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Abstract. The efficient solution of operator equations using wavelets requires that they generate
a Riesz basis for the underlying Sobolev space, and that they have cancellation properties of a
sufficiently high order. Suitable biorthogonal wavelets were constructed on reference domains as the
n-cube, which bases have been used, via a domain decomposition approach, as building blocks to
construct biorthogonal wavelets on general domains or manifolds, where, in order to end up with
local wavelets, biorthogonality was realized with respect to a modified La-scalar product. The use
of this modified scalar product restricts the application of these so-called composite wavelets to
problems of orders strictly larger than —1, and, moreover, those wavelets with supports that extend
to more than one patches generally have no cancellation properties. In this paper, we construct local,
composite wavelets that are sufficiently close to being biorthogonal with respect to the standard La-
scalar product, so that they generate Riesz bases for the Sobolev spaces H® for full range of s that is
allowed by the continuous gluing of functions over the patch interfaces, the properties of the primal
and dual approximation spaces on the reference domain, and, in the manifold case, by the regularity
of the manifold. Moreover, all these wavelets have cancellation properties of the full order induced by
the approximation properties of the dual spaces on the reference domain. We illustrate our findings
by a concrete realization of wavelets on a perturbed sphere.
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1. Introduction. The use of wavelet bases for solving operator equations, as
partial differential equations or (boundary) integral equations, has a number of advan-
tages, cf. [9, 3]. Assuming that the operator is symmetric, and, for H being some
Hilbert space, H-bounded and H-coercive, and that the infinite collection of, properly
scaled, wavelets generates a Riesz basis for H, the stiffness matrix in wavelet coordi-
nates resulting from a Ritz-Galerkin discretization is well-conditioned uniformly in its
size, guaranteeing a uniform rate of convergence of an iterative method. In case of a
differential operator, this stiffness matrix is not truly sparse, but has the well-known
“finger structure”. For multiplying with this matrix, however, one may switch to
single-scale basis, with respect to which the stiffness matrix is sparse. For integral
operators, the stiffness matrix with respect to both single-scale and wavelet basis is
densely populated. Here the second important property of wavelets can be exploited
of having vanishing moments or, more generally, cancellation properties, meaning that
the integral of a wavelet against a smooth function vanishes with a certain order of
the length scale of the wavelet. When, depending on the order of the operator and the
order of approximation, this order of the cancellation properties is sufficiently large,
the stiffness matrix with respect to the wavelet basis can be a priorily compressed to
a sparse one without reducing the order of convergence, with which also for solving
these integral equations a method of linear complexity is obtained ([19, 10]).

Instead of projecting the operator equation onto a fixed finite dimensional space,
and then solving the resulting matrix-vector problem with an iterative method, the
availability of a Riesz basis for H opens an attractive alternative for approximating
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the solution by adaptive wavelet methods ([4, 5]). By writing this unknown solution in
terms of this basis and testing the equation for all basis functions, one obtains an in-
finite dimensional matrix vector problem, that is equivalent to the operator equation,
and that is well-posed in /o-metric, meaning that it can be solved using an iterative
method. In each iteration of such a method, the application of the infinite stiffness
matrix to the current approximation vector has to be approximated. Here the concept
of adaptivity enters; the accuracy with which a column is approximated grows with
the modulus of the corresponding entry of the vector. The resulting method, extended
with a so-called coarsening routine to remove small entries from the approximation
vector, can be proven to be optimal in the following sense. Whenever, for a certain
range of s, the solution is in a class of functions for which the error of the best N-term
approximations from the wavelet basis decays like N~°  the sequence of approxima-
tions produced by this adaptive method has the same rate of convergence, whereas
the computational cost is equivalent to their support sizes. A necessary condition for
this statement to be true is that the stiffness matrix is sufficiently close to a sparse
matrix, which depends on the smoothness of the wavelets and, again, on the order
of the cancellation properties ([22]). Recently, it has been shown that an optimal
adaptive wavelet method can even be obtained without coarsening ([15]).

Aiming at the aforementioned applications, this paper deals with the construc-
tion on general n-dimensional domains or manifolds of wavelets that, properly scaled,
generate Riesz bases for a range of Sobolev spaces, and satisfy cancellation properties
of any required order. To be able to choose this order independently from the order of
approximation, we will consider biorthogonal wavelets. Their construction starts with
two nested sequences of approximation spaces that both satisfy Jackson and Bern-
stein estimates (“multiresolution analyses”). Then the primal and dual wavelets are
sought as bases of the biorthogonal complements of successive approximation spaces
at primal and dual side, respectively. In case the primal and dual approximation
spaces can be equipped with bases of local, biorthogonal scaling functions, local pri-
mal wavelets are found by applying the biorthogonal projector onto a local basis of
some complement space of two successive primal approximation spaces, in which case,
under some mild additional condition, also the corresponding dual wavelets are local.
Actually, for constructing only local primal wavelets, a reduced set of assumptions
already suffices, which for simplicity we will ignore in this introduction. Note that in
algorithms for solving operator equations, usually dual wavelets do not play any role.

Biorthogonal scaling functions have been constructed on the real line ([6]), and
as adaptations of these, on the interval ([11]). By taking tensor products, one ob-
tains biorthogonal scaling functions on the n-dimensional unit cube. To construct
biorthogonal scaling functions and wavelets on general domains and manifolds, a do-
main decomposition approach has been developed by Dahmen and Schneider in [12]
(see [1, 7] for related approaches). The domain or manifold of interest is written as a
disjoint union of smooth parametric images of the unit cube. The biorthogonal scaling
functions on the cube are lifted to the patches, and, assuming that the decomposition
satisfies some matching condition, they are continuously connected over the interfaces.
With respect to a modified Lo-scalar product, defined by ignoring the Jacobian deter-
minants of the parametrizations in the definition of the canonical Ls-scalar product,
the resulting collections of scaling functions are biorthogonal, and, as on the unit
cube, wavelets, called composite wavelets, can be constructed using the biorthogonal
projector. There are, however, two principal limitations related to the realization of
biorthogonality with respect to the modified Lo-scalar product. First of all, wavelets
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with supports that extend to more than one patches, generally have no cancellation
properties with respect to the canonical Lo-scalar product, so that results concerning
matrix compression do not apply to entries involving such wavelets. Secondly, with
respect to the interpretation of a wavelet as a functional using the duality pairing
in terms of the canonical Lo-scalar product, generally the resulting wavelets cannot
generate a Riesz basis for H® for s < —%, so that for operators of order 2s < —1, like
the single-layer potential operator, neither optimal preconditioning results are valid,
nor the adaptive wavelet method can be applied.

These limitations were already recognized by the authors in [12], and in [13], they
developed an elegant approach to construct wavelets on general domains or manifolds
that, properly scaled, generate Riesz bases for H® for in principal any s, and that
have cancellation properties of any required order. Unfortunately, so far with this
approach it seems not easy to construct wavelets that have competitive quantitative
properties. A recent investigation of this approach was made in [16].

In this paper, we reconsider the approach from [12], except that, in view of the
aforementioned limitations, we make use of the canonical Ls-scalar product. Al-
though, generally, the lifted and connected scaling functions are not biorthogonal
with respect to this scalar product, we can derive a general formula for the corre-
sponding biorthogonal wavelets. Since this formula, however, involves the inverse of
the matrix consisting of the Lo-scalar products between all primal and dual scaling
functions, which matrix is thus generally not diagonal, these wavelet have global sup-
ports. On the other hand, this matrix is nearly diagonal so that its inverse can be
well approximated by sparse matrices which gives rise to local, approximate wavelets.
We derive general conditions under which, properly scaled, such approximate wavelets
generate a Riesz basis for H® for the full range of s that is allowed by the continuous
gluing of the scaling functions over the interfaces, the properties of the primal and
dual approximation spaces on the cube, and, in the manifold case, by the regularity of
the manifold. We give three possibilities for the construction of approximate wavelets
that are local, generate Riesz bases for H?® for the aforementioned full range of s, and
all have cancellation properties of the full order induced by the approximation prop-
erties of the dual spaces on the unit cube. Firstly, we show that the approximation of
the inverse of the matrix of Lso-scalar products of primal and dual scaling functions
by a suitable, fixed number of Jacobi iterations yields such approximate wavelets. In
view of the relatively large supports of these wavelets, secondly, we show that away
from the patch interfaces they can be replaced by the wavelets one gets by ignoring
the Jacobian determinants, which are the wavelets from [12]. Thirdly, we show that
also along the patch interfaces suitable approximate wavelets with smaller supports
can be constructed, which, however, will involve solving some local systems. Although
several proofs will be quite involved, we emphasize that the implementation of the
approximate wavelets is relatively straightforward.

In [14, 21], we constructed wavelet bases for Lagrange finite element spaces based
on a subdivision of polygonal domains into n-simplices. In this paper, we include
the option that these finite element wavelets, or more precisely the underlying scaling
functions are used as building blocks for wavelets on general (non-polygonal) domains
or manifolds, where then the unit n-cube as reference domain should be replaced by
some reference n-simplex.

This paper is organized as follows. In the remainder of this section we fix a
few notations. In Section 2, we define the type of domains and manifolds and their
parametrizations that we will consider, as well as the Sobolev spaces, that may involve
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zero order Dirichlet boundary conditions, which we are going to equip with Riesz
bases. In Section 3, we collect all assumptions on the multiresolution analyses on
the reference domain. The induced, continuous multiresolution analyses on the target
domain or manifold are defined in Section 4. Put here in a more general framework,
the main construction principles from Sections 2-4 originate from [12]. Biorthogonal
space decompositions and the, generally, globally supported biorthogonal wavelets are
constructed in Section 5. Sections 6 and 7, which form the main part of this paper,
are devoted to the construction of local, approximate wavelets. Finally, in Section 8
we show examples of approximate wavelets on a perturbed sphere, and give some
numerically computed condition numbers.

In order to avoid the repeated use of generic but unspecified constants, in this
paper by C'S D we mean that C' can be bounded by a multiple of D, independently
of parameters which C' and D may depend on. Obviously, C 2 D is defined as D S C,
and C=DasCS<SDand C2D.

Let H be a separable Hilbert space with with scalar product (-, -) and norm || - ||.
For a countable collection ¥ of functions in H, which we formally view as a (column)
vector, and for ¢ = (¢, )yex a vector of scalars, with ¢?'Y we will mean the expansion
> wex Co0. The span of ¥ will be denoted as S(¥). For x € H, with (¥, z) and
(x,%) we will mean the column- and row-vectors with coefficients (o, z) and (z, o),
o € Y. When ¥ is another countable collection in H, with (X,%) we denote the
matrix ((0,6)),cx 5e5- For V. C H being a dense, continuously embedded Banach
space, as usual we will use (-, -) sometimes also to denote the duality pairing (-, )v x v,
which, with the aforementioned meaning, can also be applied to collections from V'
and/or V.

On the spaces of (possibly infinite) scalar vectors or matrices, we will exclusively
use the fo-scalar product, fo-norm or the resulting operator norm, that we therefore
simply denote by (-,-) or || - ||, respectively. A collection ¥ is called a Riesz system
when |cT2|| = ||c||, i-e., when (¥, X)) is boundedly invertible, and ¥ is called a Riesz
basis when it is in addition a basis for H. When ¥ depends on a parameter, we
will speak about uniform Riesz systems (or bases) when the above equivalence holds
uniformly over the values this parameter may attain. We set ||X[| = [[(X, £)]|Z, and
collect a few properties related to this definition:

ProrosITION 1.1.

. s
(1) supeo Uil = IIZI

(i) (132 D) < XA

(ii) [|X+ 2] < =] + (1%,

(iv) For a matriz A, ||[AX] < [JA][|Z]]

Proof. For (i), use |[cT%|]? = ((¥,%)c,¢). Part (i) follows from |[((X,X)c, &) =
(TS, &™) < |lc|llelIZ]|Z] because of (i). Part (iii) follows easily from (ii). For
(iv), use (AX,AY) = A(X, X)A*. O

2. Domains and function spaces. For some n’ > n > 1, let I be an n-
dimensional bounded manifold in R™ , with or without a boundary. For 0 denoting
the interior of either the n-cube [0, 1]™ or, despite of its notation, of some reference
n-simplex, we assume that I' is given as

T =UM\T,, withyNTy =0 when q # ¢, and I'y = r4(D),

where £, : R" — R™ be some smooth, regular parametrizations. With II we will
denote the collection of all affine mappings from O onto 0. So in case O is the interior
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of an m-simplex, this collection consists of the permutations of the n 4+ 1 barycentric
coordinates, and otherwise it consists of the compositions of any permutation of the n
Cartesian coordinates and reflections of type = — (1,...,2-1,1 — T4, Tit1,. .., Tp)
(1 <4 <mn). We assume that the splitting of I into the patches T'; is conforming in

the sense for any ¢ # ¢/, I'; N Ty is either empty, or

kg ' (TgNTy) is a face of O,

and, in addition, that the parametrizations can be chosen such that the following
matching condition is satisfied: There exists a 7w € II with

(M) qu/OWOIi(;lzld on T, NT,.

Here and in the remainder of this paper, with a “face” of 0, we mean a (complete,
closed) face of any dimension 0 < k < n — 1, i.e., for n = 3, it is either a vertex, an
edge or a facet. Note that our setting allows I' to be a bounded domain in R™, as well
as an open or closed bounded manifold in R™ for some n’ > n.

We include the possibility that homogeneous, zero order Dirichlet boundary con-
ditions are prescribed on some part OT'p C T'\I', for which, for all 1 < ¢ < M,

(2.1) m;l(ﬁfp NT,) is a, possibly empty, union of faces of I,

see Figure 2.1.

Fia. 2.1. Illustration of the domain decomposition approach

For some sr > 0, we assume that, globally,
I'eC® whenspr €N, or I' € C*r~11 when sp € N,
which means that for 0 < s < sp € N, or 0 < s < sp € N, the Sobolev spaces

HA(T) = Hg,arD (') when s < 1,
)= H*(C) N H{ o, (T')  when s > 1

can be defined in the usual way using a partition of unity relative to some atlas. For
s> 0 in the above range, H~*(I") will be understood as being the dual of H*(T').

With p being the induced Lebesgue measure on I', the inner product on Lo(T") is
given by

M
(2.2) <U,U>L2(F) = /FuUdM = Z<u 0 Kgq,¥ O KQ>L2(D)"3HQ‘,

q=1
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where, for w € L*(0O) with w > 0 a.e., (f,g) = J5 f( w(z)dz, and
|0kq| : 2 — |0Kq(2)| are the Jacobian determlnants of the parametrlzatlons We will
also make use of a modified inner product

M
(2:3) {u,v)o == (wo kg, vorg)Lyo),
g=1

which is the inner product one gets by ignoring the Jacobian determinants, and which

1
is equivalent to (, )z, (r) in the sense that ||-[lo := (-, )¢ =~ || -/ z.(r). More generally,
for any s > 0, we define

M
= Z(u 0 Kig, U O Kq) He(0)>
q=1

and let Hs(I") denote the closure with respect to || - [|s := (-, ))5% of the set all globally
continuous, and with respect to the subdivision I' = U _1I‘q, piecewise C'*° functions
on I' that are zero on OT'p, and define H_,(I") = (HS(F)) For 0 < s < spr ¢ Nor
0 < s < sp €N, it holds that |- || =) = || - [|s on H*(T). Furthermore, if s < 2, then
the functions in the aforementioned set generate a dense subset in H*(T"). Using in
addition duality, we infer that

(2.4) HY(T) < Ho(T)  (Is| < 3 with |s| < sp € Nor |s| < sp € N),

meaning that both spaces agree as sets and have equivalent norms. The spaces H4(I")
will only serve as auxiliary spaces to be able to prove that the wavelets we are going
to construct generate, properly scaled, a Riesz basis for H® for the full range of s, in
case this range is limited by the regularity of T" to a closed range [—sr, sr].

3. Multiresolution analyses on the reference domain. On the reference
domain, we will need two nested sequences of approximation spaces (multiresolution
analyses) that satisfy Jackson and Bernstein estimates. We will assume that these
spaces are equipped with single-scale bases, that satisfy certain conditions concerning
their supports and symmetry (cf. assumptions (L), (V), (8)), so that after their lifting
to the patches, they can be continuously connected over the interfaces. Furthermore,
we will assume that the rate of best approximation from these sequences is realized
by some concrete projector (cf. (J) and Proposition 3.1), with which it will be shown
that the induced approximation spaces on I' are nested and have the same rate of
approximation. We will make some assumptions ((J1) and (J2)) connecting primal
and dual multiresolution analyses to ensure the existence and uniform boundedness
of the biorthogonal projector (cf. Proposition 5.2), and finally we will assume the
existence of a suitable “initial stable completion”.

For 5 € Ny, let IjD C O be some index set with

") =17 (mell) sup (17N B2 S

(see Figure 2.1). For completeness, for A C R™ and 6 > 0, with B(A;0) we mean

{z € R™ : dist(z,A) < ¢}, and B((;0) := 0. For j € Ny, we assume a collection

fIJjD = ( jD,x);cEIF C C(O), usually referred to as being the set of scaling functions,
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such that

(L) Fconstante > 0, suppgzﬁ C B(x;e277).
(V) , vanishes on any face of O that does not contain x.
(8) ij = ¢]D7r(x) om, (7T € H)~
(R) <I>':' is a uniform Lo(0)-Riesz system.
(d) There exists a collection of functionals AT = (A7) o C C(O)’ such that
(i) Jconstant > 0, supp)» C B(x;9277).
(ii) If € 0O, then supp /\Dx is contained in the lowest dimensional face of O
that contains x.
(iii) <u )‘Jl':‘w(x)>L2(El) <'U'O7Tv)\]m>L2(D)7 (TF S H).
V) [, AT oo S 2772

( ' Njx
(V) (@9, A),, 0 = Td.
(vi) For some —<d€N Py1(0) C S(DF).

N) S(@7) € S(@F).

HuHLx(supp)\Ew)'

(B) For some v > 0, and any s € [0,7), it holds that
lujll ey S 27 Nujll Loy, (u; € S(@F)).

Note that, in particular, (J)(ii) implies that for & being a vertex of I, (u, /\j o) L2(0)

is a multiple of u(x). Examples of such collections will be given at the end of this
section.

, PROPOSITION 3.1. For the projector PjD tu <u,AjD)L2(D)<I>jD onto S(<I>]-D), we
ave

lu— PPully0) S 27Vl pas(os0+30)2-noy, (O C O,u € HY(D)).
Proof. Although the proof follows standard lines (cf. [12, Lemma 3.2.1]), we

include it since some arguments will be used more often. Using (J)(iv) and d > %,
by applying the Sobolev embedding theorem on a Lipschitz domain with volume of

order one as well as || - |ga ~ [|| - |7, + - Hd]z on such a domain, together with a
homogeneity argument, we infer that
(3.1) [(u, AR o] S 1l Lo(Byivz-noy + 27 Y0ul gacoa-ino)-

Since PjD reproduces Py_1(0), for each z € IJ.D and p € P;_1(0) we have
lu— P]Du||L2(B(x;s2*J')ﬂEI) =|u—p- PjD (v =Pl La(B(ase2-)n0)

< lu = pllraB@e2-i)no) + |l > (u =P, A7) Lo (@) 95,9 | Lo (B(zic2-3)nm)
yeIPNB(;2e277)

Slu=pllyBwea-nm + >, = Dpliasewe—nno) + 2 Y ulgasme-Hno)
yeIZTNB(x;2e279)

S lu = pllpa(B:0+20)2-1)n0) + 27 Y Ul Ha(Ba+2002-5)00)
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where we have used that sup,cq #(I7 N B(z;277)) < 1. By taking the infimum
over p, using the Bramble-Hilbert lemma we find that ||u — PjDuHLz(B(I;Eij)mD) S
27U | gra (B (9+20)2-1)n0)- Since Po(O) C 3(<I>]»D), {B(z;e279) : x € IJ-D} is a cover-
ing of O, so that ||u—PjDu||2L2(<>) < Z{erJD:B(x;EQ,j)mO;é@} Hu—P]Du||2L2(B(x;€2,J)mD).
By again using that sup,cq #(Ij'-:| N B(2;277)) S 1, we conclude the statement of the
proposition. O

Remark 3.2. If, when p € (2,00] we assume that [|¢; .||, o) < 2(3-%)7 and,
when p € [1,2) that d > %, then an easy adaptation of the above proof shows that

llu = PPullz,0) S 27Y|ulweso:i04+30)2-5ynm), (¢ C O,u € WiH(D)).

Apart from the above collection <I>jD of primal scaling functions, for j € Ny we
assume the existence of a collection i)jD = (gZ;JDx)x ern C C(O) of dual scaling functions
that also satisfies all of (L)-(B) with the same index set I jD, but with generally
different parameters and functionals in (B) and (J) that we will denote as ¥ > 0,
d> 3, AjD, and &€,9 > 0. The resulting projector PJ'-:' U (}L,A?)M(D)(I)]'-:' satisfies
the analogue of Proposition 3.1 with (d, ¥, ) replaced by (d, 9, £).

Since @ and fi)]';' are uniform Ly(0)-Riesz systems, the matrix (@7, <i>jD>L2(D)
defines a uniformly bounded linear operator on f»(I;). A relation between S(®%)
and & (i)jm) is established by assuming that that its real part satisfies

Finally, for j € Ny, let JJ'-:' C O be some index set with W(JJD) = JjD (m € II),
SUp, e #(J]'»:' N B(y;277)) S 1, and for e being either T or any face of O, #((Ij'-:' U

J7)Ne) = #(I7, Ne). In case I C I, a natural candidate is J? = I'7 | \I;). We
assume the existence of collections @]'-:' = (Qj':fx)me It with

(72) (O, 09 1,y = Id,

and E]'»:' = (€EI)$EJF such that the union T]DH = [(G)]»D)T (E]D)T]T satisfies (L)-(R),

and S(TJ'-:'H) = S(<I>jD+1).

Remark 3.3. “Classical” wavelet constructions start with assuming biorthogonal
scaling functions, i.e., <(I>]D,(i)]';'>L2(D) = Id, in which case (J1) and (J2) are satisfied
with GJ-D = <I>jD. When there is no need for locally supported dual wavelets, biorthog-
onality of the scaling functions can be relaxed to the conditions given here, with
generally @jD different from <I>jD, and in particular not contained in S(®;). For the
case that @jD = <I>jD, in the literature the set EJ-D is sometimes called an initial “sta-
ble” completion of <I>]»D, that is, a completion of <I>jD to a uniform Lo (0)-Riesz basis for
S (‘IJJD+1). The wavelets to be constructed are then thought of being the target stable
completion.

Remark 3.4. The condition (J2) can be further relaxed, which turned out to be
useful in [21]. Instead of assuming that (@J'-:', @]D) L.(0) is diagonal, more generally it

is also sufficient when, for some fixed p, I j‘;' is the union of disjoint sets I El’ | Ep’
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with w(IEi) = IEZ. (r € I, 1 < i < p), such that, with respect to this partitioning,
(@J'-:', é?} L.(0) 18 a block triangular matrix, with diagonal blocks that are identity
matrices. Although all results from this paper are also valid under this relaxed as-
sumption, for ease of presentation we will stick to assumption (92).

Because of S(®F) C (2%, ), S(@Dz C S(® g+1) and S(T ]H) = S(2F, ), it
holds that ®F = (®F, A )L, )®F,,, @ = <<I> A]+1>L2(D)(I)j+1a and Y9, =
(T]DH, A]D+1>L2( )<I>j+1, where <Tj+1, Ag+1>L2(|:|) is uniformly boundedly invertible.

LEMMA 3.5. For the matriz RD being either <<I> A]+1>L2(D), <<I> A]+1)L2(D),
(Y51, A ) Ly or (Y +1,AJD+1>7 oy @ holds that

(a) (RjD)Tr(x),w(y) = (Rj )z,y (7T € H)'

(b) (RjD)I,y = 0 when y is on a face of O that does not contain x.

Proof. Part (a) follows from the assumptions (8) or (J)(iii) for the involved
collections of functions and functionals, respectively. Similarly, for the first three
matrices, Part (b) follows from the assumptions (V) or (J)(ii). Now let e be a face
of 0. With respect to the partitioning of the index sets for T]DH and A?H into
indices on e and indices not on e, (T]DH, A]D+1>L2(D) is a 2 x 2 upper block triangular
matrix with square diagonal blocks, and thus so is its inverse, which shows (b) also
for <TJD+1,AJD+1>221(D). a

By our assumptions, the matrices (95, A%, )1, (o) and (T3, |, AT, )1, o) are uni-
formly local, with which we mean that only entries Wlth indices (z,y) with |[z—y| < 277
might be nonzero. As a consequence, for the wavelets we are going to construct, the
basis transformation from wavelet- to single scale basis will be of optimal computa-
tional complexity.

For some applications, it is also essential to have a basis transformation from
single scale to wavelet basis that is of optimal computational complexity. In that
case, one has to assume both that

0 _ g0
;] =7,
with which (J1) can be dropped since it is implied by (J2), and also that

(3.2) <TJD+1,A]+1>L (o) 18 uniformly local.

Note that, for ©F = @7, (T 1 A]'»:'H)Z;(D) is the basis transformation from ®%,, to
the two-level basm ‘I>]'»:' U= j .

All conditions imposed in this section are satisfied by the collections <I>D ‘I>':' @D

=0 ; underlying the finite element wavelets introduced in [14]. With this constructlon,

S(q)jm), S(‘i)]'»:') are standard Lagrange finite element spaces, so that v = 7 = 2,
of orders d and CZ, respectively, with respect to a j times repeated uniform dyadic
refinement of an initial simplicial partition of a polytope. For the present setting, we
take this polytope to be a reference n-simplex. Thinking of d > d, these orders are
chosen such that there is an m € N with 2™(d — 1) = d — 1, so that with the initial
partition at the dual side being the reference simplex itself, and at the primal side
being created by applying m dyadic recursive refinements to this simplex, we have
dimS(q)jD) = dimS(éjm). So each “element” at the dual side is equal to a macro-

element at the primal side consisting of 2 “elements”. The collections i)D at the
dual side, and <I>jD, @]'-:' :'-:' at the primal side are now assembled in the standard
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finite element fashion from local collections, of a small, fixed dimension, living on the
individual elements or macro-elements, respectively, each of these collections being a
copy, or more precisely, a push-forward using an affine bijection of such a collection
created once and for all on a reference (macro-) element. The functionals from /~\J'-:' and

AjD are assembled in the same manner from local collections, and are either simply

scaled function evaluations in the “nodal points” I jD, or local linear combinations of
these. Actually, in the present paper, we will repeat the idea of assembling functions
and functionals from collections defined on (macro-) elements, which in turn are push-
forwards of collections defined on a reference (macro-) element, where the role of the
(macro-) elements will now be played by the patches I';, and that of the reference
(macro-) element by s, ' (I'y). A difference is that the number of patches is fixed, and
that, as a consequence, the dimension of the local collections grows with the level.
The major difficulty we have to deal with is that generally the x, are not affine, so
that the Jacobian determinants are not constants.

In [21], we reconsidered the finite element wavelets, and constructed collections
with @D <I>D so that also the resulting dual wavelets are locally supported. In this
case, the dual spaces, although consisting of continuous piecewise polynomials, are
not standard finite element spaces.

Other examples of collections <I> <I>D G)]':', E satisfying our assumptions, with
@jD = <I>J'-:', and with O now being the n-cube, are given in [12], which underly the
construction of biorthogonal spline wavelets. These collections are slight modifications

of those developed in [11], and, for n > 1, they are simply generated using tensor

products from univariate collections q)g_(),l]’ ‘i)B»O’l], EE-O’H defined on [0,1]. For given

d>d> 2 with d+d even, S( [, 1]) is the spline space of order d, so that v =d — 3,
with respect to the knot sequence

0,...,0,7277 7279 4279 1 —r2791,...,1).
N—— N——
d times d times

where N 3 r > d — 1 is some parameter that one can choose. The collection <i>£-0’1]

is such that P; [0,1] C S(® 01]) and <CI>[O U ¢3071]>L2([0,1}) = Id, where 5 grows

linearly with d. For z not near the endpoints 0 or 1, qbg?g’cl] = 29/2(27 . —z) and
qgg?g’gl] = 20/2(27 . —z), where (¢,¢) is a biorthogonal pair constructed in [6]. Also

the functionals from AjD and /~\-D are constructed from the collections of univariate

functionals A" and AE U using tensor products, where )\[O U_ qbgoxl], )\EO;] = ¢£Ox1]

for x ¢ {0,1}, and where they are simply scaled functlon evaluations in 0 or 1,
respectively, otherwise.

4. Induced, continuous multiresolution analyses on I'. By lifting the col-
lections of functions on O to the patches of ', and by connecting those that do not
vanish at the interfaces continuously with ones from other patches, we will construct
nested sequences of primal and dual spaces that satisfy Jackson estimates and Bern-
stein inequalities.

We define the index sets I; C T\OI'p, and analogously J;, by

Ij = (Uglyrg(I7)) N (T\OL'p)

(see Figure 2.1). By (M) and W(I]-D) = IjD (m € II), for any 1 < ¢,¢" < M with
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T,NTy # 0, the sets rig(I7) and kg (I7) restricted to this interface coincide. For
z €T, weset k(v) = #{q:x €T} B
For j € Ng, we define the collection ®; = (¢; 2)zc1, C C(T') by

¢2K;1(I)(l€;1(y)) when z,y € T, for some 1 < ¢ < M,

(4.1) 650 (y) = k()2 {

0 elsewhere.

Note that by (8), (V) and (2.1), ¢, , is well-defined, indeed continuous and it vanishes
on OI'p. By assumption (L), the collection ®; is uniformly local, with which we mean
that @ € supp ¢, and that dr(z,y) S 277 for any y € supp ¢; ., where dr(z,y)
denotes the geodesic distance of x and y over I, i.e., the length of the shortest curve
on I' connecting x and y.

With Ej, : £2(I0) — £5(1;) defined by

cd rely,
4.2 E. cP). = k(x -3 dikg ' (2) &
(42) (Biq J ) () { 0 otherwise,
and similarly Fj , : 2(JP) — £o(J;), we have 320 | E; ;ET = Id and 30 | F; ;FT =
Id. By construction of ®; from <I>jD, we have

M
(4.3) (@, (I)j>L2(1") = Z Ej»Q<(I)]|':|a q)jD>L2(D)7‘8"€q‘E§:(1’
q=1

so that, because of <<I>]'-:',<I>jD>L2(D)7‘3ﬁq‘ = <<I>]'-:',<I>jD>L2(D) ~ Id by |0kq| = 1 and (R),
O, is a uniform Lo(I")-Riesz system. _
PROPOSITION 4.1. Setting Aj = (Njz)ze1, C C(I') by
Njze(u) = k'(x)i)\fﬁq,l(x)(u oky) when x €Ty,
we have (®;,Aj)p,y = Id. The projector P; : u — (u,Aj)p,m®; onto S(Py)
satisfies
M
I(Zd=Py)ullLy0) S 274 [uokql gagpe: tnr,y9+302-1ynm) (2 C T u € Ha(D)).

q=1

Proof. Assumption (J)(ii) shows that, for u € C(T'), \j.(u) is well-defined, also
when « is on an interface between patches, and, because of (4.1), that (Pju) o kg =
PJ'-:' (uokg) when u vanishes on OI'p. Condition () (v) shows that (®;,A;)r, ) = Id.
By Proposition 3.1, we have

M
|(1d = Py)ull ygey = ST = Pyu) o kall ot onr, ) =

q=1
M M
—dj

Z |(1d — P]D)(u o /@q)||L2(R;1(mrq)) S279 Z luo “q|Hd(3(ﬁ;1(mrq);(ﬂ+3e)2—j)mm)-
g=1 g=1
O
By substituting 2 = I" in Proposition 4.1, we have the following Jackson estimate:
(4.4) inf fu—usllryry) S 27 Yulla,  (u€ Ha(D)).

u; €8(2;)
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A direct consequence of (B) is the following Bernstein inequality: For s € [0,7),
(4.5) luills S 27 ujll oy, (uj € S(@;)).

Thanks to properties of a Sobolev scale, (4.5) gives rise to the following extended
version that will be used in the appendix:
LEMMA 4.2. For anyt < s <~y witht <0,

luslls S 207 ulle,  (uy € S(@;)).

—t

Proof. For s = 0, the statement follows from || - lo S |- I, |l - I3 " on Ha(T)
for some v/ € (0,7), and || - |+ < 27 - Jlo on S(® ) An addltlonal application of
-l S 29] - o on S(®@;) when s > 0, or |-l S |-l [I- I on La(T) when s <0

shows it for any s € [t, 'y). O
As <I>jD, via (4.1), gave rise to a uniformly local, uniform L, (T")-Riesz system &,

’
~

analogously the collections TD+1 = [(@D) (EjD)T]T and Ci>JD yield uniformly local,

uniform Lo(I')-Riesz systems Y1 = [@]T :JT}T and éj, respectively.

We have the analogue of Proposition 4.1 at the dual side, with functionals and
a projector denoted as /~Xj = (5\j7x)x€]j and ]5j, respectively, and with ®;, d, 9, ¢
replaced by éj, cf, 15‘, €. In particular, we have the Jackson estimate

(4.6) inf fu—willr,m) S27Vullg (e Hy(I)),
u]'ES(CDj)

and furthermore also the Bernstein inequality: For any s € [0,7),
(4.7) luills < 27 ujll Loy, (uj € S(85)),

which can be extended analogously to Lemma 4.2.

Analogously to [12, Prop. 4.3.1], using Lemma 3.5, one may verify the following
easily implementable formulas for the representations of the global embeddings in
terms of corresponding representations of local embeddings.

PROPOSITION 4.3. [t holds that

‘I)j = ZEj7q<‘I)jDa AJ'D+1>L2(|:|)E3T+1,q(I)j+17
~ M ~ ~ ~
(I)j = Z Ej,q <(I)]Da A?+1>L2(D)Ef+l,q¢j+17

M
E. 0
Tjir = Z { 6/(] F, q] <TJ‘D+1’AJ‘D+1>L2(D)EJT+1,q‘I’j+1’
q—l ’

S . [ET | 0
Dj1 = ZEJJFL‘I J+1’AJ+1> L) | 0 | F} Tisr-

72,4

So, in particular, S(®;) C S(®j11), S(®;) C S(P;11) and S(Tj41) = S(Pj41).
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5. Biorthogonal space decompositions and wavelets. We have constructed
primal and dual sequences of nested spaces that satisfy Jackson and Bernstein esti-
mates. To conclude existence and stability, with respect to a range of Sobolev norms,
of the corresponding biorthogonal space decompositions, the only thing left to show
is the existence and uniform Ls(T")-boundedness of the biorthogonal projector.

Results similar to the next lemma are often used in the context of saddle point
problems. A proof of (the non-trivial part of) this lemma can be found in, e.g., [14,
Theorem 2.1(a)].

LEMMA 5.1. Let V, U be closed subspaces of a Hilbert space H. Then the following
statements are equivalent:

(a) v = inforuer SUPgLyev % > 0, and for any v € V, there exists a uw € U with

(u,v) #0.

(b) There ezists a bounded projector Q : H — H with 3(Q) =V and S(I - Q) = U+
which is therefore appropriately called a biorthogonal projector.
In either case it holds that v = ||Q|| 7, and the adjoint Q* satisfies S(Q*) = U and
I(I-Q*) =V
When % and A are Riesz bases for U and V', respectively, then (a) or (b) are
equivalent to the existence of a bounded inverse of (3, A) : l3(A) — (5(X). In that
case it holds that

1,2 A, )¢ < B < mpa,

To be able to transfer results valid on the reference parameter domain to the
manifold, in particular those concerning Lo(0)- or Lo(T")-angles between spaces, we
will have to assume that the coarsest “mesh” is sufficiently fine in order to control
the influence of the generally non-constant Jacobian determinants.

PRrROPOSITION 5.2. For j > jg being large enough, there exists a uniformly
bounded projector Q; : Lo(I') — Lo(T") with I(Q;) = S(P;) and I(I — Q;) =
S(®))tram.

Proof. Setting
(5.1) qu = diag(|0kq(x)])

O
zEIj )

v or bot -,~4,t e smoothness of z +— |0k,(2)|, and the uniform boundedness
bLfthbJ':'(I)th h f Okq d th f bounded

of ||¢]D;c||L2(D)7 ||¢~S]D;c||L2(D)’ we have
- i - 1 L
(5:2) (@7, @F) Lo, 10yl — (AT F (DT, ©F) 1oy (AF)2 | S 277
By assumption (J1) and |0k,4| 2 1, we have
1 ~ 1 1 1
RIAF) (DT, 7)1, () (AF)F) = (AT ) TR(RT, @F) 1,0 (AT,)? % 14,

so that for j > jo large enough, %(@?,‘i?)LZ(DMQHH 2 Id. Similarly to (4.3), we
find that

M
R(D;, P L2 (r) = ZEJ g ‘I) ‘I) >L2(D), \aﬁq\EjT,q 2 ZEMEZq = Id.

q=1



14 ROB STEVENSON

Since, for j > jo, apparently (®;, <i>j>L2(p) is uniformly boundedly invertible, and ®;
and i)j are uniform Lo (T')-Riesz systems, an application of Lemma 5.1 completes the
the proof. 0

For j > jo, the nesting S(éj) C S(éj_H) gives QF = Q71Q; or Q; = Q;Qj+1,
from which it follows that

%(Qj+1_Qj): (jJrl)ﬂS( )J—L2(F>.
S

Analogously, S(®;) C S(®;11) implies that

S(Qj41 — Q) =S(@ g+1)ﬂ$( )J‘L2<F>

From the Jackson estimates and Bernstein inequalities at primal and dual side
(4.4), (4.5), (4.6) and (4.7), and the existence and uniform L,(T")-boundedness of the
biorthogonal projectors @); from Proposition 5.2, we have

THEOREM 5.3 (cf. e.g. [8], [14, Theorem 2.1]). With QQj,—1 := 0, it holds that

(5:3) I willi S Y 47 wili,wy, (wy € Q) — Qj-1), s € (=d, 7)),

J=Jjo J=Jjo

and

(5.4) Z 7(Q5 = Qj—1)ully iy S lull?, (u € Hs(D), s € (—7,d)).
J=jo

For s € (—min{#,d}, min{~, d}), (w;);>j, — Z]O'ijo w; andu— ((Qj —Qj—1)u)j>jo
which mappings are bounded in the sense of (5.3) and (5.4), are each others inverse.
Analogous results are valid with (Q;) replaced by (QF) and with interchanged roles
of (7.d) and (7, d).
Next, we construct a uniform Lo (I")-Riesz basis for 3(Q;+1 — Q;), which elements
are called wavelets.
PROPOSITION 5.4.
(a) For j > jo being large enough, there exists a uniformly bounded projector Qj :
Lo(T) — Lo(T) with I(Q;) = S(0;) and I(Id — Q;) = S(P;)r=m.

(b) This projector can be computed as Q;u = (u, ®; ) La(1) (O, oy >L2(F)®

(¢) The collection of wavelets

(5.5) U=

(1]

i = G5 @) Lar)(0;, 05 >L2(F)@

is a uniform Lo(T')-Riesz basis for S(®j11) N S(® ) e,
So by taking jo to be the mazimum of the values from ( ) and that of Proposition 5.2,
for s € (—min{#¥, d}, min{~, d}),

®; UUj>;,2 %W, is a Riesz basis for H,(T),

and thus, in view of (2.4), when in addition |s| < 3, |s| < spr € N or [s| < sp €N, it
is a Riesz basis for H*(T).

Proof. (a) Since ©; and ®; are uniform L (T')-Riesz bases, by Lemma 5.1 we have
to show that, for j > jy being large enough, (@j,fi)j>L2(p) is uniformly boundedly
invertible, which follows from (J2) similarly to the proof of Proposition 5.2.
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(b) Using that (0, ) Lo(r) is uniformly boundedly invertible, one easily verifies
that @;, as given in (b), indeed has the properties listed in (a).

(c) Let u € S(®j41), then u = ¢]'©; + d] = with [Jull 1wy = (le |2 + [|d;]?)2.
If, in addition, u € S(®;)£2® | then u = (Id — Q;)u = (Id — Qj)djTEj = djT\I/j, and
so with [|ull 2,y S 1+ Qi1 omy— L)} Ejllzay < lIdjll < JJull o). Noting
that ¥; C S(®;41) NS(®;) L2, we conclude that it is a uniform L (T)-Riesz basis
for this space. The last statements are now consequences of Theorem 5.3. O

Note that Proposition 4.1 at the dual side implies that ¥; = (¢ +)zes;, yielded
by (5.5), satisfies

(5.6)  |(¥ju) oy = (W), (Td — Pp)u) )l
M

—dj
S27YY w0 gl yapert (supp s o szz-nnm (€ Ha(D)),
q=1

which property of the collections W, with U + 32 replaced by an arbitrary but fixed
7 > 0 and the semi-norms | - |Hd"(...) replaced by the norms || - ||Hg(m), will be referred

to as the uniform cancellation property of order d.

6. Stability of approxzimate wavelet bases. Similarly to (4.3), the definition
of the collections ©; and ®; via (4.1) shows that

M
(6.1) (0, @) 1oty = Y Ejg(OF, ) 10 0wa B 4-
q=1

So if, for each q, 2z +— [0k,(2)] is a constant function, then (J2) shows that (©;, ®;) 1, r)
is diagonal, and the collection of wavelets ¥ given in (5.5) is uniformly local. Unfor-
tunately, only a restricted class of manifolds can be described as the union of patches
that are the images of O under parametrizations that have constant Jacobians. In
case not all Jacobians are constants, then, generally, <@j,(i>j>L2(F) is not diagonal
and its inverse is densely populated, so that (5.5) yields wavelets ¥; that have global
supports.

A possibility to circumvent this problem, pursued in [12], is to carry out the whole
wavelet construction outlined so far using the modified scalar product ((, ))o instead of
(, )1(r)- Indeed, (©;,®;)0 = Yo, E;4(0F, 8F) 1,y ET, = Y0 | E;, BT = Id,
and so uniformly local wavelets are obtained. What is more, by employing this scalar
product, it is always possible to take the coarsest level j, = 0.

As was already recognized in [12], this approach, however, has two limitations:
Firstly, the obtained wavelets will be orthogonal to the constant function with respect
to {(, Yo. As a consequence, if the function

J UL Ty = Rz [0kg (k' (2))] when z €T}

has discontinuities, or more precisely, cannot be extended to a continuous function on
I', then wavelets with supports that are not contained in one patch will generally not
have a zero mean value with respect to the canonical Lebesgue measure on I', meaning
that they have no cancellation property with respect to (-, -)z,r). The application of
wavelets we focus on is that for the solution of differential- or integral equations in
variational form using the duality pairing with respect to (-, ), (taking a different
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scalar product here yields other disadvantages, cf. [14, §1.2]). For obtaining nearly
sparse representations of these operators in wavelet coordinates, and with that algo-
rithms of optimal computational complexity, the wavelets should have a cancellation
property of sufficiently high order (cf. [10, 22] or the surveys [9, 3]), with respect thus
to (-,-)L,(r)- In a non-adaptive setting, under circumstances it might be possible that
the fact that only wavelets along the, lower dimensional, patch interfaces do not have
cancellation properties does not spoil optimal complexity. In an adaptive setting,
however, such an argument cannot be applied.

The second limitation has to do with the interpretation, for s < 0, of the state-
ment that ®;, UU;>;,27%¥; is a Riesz basis for H4(T"), which is a consequence of
Theorem 5.3. In case biorthogonality is realized with respect to (-,-)r,(r), then an
expansion in terms of the basis ®;, U U;j>;,27% ¥, should be interpreted as an ele-
ment of H4 ('), i.e., as a functional, using the embedding Lo(I") — Hs(T) : u+— (v —
(v,u)p, ). Replacing (-,-) ) by ((-,-)o means that also the embedding should be
changed into u +— (v — (v, u))p). One can show (cf. [18, §4]) that if J has discon-
tinuities, then for s < —% a set @, UU;>;,27%¥; which is a Riesz basis for H(T)
using the embedding u — (v — {((v,u))g) cannot be a Riesz basis for Hs(T") using
the embedding u +— (v = (v,u)p,r)). For s > —%, the property of being a Riesz
basis for H(I") is the same for both embeddings. Again, since in applications duality
pairing with respect to (-, "), is used, in this paper, the property of a collection
of functions to be a Riesz basis for Hs(T") for s < 0 will always be interpreted with
respect to the canonical embedding u +— (v (v, u) 1))

In this paper, we propose another approach to solve the problem that generally

(O, iy);;(r) is densely populated, so that the wavelets yielded by (5.5) have global

supports. As we will see, (0, ‘i)j>221(1“) can be well approximated by uniformly local
matrices, so that close to the collections of the wavelets W;, there are collections of
uniformly local functions of which suitable ones might be applied instead. In the
following main theorem of this paper we derive general criteria under which such
approzimate wavelets satisfy the same conditions as W; concerning both stability with
respect to a range of Sobolev norms and the order of the cancellation property, where
moreover, in contrast to ¥;, they are uniformly local.
THEOREM 6.1. If, for j = jo,
(i) V= (Vjz)ees; CS(Pjy1) is uniformly local,

(ii) \i/j has the uniform cancellation property of order d (w.r.t. () La(0))s

(ili) for some w € (0,1), ||¥; — \IleLz(r‘) S Wi,
then, possibly for a larger value of jo, for s € (— min{7, ci},min{'y, d}),

)

O UUj>5,27 ¥V, is a Riesz basis for Hy(I'),

and thus, in view of (2.4), when in addition |s| < 3, |s| < sp ¢ N or |s| < sp €N, it
is a Riesz basis for H*(T).

The rather lengthy proof of this theorem is postponed to Appendix A. The
new aspect of this theorem is that instead of assuming (iii) with w < 27 min{y,d}
which would yield the statement by “brute force” arguments, it is allowed that w is
arbitrarily close to 1 when, in addition, (ii) is valid, which property we like to have
anyway. So although in two of our three constructions of approximate wavelets in the

next section, w will be equal to %, we nevertheless thus end up with Riesz bases for
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H,(T) for the full range of s allowed by 7, d , , and d. It is easily seen that (i) alone
is not sufficient to guarantee that the approximate wavelets generate a Riesz basis for
any Hs(T).

The proof of Theorem 6.1 is based on perturbation arguments making use of the
fact that we know that the true Lo(T")-biorthogonal wavelets generate Riesz bases for
the full range of Sobolev spaces. We derived this fact in Section 5 by generalizing
upon the well-known concept of stable completions developed in [2]. Note that in our
setting we did not have explicit knowledge of Lo (I")-biorthogonal collections of scaling
functions that are Riesz bases for Lo(I'). Theorem 6.1 and the applications in the
following sections show the value of this generalization.

Remark 6.2. The approximate wavelets \I/j we are going to construct will be of
type \f/j = Z; — Z;0,, where Z; is a uniformly local #.J; x #I; matrix. Since the

—_

. . T L
basis transformation (Y41, Aj+1>€2(r) from Y41 = [©F EJ| to ®;41 is uniformly
. .1T
local, so is the basis transformation from {GJT \IIJT} to @41, and the transformation

from multi-scale basis ®;, U Ui;;b\i/k to single-scale basis ®; has linear complexity.
In the special case that ©; = ®; and (Y41, Aj+1>Z2T(F) is uniformly local, which
by Proposition 4.3 holds assuming (3.2), the basis transformation from ®;,; to

. T
[<I>]T \IIJT} will also be uniformly local, and so the inverse transformation from

single-scale basis ®; to multi-scale basis ®;, U Ui_; U}, has also linear complexity.

However, since S(¥;) is only approximately Lo(T')-orthogonal to S(®;), the corre-
sponding dual wavelets will not be explicitly given.

Remark 6.3. Under the assumptions as in Remark 3.2, by using their uniform
locality, one may verify that, for some constant 7 > 0 and p € [1, o0], the approximate
wavelets W; that will be constructed in the next section satisfy

y d+z-2
(s Loy | S 27 v Z 10 Kallwa (B (supp .o yi2-5n0)>

f0r~u €W, ;(I'), which space is defined as H;(I') with the HJ(IZI)—norms replaced by

W;f(!])—norms. This generalization of the uniform cancellation property of order d
has some useful applications for proving results about matrix compression.

7. Construction of uniformly local approximate wavelet bases.

7.1. Approximating (G)],tb > Lo(T) using Jacobi iteration. As we will see,
for j — oo, the matrix (0, <i>j>L2(p) is increasingly close to its diagonal, and so it
makes sense to approximate its inverse by a few Jacobi iteration steps (cf steps will

be sufficient). We will denote the resulting collection of approximate wavelets as as
\I/‘]]-C, where “J¢” refers to Jacobi iteration.

THEOREM 7.1. With D, := diag(© -,‘i)->L2(p), and for j > jo large enough,

~ d—

VI = =5 — (25, 8,) 1,m) [Z 710,,9,)1,m)"D; | ©;
k=0

H

is uniformly local, it has the uniform cancellation property of order d, and finally, for
s € (_ min{ﬁ/v d}ﬂ min{’)/a d});
;U Uj2j02*5j\113]-c is a Riesz basis for Hs(T'),
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and thus, in view of (2.4), when in addition |s| < 2, |s| < spr € N or |s| < sp €N, it
is a Riesz basis for H*(T).

Proof. With qu as defined in (5.1), and by using (J2), similar as in (5.2) we
have [[(©F, ®7) 1,y jow,| — ATl S 277. Since

M
_— .
D; = ZE 10874 Bi

is diagonal, by (6.1) we have

ID; = Dl < max (D = D)oyl < max (85, 25)ra(r) = D)l

< (05, ®;) o) — Djll S 277,

and so [|D; — (0, 2;) [l < [D; — Dyl + [D; — (0, ®j) Lyl S 277

As we have seen in the proof of Proposition 5.4, for j > jo large enough, the
matrix (0, ®;) 1,y is uniformly boundedly invertible, and thus, possible for a larger
Jo, so is D;. We infer that

&1
,_.

108, 5) 2y~ <Id D; (0, 8;)r, 1) D} |

?T‘
O

(7.1) ||< P >L;(p)(( —(0;,®; Vo)D) 1| <24,
and thus by ||(Z;, @ >L2(F | <1, that
(7.2) %, — W§C||L2(F) IS 2_dj||@jHL2(r) N

Since furthermore \I/}]»C is uniformly local, in view of Theorem 6.1 the only thing left
to show is that \I/‘]]»C has the uniform cancellation property of order d.

Although ¥; has the uniform cancellation property of order d, we cannot imme-
diately conclude this from (7.2) for \I/‘]]-C. Indeed, since the wavelets from W, generally
have global supports, invoking (7.2) and the cancellation property of v, , would yield
a bound for |<1/15]Cx, u)1,(r| in terms of the global H%norms of u o k4, whereas the
definition of the cancellation property requires a bound in terms of the H%norms of

0 Kq in a neighbourhood of supp( © o k,) with diameter of order 277. To arrive at
this result, we split u into (Id — P; )u and P u, and then replace P u by a function,
equal to P U on supp jfx and still in S ( ;), that has a support with diameter of
order 277. The details are given below.

Using H‘II}ICHLz(F) < ||\Il‘]]C — \I'j||L2(p) + H\I/j||L2(F) < 1, from the analogue of
Proposition 4.1 at the dual side, for u € H;(I") we have

M

(73) |< ]z?(Id P) >L2(F)| S2” d]Z|uOHQ|Hd(B(ﬁq (suppwJC NC,);(9438)2—7)N0)
q=1

We set

(74) Li(z) ={y e ; supqujyﬂsuppi/) # (0}, and ij u — Z j,y.

yEl;(x)
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Noting that ;. Lz,r) S(®;), and that #I;(z) is bounded, uniformly in j and
x € Jj, we have

(75) |<¢}]f§m IBJU’>L2(F)|
=%, Piaw) Loy = ()% — Yja, Pjott) )]

M
S2ES S A9 (wo k), [l S 27V max A0, (wo ).
a=1 zeni ' (1;(2)) 1<q<M, z€rg " (I;(2))

It is possible that for some 1 < ¢’ < M, Ky ( i(x)) # 0, whereas supp ch Nnr, =0.
Yet, for such ¢, any 2’ € Ky Y(I;(x)) is on a face of O, and there exist ¢ and z €
q Y(I;(z)) with supp j‘; NI, # 0 and qu/(zl)~= kq(%), and thus XEZ,(U O Ky) =

(u o Iﬁlq) meaning that it suffices to bound |AEZ (u o Kq)| for such ¢ and z. Since
dlSt( (SUPPWIC NTy)) < &7/, and |/\jD,z(u o kig)l S fluo Kq||L2(B(z,§2—j)mD) +

|u o /ﬁq|Hd~(B(Z’q§2_j)mD), as follows from (3.1) at the dual side, we conclude that

M
Je D —dj
(76) |<wj,x7Pju>L2(F)| 52 J Z[HU © K(IHLQ(B(/@JI(suppw‘gfwﬂr‘q);(1§+§)2fﬁ')ﬁﬂ)
q=1

i
+27Yuo K(I|HJ(B(/€,1_1(suppwjfwﬂfq);(1§+é)2*j)ﬁﬂ)]'

The combination of (7.3) and (7.6) completes the proof. O

Remark 7.2. The construction of the approximate wavelets \I/‘J]-C in Theorem 7.1
has some similarities to the construction of approximate “prewavelets” in [23], where
the inverse of a mass matrix with respect to a standard finite element basis is ap-
proximated by a number of steps of an iterative method, as the Jacobi or symmetric
Gauss-Seidel method. A difference is that in our case the matrix D; converges to
(95, Ci>]> Lo(T) @s j — oo, allowing us to derive much stronger results concerning the
generation of Riesz bases by the resulting approximate wavelets.

Compared to the approximate wavelets one gets by simply replacing (-, ), ) by
(-,-Yo in (5.5), for d > 2 the approximate wavelets wj‘; have relatively large supports.
Although this has not so much an effect on the multi-scale to single scale transform,
that can be implemented being much more efficient than suggested by the sizes of the
supports, it is a disadvantage for example when it concerns the compression of the
stiffness matrix of an integral operator with respect to these approximate wavelets.
In the following two subsections, we construct approximate wavelets with smaller
supports.

As a preparation, the next proposition facilitates the verification of the third
condition from Theorem 6.1, in case different constructions of approximate wavelets
are used on different parts of I'. In the proof, the problem of the generally global
supports of the true biorthogonal wavelets is circumvented by approximating them by
sufficiently accurate, uniformly local approximate wavelets generated by the Jacobi
iteration approach.

PROPOSITION 7. 3 Let w € (0,1) and let ¥; = (1[)]»@)356%. be uniformly local.

Then ||W; = Wjllyry S &7 if and only if uPsey, Vs ~ Ul L) S w
Proof. Let sup,¢ 5, |¥j,2 — 0; 2l Loy S w?. Selecting m € N such that 27™ < w,
from the proof of Theorem 7.1 we learn that there exists a uniformly local \Il}]»c with
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(w; — \II‘J]-C||L2(F) S 27™1 < W, and so SUPc g, l¢j.e — w%cchLz(p) < w? and thus
SUPge g, ||chx — Yjwllar) S wi. Since both \I/‘]]-C and ¥; are uniformly local, this
implies ||\113]C 2178 S w¥, and thus that ||¥; — Vil < [1¥; — \I/gCHLz(p) +
H\I/}]C 1M, < w?. The proof of the other implication is trivial. O

7.2. Ignoring the Jacobian determinants away from the interfaces. In

this subsection, we show that away from the patch interfaces, we may replace the
wavelets from \Ifj-c by the corresponding ones from

o
v =5, - (=5, 8,00,

which is the collection of biorthogonal wavelets one obtains when biorthogonality is
realized with respect to ((, ))o instead of (, )z, ), i.e., when, in the wavelet formula
(5.5), all Jacobian determinants are replaced by the constant 1.

dRecalling that for x € I, k(z) = #{q: z € Iy}, we set I? = {z € [; : k(z) = 1}
an

J?={z € J; k(z) =1and ({a, djy) 1,y = 0 for all y € L\ I},

(0)

which set is designed such that for € J?, ;. is fully supported inside one patch

Jx
ry.
THEOREM 7.4. The set \i/j = {ﬁjx cx € J;}, defined by ijx = wj(gz when x € J7,
and JJN, = fcx when x € Jj\J]C-’, is uniformly local, it has the uniform cancellation

property of order d, and for any s € (— min{#7, ci},min{'y, d}) and jo large enough,
D, UUj>;02" W, is a Riesz basis for Hs(T),
and thus, in view of (2.4), when in addition |s| < 3, |s| < sp ¢ N or |s| < sp €N, it
is a Riesz basis for H*(T). } ‘
Proof. Using that, for j > jg large enough, H<@j,(1>j>221(1,) — Dj—lH < 277, which
follows as a special case from (7.1), and that the mappings z — |0k4(2)| are smooth,
one easily verifies that for x € J?,

950 — DS S 277,

Since for xz € J\J7, |1z — Q/JfoH < 241]" and \f/j is uniformly local, in view of
Theorem 6.1 and Proposition 7.3 the only thing left to show is that \ilj has the

uniform cancellation property of order d. Knowing this for \1131-0,

we only have to
consider 1/)](-_0:2 for z € J7.

Let x € J7?, say € I'y, and let u be a globally continuous, patchwise smooth
function on I' that is zero on dI'p. Let v be some arbitrary extension of the mapping

x — u(z)|0kq(ky ' ()| on T'y to a globally continuous, patchwise smooth function on

T" that is zero on dI'p. Since supp w](»?gz C Ty, from Proposition 4.1 at the dual side
we have

0 0 0 >
(520 0) acry| = ({520 0ol = 1§52 (T = P)o)l g0 ol
< 9—dj
S 2 0 Fgl i g (supp (313002 )nm)

< 9—dj “ _
S 27w o sl g gt supp v s(9+32)2-9)n0)°
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which completes the proof. O
Note that for 2 € J7, generally it only holds that [|¢);, — ?/JJ(‘SQHLQ(F) ~277. So
in contrast to \IJ‘]]-C, for the approximate wavelets ¥; from this subsection, generally

1P _\IleLz(F) £ 27% when d > 1. The same will hold true for the collections ¥; that
will be constructed in the next subsection. As follows from Theorem 6.1, however,
this fact does not limit the range of s for which the approximate wavelets generate a
Riesz basis for H*(T).

As we saw in the previous subsection, for z € J; we can replace ;CI by 1/’3(0;2 , that,
for d > 2, has a much smaller support. In this subsection, we investigate whether also
near the interfaces we can find appropriate approximate wavelets 1[)]»@ with smaller
supports.

We set
M
P; ,(I):=CI)N H tiq(Pg_5(0)),

where P;_,(0) := P;_,(0) when O is the interior of an n-simplex, and P;_,(0) :=
Q;_»(0O), being the tensor product space of the univariate polynomial spaces P;_,(0, 1)
in the n coordinate directions, when O = (0,1)™. In the latter case, in addition to
the assumption that P; ,(0) C S(Ci)]':') ((9)(ii) at the dual side), in this subsection
we assume that

(He) QJ_Q(D) C S((i)jm)

For z € T'and € > 0, let Br(z;e) = {y € T : dr(z,y) < ¢}. With, for some
constant p > 0, setting

Ve = {0 €P_o(T) : vlorpnpeer—s =0},
for z € J;\J7 we will search

(7.7) B Loy Vi with U0 — el Loy $ 277

We note that by taking Vj. , to be the smaller set {v € P; ,(T) :v|or, = 0}, JJN,
would not necessarily have the cancellation property of order d, and on the other hand,
as we will see later, without incorporating boundary conditions in the definition of
f/j,x,p, generally we cannot expect that Hdu)]gg — Vel Lo < 277, For the moment as-
suming that such 15];5 can be found, which topic will be treated later in this subsection,
the following Theorem 7.5 shows that they have the uniform cancellation property of
order J, which, by Theorem 6.1, additionally yields the Riesz basis property for the
full range of s. This may look surprising since, ignoring boundary conditions, the
condition JJN, Lr,m f/jx » seems only to imply the uniform cancellation property of
order d — 1.

THEOREM 7.5. Let W, = {1[)]35 rx € Jj} C S(Rj41) be a uniformly local set,

with ; , = w](»?gz when x € J3, and with for x € J;\J7, )2 — Vjallary S 277 and

JJN, Lr,m Vj,m,p, Then, for j > jo large enough, \f/j has the uniform cancellation
property of order d, and for s € (— min{#, J},min{fy, d}),

v

@, UUj>;,2 % is a Riesz basis for Hs(T),
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and thus, in view of (2.4), when in addition |s| < 2, |s| < spr € N or |s| < sp €N, it
is a Riesz basis for H*(T).

Proof. In view of Theorem 6.1 and Proposition 7.3, it is sufficient to show that
{1[)]»@ 2 € J;\J7} has the uniform cancellation property of order d. We start by
constructing, for given u € H;(I'), a suitable interpolant in f/j,x,p. For 7 > jo,
and © € Jj\.]]‘?, let O be the set of all 1 < ¢ < M with suppqzjx Ny, # 0 or
Br(z;p277) N Ty # 0. For jo being large enough, for all ¢ € O, we can find open,
uniformly ‘shape regular’ open n-simplices or n cubes O, with diam(O,) < 279,
and on each Oy, a set K, of dimP; ,(O) interpolation points such that for given
(S H(Z(F)’

(a) v € [[,co FqPj_o(O)) is uniquely determined by (vory)(Ky) = (wory)(K,)

(g€ 0), o
(b) v e C(UgeoTy),
(c) for each ¢ € O and z € Oy Nk, ' (Olp), v o Ky vanishes on the lowest dimen-
sional face e of O that contains z.
For the last property, note that if z € T, N /ﬁ(;l(aFD), then by (2.1), u o k4 vanishes
on the lowest dimensional face e of 0, say of dimension k, that contains z. When O,
and K, are arranged such that O, has a face € of dimension k on e, and (v o Kg)|e
depends only on its values in K, N €, indeed v o k, vanishes on e. See Figure 7.1 for
an illustration. The function v can be extended to a function in P; ,(T').

—
al'p
|

L XX J
o000

F\T

Fic. 7.1. Illustration with the proof of Theorem 7.5. Ugeorq(Oq) and Ugeorq(Kyq) for a T
consisting of 3 patches.

Since the above interpolation reproduces any u € C'(Uge of_q)ﬂHqu keP;_o(0O)),

standard arguments using the Sobolev embedding theorem (recall that d > %) and
the Bramble-Hilbert lemma show that for ¢ € O,

(78) =)o kglliamy S 2TV luo kylyaqy +2 P sglgag,:

Next we will select the above 0, to be sufficiently large such that v € Vj, , and
(I — P;)v vanishes on supp ¢; .. Setting I_z = Ué‘ilmq(lj'-:'): ie., Wit~hout the exclusion
of possible points on dI'p, and, for y € I;\I;, defining ¢, , and \;, similarly as in
(4.1) and Proposition 4.1, respectively, we take the O, to be sufficiently large such
that

(7.9) BF(xQPZ_j) C quO"fq(D_q)v
(7.10) {y € I;\I; : supp <;~5j,y N supp 1/u)j,z # 0} C Ugeorqe(Oy),
(7.11) B(r, ! (supp i NT); (0 +6)277) N0 C O,
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From (c) and (7.9), we infer that v € Vj . ,, so that (1), V) £,(r) = 0 by definition
of JJN, Because of the assumption (ge), the projector w — Zyefj (w, S\j’y>L2(F)(E)j’y
reproduces any v € P; ,(I'). By additionally using (7.10), (c), and (J)(ii), we have
that (Id — Pj)v vanishes on supp %x Writing

<1Z)j,zau>L2(F) = () .zt — V) Lo(r) = ()., (Id — Pj)u u)r, ) + () .0y Pj(u — V)) Ly (1)

the first term can be estimated using Proposition 4.1 at the dual side. y
From (7.4), recall the definition of I;(z) (with now jcx reading as ¢; ;) and that

of the local projector P; . Similar to (7.5) and (7.6) and using (7.11), for the second
term we have

(@520 P (u = 0)) o) = [0, Pra( = 0)) Lory| = [0 — Yooy P (= 0)) 1y )|

S 277 S = 0) 0 Kgllzaoy + 2 Vo fl ga,)
qeO

5 Z[z—dj|u ° HQ|HL271(|:|4) + 2—(d+1)j|u o Kq'H‘f(DQ)]
qe0

by (7.8), which yields the uniform cancellation property of order d, and so completes
the proof. O 5
Next, we discuss a construction of ¥; as in Theorem 7.5. Consider for z € J;\J7,

the first order approximation ﬁj,x for 1 , from the collection

(7.12) U == E; — (55, 95) 1D ' ;-

As a special case of (7.1), we have ||1; » — 1[)]»@”,;2@) < 277, where generally 1[)]»@ only
has the cancellation property of order 1. We will construct 1[)]»@ from 1[)]»@ by adding
correction terms. In view of our requirement that ||¢j, — ;0| 1,y < 277, we first

show that ﬁj,x is already nearly orthogonal to f/]x p, so that the correction can be
small. For this to be true, the incorporation of boundary conditions in the definition
of Vj .., is essential.

LEMMA 7.6. Let the constant p in the deﬁmtzon ofV] z,p be suﬁiczently large such

that for all x € J; and y € I; with suppgﬁjyﬂsuppwﬂ; #0, supp)\]y C Br(x; p277).
Then

|<77&‘77x7p>L2(F)| 5 2_j||p||L2(supp'¢;j’w) (p E ‘Gaxap)'

Proof. Since p € P; ,(I'), by the inclusion of possible points on 0I'p and (ge),
we have p = Zyef (P, A\ju) L F)qgjy Terms in this sum for y € I;\I; vanish on
suppiz)]gg by (J)(ii) and because p vanishes on OT'p N Br(z;p277). Setting Djz =

E{yel supp &, yﬂsuppwJL;é@}<p’ /\jy>L2 p)quy, which is a function in S(®;), we find
that

|50, P) Loy = [{V),25 Pje) Loy = (Ve — Vj,zr Pjia) Lo (D)
2 ]”p] I”LQ(F) 2 ]Hp”LQ(suppwJ 'c)’

where in the last step we used (J)(iv). O
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Let us first consider the special case d = 2 making the natural assumption that
| [ & 2dul Z 277"/2. Let p be as in Lemma 7.6. If z € Jj\J; is such that oI'p N

Br(z; p2_j) # (0, then ‘7];5,) = {0}, and we can take 15];5 = )0 Otherwise we
take w]x = %x - fp % zdp/ fr &, xdﬂ &,z Obviously w]x LLQ(I‘ ) %x
V] 20> and Lemma 7.6 shows that | [, U wdp| S 279047/2) 5o that mdeed .z —
1/)]@||L2(p) < 277, In view of our aim to replace 1/)]-7;8 for x € JJ\J]C-’ by an approximate
wavelet with smaller support, note that the support of ij,x is equal to that of %x
(which is equal to that of w(o))

For d > 2, generally we have to add more than one degree of freedom to find a
correction of w] » that is orthogonal to Vj z,p- We will search the correction from the
span of 0;, with dr(z,y) < 277. Instead of adding as many degrees of freedom as
dim(V, ia.p), generally we add more degrees of freedom, but then solve the resulting
underdetermined problem in a minimal norm sense to end up with a correction term
that is as small as possible. The resulting approximate wavelets will be denoted
as ;SI, where ‘Is’ refers to least-squares. In Theorem 7.7 it is stated that if, for
sufficiently large d, we use all 0; , for y € I; with dr(z,y) < 6277, then the constrained

minimization problem has a unique solution ¢}, , with ||/}, —1; 2| Loy S 277. Note

3@
that although in our numerical example we end up with 1/)15 that has the same support
as wj =, which thus in particular is much smaller than the support of ] °., we cannot

prove this in general.

THEOREM 7.7. Let p be as in Lemma 7.6. For a sufficiently large constant § > 0,
and with 9;5-’1, = {6;, : y € I; N Br(x;6277)}, for any x € Ji\J; the problem of
determining

_ argmin {|| = YjallLa@) : Ve Lior) View)
Bl €05 +S(O
has a unique solution with |\1/)ij Vil S 277, so that Theorem 7.5 applies.
Proof. In the following, let n > 0 be a constant such that

(7.13) supp ¢;,y, supp;,, C Br(y;n2™7) (y € 1),

and let § > 0 be a constant that will be fixed later, that, in any case, is sufficiently
large such that

(7.14) supp ;. C BY, := Br(z; (5 +m)277) (x € J)).
For p e P; ,(T), it holds that
p— > (P, Ajy) Lo (1) iy = > (D, Ajy) Lo(r)Pioys
y€I;NBr(z;6277) ye;\(I;NBr(z;62-7))

and so, by the properties of the &j,y and S\j,y, for some constant ¢ > 0
lp— > (p, S\j,y>L2(F)€Z~Sj,yHL2(B;§J)

y€I;NBr(x;6277)

5 1
S > (P, Ajy) 1oy ]2
{ye€L\(1;NBr (x:6279)):supp ¢,y B #0}

. — . ~ 1
S 272 |pl| o (Br (a4 mr002-0)) [#{y € L\ N Br(w;6277)) < supp é;,, N Bj, # 03]
S 5%/2”PHL2(36 y X g2,

J,x
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where we used that pis a function from a fixed, finite dimensional space. See Figure 7.2
for an illustration. With (b?,m :={¢jy:y €I, N Br(z,6277)}, we conclude that

O

e @ @ O/O

O
O
® O
[ ]
[ ]

e e o o o O/ O

O 0O O O
@ooo‘o‘xooo

(CJ
dl'p
Fia. 7.2. Illustration with the proof of Theorem 7.7. B;’m (solid circle), I; N Br(x;6277) (e),
I\(I; N Br(x;6277)) (o).

ek, = iliam.) SO 2 pllpyss,) (pEP (D).

As we have seen, for j > jo large enough, the matrix (0, ®; ) Lo(r) is uniformly
bounded invertible. Since furthermore ||(0;, ®; )La(T) — diag(©;, @), ol S277, we
infer that, for j > jo large enough, any principal submatrix of (G)],fb )Lo(r) is uni-
formly boundedly invertible, again also with respect to the selection of this submatrix.

By using in addition that by (7.13) for any y € I; N Br(z,6277), ¢;, and 6,
vanish outside B] »» we infer that ‘IJBS . and @35 » are uniform LQ(B . )-Riesz systems,
with (®° . @?11) La(B2,) being uniformly boundedly invertible, where here as well as
in the following “uniform” not only refers to j > jo, but also to x and J, as long as
the latter has not been fixed. .

By Lemma 5.1 there exists a uniformly bounded projector Qé . Lo (B;ST) —

1
Ly(BS,) with $(Q7,) = S(®%,) and S(I — Q3,) = S(©,) 225320 From

lp— ngcpHLz(B‘ > (1+||ij||L2(B‘ )—La(B3, )) gga )HP—f’jHLQ(B;{x)
jx

for p € P; ,(I'), we conclude that by fizing 6 to be a sufficiently large constant, we
have

o AS
HQj,xp”Lg(Bj’w) > HPHLQ(B;SJ,) —lp— Qj,mpHLQ(B;{w) 2 ||p||L2(B;{w),
and thus
(( ?,z)*Qg,mpv >L2(35 D)~ ||P||L2(Bs )~ ||( jm) }S-,xpﬂLz(Bj)w)||P||L2(Bgym)~

Since this result is in particular valid for any p € ‘N/j7x7,), and S(( Agyz)* Ag’x) C S(@;{I)7
we have that

(V55 P o83 )
(7.15) inf sup D7) 21
0#PEVj,2.p 0£0;€S(O3 ) ||”jHL2(Bj,w)||P||L2(B;{w)
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It is well-known that this so-called inf-sup condition implies that for any u € Lo (Bj‘i 2)s
the problem of finding v; € S (@?ﬁx) with minimal Lo (Bj‘-ix)-norm satisfying

(7.16) <Ujap>L2(B y = <U"p>L2(Bf,m) (P € Vjap)

s
J.x
has a unique solution, denoted as v; = L?)Iu, for which ||,Uj||L2(BJ§@) S HUHL2(B§@)'
. i

Obviously, L] , : Ly(BS ) — S(©7 ) is linear with ker(LS ) = (Vj,x,p|Bjym) L2083,
Since supp v; C BY, for any v; € S(0 ), for u being supported in B, Aboth Lo(B?,)-
scalar products in (7.16) read as Lo(I")-scalar products. From supp ;. C B?,I we
conclude that the constrained minimization problem from the theorem has the unique
solution w;sx = - ij)wj,x.

What is left to show is that [}, — 1/A)j,m||L2(p) < 277, Since supp ;. C B?’x,
Lemma 7.6 shows that

|<¢j,zap>L2(B§1x)| = |<wj,xvp>Lz(F)| S 27j||p||L2(Bj.’w)a (pe ‘7j,x,p)~

i
Since %((L?m)*) = ker(L?)m) 2Bl = Vj@,p|3?$, we have

|<L§,zwjvl’; v>L2(BJ‘.S’x) |

LS othjallpme ) = sup
RS A 0#veL2 (B2 ) 0l Lo )
|<wj,x7 (Lg',x)*v>L2(Bj-,w)|
= sup
O;ﬁUELQ(BJ&-,w) ||’U||L2(Bgym)

o 5 s o
S2 J”wj,x”Lz(Biw)”(Lj,z) ||L2(B§Y$)~>L2(Bgym) S2 j”ijHLz(Biw)v

that is, [, — ¥jellL,m S277. 0
Remark 7.8. Tn case ©; # ®;, it is not of any interest that ¥; — Z; € S(0;) (cf.
Remark 6.2). In that case, in Theorem 7.7 we may search w;sx in the larger space
1[)]»@ + S(<I>§+17x), with (I)?H,:c :={¢j41,y : @ € Ij41 N Br(x;0277)}, which opens the
possibility that we may take a smaller d, and so reduce the support of the resulting
2
Remark 7.9. Both the construction of ;CI from Theorem 7.1, and that of
;Sx from Theorem 7.7 requires the evaluation of Lo(I")-scalar products. For general
parametrizations k4, these scalar products cannot be evaluated exactly, and therefore
have to be approximated using numerical quadrature. Theorem 6.1 shows that if
the quadrature is organized such that it causes an Ly(I')-error < 27% in the result-
ing approximate wavelet, then all results concerning cancellation properties and the
generation of Riesz bases remain valid.
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8. Numerical example. We consider a 2-dimensional Lipschitz manifold T' =
Ut T, C R3 asillustrated in Figure 8.1, which, together with its parametrization that
satisfies (M), is defined as follows. Let P be a tetrahedron in R3, with vertices on the
unit sphere, geometric centroid in (0,0, 0), and one of its four facets Fi,. .., Fy, say Fy,
parallel to and below the 3 = 0 plane. Let O be the interior of a reference 2-simplex

e
2
257

%
=
7
22

z>
%
2

22
2
%
T

2
=

2
%
27
27
22
=

=
=
=2
=2
>%
%
>
=
=

=
=
=
2
225
2
o
<S>
=
=
==

25

25
“.““

=
S

=

o%
2
25
NS

=
s
5
%
=

2
225

222

2
2
23

%2

ZAA
2

%

=
%
7
5%
'4»":. %
SRS
<SS
R3S
3%

Fic. 8.1. The manifold ', excluding one of the patches Fy, Fa, or F3, and the tetrahedron P.

in R?, with vol(O) = 1, and for 1 < ¢ < 4, let B, : O — F, some affine bijection. The
parametrizations s, : 0 — I'y are defined by r4(z) = By(2)/||Bq(z)]| for 1 < g < 3,
and by ka(2) = By(2)/[|Bg(2)[| = £(0,0, i (2)A2(2)A3(2)), where (X1 (2), A2(2), A3(2))
are the barycentric coordinates of z with respect to O0. So without the perturbation
by this cubic bubble, I' would be the unit sphere. We added this perturbation term so
that J : & — |9ky(r, ' (x))] when z € Ty, cannot be extended to a continuous function
on I'. This means that constructions based on ignoring the Jacobian determinants will
yield wavelets of which those that have supports that intersect an interface between
I’y and one of the three other patches have no cancellation properties. Furthermore,
in view of our discussion at the beginning of § 6, note that z — |0kq(z)| are not

constant functions.
We consider two examples of collections <I>J'-:', éjm, @]'-:', EjD, AjD, /1]'-:', both based

on the construction of finite element wavelets from [14]. With 7o = {0}, let 79, 74, . ..
be the sequence of triangulations of O with 7,41 generated from 7; by a uniform
dyadic refinement, let V; be the set of vertices of all T" € 7;, and for p € Ny, let
Sf =c@mn HTETJ Py (T).

5 Let~ ® = (¢a)O(EI7 ® = (¢a>a61a e = (ea)aela E= (éa)aeJa and A = (’\a)aer
A = (Ay)aer be collections in C(O) or C(O)', respectively, where both the index
sets I and J, and all collections of functions or functionals are symmetric in the
barycentric coordinates. For j € N, and with, for each T' € 7;, By : O — T being
some arbitrary affine bijection, let Ij';' = Urer, Br(I), JJ'-:' = Urer, Br(J), and for
x € 0O, let k‘?(m) = #{T € 7; : * € T}. The ‘local’ index sets I and J will be

chosen such that JJ'-:' = Ij';'H\IjD. We define the collections <I>J-D = (¢jD7x)x€IE, and

analogously @jm, @]'-:' and EjD = (fjmy)yeju, and the collections AjD = ()\J'-:'x)xelm, and
~ ’ J ’ J
analogously AjD, by

, 1 (Bpt(2) ifx,zeT ey
8.1 0 () = 27k0(2)~ | Prt)(Pr ’ g
(8.1) j,az(z) J ()~ { ’ 0 elsewhere,
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and
(8.2) AT, (u) = 2_jij (m)%/\B;(x)(u o Br) when x €T for some T € 7;,

respectively. The ‘local’ collections will be designed such that the ‘global’ collections
given by (8.1) or (8.2) are well-defined, where moreover all functions are continuous.
Furthermore, it will hold that (®,A);, o) = (®,A)1,0) = (0, @)1, = Id, so
that <(I)]D7A]D>L2(D) = <(I)]DaAjD>L2(D) = <@]Da
imposed in §3 will be also satisfied with parameters v = 74 = %, d = 2, and either
d = 2 or d = 3. However, in both our examples S(@) # S(®), so that the basis
transformation from single-scale to multi-scale basis will not have a linear complexity.

In our example for d = 2, we have I = Vj, J = V1\Vp, ® = & with S(®) = S,
and S(O@ UE) = S{. The collections were introduced in [14, §4.5.1], and they are
determined by the illustrations in Figure 8.2 by using symmetry in the barycentric

coordinates. The collection A = A is just the set of function evaluations on V4. Note

<I>jD>L2(D) = Id, and all other conditions

21/20 +

LE

Y a A
'lllllllllllll’llA
[
I

Fic. 8.2. “Local building blocks” for d=2.

that I7 =V}, S(@F) = S(‘i)]'-:') = S}. So, in particular, for the resulting collection ®;
on I', we have S(®,) :~C’(F) N H;l:l qu(sjl). )

In our example for d = 3, we have I = V;, J = Vo\Vi, S(®) = S1, S(®) = SZ, and
S(® UE) = Si. The collections we use are modifications of those introduced in [14,
§4.5.4], and yield better conditioned wavelet bases. They are illustrated in Figure 8.3,
and their derivation and precise definition will be presented in [17], together with
examples for other values of d and d. The collection A is the set of function evaluations
on Vi. Writing ® as an invertible 6 x 6 matrix B applied to the nodal basis of S2, A is
obtained by applying B=7 to the collection of function evaluations on V1. Note that
I7 = Vi, S(@F) = S}, and §(@7) = S7. So for the resulting collections ®; and
= 4 = 4
®; on I', we have S(®;) = C(I') N [[,—, kg(Sjy1) and S(®;) = C(T) N [T=1 /@q(sz),
respectively.

We have implemented the approximate wavelet constructions from §7.2 and §7.2,
that away from the patch interfaces both yield the approximate wavelets from the
collection \II§O) =2, —(Z;,P,;)0(0;, ;) 'O, obtained by ignoring the Jacobian de-
terminants. The pull-backs of these wavelets to the parameter domain are illustrated
in Figure 8.4, which functions are thus continuous piecewise linear with respect to the
indicated triangulation.

With the approach from §7.2, wavelets along the patch interfaces are taken

from the collection W3¢ := Z; — (Z;, i)j>L2(p) i;(l)(]d —D;1<@j, @j),—”(p))kD;l} 0;,

where D; := diag(9;, Ci)j>L2(p). Tllustrations of the, naturally joined, patchwise pull-
backs of these wavelets can be found in Figure 8.5. For j = 0, the Neumann se-
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[
ll'
[y

Fia. 8.3.

(0) ; 7 7_
Fic. 8.4. Wawvelets wjﬁm away from the patch interfaces for d = 2 and d = 3 (one of the two
different types), and their supports in terms of the underlying triangulation.

ries does not converge, and as a consequence Zz;é(ld - D;1<®j,<i>j>L2(p))k’D;1
provides a very poor approximation for <®jvi)j>z21(r)' We redefined Uy = Zo —
= & -1
(55, @) L2(0) (O @5) 1, (1) Oo-

For the construction from §7.2, for each x € JJ\J]‘? we have to specify a subspace
Ajx C S(®j41) that defines }ff,: via

argmin {9, ~ el s Loy Pao(0)
wlﬁ'rEwJL +Aj .

For d = 2, we take~Aj7x = S({&.2}), so that ¥, = $j0 + afj . with o such that

Jr ;“x = 0. For d = 3, we take A;, = S{Pj+1,y : supp P11,y C supp1/3j7m}),
which space turns out to be sufficiently large so that the constrained minimization
problem has a solution w}s with ||1/J;5x — )zl Lo < 277, The, naturally joined,

L7
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Fia. 8.5. Wavelets "/)icr for d=2 and ngcq for d = 3 near the “north pole”, and their supports
in terms of the underlying triangulation. :

patchwise pull-backs of the resulting 1/)}?',,; are illustrated in Figure 8.6. By definition

they have the same supports as the corresponding 1/);032 that one obtains by ignoring
the Jacobian determinants also along the interfaces. As with the Jacobi iteration

Fiac. 8.6. Wavelets wf_z for d=2 and 1[1}351 for d = 3 near the “north pole”, and their supports
in terms of the underlying triangulation.

approach, for j = 0, we redefined ¥g := =, — (&, <i>j>L2<p)((~)j, &)j>221(r>(")(].
With
[Zees o] |Zoescopsr]
Ky, i= sup — -

i
07e=(co)oen el Ote=(cs)oes I ’

and, for the obtained collections \i/j of approximate wavelets using either the approach
from §7.2 (Jacobi approximation along the interfaces) or that of §7.2 (least squares
approximation along the interfaces), with

\TJ(Z) .: Py U Ui;%)\ijk when d:: 2,
' Py UU,_2W,  when d = 3,

. . y y 5 i 4 1
for £ < 6 we give RGO 1y ? B [ B - 60 where on C(I') N ],_; £¢(Sp,):

llwll=1,m == SUDyeC(M)AITE_, #q(SL,) % The uniform boundedness in || - ||; of
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the Ly(T")-orthogonal projector onto C(T") N H2:1 tq(SL,), which is a consequence of
Theorem 5.3, shows that || -~|||_1 ~ | -~|||_17m on C(T)N H3:1 kq(S}) uniformly in
¢ < 'm. Recall that for both d = 2 and d = 3, W) is a basis for C(T') N H3=1 Kkq(S}).
Since the functions from @, and for d = 2, from ¥y and ¥y, and for d = 3, from ¥,
have global supports anyway, for computing the condition numbers we replaced each
of these collections by orthonormalized versions by multiplying them by the inverse
of the square root of their mass matrix with respect to either (-,-)r,ry, (-,-)1 or
(-, ) —1,6, the latter being the scalar product corresponding to the norm ||-||—1,6. The
results are presented in Tables 8.1 and 8.2. Although it turns out that unfortunately,

TABLE 8.1 ~
Condition numbers for d = 2.

Jacobi approximation least squares approximation

CAL B gy | S5O 1 | B8O o1 || B8O 0w | BEO | B8O 1

1 1.35e0 2.30e0 3.06e0 1.35e0 2.30e0 3.09¢0

2 1.45e0 7.86€0 8.65e0 1.82e0 7.64€0 1.09el

3 1.75el 4.82el 2.79el 2.42el 6.84el 3.41el

4 1.79¢1 6.51el 4.53el 2.46el 9.06el 5.21el

5 1.79¢1 7.66el 6.20el 2.46el 1.06e2 6.69¢1

6 1.79¢1 8.25¢el 7.34el 2.46el 1.14e2 7.84el

TABLE 8.2 ~
Condition numbers for d = 3.
Jacobi approximation least squares approximation

C RO sy | PO [ K5O 1 || BEO Ly | BEO I | 8O 10

2 2.80e0 1.26el 4.18el 2.80e0 1.26el 4.22¢0

3 1.36el 5.47el 3.36el 1.85¢1 8.51el 3.82el

4 1.81el 7.88el 5.76el 2.34el 1.19e2 6.86el

5 1.97el 8.83el 8.00el 2.44el 1.32¢2 9.65el

6 2.03el 9.20el 9.64el 2.47el 1.36e2 1.34€2
in particular in the || - ||=1,6-norm, the condition numbers haven’t really stabilized,
we stopped our computations at £ = 6 since mainly due to the normalization of the
wavelets, in particular with respect to the || - || =1 g-norm, on higher levels they become

too time consuming.

Appendix A. Proof of Theorem 6.1. The proof consists of steps (I)-(VI).
Although basically (V) and (VI) can be found in [20, Theorem 3.1}, which in turn
was based on [24, Appendix], for convenience we include a complete proof.

(I) Since, as shown in Proposition 5.4, for j > jo large enough, ¥; is a uniform
Ly (T')-Riesz system, and by Condition (iii),

(W55 W) Loy — (Y5, i) L l
= (05 — Oy, O5) Ly + (W5, U5 — U)oy + (W5 — 05, W5 — W) || S o,

we infer that, possibly for a larger value of jg, for j > jo, \f/j is a uniform Lo (T")-Riesz
system.
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(IT) Next we investigate whether S(®;) + S(¥;) is a uniformly Lo(T')-stable two-
level decomposition of S(®,41):

PrOPOSITION A.1. Let V,W be subspaces of a Hilbert space H. Then equivalent
are
(a) H=V +W and o := supys,cv, ozwew ToT Tl

Jwv,w)|

Pl < L

(b) There exists a bounded projector Q : H — H with J(Q) =V and F(Id—Q) =
1

Moreover, ||Q| = (1 —a?)" 2.
Now let (a), or equivalently (b), be satisfied, and let W be another subspace of H

for which there exists a linear mapping R : W — W with || Id — R|| < 1+3 Then

= sup [{v, @)

— <a+ (1+a)|ld—R| < 1.
0£VEV, 0£WEW [|v|l][<0]]

With Q : H — H being the bounded projector with %(Q) =V and $(Id — Q) =W, it
holds that

lla—Rj
(1—a?)i(1—a2)

Q- Qll <

Proof. If (a) is valid, then H = V @ W, and so there exists a projector ¢ with
Q) =V and (Id — Q) = W. For any u € H, we have

lull* = 1Qu + (Id = Q)ull® > [|Qu||* - 2/{Qu, (Id — Q)u)| + [|(Id — Q)u]*
> [|Qul)* = 2] Qull| (14 — Q)ul| + [|(1d = Q)ul* > (1 - a®)[|Qulf?,

or Q] < (1-a?)72.

Now let (b) be valid. Suppose there exist nonzero v € V, w € W such that
W= ||‘1(;|}|Iq|"f3|‘| > (1—]|Q|"2)2. Then there exist nonzero v € V, w € W with (v, w) =
—pu|v]|[Jw]], moreover which can be chosen such that ||w| = —puljv||. From

NI [1v]1* < v+ wl* = [[o]|* + 2(v, w) + [[w]|* = (1 = u®)]]v]]*

we conclude a contradiction, so that supy_,cv, ozwew % (1-1Q|2)z.

Now let (a) or, equivalently, (b) be valid, and let W be a subspace as in the
proposition. For any v € V, w € W,

(v, @) = [{v, R) + (v, (Id = R)w)| < a|v[|[|Ra|| + |[o][[|(1d — R)w]|
< afull@ll + (1 + a)lvll[|(1d = R)w[| < (e + (1 + @)[[1d = R)) ][],

showing the statement about &. The last statement follows from [|Q|| = (1 — a2)~ 2,
11d = Qll = (1= a%)~%, and Q = Q = Q(Id = R)(Id — Q) by QR =0 and QQ = Q, 0

Returning to the proof of Theorem 6.1, with, for j > jo, Q;jﬂ) = Qjls(@,4,)s 1t
holds that S(QY ™) = S(@;) and S(1d — QYY) = S(;). Setting R; : S(¥;) —
S(¥;) - CJT\i/j — ¢] W;, by Condition (iii) and (I) we have

I(Id — Ry)el Wl b,y = lle] (U = )| pory < lell¥; — Ul S el ¥l e,
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or |[Id — Rj|1,(r)— L (r) < w?. From Proposition A.1 we conclude that, possibly
for a larger value of jg, for j > jo there exists a uniformly Ls(T')-bounded projector

QY 1 8(@11) — S(®j41) with
QYY) =8(@;), S(Id - QYY) =S(1y),

and

9%

e |
(A1) QY = QY pary— 1oy S @

(IIT) By Condition (i), ¥; is uniformly local. Since furthermore, as shown in
(1), \f/j is a uniform Ly(T')-Riesz system, that, by Condition (ii), has the uniform
cancellation property of order d, for some 1 > 0 we have

e W5, ) oy < Y el (e ) pomy| (c) € £a(J)), u € Hy(T))

z€J;
~ M ~
S 277l [Z Z [[uo "5‘1H?{J(B(ﬁq’l(suppiﬂj,mrq);ﬁ%y')mm)]% S 27jdHCJT\TIJHL2(F) el
z€J; q=1
or
(A2) Il g S 2% loyry on S(F,).

By the uniform Lo (T")-boundedness of Q(j D for j > jo, an direct consequence

of the last result is that ||Id — Q(]+1)|||0_> < 279 By the Jackson estimate at
the dual side (4.6), and the umform Lo(T)- boundedness of Q; for j > jo, we have

j+1 +1 +1
I2d — QY Vo _; < 11d — Qjlly_ g S 27, and so QYT — Q¥ _ dN2 .,

By the extended Bernstein inequality Lemma 4.2, |||Q§] ) Q G+ I i d <1, s0
that by interpolation using (A.1) we infer that

i+1 (541 54 1
(A.3) 1QY*Y — QU |y SWM DI (s € [~d,0)).

(IV) Knowing (A.3), we are ready to investigate the stability of the multi-level
decomposition defined by the collections W;. We are going to construct a projector

Qj defined on H,(T") for some range of s, such that, for j > jo, %(Qj) = S(®;) and
$(Qj41 — Q) = S(¥y). )

By writing Q; = Eizjo Qr — Qk—1, for any s € (— min{#, d}, min{v,d}) and
u € Hy(T'), Theorem 5.3 shows that [|Q,u|? < 7_ jo 45F)(Qr — Qr— 1)“|||L2(1“)
S Ak = Qu )l Sl or Qs S

For ¢ > j > jo, we define Qj 1 S(Pp) — S(P;) by Qy) = Id and, for j < ¢, by
Qy) = QQH)Q@l. For some arbitrary, but fixed ¢ € (— min{7, LZ}, 0], we set

o
A7 = max JQuQ imr, &= max Q@5 — Q)

From QrQ\" = Qu(@Y™) — QY% + Qka, we find p\) < (e; +1)plY);, and
so by py) = maxjo<h<; |Qrlliee S 1, and g5 S Wt 7 by (A.3), we infer that

X (¢ (e
1S I <pj><H er +1) <1+§je,m
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which thus hold uniformly in j and /.
As a consequence of Id = Z(;ijo (Q; — Qj—1) on H,(T") by Theorem 5.3, we have
closy, () U]>]O S( i) = H(T'). Since for any u € Hy(I'), j < k < £ and u € S(Py),

Q(Z)Q u= Q uk—l—Q Qg(u ug), from |||Q( )Qg|||tét < 1 we infer that for any j > jo,
(Q§ )qu)zzj is a Cauchy-sequence in H;(T"), and we set Q]u = limy_, o Q§ )qu. We
conclude that Q; : H¢(I') — H(T") is uniformly bounded, with ¥(Q;) = S(®;) and
31— Gy) = S(Fy). u

(V) Let s € (t,min{~y,d}). With )j,—1 := 0, we are going to prove that

o0

(A4) Do 4(Q) — Qi—ulliwy Sl (u € Ho(D)).

J=jo
For u € Hy(T), we := (Q¢ — Qe—1)u, Theorem 6.1 shows that u = 37;° w, flul? =
D emio 4‘9[”’[1)@”%2 (ry and Jlwelle S 2%||wy]| 1, (r)- Since [|Q;]li—o < 27, which follows

from [|Q;]l—: S 1 and the extended Bernstein inequality Lemma 4.2, and Q;—Q;_; =
0 on S(®;_1), we arrive at

Z‘WH Q] 1 U||L2(r) Z Z 45] = Qj—1)we, (@) — Qj—1)wer) Ly(r)
J=jo J=Jo £,t'=jo
oo min{4,¢'}
= > Y A(Q) - Qj—)we, (Q — Qj—1)we) Ly(r)
Ll'=j0  j=jo
oo min{4,¢'}

S Y A e S Y 400 g |

Ll'=j0  j=jo £,'=jo

5 Z 4(S_t)min{e’el}Q(t_S)(é-M/)(28€||w£||L2(F))(2SZIle’”L2(I‘))
£, =jo0

S A well3 0y = ull,
£=jo

where we have used that the infinite matrix [2(5—)(2min{6,0'} =11

(VI) For s € [~d, ), it holds that

Il S 2] - 2oy on S(Qj — @j—)-

Indeed for s > 0 this is just the Bernstein inequality (4.5), whereas for s < 0 it is a
consequence of the extended Bernstein inequality Lemma 4.2 and (A.2). Now let s €
(—J, v), and let € > 0 be such that s+¢ € [—ci, 7). Then for any w; € %(Qj — Qj,l),
with 377° . 4%7[|w;|7, py < oo, it holds that

oo oo oo oo
1D wilz = > Qg S DD Ndyllorelly s
J=Jjo 7,3 =Jo j=jo j'>j

o0 o0 o0
SO0 29275 (29 b | 1y 1)) 2% Ny | o)) S Y 470113,

J=jo j'23j J=jo

0,0'>j, is bounded.
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Since, when s € (¢, min{~v,d}), (A.4) sh?ws that E?ijo 4Sj||u:1j||%2(r) S Z;ﬁjo w2,
and @, is an Lo(I')-Riesz basis for (@, ), and for j > jo, ¥;_1 is a uniform Lo(T)-

Riesz basis for %(Qj —Qj_1), we conclude that ®;, UU;>;,2~%¥; is a Riesz system
in Hs(T"). Finally, since, as follows from Theorem 5.3, closy,_(ry Uj>0 S(®;) = H(I),
we conclude it is even Riesz basis for this space, with which the proof of Theorem 6.1
is completed.

Acknowledgment. The author is indebted to H. Nguyen for the computation
of the numerical results.
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