Ljg := P;(Ljg). (5.8)

Writing Ljg = (qr)fij in the form (4.25), a repeated application of (2.13) yields that the array
q; is given by

q=q;:=G; 5 G, , 3 (5.9)
As indicated above, the rationale is that the closer L7g gets to g, due to the better resolution

offered by projecting into §j+r, the closer should its projection by P; be to Pjg.

A possible obstruction that has to be taken into account is that high frequency components
of g might be picked up through the quadrature so as to render L7 unstable in (H(€;))’. We
shall discuss possible remedies under the general assumption that quadrature is feasible. More
precisely, we shall always make the following

Working Assumption (WA): LET 7 = 7. BE THE PREDICTION TREE FOR WHICH ||g —
g(7T)|l¢, < e AND LET J = J(7) BE THE HIGHEST SCALE OCCURRING IN 7. FOR ANY p > 0
THERE EXISTS AN R € N SUCH THAT ONE HAS FOR ALL j < J(7;) UNIFORMLY IN &

inf  ||g — vl @,y < pllg = Piglle,)ys (5.10)

UGSj+R

I[.LE. THE WAVELET COEFFICIENTS OF g WITH RESPECT TO \i’ HAVE SOME FIXED SCALE-WISE
DECAY AND BEST TREE APPROXIMATION IS A NEAR BEST N-TERM APPROXIMATION.

This assumption can be verified for many operators F' in the second scenario in Section 1.2 when
g = F(v) and v is a finite tree expansion where the tree for v is contained in the prediction tree
7T for F(v). We shall refer to this situation, in a slight abuse of terminology, as the “locally finite
dimensional case” on every support of ¢; with (j,k) € G~. This follows from the construction
of the prediction trees in [9] and the corresponding error analysis which shows how expanding the
tree decreases the error. Since

1L;9 — Pigllry)y = 1P (L5g — D)y S I1L59 = 9l

the condition (5.1) would be satisfied for » < R provided that the mapping L7 is exact on SjJrr
and stable in (H(£2;))’. Here are some ingredients towards this aim. Any linear combination
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Vjgp 1= Z(j+T,k/)€g;T Qj+rk'@j+rk can be written as

Jj4+r—1
Vitr = Pjvjir + (I = Pvjir = pj &5+ Y df 6y,
I=j
where, by (5.9)
Pi=G5 G159 d=G G5 Gy 34 (5.11)

Now let 19+T(Q;T) be a set of sampling points in €2; whose cardinality is larger than #Q]} but of
the same order. Fix a positive weight o and consider the least squares problem

Oy, = argming, {o > W) - D G b ®)’
YeYitr(9;,) (J+rk)eg;,
Jj+r—1
2 2
+ Z wj ||Gl,éGl+1,<i> T GjJrrfl,Ci)qurTHKg}
l=j
=t argming, {Ko(qj+r) + Ki(qj+r)}, (5.12)

where h measures the spacing between the sampling points. First of all, for suitable Yj+r(gj_r)

(5.12) has a unique solution. Moreover, if g € Sj(g;) the minimum of the quadratic functional
is zero and P;(L%g) = g on ;. In fact the first part Ko(q;4,) of the functional can be made
zero through the proper fit and the second part vanishes since the wavelet coeflicients of g vanish.

In general, we have Ki(qj4r) ~ [|(I — Pj)ijrTH%H(Qj))/ controls the dual norm of the fit whose
quality is ensured by Ko(q;+r). In fact, Ko(q;4r) can be viewed as a weighted Lo-approximation,
especially in the above mentioned locally finite dimensional case. For instance, with a ~ w?,
Ko(qj++)'/? becomes then a good upper bound for ||g — Vjtrll(H(0,)) -

In practical terms it is not essential to solve (5.12) exactly. What matters is that K (q;r) is
controlled thereby stabilizing the (H(€2;))" approximation. Therefore one can proceed as follows.

(i) For (j,k) € G; determine g; x according to (5.7).

(i) Set qjyr =M
see (5.11).

i1 ij)qj so that the corresponding d;, [ = 4,...,j +r — 1, vanish,

(i) With this q;4, as an initial guess one carries out a few gradient descent steps to drive
Ko(qj4r) + K1(qj4r) towards the minimum.
Again, when g € Sj(gj—) one already has (up to round off) Ko(q;+r)+ Ki(qj4r) = 0, i.e. exactness
is ensured. Step (iil) provides the desired (H(€2;))’-stability where one could vary the weight « in
the course of the iteration. Clearly, for fixed r the overall computational work remains proportional
to #g;

In order to guarantee the desired accuracy of the approximation one could solve (5.12) for
several increasing values of r (always using the result of the previous step as initial guess). This
procedure is stopped when either some fixed upper bound for r is exceeded or when the following
criteria are fulfilled for some r’ > r and some fixed constant ¢ < 1

laf —flle, < ce(#G; /#67),
(5.13)
j4r'—1
(Y WG 6G 1 Gjrrarli)? < ce(#G; /#G7).
l=j+r
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An alternative criterion is to increase r until

(Ko(afy,) + Ki(aj,,))"? < Ce(#G; /#G67), (5.14)

where now C' could be a fixed (larger) constant. To explain these criteria note that, under
Assumption WA, |lg — L7g||(3(q,)y gets small compared with |lg — P;gl|(3q;,)y for increasing r so
that the qj become stationary for increasing r while the higher order wavelet coefficients become
negligible. Thus the stopping criteria (5.13) are met after a finite number of steps depending only
on the choice of the constants ¢ in (5.13), (5.14). As for (5.14), a prediction error ||g—g(7)|l¢s, <&
suggests to expect a portion like 5(#9{/@‘) to be attributed to G;. On account of the norm
equivalence (1.2) one expects that [|g — P;(g|G; )|,y < €(#Y; /G7). Thus the value of
(Ko(qj»ﬂ,) + Kl(qj+r))1/2 would be of the order 5(#9{/@‘) for g7, = Mj+r71,<i> .

Hence, when (5.14) is met one has an H’-stable sufficiently good approximation to Pj(-\gj_).

. M]-@Cj.

Remark 5.4 Recall that RECOVER works from top to bottom, i.e., G~ is not known beforehand

and is in fact never assembled. However, on account of (3.15) we can replace #G~ in (5.13),
(5.14) by the known quantity #7°.

Thus, in principle, for a wide range of cases an asymptotically optimal work count, as required
by Remark 3.2, can be achieved. Nevertheless, the quantitative performance of a strategy outlined
above may still be unacceptable. It is therefore important to see whether the full scope of such a
strategy is generally necessary. The numerical experiments in the next section are to shed some
light on this issue.

6 Numerical Experiments

Referring primarily to the second scenario in Section 1.2, we shall apply now the recovery scheme
RECOVER to compositions g = (F o v) as a simple representative of a nonlinear operator. Here
F is just a smooth nonlinear scalar valued function and v is some finite wavelet expansion that
approximates some function u referred to as the original function. Thus g is always pointwise
defined. We are not interested in any specific application but in a quantitative validation of the
above theoretical investigations which guides the selection of u, F'. In order to be able to access
true errors the role of the original function w will actually be played by some fixed highly accu-
rate approximation u; of u, namely its (approximate) projection to S(® ). This is done by first
computing the scaling function coefficients by (highly accurate) quadrature on a uniform grid.
The standard wavelet transform yields then the finite array of wavelet coefficients u; of u; with
maximal level J. Likewise we compute a highly accurate approximation gy to F' owuy for some
J' > J. uyand gy will serve as fully known reference quantities. The test routine reads as follows:
e For a sequence of decreasing parameters ¢ € {g;,7 = 1,2,...} determine approximations
v = u to uy by thresholding the wavelet coefficients in u; yielding u® = u(A) to uy.
e Construct the prediction set 7¢ = 7 (A%) for g based on A® according to the methods de-
scribed in [17, 9.

e Execute RECOVER and validate the results by comparing the reference g(7¢) with gf* =
gf(7¢) and with gf* which is obtained by the top-to-bottom thresholding on the fly as
described at the end of Section 3.2.

All computation were carried out on an AMD Athlon(Tm)XP 2000+ processor with 1.26GHz and
512MB of memory, and we always used Cardinal B-spline wavelet bases. In all cases, CPU times
scaled linearly with the cardinality, see [2] for more details.
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6.1 The L, case

We shall treat first approximation in Lo and consider the example

[ exp(x) ze(—1,1)
uyp = { )

0 z€(-2,2 F(-) = 4sin(2-). (6.1)

SR
We employ simple Gauss-type formulas according to [1] for the computation of a uniform scaling
function approximation to u; on level J = 13 (32769 coefficients). The composition is approx-
imated on (—2,2) in this case on level J' = 15 (131073 coefficients). Due to the jumps of u; at
—1,1 we expect significant wavelet coefficients with spatial indices near these points in uy, and
therefore also in A and 7°.

To unify the representation we shall denote the arrays of wavelet coefficients always by g, g(7 ),
etc. where it is understood that in the Lo-case the diagonal matrix in (4.16) is just the identity.
The task of the recovery scheme is to compute approximations g’ to g that are - up to a constant C
- as accurate as g(7 ). In the next table we exemplarily display cardinalities and errors, where we
used the biorthogonal cardinal B-spline systems N (m,m*) according to the spline of order m = 2
and its dual m* = 2. Concerning the cardinalities of the involved sets, note that as expected, the
prediction set #7 ¢ is significantly larger then the set of actually relevant coefficients and hence
the set resulting from RECOVER (including top-to-bottom thresholding as described in Section
3.2) #Af yet the difference decreases with growing size of #7. Recall that, according to Task
R, the reference accuracy is given by ||g — ¢¢||, with g° = g(7°¢), where here and below we write

1= 11 e,

H#T° 104 332 | 3664 | 13908 | 23256 | 27040
g — & 2.90c-3 | 7.41e-5 | 2.93¢-7 | 4.40e-9 | 1.57e-11 | 2.60e-13
g — g 2.90¢-3 | 7.92¢-5 | 3.21e-7 | 4.51¢-9 | 1.60e-11 | 2.61c-13
g — gF| 2.92¢-3 | 7.92¢5 | 3.3¢-7 | 4.56¢-9 | 1.71e-11 | 2.61c-13
H#AF 25 112 | 1585 | 8771 | 15711 | 18527
g —g"l/llg —g°l[| 1.0 1.06 1.1 1.02 1.1 1.0
HTE [#AT 416 | 296 | 231 | 1.58 1.48 1.45

The following graphs show the log-log plots of the approximation g to g in comparison with
the result gt of the recovery of g° for the bases according to m = 2, m* = 2 and m = 3, m* = 3.
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Figure 6.1: 1D-Tests of RECOVER: g = F' o u = 4sin(2uq)

The expected error rate for these tests, i.e. the theoretical slope in the log-log graph is m,
which is well reflected by our experiments as soon as the problem reaches a certain size. For
smaller problems, we observe a tune-in behavior. However, the asymptotic (optimal order) regime
is entered at a relatively early stage. CPU times scaled linearly. As a two dimensional test
example, we choose uy defined by

ug (21, 29) = exp(—100 * (2% + 23)), (6.2)

and retain the nonlinearity F'(-) = 4sin(2-). The results concerning RECOVER are similar to the
one dimensional case including the constant C. The expected asymptotical error rate is s = m =42,

which is matched fairly well. The plots (b), (d) in Figure 6.2 confirm that the CPU-time indeed
scales linearly with the size of the problem.
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Figure 6.2: 2D-Tests of RECOVER: g = F o u = 4sin(2us)

6.2 Dual norms

In the following tests, the original function w is subject to a nonlinear mapping (of polynomial
type) F': H' — H~t. As before the examples are designed in such a way that F ow is in Ly and
pointwise smooth, yet the H!- and Lo-norms are very large compared to the (dual) H ~‘-norm
where the recovery is supposed to take place.

6.2.1 Gauss quadrature

We use again first the Gauss-type formulas from [1] for quadrature. One of our goals here is
to illustrate, that this suffices in practical applications involving pointwise smooth or piecewise
smooth objects. The test (2D) will be concerned with the nonlinearity F(-) = -® and u4(z1, v9) :=
U3(£L‘1)U3($2). _

The next figures show the result of our tests executed in (H, H) = (H%%67, H=0-667) in a similar
fashion as before and, though dealing with larger constants, also show the expected behavior. Note
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that in R? according to [9], F' : u — uP maps H' into H~* for t < d/2 if

d+2t
<pf=—-— 6.3
p<p =g (6.3)
For t = 0.667 and d = 2 respectively, F(-) = -® is therefore close to the limit case. These choices
have no practical meaning but are merely to test the dual norm case in a regime where the
nonlinear mapping affects the norms in a visible way. The size of the various norms are record as

follows ||u4||z, = 0.501, |Jugl| fo.e67 = 10.548 and || F'(u4)||r, = 57.395, ||F(u4)||r—0.667 = 0.399.
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Figure 6.3: 2D-Tests of RECOVER: g = F ou = (uy)®, (H, H) = (H%0667, g —0.667),

6.2.2 Least squares quadrature
Next we will be concerned with the pointwise smooth but oscillatory function
us(z) = (exp(—100 * (z — 0.5)) * sin(500z))3,

which is to be recovered for test reasons in H ~!. Concerning the H ! norm we have H~! ~ 0.0877,
again determined by the weighted sum of a (finite) reference wavelet approximation obtained by
means of a scaling function representation on a uniform grid (level 15). In order to validate the
results, the inner products for this reference are computed exactly by means of automatic, symbolic
integration using MAPLE 9.0.

For the above setting, we will compare the recovery scheme using two different quadratures,
namely the Gauss-quadrature by [1] and the following quadrature method which is a simplification
of (5.12). Given an overall target accuracy ¢ > 0, for each level j do:

(i) Let r=1.
(ii) Determine qj as described in (5.9) and compute d(9) =G, g - G, 1 §9j4,-

(i) If
j+r'—1

( Z “’JQ‘HGLéGzH,é"'Gj+r—1,<i>qj+r/H%2)1/2 > e(#A;/#A). (6.4)
l=j+r

set r — 7+ 1 and go to i) else accept q, cf. (5.13). Here we take 7' € {r + 1,r +2}.
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The following graphs show the results of our computations with N(2,2) and N(3,3). We used
Gauss quadratures with two points, the number of sampling points for the least-squares formula
is |Y/(N(2,2))| = |Y(N(3,3))] = 4. The observed average refinement parameter is r = 2.

Note, that the error of the recovery scheme using the Gauss quadrature, labeled (F o)
the plot, does not show the desired behavior. It stagnates from time to time and even though we
can observe an overall error decay, the rate is certainly insufficient. The reason is, that the error
stemming from the Gaussian quadrature dominates the error of the recovery scheme. On the other
hand, the performance of the recovery scheme using the least-squares method described above,
labeled (F o u)™S is satisfactory as (6.4) ensures, that the quadrature error does not dominate.
On the right hand side, we displayed the CPU-times referring to to least-squares computation.
More than 70% of the CPU time is consumed by checking the error criterion (6.4), namely to
apply Gj,é and to compute the norm in (6.4), yet CPU time again scales linearly with N.

RG in

log(error)
process time (s)

0% . .
10 0 5000 10000 15000
N

(b) CPU time for recovery with N(2,2)
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(c) Error rates using N(3,3) (d) CPU time for recovery with N(3,3)

Figure 6.4: 1D-Tests of the recovery using least-squares quadrature, u = us, F ou = (us)?
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6.3 Conclusions

We have described and analyzed a new scheme for the fast computation of sparse arrays of wavelet
coeflicients. The design of the algorithm is tailored to the needs of recent adaptive wavelet concepts
addressing the main obstructions encountered in this context. First numerical tests, dealing
with compositions as simple representers of nonlinear operators, are presented to illustrate the
quantitative behavior of the scheme, in particular with regard to requirements on the quadrature
routines.
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