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ABSTRACT

In the work of [34], the solution to a system of coupled parabolic PDEs, modeling
the price of a CDO, was approximated numerically. Due to the nature of the problem,
the system involved a large number of equations such that the parameters cannot be
stored explicitly. The authors combined the data sparse H-Tucker storage format
with the Galerkin method to approximate the solution, using wavelets for the space
discretization together with time stepping (Method of Lines). The aforementioned
approximation is of the linear kind, i.e., using a nonadaptive method. In this work,
three methods for solving such systems adaptively are presented, together with a
convergence and complexity analysis. The best choice of the method among the
three, in general, depends on the particular application. It is shown that (quasi-
Joptimality is not achieved in the classical sense for adaptive methods, since it, in

general, relies on the H-Tucker structure.
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1. INTRODUCTION

Mathematical modeling is required in various fields for different types of prob-
lems, e.g., in engineering, physics, finance or psychology. There are numerous ways
of modeling real-world problems mathematically, one of the most common being the
Partial Differential Equation (PDE) approach. For instance, the well known Navier-
Stokes equation is frequently used to model problems in fluid dynamics or distribu-
tions of static pressure. In physics PDEs can be used to model physical quantities
obeying conservation laws, e.g., energy. As the various fields evolve, so do the prob-
lems and thus the requirements on the modeling process. More realistic and complex
models typically lead to more complicated PDEs that require more sophisticated
solution methods. For instance, problems in finance are often distinguished by com-
plex dependency structures and an overwhelming number of equations in a system.
Therefore a decent model should consider a large number of equations that lead to
high-dimensional PDE problems. This results in the need to store and manage large
data tensors, and it is a topic on its own. In the work of [41], the methods stemming
from two independent fields were combined to solve a Collateralized Debt Obligation
(CDO) modeling problem — namely, PDE methods were combined with methods to
manage large tensors.

The issue of storing and managing large amount of data is relevant for various
other fields of applied mathematics besides PDEs. Consider a tensor X € R™*:*"d
of order d that represents a large number of parameters in, e.g., a CDO pricing
problem. One can see that the storage requirements grow exponentially with order d.
Normally such tensors would be impossible to store on a computer for a realistic
number of parameters. This led researchers to develop data sparse storage formats.

In most realistic cases, the exact representation of a tensor in such a format is not



possible. For instance, a rank 1 approximation of a tensor takes the form of

VeC(X)%fi@"'@fd, flean

For X representing a function f : [0,1]? — R sampled on a finite grid, the represen-
tation above implies we approximate f by a separable function f = f1®...® fa.
An improved version of the rank 1 approximation can be found in, e.g., [6,29]. This
format requires much less storage but, unfortunately, efficient and reliable algorithms
for this format remain a subtle problem (see, e.g., [1,24]). In that respect, the problem

is less subtle for the Tucker decomposition of the form

vee(X) = (U1 ®---QUy) vec(C), U; € R"*"

with so-called mode frames U; and core tensor C. Such an approximation can be
achieved by the Higher-Order Singular Value Decomposition (HOSVD) as in [14].
The problem here is, however, that the storage requirement for C grows exponentially
with d. In order to combine the advantages of both of the above methods, i.e., low
storage requirements and preferable structure for numerical algorithms, various other
decompositions have been developed, such as Tensor Train Decomposition (TT) in [33]
or the more general Hierarchical Tucker Decomposition (H-Tucker) in [27,28]. Since
then, various software has been developed to implement the mentioned formats. A
good introduction to H-Tucker is provided in the manual for an H-Tucker MATLAB
toolbox in [35].

The second component that is required to solve the CDO modeling problem
are tools for approximating solutions to PDEs. For most PDE problems, closed-form
solutions are not available. This requires the use of numerical methods to solve such
problems on a computer. The solution of a PDE is a function that typically depends

on a time parameter ¢ and a spacial variable y. In most applications y € 2 C R",



where 2 is a bounded domain and ¢ € R*. This means the problem is of infinite
nature and cannot be solved directly on a computer. Thus, the usual approach is
to approximate the solution u by a solution u of a restated finite problem. A direct
approach would be to discretize the space and time domains and compute the solution
over a finite set of points. This would lead to the family of Finite Difference (FD)
methods. A typically better performing approach is to approximate the solution by
a solution to the same problem on a finite-dimensional subspace. This subspace is
given in terms of its basis functions, whereas the choice of these basis functions, and
consequently the spaces, is essential. This family of methods is referred to as Finite
Elements Methods (FEM, see, e.g., [47]). Wavelets posses various preferable analytical
and numerical properties that made them very popular in many applications, such as
image and signal processing, and numerical solution of PDEs (see, e.g., [48] for more
details).

Let ¥ := {4, : A € A} denote the family of such wavelets, where A is an index
set. Roughly speaking, each wavelet i, can be characterized by two parameters:
position and level. Each wavelet 1, has finite support and thus represents functions
in the spanned space locally, in the region where it is supported, hence the position
parameter. This is one of the advantages of wavelet analysis in contrast to Fourier
analysis: by local changes of the signal, only a few wavelets have to be modified,
whereas in Fourier analysis local changes lead, in general, to global adjustments of
the analysis (i.e., adjustment of all coefficients). Each wavelet ¢, also represents a
level of detail. Given a finite family of wavelets, if one wishes to improve the accuracy
of the wavelet representation, wavelets on higher levels of detail have to be added to
the system. One of the most important properties of a wavelet system W is that it is a
stable basis for Ly. Other important properties include (and are not limited to) good
approximation properties and compression, i.e., for many functions f, stemming from

approximation problems or PDE problems, a few wavelets often suffice to represent



f with high accuracy. To this day extensive research on wavelets has been performed
and numerous constructions have been proposed, both for the univariate case and
higher dimensions. The choice of the particular construction typically depends on
the desired application. Many of the constructions are rather sophisticated. However,
once implemented, these can be utilized as “black box” algorithms. A good survey
on wavelets and applications for PDEs can be found in [48] and the various references
therein.

Roughly speaking, numerical methods for PDEs can be classified into nonadap-
tive and adaptive methods. The former one can be viewed as a specific type of
linear approximation, while the latter one is a case of nonlinear approximation (see,
e.g., |17]). In nonadaptive methods, the solution to a PDE is approximated by solving
the problem on a (linear) finite dimensional subspace based on an a-priori error esti-
mator. In adaptive methods, the problem is typically solved with an initial (small)
number of degrees of freedom, then, based on an a-posteriori error estimator, certain
elements or wavelets are added to the space in order to reduce the error by some mag-
nitude. This process is repeated until a certain tolerance is reached. Depending on
the given problem and choice of basis, there exists a best possible approximation rate
for the unknown solutions u. The key question is whether this approximation rate
can be achieved by nonadaptive methods, or whether an adaptive method is neces-
sary. For sufficiently smooth solutions, methods based on optimized sparse grids have
been developed that achieve this rate (see, e.g., [4,|16,/52]). Hence, adaptive methods
truly only make sense for nonsmooth solutions. In the context of approximation of
solutions to operator equations, a method is optimal if it produces an approximation
to any given accuracy in linear storage and computational complexity. As we will see
in the sequel, the choice of wavelets as basis is crucial to ensure the aforementioned

optimality.



The remainder of this work is structured as follows: in Section[2} a brief overview
over the two main tools of this work is given, namely tensor decompositions and
wavelets, which should provide a sensible fundament for the sequel. In Section [3]
we introduce some approximation theory and discuss the crucial ingredients for an
optimal adaptive method. Section {4 reviews the PDE problem from [41]. In [41],
a coupled system of parabolic PDEs with a large number of parameters was solved
nonadaptively via Galerkin discretization with time-stepping, utilizing the H-Tucker
storage format in the process. The goal of this work is to extend the developed
method to an adaptive routine. Since the methods proposed in the sequel maintain
a relatively general framework, these will be of particular interest when applied to

problems with nonsmooth solutions. Specifically, the goal is to
e verify the compressibility of the operators in Section [

e formulate a Richardson type adaptive method for the semi-discrete problem in

Subsection [6.4]

e formulate an AWGM type adaptive method for the semi-discrete problem in
Subsection [6.5]

e and discuss an adaptive approach for the space-time variational formulation of

the PDE in Subsection [6.6]

We develop the general form and analyze some important properties of the suggested

methods. Section [7] offers some final conclusions.



2. PRELIMINARIES

In this section we briefly discuss the basics of the H-Tucker storage format and
wavelets. Both are independent topics on their own. We require the former one
to store large tensors, e.g., tensors containing input parameter values for a PDE.
Wavelets have many applications and are particularly useful for approximation pur-
poses, e.g., for approximating solutions of differential equations. Combining both
frameworks allows one to handle PDEs arising from problems with a huge number of

parameters, such as CDO pricing models.

2.1. HTUCKER
The introduction in this subsection mainly follows [41], Section 5], [35] and [27].
2.1.1. Tucker Decomposition. Most introductions to the H-Tucker format
begin with a brief review of the Tucker format since H-Tucker is an extension. For
this purpose we require the notion of matricization. To shorten notation, define the

d-fold product index set as

I::Lx...xld, Ij::{l,...,nj}, jE{l,,d}

If X € RZ, then the tensor X is said to have order d. The main problem guiding this
subsection is that storing X directly requires storing n; -. . .-ng elements, which quickly
becomes unmanageable on any modern computer, since the storage requirement grows

exponentially in d.



Definition 2.1 (Matricization). Let X € R%. Define ¢ := {t;,...,t} C {1,...,d}
and s := {s1,...,84—r} = {1,...,d} \ t. Define the index set

W =T, x...xT, and ¥ =T, x ... x T,

Sd—k

The ¢t-matricization of X is defined as

X(t)

’ 7:15 77:S

X(t) c Rz(t)xz(S) — X

J

where i; = (ig,,...,41,) € ZU, iy = (ig,,... 15, ,) € ¥ and j = (i1,...,i4) € T.

Note that the order in which the row and column indices are traversed is impor-
tant in the Definition . For instance, in [41], a lexicographical order was assumed,
and in 35|, a reversed lexicographical order was assumed. If followed consistently, any
order can be used. From hereon we will assume a lexicographical order. An impor-
tant special case of the above definition is the matricization w.r.t. a single dimension
t = {u}, which is commonly referred to as p-mode matricization. This allows us to
define the notion of rank for a tensor.

But first we require the notion of vectorization for a tensor.

Definition 2.2 (Vectorization). Let X € R%. The vectorization of X is defined as

vec(X) = xA{Ldd)

where the columns of X are traversed in reversed lexicographical order.

() 5 7(5) - .
RZV>*Z*™ in an obvious

A matrix X € R"™ ™ can be represented as a tensor X €
manner, and a tensor X € R can be represented as a matrix by taking the ¢-
matricization with ¢ := {1,...,k} for some 1 < k < d. The matricization is in one-

to-one correspondence with the original tensor and, hence, we can always identify the



two with each other. Taking this into consideration, for X being a matrix, Definition
simply means we transform the matrix X into a vector vec(X) by stacking the

columns of X into one long vector.

Definition 2.3 (Tucker Rank, Tucker Truncation). Let X € R%. The tuple (r1,...,7y)
with r,, = rank(X'®) is called the Tucker rank or multilinear rank of X. Furthermore,

denote the singular value decomposition of X{#) by
XU = Uy S0 Vi

for 4 € {1,...,d}. The matrices U, are the so-called mode frames. The tensor X can

be written as

vec(X) = (U ® ... @ Uay) vee(C),
where C is a core tensor with

vec(C) = (U{Yi} R...Q U{Td}) vec(X).

Let U# be the restriction of the mode frames to the first 1 < 7, < r, columns. The

Tucker truncation is defined as

vec(C) := ((7{71} R...Q 0{7;}) vec(X).

As the following result shows, the approximation 7z, . 7,(X) is nearly optimal,

i.e., can be bounded by an absolute multiple of the best approximation. As in the

case of matrices or, more generally, linear operators, the error of the approximation



depends on the decay of the singular values. Note that from hereon, we denote

&[] = [ vee(X) || := || vee(X) ]2

Lemma 2.1. Let X € RZ. The error of the Tucker truncation can be bounded by

d m
= T < |32 30 a2V _int =)
p=1i=r,+1 B

where (0,,); are the p-mode singular values and

T(ri,...,ra) == {vec(X) = (U} ® ... ® Ugqy) vec(C) :rank(Uy,y) < 7y,

pe{l,...,d}}.

Proof. See [15, Property 10]. O

Given the above decomposition, in order to (approximately) represent a tensor X
we need to store the mode frames Uy,y and the core tensor C. However, the storage
requirement for C still grows exponentially in d (see, e.g., [27, Definition 3]).

2.1.2. Hierarchical Tucker Decomposition. The H-Tucker decomposition
applies similar ideas as the Tucker decomposition, however, the storage requirement
is significantly reduced by applying a hierarchical tree structure to store the tensor.

More precisely, the storage format is motivated by the following lemma.

Lemma 2.2. Let X € RT andt = t;Ut,, witht; := {iy,...,im} andt, == {imi1, ..., 0r}-

Then
span(X¥)  span(X ™ @ X))

where span(X) denotes the space spanned by the columns of X.
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Proof. See [35, Lemma 2.1]. O

Lemma[2.2]implies that, given bases for the column spaces, there exists a matrix

B, such that

U= U, QU )By, B;e R,

ture, where t; denotes the left child node and ¢, the right child node. We require some

further notation to define the H-Tucker format.

Definition 2.4 (Dimension Tree). A dimension tree Ty is a tree with root {1,...,d}
such that each node t € Ty is either a leaf and a singleton ¢t = {u}, p € {1,...,d} or

is the union of two disjoint successors t = t; Ut,. The set

L(Ty)={teTy:t={p}, pei{l,....d}}

is called the set of leaves of T, and the set

I(Td) = Td \ E(Td)

is called the set of inner nodes.

Definition 2.5 (Hierarchical Rank). Let T; be a dimension tree. The set (1¢),,er, is

called the hierarchical rank of X € RT if r, = rank(X®), for all t € Tj.
Finally, we can define the H-Tucker format as follows.

Definition 2.6 (#H-Tucker Format). Let T; be a dimension tree and (1;)ier, a family

of nonnegative integers. Let (Uy)ier, be a family of matrices such that

Ut = (Utl ® UtT)Bta Bt € thlrtrxrt
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for the inner nodes t € Z(Ty). The matrices (U)ier, are called mode frames and
(Bi)iez(ry) transfer tensors. Then the collection ((Ut)teg(Td), (Bt)tGI(Td)) is called the

hierarchical Tucker representation of the tensor Uy . gy. If X has such a representa-

-----

tion, we write X € H.

In the representation above, not all leaf nodes are on the highest level. In order
to obtain a closed form representation where all leaves are on the highest level, we
can replace the mode frames U; that are not on the highest level by the Kronecker
product Uy = (U; ® 1)1;. An example of such an adjusted storage format for a tensor

of order d = 4 is illustrated in Figure [2.1]

& Bi,2,3.4)

& By1,2,3) & By
|
®Bpay ®Bg 5
P | \
Uy Uy Ug  Ym

Figure 2.1. Example of an adjusted tree T for d = 4 (see |41} Figure 5.5]).

In the software, the Kronecker product U, ® U,, is never set up explicitly. In-

stead the following relation is applied to the columns of B;.

Lemma 2.3. Let A € Rm4*"a B € RMm8*"5 (' € R™e*"C gnd X € R"B*"A, Then
(A® B)vec(X) = vec(C) & BXAT = C.

Proof. See, e.g., [49]. O

To avoid repetitive transformation of the columns of the transfer tensors into

matrices, the transfer tensors of the form B, € R™"+*" are stored in block format
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B, € R" "> guch that
vec((By);) = (Br)j,  (By); € R, je{l,... r}.

For X € H, the storage requirement is

d
Z rery Ty, + Z nyry < (d — 1)7“3 + TZnM,
pn=1

teZ(Ty) teL(Ty)

where r := maxer, 7. Hence, it does not seem to grow exponentially in d anymore.
However, note that, in general, » may vary for different d and therefore it can not be
concluded that the rate of growth is linear in d.

Last but not least, in the sequel we require an estimate for the complexity of

a matrix-vector product in H-Tucker format which is given by the following lemma.

Lemma 2.4. Let 7' = mq x ... x mg and I? = ny X ... x ng be d-fold index sets,
M € RT*T*NH a matriz and X € RENH a vector. If both share the same H-Tucker
structure, in particular the same dimension tree Ty, then the H-Tucker representation

of the matriz-vector product can be computed as
UMY = [v;“)U,;X,...,m(’"tM)Uff] . Ve L(Ty),

where V; € R™*™ s such that the i-th column of UM satisfies
(UM); = vee(V;),

The transfer tensors are computed as

BMX =BM @ BX, VteI(Ty),
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where By is a transfer tensor in block format. The number of arithmetic operations

can be bounded by

d
rMpX ka(an — 1)+ (d—1)(rM)>?(r*)?
k=1
where r™ := maxer, rM and analogously r~ .
Proof. See [41, Lemma 5.9]. O

We conclude this subsection with some remarks on the practical implementation
of the H-Tucker format. For a comprehensive list of currently available operations
with the H-Tucker format see [41, Section 5|. Note that if the H-Tucker format of a
tensor X is not given explicitly, i.e., cannot be derived analytically, computing such
a representation is a nontrivial task. Hierarchical SVD is often not practical due to
the size of the tensor X'. Alternatively, one could apply the Black Box algorithm.
However, this is a heuristic algorithm, since it only uses certain entries of each ma-
tricization. For more details see [41, Section 5.4]. Finally, matrix-vector products
with H-Tucker tensors lead to an increase in the hierarchical rank as can be seen
in Lemma [2.4], This rapidly leads to unmanageable storage sizes and not practical
computation times, and thus the resulting tensor has to be further truncated. Such
truncations introduce additional errors, the control over which is particularly impor-
tant in the context of approximation of solutions to PDEs. However, this issue will

not be discussed in further detail in this work.

2.2. WAVELETS

In this subsection a brief introduction to wavelets is provided. The introduction
mainly follows [41, Section 4]. Wavelets have many applications, the most common
being image processing (see, e.g., [37]) or numerical solution of PDEs (see, e.g., [48]).

There are many possible wavelet constructions and the best choice depends on the
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problem at hand. To mention a few: biorthogonal B-Spline wavelets as in [11],
orthonormal wavelets as in [13], interpolatory wavelets as in [20], semi-orthogonal
wavelets (prewavelets) as in [7], noncompactly supported wavelets as in [21], frames
as in [45], piecewise polynomial multiwavelets as in [22] or fractal multiwavelets, as
in [23]. In the work of [41], Lo-orthonormal multiwavelets from [22] are utilized.
2.2.1. Multiresolution Analysis. Generally, the construction of a wavelet
basis starts with a Multiresolution Analysis (MRA) given a basis of scaling functions.
If not mentioned otherwise, such an MRA is usually assumed to be generated by
a single scaling function. Otherwise one speaks of multiscaling functions and the
resulting wavelets are referred to as multiwavelets. Using more than one scaling
function leads to a more complicated construction but introduces additional flexibility
if one, e.g., wishes to obtain orthonormal bases in higher dimensions. Typically one
constructs wavelets bases on the interval and uses tensor products to obtain a basis
for higher dimensions, as in the work of [41]. Such bases are satisfactory for PDE
problems arising in, e.g., finance, where typically exotic and nonsmooth domains
are not an issue. However, there are more sophisticated constructions for the multi-
dimensional case that allow for more flexible domains, such as in [12]. For the purpose
of introduction, we focus on the 1D case since most properties are preserved for the
tensor products bases. At the end of this subsection we collect important properties
of wavelets that will be required in the sequel. For the most part of this work, we then
assume a general wavelet basis for the general Lipschitz domainl] 2 C R™ satisfying

these properties, unless required otherwise as in Section [5

Definition 2.7 ((Orthonormal) MRA). A sequence of spaces (S;) ez with S; C Lo(R)

for all j € Z is called a Multiresolution Analysis if for any j € Z

1. S; C Sj41 (nestedness).

T.e., open, nonempty, bounded and connected.
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2. closg,®)(Ujez S5) = L2(R) (density).
3. Njez S; = {0} (trivial intersection).
4. feS; e f(2) € Sj (scaling).
5. feS; e f(-—k)e S, for any k € Z (translation invariance).

6. There are (scaling) functions ¢y, ..., ¢, such that ®; := {¢],; : k € Z} is a

uniformly stable basis for S; where the multiscaling functions ©; ) are given by

n

n , , k—1—((k—1)mod n)
Plik = 2]/290((k—1)mod n)+1 (2] - — ( .

An MRA is called orthonormal if for all j, ki, ko € Z

(Soﬁzkl]’ 9037’?2})[/2 = 5’?1,1627

where ¢ denotes the Kronecker delta.

Typically one has a coarsest level, say jo = 0, such that for all j < jo, S; = {0}.
Since an MRA is nested, we can write for any j € Z, S;11 = S; @ W;, where W; L 5.
The spaces W; are called wavelet spaces or detail spaces and are generated by the

functions 1, ..., ¥, (mother wavelets). The multiwavelets are then defined as

~ » —1—((k—1
wg,k} = 2]/2w((k71)mod )41 (2j L (k ((k )mOd n))) ’

n

and the system ¥; := { K ke Z} is a basis for W;. Note that by iterating the

orthogonal decomposition, we obtain

J
Sj+1 = @ Wk7

k=—o00
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and hence, the collection of wavelets on all levels is dense in Ly(R) by the properties
of the MRA. The system V¥ := | J,, ¥; is thus a basis for Ly(R).

This is only one possible construction using orthogonal complement spaces of 5.
In general, one could choose W; to be a complement space with a different “angle”,
so called biorthogonal wavelets. For more details see |48, Section 5].

The MRA gives us a basis for Ly(R). To obtain a basis for L(2) for a bounded
domain €2 C R, unfortunately, we can not simply restrict the functions in ¥ to €.
This cut-off procedure would, e.g., lead to an unstable basis and would, in general,
destroy orthogonality. In general, there are different approaches to solve this problem
and the best choice depends on the properties one desires to preserve from the MRA
on R. Perhaps the more common strategy is to leave the inner wavelets on the
interval 2 unchanged and modify/add wavelets on the boundary. For more details
see [48, Section 8]. We briefly summarize a common strategy for constructing an

orthonormal multiwavelet basis for a more general domain  C R%.

1. Construct an MRA on R.

2. Orthogonalize to obtain an orthonormal MRA on R.

3. Construct orthonormal multiwavelets on R.

4. Modify the multiwavelet system to obtain an orthonormal stable basis for [0, 1].

5. Construct an orthonormal stable wavelet basis for the reference domain ) =

[0, 1]¢ by taking tensor products and properly scaling.

6. Construct a wavelet basis for a parametric image of Q by taking an appropriate

transformation, i.e., {); = E(Q)

7. Construct a wavelet basis for a more general domain ) = Ufil Q); by matching.
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2.2.2. Properties of Wavelet Bases. From hereon we will often write a
system of functions as ¥ := {1, : A € A}, where A is some general index set. For

instance, in the MRA from Deﬁnition A = (4, k). Furthermore, to shorten notation

we write
CT‘IJ = ZC)\w,\, cE KQ(A),
AEA
(\ij7 \I[)Lz = ((7/)/\7 @ZJM)))\GZ\,NGA )
(f’ \II)L2 = ((fu 1/)>\>>>\6A’ f € LQ(Q>

One of the most important properties of wavelet bases is that they give rise to a Riesz

basis.

Definition 2.8 (Riesz Basis). Let H be a Hilbert space. A system W is called a
Riesz basis for H if every element in H has a unique expansion in ¥ and there are

constants 0 < ¢ < C such that for 2 € l3(A), we have
cllzlle < lla" ¥l < Clllle,.

The best possible choices for such constants are called Riesz constants and are denoted

by Cy, Oqj

Obviously, for an orthonormal system, we get the best possible case cg = Cy = 1.
The Riesz constants are an indicator for the stability of the basis. The condition num-

ber of a Riesz basis is defined as

o ﬁ )\max (G)

k(D) : - —)\min(G) ,

where G := (U, V), is the Gramian of V.
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As previously mentioned, for higher dimensions, a basis can be constructed by
taking tensor products. The following lemma establishes the relationship between the
condition of the component basis and the tensor product basis. A detailed discussion

on the underlying theory of tensor product spaces can be found in [36].

Lemma 2.5 (Bases of Product Spaces). Let H; be separable Hilbert spaces with Riesz

bases V; fori=1,...,N. Then the tensor product basis

S
I
®=

s
I
_

W;

is a Riesz basis for @Y., H; with Riesz constants

N N
C\I/:HC\I/” C\I/:HC\I/z
i=1 =1

Proof. See [30, Proposition 2.23]. O

For a product domain © = XY, €, this lemma gives a basis for Ly(Q) since

from, e.g., [51], Section 1.6], we know that

However, for solving differential equations, we are actually interested in bases for
Sobolev spaces H*(€2), and these can not be decomposed into a product space. In-
stead, by, e.g., [18, Lemma 3.1.9], such spaces can be identified with an intersection

of product spaces
N
H(Q) 2= (| La() ® ... @ La(Qim1) @ H () ® La(Qis1) ® . .. ® Lo(Qw).

=1

A basis for such spaces is given by the following lemma.
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Lemma 2.6 (Bases for Intersection Spaces). Let H be a separable Hilbert space with

Riesz basis V. Let H; C H be subspaces with Riesz bases

\I’Z»::{w—i’\:AEA}

5%

for nonzero ci. Then the system

Ua

2i1(ch)?

is a Riesz basis for (\,_, H; with Riesz constants

cg = min cy,, Cg = min Cy,.
i=1,...,N i=1,...,N
Proof. See |18, Lemma 3.1.8]. O

Lemma and Lemma tell us how to construct bases for H*(€2). An im-
portant observation at this point is that, in general, the condition of the basis is not
uniform w.r.t. the dimension of the domain €2. This has a lot of unpleasant implica-
tions. For instance, for nonorthonormal wavelet bases, the condition number of the
differential operator as in [19, Section 2| grows exponentially with the space dimen-
sion. This is the main reason for the choice of an orthonormal multiwavelet basis,
since then x(W¥) does not depend on the space dimension.

To conclude, we collect and briefly discuss important wavelet properties required
in the sequel. From hereon, we assume a given basis W on the domainﬂ Q C R? with
the following properties (cf. [30, Section 2.2.3] and |18 Section 5.3]). Note that the

resulting tensor product wavelet basis preserves the listed properties.

2In practice commonly d = 1, and a basis for higher dimensions is constructed by taking tensor
products as described above.
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Assumption 2.1 (Stability). U is a wavelet basis for Ls(2), i.e., in particular a Riesz
basis, where Q C RY. Furthermore, with proper scaling V is a Riesz basis for H*(S2),

where s should be deduced from the context.

Assumption 2.2 (Minimal Level). We assume a given minimal level jo > —oo for

the original MRA and thus the resulting system W.

Assumption 2.3 (Local Support). Wavelets in WU have compact support that decays

exponentially with the level, i.e.,
[supp(¢n)] S 27N WA € A, (2.1)

where |A| denotes the (detail) level of the wavelet 1)y.

Assumption 2.4 (Finite Number of Overlaps). The system W is locally finite, i.e.

#{pe A ful =N, [supp(su) Nsupp(yn)| > 0} S1

uniformly in |Al.

Together with Assumption [2.3] Assumption [2.4] implies for A € A,

# {1 € A [supp(e,) Nsupp(ihy )] > 0} < 2max(lul=IAL0d,

Briefly this can be seen as follows. Fix 1, and consider ¢, where X only differs
from A in the level, i.e.; 1), has the same position but is on a different level. If ¥y is
one level finer than ), then, by Assumption , there will be at most 2¢ (actually
< 24) wavelets on the level || that intersect the support of 5. Hence, assuming ¥
is locally finite, if the number of overlaps on the level |A| is at most C, then between
|A| and |N] it will be at most C2%. For a coarser level, the number of overlaps can

only get smaller. Hence, in general, we get the bound 2max(I#=A0)d,
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Assumption 2.5 (Piecewise Polynomial). The wavelets are piecewise polynomial of

order p + 2.

Assumption 2.6 (Singular Support). For A € A, { € Z

#{p € A :|p| = ¢, dist(singsupp (), supp(¢,)) =0
or dist(singsupp(¢)y ), supp(e),)) = 0} < 2max(t=AL0E@=1),

(2.2)

where singsupp(+) denotes the singular support of a function, i.e., the complement of

the largest open set on which the function is smooth.

The Assumption [2.6]is fulfilled if singsupp(«,) is overlapped by a finite number
of 1, bounded uniformly in |A| and |p|. Since singsupp(-) is d — 1 dimensional, for,
e.g., d = 1 this means that any point on the interval 2 is overlapped by a finite

number of wavelets ¢, bounded uniformly in |A| (cf. [19, Section 3]).

Assumption 2.7 (Boundary Wavelets). The number of boundary wavelets, i.e.,

wavelets whose support has nonempty intersection with 0 is uniformly bounded.

Assumption 2.8 (Vanishing Moments). Inner wavelets, i.e., wavelets whose support

has empty intersection with the boundary, have p vanishing moments
(™, \), =0, 0<n<np.

The higher the order of vanishing moments, the better the compression proper-
ties of the wavelets. For f € W2 (supp(¢,)) N L2(€2), in conjunction with a Whitney

type estimate, we get from Assumption (cf. [48, Proposition 5.9]) that

(f ) S 27EH)| fllws, s € [0,p]. (2.3)
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Assumption 2.9 (Global Smoothness). The wavelets are globally in C"(2), where

p=>r+2.

Assumption [2.9] also gives (cf. [42, Section 3])
[allws, S 2NE+), s €0, +1] (2.4)

and, if we integrate only over the part of the domain, where v, is smooth, then we
get

loallws, S 2ME s > 0. (2.5)

~J

There are several wavelet constructions that satisfy Assumptions [2.142.9 in-
cluding the one used in [41]. For convenience we use the term wavelets, even though,

strictly speaking, in |[41] multiwavelets have been utilized.
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3. ADAPTIVE METHODS

In this section, we give a brief overview on adaptive wavelet methods. PDEs
or PIDEs are expressed as operator equations. These operator equations are refor-
mulated as equivalent operator equations in sequence spaces and the solution is then
nonlinearly approximated. Thus, adaptive wavelet methods can be viewed as a special
case of nonlinear approximations as opposed to linear approximations, e.g., Galerkin
methods, where the solutions is approximated by a (linear) finite-dimensional sub-
space of the solution space. This section is mainly based on [46] and the references

therein.

3.1. NONLINEAR APPROXIMATION

The brief introduction to approximation theory here is mainly based on |17,
Section 2] and [46, Section 1.3]. Consider a separable Hilbert space 2~ and a basis
for 2, W. If we seek to approximate a solution u € 2", in linear approximation we

consider a finite subspace as

2y =span{y : A€ Ay}, #A=N <.

The error of the linear approximation by the finite subspace is measured as

En(u)g == inf [[u—g

7 -
gEAN

Since a Hilbert space is strictly convex, there exists a unique uy € 2y that mini-
mizes this error. In the context of numerical methods for PDEs, Galerkin methods
(nonadaptive) are linear approximations. Typically, the wavelet index sets Ay consist

of all wavelets up to a certain level (~ log,(N)).



24

Turning to a different approach, consider the nonlinear manifold

Yy = {uNEEr‘f:u:Zcmﬁ,\, #IgN}.

Ael

The manifold is indeed nonlinear since for x,y € ¥y, we have z+y € ¥y in general.
An approximation to the solution v € 2 from Xy can be thus interpreted as the best
approximation to u, given a budget of N terms. This is known as the best N-term
approximation and clearly belongs to the framework of nonlinear approximation. The

error is measured as

pn(u) = inf flu—g

2.
geEXN

The issue of existence of such approximations is discussed in a general setting in [2].
Clearly such approximations are not unique in general. Think of a function with
N +1 constant wavelet coefficients — taking any N coefficients results in a best N-term
approximation. In the context of numerical methods for PDEs, adaptive methods fall
into the framework of nonlinear approximations.

If W is a Riesz basis, then we have the norm equivalence

"]l ~ llclley, ¢ € E2(A).

Consider approximating the sequence ¢ by ¢y with supp(cy) < N. Again, obviously
this approximation is not unique in general. However, it is easily seen that taking cy

to be the largest N coefficients in magnitudeﬂ is a best possible choice in the sense

cy = argmin ||¢ — gnl|e,-
supp(gn )<N

3Since ¢ € £3(A), the sequence is in particular bounded.
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Due to the norm equivalence, we have
pr(u) ~ [lu— ey o

Hence, the approximation iy := ¢k V¥ is comparable to the best possible choice uy.
Such best N-term approximations converge, in general, with different rates for differ-
ent types of sequences. It thus makes sense to analyze classes that characterize those
rates more closely. But first, we briefly discuss the best possible approximation rate.
Consider a nested sequence (A;)2, of sets with a finite number of degrees of

freedom such that
Achc.... [Jra=A
i=0

In adaptive methods, the enlargement of a A; to A;;1 is based on a posteriori error
estimator, which is the main difference to nonadaptive methods, where the sequence
is fixed from the beginning based on a priori error estimator. For wavelets, the index
set A; typically includes all wavelets up to level i. Associated with the space 2 and
the basis W, there exists a best possible approximation rate sy.., i.e., a parameter

Smax such that for all sufficiently smooth u € 2~

[l —un, | S (FA) >,

and this rate sp. cannot be improved by additional smoothness assumptions or a
different choice of (A;);. A fundamental question is whether this rate of convergence
can be achieved by a nonadaptive method or whether an adaptive method is re-
quired. In fact, there are possible choices for a finite A such that this is achieved
(e.g., optimized sparse grid spaces). However, the main disadvantage of such non-

adaptive methods in contrast to adaptive methods is the high regularity assumptions
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on the solution. Hence, adaptive methods truly make sense only for problems with

nonsmoothﬁ solutions. For more details see, e.g., [30, Section 3.1.2].

Remark 3.1 ( [46, Remark 1.1]). Note that there are u € 2" for which any desirable
rate can be realized. Think of v having finite representations or being exceptionally
close to such functions. An appropriate choice of (A;); would yield any desirable rate.

Those exceptional cases are not taken into consideration (cf. [46, Section 1.1]).

Ezample 3.1 ( |46, Example 1.1]). Let 2" = H™(Q), Q@ C R? be a bounded domain

and U a wavelet basis of order p > m. Then

For s € (0, Smax] and u € H*™(Q) the rate s is realized. In particular, for s = syay,
we require u € HP(Q). The nested sequence (A;); is simply chosen as the set of
wavelets of level up to 7. The result is sharp in the sense that for any £ > 0, there is
no choice of (A;); such that s is realized for all u € H*"*™¢(Q)). Note that the best
possible approximation rate is inversely proportional to the space dimension, i.e., for
higher dimensions, the approximation rate deteriorates. This is sometimes referred

to as the curse of dimensionality.

Ezxample 3.2 ( |46, Section 7.2]). Let Q; be a domain of dimension d; and ¥; a wavelet
basis of order p; > m. It is known that a sufficiently smooth function on € :=
Q; X ... x Qy can be approximated in H™(Q2) by sparse grid approximations with

the best possible rate being

pbi—m
d;

Smax — Max
i

4Here nonsmooth is meant in the measure of Sobolev spaces. Adaptive methods deal with solu-
tions that are nonsmooth in this measure but smooth in the measure of Besov spaces.
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Thus, thinkingof dy = ... =dy =1and p; = ... = py =: p > m, the aforementioned
curse of dimensionality is completely removed in this case. See [|4}/16,52] for details

on sparse grid approximations and, e.g., [30, Section 8], [5] for applications.

As previously mentioned, we would like to further investigate the appropriate
class of sequences. The class of coefficient sequences for which the best N-term

approximation converges with rate s > 0 is defined as
o = {c € la(A) @ ||¢]|ors :=supe - [min{N € Ny : [[c — enlle, <€} < oo} :
e>0
It is easily verified that for ¢ € @7 the smallest N such that ||c — cn||e, < € satisfies

N <e o)l s,

and this bound is sharp. This bound justifies the following definition of (quasi-)
optimality for adaptive methods. From hereon, we use ¢y(A) to denote sequences

in A with finite support.

Definition 3.1 (Quasi-Optimal). An adaptive wavelet method is called (quasi-)optimal
if foru =cT'W0 € 2 withc € &°, s € (0, Smax) and a given tolerance ¢ > 0, the method

produces an approximation v € ¢y, with
le =vlle, <&,

and
#supp(v) < o)1,

at the cost of O(e1/#[|v||)/?) arithmetic operations.
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Roughly speaking, a (quasi-)optimal method produces a solution for a prescribed
tolerance € > 0, with computational and storage complexity being linear in the output
size, i.e., in the number of nonzero coefficients of the approximation v. For s > $pax
the class /¢ is, although not empty, not interesting, since it corresponds to the

exceptionally “nice” case discussed in Remark [3.1]

3.2. LINEAR OPERATOR EQUATIONS

In this subsection, we consider general operator equations as we can apply the
theory to PDEs. The discussion follows mainly [46, Section 2.1]. Note that for
notational simplicity, we drop the index set A when it is clear from context.

Let 2 and % be Hilbert spaces and let U# | U? denote the respective bases.

Define the analysis operator as

Fo X = LAy), g+ [9(Ux)]rery

and analogously for . We assume the bases for both 2" and % are Riesz bases
which is equivalent to assuming the analysis operator is boundedly invertible. Since

Z 4 is bounded, we can define the adjoint as
Ty (M) = 27, (Fyl)(g) =UTF2(g), 1€l g€ X"

Since ly is a Hilbert space, by the Riesz Representation Theorem (RRT), it is iso-
metrically isomorph to its dual. Identify [ € ¢, with ¢ € 5. Then by RRT, we can

write

(Zo0)(9) = (F2(9),0)e, = Z axg(n). (3.1)
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Furthermore, since 2" is a Hilbert space, it is reflexive. Fix g € Z” and let C' : 2~ —
2" denote the canonical mapping. Identifying g with z9 = >, Ay Dathx, we can

write

(Z5D)(g) = Cay(9) = glz0) = Y drg(¥yy),

AEA o

where the last equality follows by linearity and boundedness of g. Comparing with

(3.1), since ¥* is a basis, we infer
zo = LU,
Hence, we can identify the adjoint .%}, with %} defined as

Ty = X, e cFOY

and similarly for .#5 where both adjoints are boundedly invertible as well. The
operator .% - is called the synthesis operator and is commonly defined as the adjoint
of Z4 (cf. |46, Section 2.1]), although strictly speaking it can only be identified with
the adjoint as described above.

We are interested in solving the operator equation
Bu=f, BeLl(Z,%), ueZ, [fe%,
where B is boundedly invertible. This problem is equivalent to

Bu=f,

B := FyBF = [(BU; )W) )aery wers € LIU(Ay ), la(Ay)),
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f = yi”/f = [f(wf/)]/\EA@/ € gQ(Aiﬂ/)a

uw=u"v?

Y

where, since B is boundedly invertible together with the analysis, synthesis operators
and their adjoints, B is boundedly invertible as well. Moreover, we get the useful

correspondence

(Bv, w)s, = (Bv)(w)

for any v, w € fy, where v = vT¥? and w = w”¥?. The Riesz constants are equal

to

C\p% - HQ%H = sup HJOZ%QHEW

llgll 2~ =1

cvr = [(F) T = inf [ Forglle,

lgll 2=

and similarly for %. By definition of B, we infer ||B|| < ||B||Cy2 Cye, |B7Y| <
|B7|/(cyo cgo ). This in particular shows that the condition number x(B) depends
on the operator B itself and on the condition of the Riesz bases for 2" and %/, which
again justifies the choice of a uniformly well conditioned basis, e.g., orthonormal, as

mentioned in Subsection 2.2.2]

Ezxample 3.3. As a model example consider the Poisson equation on a bounded domain

Q c R4

—Au=f in(,

u =0 on 0f2.
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Multiplying by a test function v and integrating by parts, we get the weak form

/Vu-Vv:/fv, Yo € Hy(Q)
0 Q

for some f € Ly(Q). The test and trial spaces are 2" = % = H}(Q). The associated

operator equation reads as

Bu=f, Bel(Z,Z'), (Bu)(v) :—/Vu-V'U,
Q

fex, fw= | fo

The operator B is boundedly invertible. The equivalent /5 problem reads

_ — , _ _ T
Bu=f, B: {/QV@ZJM vaL,ueA’ f [/Qf%\],\ez\’ u=ulU.

3.3. APPLY

According to Definition , in order to obtain a (quasi-)optimal routine, we
require a method that, for a given u € &7°, produces an approximation to any desired
tolerance in linear complexity. Note that the system Bw = f involves a bi-infinite
matrix and infinite vectors. Hence, it should be clear that producing an approximation
to any desired accuracy is not possible for an arbitrary B. Intuitively, since we only
know how to deal with finite systems, we have to approximate the operator B by
a finite matrix and we have to be able to do so for any desired accuracy. This means
that, when truncating B in an appropriate manner, the error should approach 0 as we
increase the size of the finite approximation. In other words, B has to be of a certain
kind that allows this compression. In fact, we will see that the compression properties
are usually guaranteed by the underlying wavelet basis, as wavelets have preferable

compression properties that are well known from image processing.
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More precisely, we require the availability of a routine for approximate operator
application that was coined by [9, Section 6.4] as APPLY. Since the publication of
the original paper, several modifications of APPLY have appeared and thus, even
though we briefly mention one of them, in the sequel any APPLY routine satisfying
the following properties can be utilized. From hereon, we often use the shorthand

notation || - || without a subscript if the space is clear from the context.

Definition 3.2 ( |46, Definition 3.1]). For § > 0, the operator B is called s-admissible

if for any € > 0, we have an approximate matrix-vector routine
APPLY B, w,¢] — w.

such that, for w € ¢y, w. € ¢y and ||Bw — w.|| < &, where for any s € (0, 5]

4 supp(w,) S V% ||w|| L2

and the number of operations is of the order
—1/s 1/s
O™ *||lwlly: + # supp(w) + 1).

In fact, in order to guarantee optimality, comparing with Definition [3.1, we
require § > Spax (see |46 Section 3.2] for details). As shown in [9, Proposition 3.8],
such an s-admissible operator defines a bounded linear mapping on the approximation
class o/° (cf. also |46, Proposition 3.1]). Intuitively, it is not surprising that B
preserves the approximation class, given B itself can be approximated to any desired

accuracy.

Proposition 3.1. Let B be s-admissible. Then for s € (0,5], B : &/° — &/* is

bounded and ||w.| s < ||wl|ws holds uniformly in e.
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Proof. The proof can be found in [46], Proposition 3.1]. O

In the work of [9], a specific class of operators was investigated that allowed
to define a valid APPLY routine. If an operator B belongs to this class, then it
can be approximated to any desired accuracy by sparse matrices. Note that the
approximation property ensures one part of Definition [3.2] while the “sparse” part

ensures that this approximation can actually be performed in linear complexity.

Definition 3.3 ( [9, Definition 3.6]). An operator B : {5 — {5 is called s*-compressible
if for any s € (0, s*), there exists (a;);, (8;); € ¢1(N) such that the sequence of oper-

ators (B;), satisfies

|B — Bj|| < a;27%,

where B; is derived from B by replacing all but in the order of O(3;27) entries by 0.

In practice, an entry of B is not given explicitly but has to be approximated
numerically, e.g., by a quadrature rule. Hence, it should be clear that the question
whether B is s-admissible also depends on the computability of the individual entries

which motivates the following definition.

Definition 3.4 (Computable). The operator B is s*-computable if it is s*-compressible
and each entry can be computed in O(1) operations or, more generally, if each column

of B, can be computed in O(27) operations.

A wuseful lemma that is often used to show s*-compressibility and that will
be used in the sequel several times is the well known Schur Lemma stated below.
Typically, the entries of the (preconditioned) operator B have strong decay properties
due to the underlying wavelet basis. Choosing an appropriate dropping criteria, one
obtains a sparse operator B; and uses the Schur Lemma to show that the norm of

the remainder of the bi-infinite matrix is bounded and approaches 0 as we increase j.
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Then one investigates a suitable quadrature rule for the entries such that each entry
can be computed in O(1) operations while preserving the error on the same level.

This finally gives s*-computability.

Lemma 3.1 (Schur Lemma). Let M = (my,) e be an operator such that there

exist positive weights (wx)aepa and constants 0 < ¢,., c. < 0o with

Zwu|m)\7u| < Crly, VA e A7

HEA

Zw)\|m)\,lt| < CeWys VM €A
AEA

Then || M||e, < \/CrCe.
Proof. The proof can be found in a slightly different form in |38, Lemma 8.4]. O

To show that B is s-admissible, we require an APPLY routine satisfying Def-
inition Such a routine was presented first in [9], and later an optimized version
was proposed in [19]. In fact, for those routines to be valid, all we require is that
the operator is s*-computable and, hence, this readily implies that s*-computable
operators are s-admissible for any § < s*. The idea for an approximate matrix vec-
tor routine in [9] is to find an optimal balance between accuracy and computational
effort. This is achieved by applying good approximations of the operator B to rough
approximations of the vector and rough approximations of B to good approximation
of the vector. Suppose we want to approximate Bw, where # supp(w) = N < co.

Let w; denote the best 2/-term approximation to w. Then compute bins as
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Finally, compute the approximation as

k—1
Bw ~ w" := Byw, + Z Bj(wg_j — wj_j_1).
§=0
This approximation lies in the heart of the APPLY routine proposed in [9]. Bigger
choices of the parameter k lead to more accurate approximations and more compu-
tational effort at the same time. Thus, obviously k£ will depend on the prescribed

tolerance € > (0. Before we can state an important result concerning the convergence

of this routine and possible choices for k, we require the following definition.

Definition 3.5 (Lorentz Spaces, cf. [48, Definition 7.8]). Given v € (5, define its
decreasing rearrangement v* as follows: for n > 1, let v} be the n-th largest element

of v in magnitude and v* := (v})> ;. Then for each 0 < 7 < 2 define
0| := supn/ v},
n>1
and the weak /¥ space as
00 ={vely:|vw <ox}.
The corresponding norm is defined as

[0lley == [v]ew + l|v]le,-

Lorentz spaces’| characterize the decay of coefficients in a sequence. It is thus
not surprising that they are closely related to the class o7, as the following result

shows.

5The above definition is only a special kind of Lorentz spaces.
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Proposition 3.2. For s > 0 define

Then we have

(i) v e iffvel?. The norm equivalence

[0]lars ~ [|o]

w
o

holds with constants depending only on T for 7 0.

(i1) If v € (¥, then the error of the best N-term approzimation can be bounded as

on(®) S N7*I[oles

~Y

with a constant depending only on T for 7 0.
Proof. See [48, Proposition 7.11] and the references therein. O
Finally, we are ready to state the result from [9] on the convergence of APPLY.

Proposition 3.3. Let B be s*-compressible. For w*, the error estimate

1Bw — w"|| < 27"|wl|ey

holds, where s < s* and

with a constant depending only on T for 7 0.

Proof. The proof can be found in |48 Proposition 7.13]. O
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The question remains as to the choice of k = k(). Taking a closer look at the

k

approximation w”, we observe

1Bw — w"|| < || Bl|lw — wi + || B — B||[wl|

k—1
+Y 1B = Bjll|lwi—; — wi—ji]|
=0
k—1
< ||Bllw — wil| + a2 flwol| + > ;27 |wg—; — wi_j_]|
=0
:Ek

Hence, if we can estimate ||B|| and (a;);, then we can ensure £y, < e. More generally,

to have an implementable version of APPLY, we require knowledge of the sequences

(€5)jeng, (¢j)jeny, where

1B = Bjll <¢;, Bl <e

and c¢; is the number of nonzero entries in each column of Bj, ¢y = 0. A more efficient
modification of the original APPLY routine discussed above was proposed by [19).

Summing up, we get the following result.
Theorem 3.1. If B is s*-computable, then it is also s-admissible for any § < s*.

Proof. The proof follows from the discussion above. For more details see [46, Theorem

3.2). O

3.4. RICHARDSON ITERATIONS
With the tools introduced above, we are ready to provide a sensible introduction
to an adaptive routine for solving operator equations. First we discuss Richardson

iterations from [10] and then the Adaptive Wavelet Galerkin Method from [9] in
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the next subsection, since both are required in the sequel. The introduction mainly
follows |46, Sections 3 and 4].
The Richardson iteration is a fixed point type scheme: we assume that there

exists a € R such that

I[—aB|| <1,

and, hence, the iteration of the form

uz‘+1 — ui + a(f _ B’U,i)

converges linearly by the Banach Fixed Point Theorem. Under certain conditions,
the existence of such a dampening parameter « is guaranteed. We consider the

nonsymmetric case for the Lemma [3.2] as the PDE from [41] is nonsymmetric.

Lemma 3.2. Let B € L(ls,05) and Bg := (B+B") be positive definite and bound-
edly invertible. Then for a € (0,1/(||Bs| + || Bs'[|7)] with o < 2/(| Bg'|[|BI)), we

have

|1 —aB| < /1 - 20| B5'|"' + 2| BIP < 1.

Proof. The proof can be found in |46, Lemma 3.2]. ]

Hence, if we can estimate ||B||, ||[B™'|| and from thereon ||Bg]|| and | Bg'],
then we obtain a linearly convergent iterative scheme for solving Bu = f. However,
this scheme is still not implementable, since f, u are generally infinite vectors and B
is a bi-infinite matrix. Thus, we require further approximations. Approximations for
Bu were discussed in the previous subsection. As for f, the approximation generally

depends on the specific RHS f at hand. In a more general setting, we will assume
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the availability of a routine for the RHS with the following properties. For specific

approximations of the RHS see, e.g., |19, Section 5] or [30, Section 4.6.3].

Assumption 3.1. The routine RHS[f, <] — f. satisfies

If = fell <& #supp(fo) Smin{N:[[f = ful <e}

at the cost of O(# supp(f.) + 1) arithmetic operations.

At first sight, the Assumption does not fit directly into the definition of
(quasi-)optimality as given in Definition , which is the ultimate goal for an adaptive
wavelet algorithm. However, as the following statement shows, it is in fact sufficient,

given an appropriate B.

Proposition 3.4. Let B be s5-admissible and w € o7° for s € (0,5]. The f. satisfies

#supp(f.) S 5*1/3||u||gf, and the number of operations is of the order
e a2+ 1.

Proof. The proof can be found in [46 Corollary 3.1]. O

Technically, we could already formulate a first Richardson iteration. However,
numerical experiments showed that such a routine is not optimal (see, e.g., [48, Section
7.6.3]) in the sense that it does not converge with a rate comparable to the best N-
term approximation. The iterations produce a lot of negligible coefficients that do
not contribute significantly to the accuracy of the approximation but substantially
increase computational effort. A remedy would be to apply coarsening of the iterands
to restore the balance between accuracy and computational effort, while keeping the
error on the same level. A specific implementation of such a routine can be found in,

e.g., [46, Section 3.3]. For the sequel, we assume the availability of the following.
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Assumption 3.2. The routine COARSE[w, ¢] — w. for w € {y satisfies

lw—w.|| <e, H#supp(w.) Smin{N:||w-—wyl| <ce}

with the number of operations in the order of

O(# supp(w:) + max(~"[|w]], 1)).

Although COARSE introduces an additional error, the following statement
shows that it preserves the error on the same level while maintaining a number of
nonzero terms comparable to the best N-term approximation and guarantees a uni-

form bound on the || - ||ss-norm (which is not the case without COARSE).

Proposition 3.5. Let ( > 1 and s > 0. Then for any e > 0, v € &° and w € ¥,

with

v —wll <e

for we. := COARSE[w, (¢| we have

1/s

ol wellos S Mvlos v = well < L+ Qe

#Supp(wCe) 5 €
Proof. The proof can be found in [46, Proposition 3.2] or in more detail in 8, Theorem

49.1). O

Finally, an implementable version of the Richardson iteration is formulated in
Algorithm [3.1] (cf. [46, Section 3]).
Note that this routine can be further improved by an inner iteration as in [48|

Algorithm 7.3]. Moreover, one can think of applying more advanced iterative schemes,
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Algorithm 3.1 RICH
Input: ¢ >0, &9 > |lul|, § <3, K € Nand p < 1s.t. [ —aB|| <p, 20" <0
Output: u. with ||u. —u| <e
i =0,u’:=0
while ¢; > ¢ do
1:=1+1
€ = QpKEi—l/e
Y0 = i

=u
for j =1to K do
6= pj€i_1/204K
y' =y + o (RHS|[f; ] — APPLY|B;y"~1;4])
end for
u' ;= COARSE|(1 — 0)g;, yX]
end while
return u. = u’

such as Krylov subspace methods. For Richardson iterations the following result gives

(quasi-)optimality.

Theorem 3.2. The output of RICH satisfies |[u — u.|| < e. If B is 5-admissible

with § > Smax and € < gy < ||ul|, then RICH is (quasi-)optimal.

Proof. The proof can be found in |46, Theorem 3.1]. ]

3.5. ADAPTIVE WAVELET GALERKIN METHOD

In alternative to the iterative scheme, one can consider using an Adaptive
Wavelet Galerkin Method (AWGM) from [9] to approximate the solution of an op-
erator equation. In contrast to RICH, AWGM does not require coarsening of the
iterands and thus numerically outperforms the iterative Richardson procedure (see,
e.g., |26]). However, unlike the more general Richardson iterations, AWGM is limited
to the elliptic case. The idea behind AWGM is very similar to the Adaptive Finite
Elements Method: there the solution is projected to a finite subspace A; representing

a finite mesh, then an error estimator is used to mark elements for refinement and



42

the equation is solved on the refined mesh A;;; D A;. The loop terminates when a
certain criterion is fulfilled, e.g., when the residual is small enough. As is common in
the literature, AWGM is introduced in an idealized setting first and then converted
to an implementable routine. The introduction mainly follows [46] Section 4].

Crucial for the convergence analysis of AWGM is the availability of an equivalent
energy norm. For this purpose, we assume B is s.p.d. and is boundedly invertible.
Note that if B is not symmetric and positive definite, then we can apply the scheme
to the normal equation BY Bu = BT f. In fact, a closer inspection of the convergence
analysis reveals that symmetry of B is not crucial. If B is coercive but not symmetric,
then the induced bilinear form is not an inner product anymore and the associated
(pseudo-)norm is not a norm, since only the relaxed version ||z + y|| < ||z|| + [|y|| of
the triangle inequality holds. However, the convergence analysis does not depend on
this and is still valid in the setting. We will come back to the norm equivalences in
Subsection [6.5

Define on #4;(A)

-l = V(B ).

Define restrictions of operators to subsets J C A where, in practice, J will be finite.
Define ¢5(J) C ly(A) as the set of those vectors in ¢5(A), that have supports in 7.
Let E7 denote the trivial embedding of ¢5(J) into ¢3(A) and Ry its Hilbert adjoint.
Hence, E ;7 extends by filling entries in positions j € A\ J with zeros, and R restricts

by dropping entries outside J. Define the restricted operator onto f5(J) as

Bj = RJBEJ.

The solution to Ba,up, = Ra,f is known as the Galerkin approzimation and is

the best approximation w.r.t. ||-]|. The idea of AWGM is to compute the Galerkin
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solution on (a finite) A;, then enlarge A; to A;;1 such that the solution on A, satisfies

| — wa,., ||| < pllw —wa, || for some p < 1. Furthermore, this enlargement should

be minimal. The following result shows that, if the enlargement captures the bulk of

the residuum, also referred to as the bulk criterion, then the AWGM converges.

Lemma 3.3. Let p € (0,1], w € lo(A;) and A; C Aix1 C A such that

[1BA, o (f = Bw)| = pl[f — Bw]. (3.2)

i+1

Then for the Galerkin solution wy,,,,, we have

e = wa, s ||| € V1= 32[|lu — wl|

where
Bi=p- IQ(B)_%.

Proof. The proof can be found in |46, Lemma 4.1]. O

Taking p sufficiently small, e.g., 0 < p < k(B)™% we get < x(B)™' < 1
and thus a convergent scheme. Moreover, this particular choice of p ensures the

cardinality of A;;; is controlled, as the following result shows.

Lemma 3.4. For p as above and for the minimal A;yq satisfying (3.2), we have

#(Ai1 \ A) < min {N M= ] < /1= Pl — wm} ,

where

[NIES
A
—

™I

= - k(B)
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Proof. The proof can be found in [46, Lemma 4.2]. O

In conclusion, if we choose a minimal sequence (A;);, where in each iteration we
capture the bulk of the residuum and compute the Galerkin approximation, then we
get a convergent solving procedure for the operator equation. The following result

offers a summary.

Proposition 3.6. For the sequence of Galerkin approximations (u;); produced as

discussed above and the choice of p as above we have

< (1= 8%l

llee =,

If additionally u € </° for some s > 0, then

#supp(ua,) < [lu — ua, |7Vl

Proof. The proof can be found in [46], Proposition 4.1]. O

Of course, this procedure is not practically implementable. In order to obtain

an implementable routine, three issues have to be addressed:

e The approximation of the, in general, infinite residual.
e Enlargement of A; to A,y based on the computed (approximate) residual.

e Galerkin solution on A;,;.

Given appropriate solutions to all of the above issues, the following proposition shows

that the results from the idealized procedure extend to this setting.
Proposition 3.7. Let § € (0,a),7 > 0 be constants such that p = 9 < k(B)~'/?

and v < %m(B)_l. Let v € ly(A) (approzimate residual) be such that

If = Bw —r[| < df|r].
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Let A; C Aix1 C A be such that (bulk criterion)

[Baspar|l = a7

41

and such that # (A1 \ A;) is minimal up to some absolute multiple. Let w € lo(N;yq)

be an approximation to uy, , such that

HRA'L+1f - BAi+1ﬁ1” < VHTH

Then

e — @] < plljee = wlf,

where

and
#(A1 \ A < min{N: ll = ] < /1 = Bl wm}.

Proof. The proof can be found in [46, Proposition 4.2]. O

The first issue, concerning approximating the infinite residual, can be solved
using the routines RHS and APPLY as described in the previous subsections. The
second issue, concerning expanding A; to A;,; is solved by adding to A; those indices
from A for which the entries of the approximate finitely supported residual are largest
in magnitude. This is achieved by the routine EXPAND), and the enlarged index set

is indeed minimal (see [46}, Proposition 4.3]). As for the Galerkin approximation, as an
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example of a routine satisfying the requirements of the Proposition[3.7] the Richardson
iteration can be utilized (see [46 Proposition 4.4]). One can, however, easily think
of other iterative methods to compute the Galerkin approximation. From hereon, we
denote this step of AGWM as GALERKIN. Thus, we have the ingredients for a
valid AWGM routine. We conclude this subsection by stating an AWGM routine in

Algorithm [3.2] as in [46], Section 4] and the corresponding optimality result.

Algorithm 3.2 AWGM
Input: e, > 0, ,6,7,6 with § € (0,0), 22 < k(B)"/2, 6 > 0 and v €
—6)(a—6 _
(0, S=26=2(B) )
Output: u. with ||f — Bu.|| <¢
i:=0,u" :=0A; =0

loop
< = 951'_1
repeat

¢ = /2, 7 .= RHS[f; (/2] — APPLY[B;u’; (/2]
if ¢; ;= ||7'|| + ¢ < e then
u. = u' stop
end if
until ¢ < d||7|
A1 := EXPANDIA;; 75 q]
u™ ;= GALERKINI[A; ;u’; 55 v|7|]
end loop
return wu. := u't!

Theorem 3.3. The output of AWGM satisfies || f —Bu.|| < e. If B is 5-admissible

for § > Smax, then AWGM is (quasi-)optimal.

Proof. The proof can be found in [46, Theorem 4.1]. O
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4. PDE FOR THE CDO PROBLEM

In this section, we introduce the PDE from [41]. The PDE arises from a stochas-
tic model of a CDO, where the underlying process is an [to-Process. In such models,
typically, the conditional expectation can be equivalently expressed through a PDE.
Since the portfolio states are expressed as a Markov chain with a very large number
of states, the resulting PDE contains a high-dimensional part, i.e., a huge number
of parameters. Under appropriate assumptions, this part can be separated from the
wavelet components such that we can apply H-Tucker to store and manage the high-

dimensional part.

4.1. VARIATIONAL FORMULATION
The value of the CDO portfolio is described by the function v = (u°, ..., u’)T
where J := {0,...,J} are the states of the Markov chain. The function satisfies

a system of parabolic PDEs, i.e., for each 7 € J we have

p

al(t,) = r(t,0)l (1) — 7OV (1) — 5t [BOBOT Hoslt,)]

= > At y) (@t y) +uF () —u(ty) — Fty), (4.1)
k:k#j

L u(T,y) =ur(y) = (a’(y),...,a"(y)".

As usual, since we are interested in the weak solution and due to homogenization,
we can assume homogeneous Dirichlet boundary conditions on the domain of interest

Q) C R4 The parameters are (see [41, Section 6]):

e r(t,y) is the market interest rate.
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e a(t) € R is the drift vector and 3(t) € R%*? is the volatility matrix stemming

from the market process
dY (t) = a(t)dt + B(t)dW (t),
where W (t) is a d-dimensional Wiener process. The space variable y € R?
describes the current market situation.
e H,(t,y) is the Hessian of u.
e d7%(t,y) are the transition intensities.
. aj’k(t, y) are the recovery payments.
e JI(t,y) are the CDO payments.
e a’(y) are the final payments at maturity.

As can be inferred from [41, Theorem 6.1 and Remark 6.1], the weak form of this
PDE is well posed. However, due to the aforementioned high-dimensional structure,
i.e., due to the huge number of ¥, it is not possible to solve the PDE numerically,
given the current state of numerical methods and storage capacities. For this purpose,
we require the following assumption that, as we will see later in Subsection [£.2], allows
us to express the semi-discrete problem as a tensor problem, where one side of the
tensor product is compatible with the H-Tucker structure, while the other represents

the wavelet part.

Assumption 4.1. Assume that the coefficients have an affine decomposition as

I*(ty) = dF(t)haly), a*(t,y) = @*(t)ha(y),

A(t,y) =& (t)he(y), al(y) = @ har (y)-
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In the following, notation of the form Ly(0,T; X) or H'(0,T; X), where X is

some Banach space, is used to denote Bochner spacesﬂ

Lemma 4.1. Let Assumption hold. Then for (4.1)) the variational formulation

m space reads

(ug,v)L, +au,v) = (f,v)L,, (4.2)

for almost all t € [0,T] and f € Ly(0,T;(Lo(Q))’*1). The test space is X =
Ly (0,T; (HLHQ) ™) n HY0,T; (Lo(Q))7Y) and the trial space is % = H}(Q)'TL.

The bilinear form a(-,+) is given by

afu,v) = — / () (6, y)u(y)dy + / a6 Vult,y)o(y)dy

Q

_ % / . [(a%u(t,y))Tﬂ(t)ﬁ(t)TVU(y)

dy + / ha(y)uT (£, y) D7 (y)o(y)dy

and

T(t) := (Z AR (), .. J‘]”“(t)&"’k(t)>

k:k#0 k:k#J

6See [25, Section 5.9.2].
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and D(t) = (Di,j(t>)j,iej with

d it
DZ‘J‘(t) = .
- Zk:k;éj d"*(t) ifi=.
Proof. See [41, Lemma 6.1]. O

Remark 4.1. Note that if u € H'(0,T; X) for a Banach space X, then v has a contin-
uous representative u* € C'(0,7T; X) such that the statement u(7") = uy makes sense.

For more details, we refer to |25, Section 5.9.2, Theorem 2].

Theorem 4.1. If 8(t)3(t)T has full rank and Q C R? is a Lipschitz domain, then the

problem (4.2)) is well posed.

Proof. See [41, Theorem 6.1 and Remark 6.1]. O

4.2. DISCRETIZATION

A common method to solve time-dependent PDEs is to discretize in space and
time separately. This is often referred to as Method of Lines. In particular, as
in |41 Section 6.2], we want to use the 6-time stepping scheme for the PDE in (4.2)),
and it will be required in the sequel as well. Discretizing in space first, let v/ (t,y) =
S ven TA()Ya(y). Note that, given a basis for H{, the basis for the Cartesian product
can be simply taken as the canonical basis of the form ei := (¥n6;,;); where 0 denotes

the Kronecker delta. Analogously, we can use the canonical basis as test functions.
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Thus, for each j € J, we get the semi-discrete problem

— Zx] (Vs ¥n) Lo

uEA
| d
=Y @l (Ot ) V), — D @)Y (a()i(D'u, ) L,
HEA HEA =1
I e
+ 5 in(t) Z (B(ﬂﬁ( ) )z k‘(D %7 Dk%) ( )( ca¢)\)
BEA i,k=1
— Z [djk CLJk hdha,lz)A)Lg +djk pr hd¢m¢>\)
kik£j peA
— (¢t Z 3, (£) (hatby, 1) }
BEA
for each A € A. Hence, in matrix notation with 27(¢) := (2(t))sea the system for

each j € J reads as

%Mﬂﬂ]( t) =A(t)al (t) = Y &) (Ma(t)(@" () — 7 (1)) + @M (t) )

B éi(t)Fg, (4.3)
where

M1 = ((wm ¢A)L2)A,u€A )

Mg(t) = (hdw,u? wk))\,ueA )
d

A =(( (Y 00) s — D (@)D )1,

i=1

43 DD (BB )ir(D', D))

Apen

Fy := ((haha; ¥x)Lo) sen s

FQ = ((h'ca ¢A)L2)AEA :
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Thus, for the entire system the semi-discrete problem reads

(aat([ QM) —[[QAl)— DIt)® MZ(t)]) o) =)@ F — (t) @ F, (4.4)

where

I e R(J+1)><(J+1)

b(t) = — (Z JJ’%)&J‘%))
JjeTJ

k:k#£j

and the terminal condition is given by

x(T) :=a® F3,

Fy = ((ha(T),¢A>Lz)AeA

with @ := (a° ...,a”)”. For more details, see [41, Theorem 6.2].

Remark 4.2. The expression “Zu(t) = >\, #/(£)1,” that was implicitly used above
should be interpreted as follows. Let the solution u be in 2" = Ly(0,T; H}(2)) N
H'(0,T; Ly(Q)), as in the problem above. Then wu(t) € Lo(2), and one can easily
show wu(t) = > cp da(t)hr. By definition of the weak time derivative of u and using

properties of the Bochner integra]ﬂ

/Out Hodt = Zw/ Ho(t)dt

A€A

:—/OT v'dt = Z%/IA V' (t)dt,

AEA

/ ' dy(t)u(t)dt = — / ' oAt (t)dt, YA€ A

"For details on integration theory on general measure spaces, we refer to |40, Sections 17-19].
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for a test function v € Hy((0,7)). In fact, zy € H'((0,T)) and u,(t) = 3\ p 5 (t)1r.
Moreover, since z) € H'((0,T)), = has an absolutely continuous representative that
is differentiable almost everywhere. Thus, applying finite differences in time makes
sense. For a comprehensive analysis of the time-stepping scheme, see, e.g., [47, Sec-

tion 1].
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5. APPROXIMATING DIFFERENTIAL OPERATORS

The method of lines, as described in Subsection 4.2} is a standard method for
solving time-dependent boundary value problems. The aim of an adaptive wavelet
method is to achieve an approximation to the solution of a prescribed tolerance while
keeping computational and storage costs at a minimum. In other words, the aim is
to achieve (quasi-)optimality as in Definition . Due to the nature of time-stepping
schemes and to our best knowledge, no such optimality results have been established
for time-stepping schemes in this context. On the other hand, as can be seen in Section
, the analysis concerning (quasi-)optimality of adaptive methods was conducted in a
rather general framework, i.e., for general operator equations. Thus, intuitively, these
results should naturally extend to parabolic problems, where the operator arises from
the space-time variatonal formulations. Indeed, an approach proposed by [43] for
solving a general parabolic problem was shown to be (quasi-)optimal. The method
introduces no penalty in complexity due to the use of tensor-product bases. Efficient
approximate residual evaluation based on multi-trees was presented in [32] and an
adaptive method for periodic problems thereafter [31].

The results in [43] are rather technical, and we will thus refrain from discussing
them here in detail. Instead, in this section, we will focus on properties of operators
of the form as they arise in the semi-discrete problem in , ignoring for now
that these only represent operator equations for a fized t, and are thus only one
component of the entire differential operator. This will suffice to illustrate main
ideas and wavelet bases properties leading to compressiblity and (quasi-)optimality.
Furthermore, we will require the compressibility results in the sequel for solving the

semi-discrete problem adaptively. Given an appropriate basis, the estimates can be
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used in combination with results from [43] to show (quasi-)optimality for solving the

normal equations. For more details, we refer the reader to the aforementioned paper.

5.1. COMPRESSIBILITY

As previously mentioned, compression of operators is usually guaranteed by the
properties of the underlying wavelets. In this subsection, we take a closer look to
confirm this expectation. To show compressibility, we will proceed as follows: first we
show compressiblity in 1D, then we use the result to get compressiblity for the tensor
product. Since the operator in consists of three parts, we state results that
apply to each part individually, and the overall compression then trivially follows. In

this section, we are thus interested in operator equations, i.e.

Bu = f,

where, however, B and f will be of a more specific form, as will be discussed below.
Furthermore, since we will be using tensor product bases later on, we consider op-
erators that arise by discretizing differential operators using tensor product wavelet
bases. Note that from hereon, we solely concentrate on compressiblity issues and
assume the underlying problem is well posed. For the particular problem in ,
existence, uniqueness and stability were shown in [41].

For the 1D compression, we can use the results from [42]. |42, Lemma 3.1] is
restated here in its general form for a bounded domain © C R¢, and for illustration
purposes, the proof is included in more detail. First we need the following notation:

for A\, ;€ A with supp(x) Nsupp(¢p,) # 0 and supp(x) N O = O for |A| > |u| (and
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respectively for |A| < |u|), define the indicator i(\, ) € {0,1} by setting

O ) dist(singsupp(,,), supp(¥,)) > 0  when |p| < ||
i\ ) =

dist(singsupp(¢x), supp(¥,)) >0 when |u| > [A].

The notation is introduced in order to exploit the fact that many wavelets construc-
tions, in particular those discussed in the previous section, are piecewise polynomials
and have vanishing moments. This will allow to use Assumptions [2.8 and [2.9] for the
case i(u, A) = 0. Moreover, note that if the coefficient function is a polynomial itself,
then the entire entry vanishes in case i(u, A) = 0. Vanishing moments do not hold
in general for boundary wavelets (see [19]), i.e., wavelets that intersect the boundary.
These are the wavelets that are added to the basis system in order to ensure boundary
adaptivness. However, as long as the number of such wavelets is uniformly bounded,
this does not influence the compressiblity results.

For the next result we are going to need particularly the Assumptions
and 2.9

Lemma 5.1. Let Q C R? be a bounded domain. Let o, 3 € N be multi-indices and
D* the canonical differential of order |a| = Y1 | a;. Assume w.l.o.g. |B| < |a| <r+1

and |p| < |A|, where u, A\ € A. Let the preconditioned entry a(;lf) be defined as

o = 2 Wial-lullo / gD, DOy, (5.1)
Q
If g € WP then

d cp .
2‘|'A"‘“‘|(2+P+'5‘)||g||Wgo+w ifi(u,\) =0, la+ 8 <r+1

76
lai?| <

2_|I’\|_‘“‘|(g+r+1_‘°‘|)HQHWM*I&\ otherwise,

(5.2)
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where we use the norms over the set supp(1,,) Nsupp(y).

Remark 5.1. Furthermore, in Lemma [5.1) we require that the wavelet system is bound-
ary adapted with Dirichlet boundary, i.e., in this setting we need D", = 0 on 0f2 for
all n < B with n # . Note, however, that in the second, better estimate we require
that 1 is an inner wavelet, i.e., not stemming from the boundary condition. Oth-
erwise the vanishing moment property is not guaranteed. If 1, is an inner wavelet,

then it vanishes on 0f) as well.

Proof of Lemmal[5.1 Consider first the case |« + 5| > r + 1. Then choose v < 8
(componentwise) such that |y + a| = r + 1. Integrating by parts and using the

Dirichlet boundary conditions, we get

a5 = 2~ Mlal=lui3 /Q (—1)71 DY (D%, DP =1y,

Now observe when applying the Leibniz differentiation rule to D7(gD*%,,), we obtain
a sum of mixed derivatives of order up to r +1 — |«| for g and r + 1 for ¢,,. Thus, we
can bound the resulting sum by [|g]|, r+1-1a1 - [[¢0pllyyzr. For [0l and [l -1,

we use the property (2.4)). As for the measure of the common support, we use the

support decay property ([2.1) and thus get

]ag\af)’ < 27|/\||a‘7|MHB|HgHWT+17\a|2|H|(%+r+1)27|)\|d2‘)‘|(%+|/577|)'

Next notice that, since 5 > 7, we get

d d
B=1=> (Be =) = D_(Br+an) — (o + %)
k:l kzl
=) Betar) =) (axtw)=[B+al—lat+y|=[8]+]a|—(r+1).
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Summing all together gives

]ag\a’ﬁ) (Ipl=IAD(§ +r+1=lal)

w LS lgllyyrei-ie2
Second, consider the case |3+ a| < r+ 1. Integrating again by parts and using the

boundary conditions, we get

o = 2~ Wlal=lul3 /Q(_1)|ﬁ|Dﬁ(gDaww

As in the first case, for g we get derivatives of order up to r+1—|a| and r+1 for v,,.
Furthermore, we can use the estimate (2.3)) for s:=r+1—|o| — |5 <r+1<pand
thus get

d
(@:8)| < o=IAllal=|ull6] Il (§+r+1)27 G lel=IED
lay,| S 2 191l ym1-100 274102

[e'S]

< Hg||WT+1_‘Q‘Q(Iulf\/\l)(%+r+1f|a|).
Third, consider the case i(,A) = 0 and [a + 8] < r + 1. Thus, we can use the

estimate (2.5)) for 1,. With the rest being as before and using s := p for 1, we get

0P| < 2~ Mlal=lull gy, oIl Hal 1819 9= A +2)
2 ~ 18
S HgHW£|+p2(|“|*‘>‘|)(%+p+lﬁl).

This proves the estimate ([5.2]). [

Next we take a look at the bi-infinite matrix consisting of entries that are of
the form as in (5.1]) where the wavelets are n-th tensor products of wavelets each in
d,, dimensions. Normally one would have d,, = 1 for all m. However, the general

setting of this result also allows for wavelets in more than one dimension that are
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not tensor-products of wavelets on the interval (e.g., [12]), thus also leaving more
flexibility w.r.t. the choice of the product domain.
The following theorem is stated as in [42, Theorem 4.1]. To accommodate for

the tensor product setting, we require the following notation:
o OQ:=X"_, 0,

e pi= (pla"'apTL)v

o« Ai=X"_ A,

o |af = (Jaal, ... |anl),

o For Ae A, [Al:= (M-, [Aa]),

e max(a, 3) := (max(ay, B1), ..., max(ay, 3,)),

P(py A) i= (11 (p1, A1)y - i (fns An)),

o (1) .— (ZYI), o ,ZS")) € R™ where
p+min|am|7’ﬂm| fori:O,

).

r+ 3 — max(lanl, [Bal)  fori=1,

[0 n «
o D*:=@Q"_, Do

Theorem 5.1. Let |a,|B] < 7+ 1. Suppose DVg € L(2) for all || < p+

min(|a, |B|). Define the bi-infinite matriz A by

(A = 2 lHlal=IAI18) /QgDa <mé1¢$)) D? (m®1 ¢§Z>) | (5.3)
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where - denotes the inner product on R™. For any j € N, we define the compressed

matriz A; by dropping the entries of A if

[IA] = [pl] - 27 > . (5.4)

Then the resulting error can be bounded by

A - Ayl <52

where we use the norm on ly(A). The number of nonzero entries in each row and

column of A; is of order O(j"~127/5"), where

i i — 1 > (5.5)

— = Inax max . 9
(]H— mln(]Oém|, |6m|) T+ % - max(|am|v |6m|)

s* 1<m<n

Proof. We first consider a partition of A into blocks as A = Zie{o,l}” A® where
A is the block of all nonzero entries with i(p, A) = 4. Note that there are exactly
2™ such partitions. Hence, we can estimate the error and the number of nonzero
entries for each partition, and the same bounds will hold for the entire matrix. By
the dropping rule in (5.4)), the matrix A; consists of blocks Al(zl), = (A;(j,)A)IuFl,IM:l”
where |I' — 1| - 2(® < j, and we first consider those blocks.

Consider a given dimension m from the tensor product. To estimate the number
of nonzero entries, we consider the cases i,, = 0 and 7,, = 1. Note that this is sufficient
since the wavelets are tensor products here, i.e., if for a single m a wavelet vanishes,
then so does the entire entry in the matrix. If 7, = 0, then the number of nonvanishing
wavelets can be simply bounded by 2max(m—lm0)dm ag in . Otherwise, if i,, =
1, then, due to the local support of wavelets and the piece-wise smoothness, the
number of such wavelets is uniformly bounded if d,,, = 1, and bounded in general

by 2max(ln—lm.0)(dm—1) gince the singular support of a wavelet is (d,, — 1)-dimensional.
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All together we thus can bound the number of nonzero entries in each row of Al(ll),

or column of A;f )l by 2wax(t’=10)-(d=%)  The parameter s* was defined in (5.5) in such

2@

s*

a way that it is the largest number such that d — ¢ <

. Counting the number of

nonzero elements and considering the dropping rule ([5.4)), we get

BAN S Y 2O <3 gu gt < g
{U:0<(V ~|p))-=D <5} k=0
where the constant in general depends on z(®. Thus the number of nonzero elements
in A; in each row and column is of order O(j"~127/%").
Now we study the error bound. Recall that each entry of A is an integral over
tensor products except for the possibly nonseparable g. Since we assumed g to be
sufficiently smooth and all of its derivatives essentially bounded, by applying the

estimate from Lemma [5.1] and a tensor-product argument, we get

|(A)“7)\| = '2—u|~|a—|>\|~|,3|/ gD* é w&Tn),DB é ¢§m)
Q m=1 m=1 "

ZIAl (4 GlpN)) 2R
5 max ||D’Vg||L002||M| [All-(§+= 5 )
|7\§z(i(u,>\)),7l(ﬂ2”‘)

Note that the indices here are merely a compact version of (5.2)). We apply the Schur
Lemma, Lemma For any p € A with |u| = I, we have

< =W =U-(§+2)— ) gmax(l'~1,0)-(d—i)

~ Y

Z ‘(A)u)\

(A=)

and similarly for any A € A with |A] =1, we have

Z |(A)I1' A‘ S 27|l/*l|.(%+zu)_%)Qmax(l*l/,())(dfi).
{w:|p|=t}
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Thus, all together, we get with the Schur Lemma

HAI(?IH < 92| ~1|-(§+29) — L) gmax(I-',0)-(d—i) gmax(l'~1,0)-(d—4)

_ 2—\l’—l\~(d+z(")—i)2\l’—l|(d—z’) _ 2—\[’—[\-z(i).

Applying a straight forward bound and some simple combinatorics, we get

||A(i) _ A;Z)HQ _ Z HA(z) 2

Ly
{LUAV =1z >4}

S mac >0 AR fmac >0 4G
{1V —1]-2D >4} {UA1 =1]-2() > 451
< —kin—1 —kin—1
< mlaXZQ k )(mlgx 277k >
k=j k=j
o] ]C n—1 2
— 27jjnfl 27k+]' (_)

< ("
Note here that max is appropriate since as |I' — I| gets large, the sum gets smaller
and hence the range of possible [ is bounded. O

Theorem directly implies s*-compressibility, which can be easily seen as
follows (cf. Definition in [3.3)).

Corollary 5.1. A is s*-compressible for s* as defined in ({5.5)).

Proof. Replace the compression rule in (5.4) by

[IA] =gl - 250 > €57
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where 0 < € < 1. Then the number of nonzero entries in each row and column of A,

can be estimated by
A, S (5% 1259 = (a1 = (e 12617 = )

where 3; := (es*j)" 1217 € ¢,(N). The resulting compression error is bounded as
A = Ay]| S (es75) 127>

Now let 0 < 0 < 1 and observe that
(e5%§)P12755T = (etj)nLos i 09205 — o 9=eb5")

where a; 1= (es*5)""12¢710-1 € ¢, (N). By setting s := eds* and since 0 < ¢ < 1 and

0 < § < 1 were chosen arbitrarily, the result holds for all 0 < s < s*. [

For illustration purposes we apply all of the above results to an operator of the
form of the semi-discrete problem (4.4)), i.e., d,,, = 1 for all m. Recall that due to
Assumption [4.1] the high-dimensional part of the problem was separated from the

wavelet part. We switch to U := {¢, : A € A} to denote the wavelet system for R”

A(t) == ((T(ta Vs VA La() — Z(a(t))i (D%, V) 1)

+ Z zj (Da,w D% w}\)LQ Q))

A pEA

The operator A(t) is s*-compressible according to Theorem and Corollary 5.1,
where s* = p + 1 with p being the order of vanishing moments of the underlying

wavelets system. The preconditioning for an entry of A(t) can be taken as 27 =Iul,
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The compression rule can be reduced to

p+1 fori=0,

r—l—% fori=1,

where 7 is the global smoothness of the wavelet system.

It is clear that Theorem applies to a wide range of operators. However, for
the particular operator A(t), combining these results with the work in [19], we can
obtain a much better estimate for the sparsity, s* and a simpler compression criterion
(see also |30, Section 4.4]). To be precise, we obtain better estimates for the second
and third terms of A(¢). As for the other terms, same improvements apply if in
the particular setting r(¢,-) and hy are constant. To illustrate the origin of better
estimates, the results are stated here with a short proof sketch, since many details

follow analogously to Theorem [5.1]

Theorem 5.2. Let the operator B be defined as
B = (a’(":b)\a ¢u>))\7“€A
where

o2 [ (80.) (3,0

with  C R being a bounded product domain and |a| = |3| = 1. The wavelets 1y on
the interval are assumed to have p > 3 vanishing moments. Then B is s*-compressible

with s* = oo. We derive the matriz B; from B by dropping all entries for which

Al = T#ellloc > 7.
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Then the number of nonzero entries in each row or column of Bj is of the order

O(nj), and the resulting error can be bounded by
1B~ B, <27+

Proof. Consider first the case d = 1 and let w.lo.g. |A] > |pu|. If i(u, A) = 0, then,

using homogeneous boundary conditions,

L%%MZ—L%MMZO

where the last equality is due to the vanishing moment property. If i(u, A) = 1, then
the entry does not vanish in general, but the number of such entries is uniformly
bounded in |A| and |g|. This implies the number of nonzero entries in each row or
column of B; is O(j). The entry bound can be shown similarly to Lemmal[5.1] and the
overall error bound can be shown as in Theorem applying the Schur Lemma. For
the general case d > 1, due to the tensor product structure, the number of nonzero
entries in each row or column of B is O(nyj) and the error bound is again shown as
in Theorem [5.11

The estimates imply s* = oo which can be seen as follows (cf. [30, Theorem
4.14]). Replace j in the dropping criterion by 27. The number of nonzero entries is
now O(n2’). For any s > 0, js < C(s)+(r+1/2)27 for an appropriate choice of C(s).

This gives
1B — B|| < 27022 < oCtIgmis,

The fact that this implies Definition can be shown in a similar fashion as in

Corollary [5.1] by adjusting the dropping criterion. O
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Note that the estimate for s* in (5.5)) comes from the bound on the number of
nonzero entries. This implies the result of Theorem can be viewed as a limiting
case of Theorem [5.1| where as d,, — 0, s* — oo.

Another observation that can be made at this point is that the results would hold
for polynomial coefficients as well. In summary, we thus obtain for PDE operators of
the form as in that these are s*-compressible by Theorem |5.1, Furthermore, in
case 7(t,y) is constant in space or, more generally, polynomial, we obtain by Theorem
E.2that s* = co and the number of nonzero entries in each row or column is of linear

complexity.

5.2. RIGHT-HAND SIDE
Last but not least the approximation of the RHS should be considered. Recall
from Subsection the general form of the RHS arising from an operator equation

is

=00 en

where (-, -) denotes the standard duality pairing. Thus, f € f5(A) since ¥ is a Riesz
Basis and is, in general, an infinitely supported vector. The question is thus whether
and how we can approximate f by a finitely supported vector to any desired accuracy.

Note that the given f is the RHS of the equation

Bu = f,

where B is s*-compressible and uw € &/°, so that f € &% This follows from the
fact that B : &/° — &/® is a bounded linear operator, which itself is implied by
s*-compressibility for s* > s (cf. Proposition. Thus, f is in the appropriate class

in the sense that its best N-term approximation converges.
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For our particular PDE, the portion of RHS to be approximated is of the form

f= (<f7 w)\)L2))\€A :

Proceeding as in [19, Section 5], for the estimate assume that supp(v,) has empty
intersection with the boundary and that f € W2 . Then, by using the fact that 1,

has p vanishing moments and the estimate in (2.3]), we get for the 1D case

‘2—“ /Q fin

and generally for the n-dimensional case by a tensor product argument

S 27 fly,

_ _(3
\2 [ f%' < 2N F .

Given this estimate, consider an approximation to f by dropping all entries outside

the set
Ap={XNeA: A</}

Note that #A, ~ 2¢ due to the fact #{\ € A : |\| <1} ~ 2. The approximation

error is thus bounded by

If = Foll S [> 2k272G+w) < 9= ()t
k>t

Hence, with a support length N, the error should behave as O(N~(+P)),
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In general, replace p by p(A) where p(A) = 0 if supp(¢,) intersects the boundary

and p(\) = p otherwise. The dropping criterion reads now

i (2 +p(Ak)) |Ak| > G +p) /.

k=1

As previously mentioned, we assume that the number of boundary wavelets is uni-

formly bounded for the chosen wavelet construction (cf. Assumption. This implies
#{N € A: |\ <land p(A) =p, or |\ <land p(\) =0} ~ 2"+ (14+1) ~ 2"

Similarly we obtain an approximation to f of order O(N~(#7)). Note that Syax <
p — 1 < p+ 1 which means this approximation is better than the best possible rate
(cf. Assumption [3.1)).

Note that since the goal is an adaptive scheme, it would be of more interest to
consider nonsmooth f. Here one could apply the approach discussed in [30, Section
4.6.3] for approximating such f under appropriate assumptions. This is subject to

further investigation and will not be discussed here.

5.3. QUASI-OPTIMALITY
Thus far we have discussed the approximation of the RHS and the differential

operator in the equation of the form
Bu=f.

It remains to discuss (quasi-)optimality as defined in Definition [3.1 This can be
demonstrated analogously to [46, Section 5]. Recall that for (quasi-)optimality, we
require that we can produce an approximation to the solution w up to any desired

tolerance, with storage and computational complexity that grows linearly in the out-
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put size. Furthermore, to be more precise, given the following discussion, (quasi-
Joptimality is guaranteed for the normal equation, since B itself will not be s.p.d.

First, as mentioned in Section [3], in order to have optimality, we require that B
is s-admissible for s > sy.c, Where sy, is the best possible approximation rate for
u. Since, as discussed in Subsection (3.3}, s*-computability implies s-admissibility, it
suffices to verify that B is s*-computable for s* > s.y.

We consider an operator defined by entries as in (5.3, or, more generally,

B)n= Y. 2(|u|+l>\)m/gaﬁDaqu,3w)\7 (5.6)

lal,|8|<m @

where m < r + 1, with r being the global order of smoothness of the wavelet basis
and Q0 C R". We require that the wavelet basis possesses the approximation property

as in Assumption [2.8] which gives the Whitney-type estimate

nf = ol S 2707 e HP(Q) N Hy (9
vzespanl{rzﬁ)\:lMSl} ||U UZHH ~ HUHHP’ u ( ) 0 ( )7

where the last condition is due to wavelets with homogeneous Dirichlet boundary of

order m and p > m is the order of vanishing moments. Due to the fact that
#{NE NN <1}~ 2"
then rewriting

—m)
2=y g = 275 ),

we observe that

p—m

<

Smax n
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In case of a tensor product basis, as in our problem, similarly the best approximation

rate is known to be

for approximating sufficiently smooth functions in H*(§2), where  C R™ is a product
domain. For more details, see |46, Section 7.2] and references therein. For most
applications, as in the work of [41], n, = 1 and p; = p, for all [. Thus $y,ax = p—t which
also shows that the so called “curse of dimensionality” in the context of approximation
rates — the rate is inversely proportional with the space dimension — is removed for
tensor bases. Comparing this rate with s* from , since obviously p+t > p — ¢,
we easily verify that s* > spax.

Furthermore, we require s*-computability of B to apply Theorem that
ensures that the resulting AWGM is (quasi-)optimal. Hence, we require suitable
quadrature rules to compute the significant entries of B that keep the error on the
same level and require O(1) operations per entry of a row or column of B. For
operators as defined in , this can be achieved by applying a product compos-
ite quadrature rule, keeping s*-computability for the same value of s* as in the s*-
compressiblity estimate. This was shown in, e.g., [46, Section 5.2] or [42 Section 6.
This approach, in general, still requires computing entries that involve wavelets on
largely different levels. A more efficient approach, avoiding such computations, can
be realized through Trees, as discussed in [46, Section 5.3] or |31].

Last but not least, we need to verify the availability of RHS[f, ¢] as assumed
in Assumption [3.1] In the previous subsection we described an approximation for
a sufficiently smooth f. Furthermore, as in the case of B, we require a suitable
quadrature rule for approximating the entries, keeping the error on the same level

and requiring O(1) operations per entry. As was shown in [19] and [42], by taking
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again a product composite quadrature rule, the error is maintained on the same
level and the number of operations can be bounded by some absolute multiple of
#supp(f.). As was stated in Proposition , this shows that for a given tolerance

€ > 0, we obtain an approximation
If=Ffl<e

where the number of operations is bounded by some absolute multiple of
M ull.f2 4 1,

and the storage requirement can also be bounded as
#supp(f.) SV ully:.

All together this ensures the (quasi-)optimality of the AWGM. See [46] for more

details.
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6. H-TUCKER-APPLY

In this section, we are concerned with adaptive schemes to solve PDEs of the
form as in . There are several possibilities to approach this issue.

An initial ansatz would be to tackle the tensor problem as derived in (4.4]).
One could think of applying an iterative solver to the problem, e.g., BICGSTAB as
in the work of |41], coupled with approximate residual evaluations via APPLY and
RHS, which would result in a scheme similar to AWGM. In terms of the current
state of software, this would also be the easiest to implement approach. This method
will be discussed in Subsection [6.5] Firstly, due to the nature of time-stepping, no
(quasi-)optimality can be guaranteed, e.g., storage requirement and computational
complexity will generally depend on the number of time-steps, and Definition |3.1] is
not directly applicable to this situation.

Alternatively, one could apply Richardson iterations, as discussed in Subsection
6.4, This yields a convergent scheme for the semi-discrete problem, applied to the
operators directly, since these are positive definite. The iteration method is applicable
to a wider range of operator equations, as opposed to AWGM (see [10]). The same
statement concerning (quasi-)optimality as above holds in this situation as well.

And lastly, one could consider a different operator equation, by reformulating
in a space-time variational form. Hence, we would simply have an operator

equation of the form

Bu=f.

From a theoretical point of view, this would be the “nicest” approach. Using results
from previous works (e.g., [43]) and considering the discussion in Section [5 we get

that the AWGM applied to the normal equations is near to (quasi-)optimal. By
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“near to”, we mean that due to evaluations of the form Dz, where D and z are given
in ‘H-Tucker format, we will not obtain (quasi-)optimality in the classical sense, since
the complexity will generally depend on the high-dimensional part D, the input vector
x and the structure of the H-Tucker format of bothf] Assuming we can separate the
high-dimensional part, this approach would also be generally implementable. How-
ever, considering the current state of software, this would be by far the most costly
method to implement.

At this point, we would like to emphasize that this section provides three pro-
posals for an adaptive scheme to solve operator equations as in with some initial
analysis. However, the discussion is by no means complete. In order to fully com-
prehend the quantitative properties of all three of the proposed schemes, a more
thorough analysis and extensive numerical testing would be required. For instance,
an issue that is ignored in the following discussion is that matrix-vector operations
on the H-Tucker tensors that are heavily used in, e.g., linear solvers, necessarily lead
to truncations of the H-Tucker storage format. These truncations introduce an ad-
ditional error, and a careful analysis of the introduced error w.r.t. the error of the
wavelet approximation of the solution is important for the practical implementation.

This is, however, outside the scope of this work.

6.1. GENERAL KRONECKER PRODUCTS

In this subsection, we briefly describe the implementation of matrix-vector prod-
ucts with general Kronecker products as implemented in the current software and
stated in |41}, Section 5.5]. This tells us exactly what kind of operations with tensors

in H-Tucker are currently permitted.

8Note that this remark applies to all of the three approaches mentioned here.
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Counsider the Kronecker sum

M = H1®A1+H2®A2.

Apply M to a vector x, where x = x1 @ x5 such that H;z; and A;zs both make sense
for : € {1,2}. Then

Mx = H1$1 ®A1$2 + H2x1 ® AQiL‘Q.

We think of H; being in H-Tucker format, A; being simple matrices, e.g., simply
stored as an array or, in the FLENS library, as GeneralMatrix. More importantly, for
operators arising from PDEs, frequently A; will be sparse. Sparse matrices cannot
be incorporated well into the H-Tucker format, given the current state of software,
since the H-Tucker implementation is designed to store dense matrices. In a naive
approach, we would have to densify A; which is highly inefficient. A remedy suggested
in [41], Section 5.5] is to apply binary operator tree structure, justified by the above
equation. This can be implemented using expression templates in C++ ( [50, Chapter
18]). In a nutshell, the matrix M is not set up explicitly and instead the class
HTuckerClosure stores a reference to the left and right operands together with the
operation given by a template parameter. In each operand, the (possibly sparse)
matrices A; are not converted to H-Tucker but rather stored as references to the
original matrices. Explicit evaluations are only performed when we compute Mz and
the results are stored in the same format. For instance, an initialization of the matrix
M :=AQI6 +1,® B, where A € H and B is a general dense matrix, is given in
Figure[6.1] (cf. [41] Listing 5.38]).

The general procedure for computing Mz is as follows.

1. Compute T; := H;x1 by the matrix-vector product in H-Tucker format.
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HTuckerTree <double> A(5);
flens::GeneralMatrix<FullStorage<double, ColMajor> > C(7,7);
MatrixTensor<flens::GeneralMatrix<FullStorage<double, ColMajor> > >
B(1);
C.setMatrix(1,C);
DimensionIndex index1 (1) ;
index1=7;
DimensionIndex index2(5,4);
IdentityTensor I1(indexl);
IdentityTensor I2(index2);
HTuckerClosure <0OpAdd,
HTuckerClosure<0OpTensor,
HTuckerClosure<0pMat, HTuckerTree<double>,
HTuckerTree<double> >,
IdentityTensor>,
HTuckerClosure <0OpTensor,
IdenityTensor,
MatrixTensor<flens::GeneralMatrix<FullStorage<double

, Colmajor> > >
>

> M=AxI1+I2x%B;

Figure 6.1. Initialization of a general Kronecker product matrix.

2. Compute N; := A;x, by the standard matrix-vector product.

3. Concatenate T; @ N;, where again N; is not converted to H-Tucker but rather

stored as a reference.

4. Add to get the end result 77 @ Ny + 15 ® Ny in H-Tucker format.

6.2. SEMI-DISCRETE PROBLEM

In this subsection, we take a closer look at the semi-discrete problem (4.3]) and,
in particular, the arising operators. The discussion is essentially analogous to semi-
discrete problems arising in FEM. For more details, e.g., stability of the semi-discrete

problem, we refer to |47], or, stability of the §-scheme can be found in, e.g., [39].
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Consider a general parabolic Dirichlet BVP with initial data

u + Lu = f, (t,x) € (0,T] x Q
(6.1)
u(0,2) = w(x),  TeQ,
for an elliptic L. The weak form reads as
(u,v) + altyu,v) = (fv),  veVCZ,
(6.2)

u(0) = uo,

where we assume homogeneous boundary data and the same test and trial Hilbert
space 2 (Galerkin method). One can think of 2" being a Sobolev space, or, for
our purposes, a vector-valued Sobolev space. Discretizing in space by writing u(t) =

> ren (), we get the semi-discrete problem
M (t) + A(t)x(t) = F(t).

Here M is the mass matrix and A is the stiffness matrix. The operator A(t) inherits
the properties of the bilinear form. In particular, if the bilinear form a(¢; -, ) is positive
definite, then so is A(t). The mass matrix M is always positive definite, since it is
a Gramian. Hence, the semi-discrete problem has a unique solution. To obtain a
fully-discrete problem, apply a #-scheme for the time discretization

t+ At) — a(t)

2(
M At

—O(F(t+ At) — A(t + Ab)z(t + At)) (6.3)

+ (1 =0)(F() = A()x(1),



7

ie.,

(M + AtOA(t+ A)) a(t + At) = (M — At(1 — 0)A(t))a(t)

+ ALOF(t + At) + (1 — 9)F (1)),

where for simplicity we assumed a uniform time grid. Note again that the operator
on the LHS, namely M + At0.A(t + At), is positive definite. For 6 € [0, 1], the scheme
is A-stable. See [39] for a detailed analysis.

If we replace the initial condition by a terminal condition, then we get the

problem

—(ug,v) + a(t;u,v) = (f,v), ve X,

Note that the minus in front of the time derivative is important for the problem
to be well posed or, equivalently, without the minus sign, we would require —af-, -)
to be weakly coercive, instead of a(-,-). By introducing the time transformation
v(T —t) = u(t) for ¢ < T, the above problem is equivalent to the IVP (6.2)). In the
case V C (H' ()™, for the IVP to be well posed, it suffices when the bilinear form

a(t;-,-) is continuous and weakly coercive, i.e., satisfies the Garding inequality

Iy >0, a>0: alt;v,v) +9|v|7, > aljv]li, VveW (6.4)

This has been shown for the particular PDE in (4.2)), see |41, Theorem 6.1]. If (6.4))
is satisfied, then we can assume w.l.o.g. that v = 0, i.e., the bilinear form is coercive.

This can be seen as in [39, Section 11.1.1] by applying the transformation u., := e™7u.
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Then
0

ot

Lu, = e " Lu,

—yt
= e Ty — YUy,

which implies (6.1)) is equivalent to

%uy + Luy +yuy = e f,

uy(0,2) = up.
The associated bilinear form is
ay(u,v) = au, v) +y(u,v),
and, if a(-,-) is weakly coercive, then
a,(v,0) = allvly, = yllvllz, +yllv]L.,

and hence, from hereon, we will assume a(-, -) is coercive. This gives in particular for
our problem that the bilinear form is positive definite and, hence, so is the associated
discrete operator A. To be more precise, the semi-discrete problem for our PDE

system reads

M (t) — A(t)z(t) = F(t),
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where, comparing with (4.3))

M =1Q M, (6.5)
A(t) =1 ® A(t) — D(t) ® Ma(t),

F(t)=b(t) ® F) — &(t) @ Fb.

The fact that this is indeed the discretized operator associated with the bilinear form

can be seen by testing against v ; with

¢Aa lf k = ]
ung € Hy(Q)7H, (vaj)k =

0, otherwise.

For details of this derivation, see, e.g., Section |4f or [41].

6.3. PRECONDITIONING

As was discussed in the Section [5] the operators we obtain are s*-compressible
post scaling. Here we briefly elaborate on the topic of preconditioning. In the sequel,
we will assume the operators have been already properly preconditioned.

There are several possibilities for preconditioning. Generally, as described in [41}

Section 6.4.1], for an equation of the form Bx = f, where B is of the form

B=IQA+D®M,

one could think of preconditioning the wavelet part only, i.e.; using a preconditioner
of the form I @ P~', where P is the wavelet preconditioner. If A and M require the

same preconditioner, this approach would work. The preconditioned system is of the
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form
IQP AP +DP'MP )z =fi@P 'fs, T=u1® Prs. (6.6)

This is basically equivalent to incorporating preconditioning into the basis, i.e., con-
structing a Riesz basis of the form ¥ := {2*“"@&,\ tAE A} (cf. |19]). However, consider

the case M = I. The preconditioned operator reads
IQP'AP '+ D PP

Clearly this results in an ill-conditioned operator. Furthermore, even if M # I, re-
call that in the original version part of the operator is a mass-matrix that, using
orthonormal multi-wavelets as in [41], is in fact an identity operator. Hence, we have
to apply a preconditioner to the entire operator. For instance, a basic preconditioner
would be the Jacobi preconditioner, i.e., a diagonal matrix P with diagonal entries
P = (\/B_”)f1 We would require the H-Tucker representation of such a precondi-
tioner, and this can be achieved as desribed in [41], Section 6.4.1]. One could consider
implementing more sophisticated preconditioners. A good survey on preconditioning
can be found in [3]. Note, however, that, in general, implementing a preconditioner
in H-Tucker format is a nontrivial task.

Unfortunately, for our purposes, this is not sufficient. Adaptive wavelet methods
rely specifically on the compressibility of the wavelet operators. Hence, we require the
more specific preconditioning as in . For of our particular PDE, as discussed in
Subsection this would suffice to obtain compressible operators. In a more general
setting, for the purpose of different row and column scaling, let us consider precondi-

tioning the wavelet matrices using (possibly different) left and right preconditioners,
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P, and P; respectively. Recall the semi-discrete problem for j € J as in (4.4)),

Qﬂmx%ﬂ::A@n%w—-}:cﬁ%w(wguxﬁﬂj—x%ﬂy+wﬁﬂ)—é%wfg

The preconditioned semi-discrete problem reads
0
E%U®f7%ﬁgﬂf@—4]®REA@RS—JX@@ETM@@ﬂgﬁf@

=b(t) @ P Fy — &(t) @ PRy (1),

() = (I ® Ry)x(t).

For P, # I, the system will have an ill-conditioned mass matrix. A simple way out
would be to apply another preconditioner, however, now to the entire system. E.g.,
we could apply the Jacobi preconditioner mentioned above. In practice, precondition-
ing the wavelet matrices will not cost computational effort since the matrix-matrix
and matrix-vector products are not setup explicitly. Computational effort would be
required for recovering the original solution vector, i.e., solving Z(t) = (I ® Py)z(t).
This cost should be negligible given a “simple” choice of P, e.g., if P is a diagonal
operator. Hence, the only computationally expensive part in this preconditioning
would be setting up the preconditioner for the entire system in H-Tucker format. In
particular, this would require calls of the Black Box algorithm. It is expected that
these costs are negligible in comparison to the entire adaptive routine, although this

is not precisely clear at this point.

6.4. RICHARDSON ITERATIONS

In this subsection, we consider equations of the form

IQ®A+DM)z=f
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as they arise in . As discussed in Subsection , the operator on the LHS is pos-
itive definite, which will allow to use Richardson iterations in order to approximately
solve the infinite-dimensional problem. In this subsection, we check the availability
of the routines required for the approximate iterations.

In the above equation, I € RZ+D*(/+1) i5 an identity matrix, D € RZ+Dx(/+1)
can be viewed as the matrix containing the transition intensities, i.e., this will be
the part of the operator requiring H-Tucker storage format. The operators A and
M are bi-infinite matrices representing the wavelet part of the operator, and f is the
RHS which will be usually obtained from the previous iteration. In order for this
matrix-vector product to be implementable, as discussed in Subsection [6.1, we have

to assume that x is given or can be factored as

T =21 & T,

where z; is of H-Tucker format compatible with D and x, is compatible with the

wavelet matrices A and M. Then we can write the above equation as

([®A+D®M)I’:ZE1®AZL’2+DCL’1®M1’2:f,

which can be implemented as discussed in Subsection[6.1] Note that, strictly speaking,
A and M are not matrices and thus, e.g., I ® A is not a Kronecker product between

matrices. More precisely, one should consider linear mappings

I R(]—i—l)X(J-‘rl) N R(J-i—l)x(]—i—l)
A EQ(A) — 62(/\),

I®A . R(J+1)X(J+l) ®62(A> N R(J+1)X(J+1) ®€2(A>’



83

where the latter is the unique mapping satisfying

(I ®A) (11 ®ug) = Iv; ® Avg,

and I, A are representations of the linear mappings w.r.t. the canonical bases. With
an appropriate choice of basis, one can, loosely speaking, view I @ A as the Kronecker
product of I with a bi-infinite matrix A, keeping in mind that this is based upon the
interpretation of I ® A as a linear mapping. For more details, see, e.g., [36].

Firstly, we would at least require (I ® A+ D ® M) to be s*-compressible. This

is, however, a trivial consequence of s*-compressiblity of A and M.

Proposition 6.1. Let D be the intensity matriz as defined in (4.4) and A. an ap-

proximation to A such that

”A - Ae” <e

and the number of nonzero entries in each row or column of A. is of order O(g(¢)).

Similarly define M.. Then

[I®A+DM)-(I®A+DM)| S e,

and the number of nonzero entries in each row or column is of order O(g(e)) as well.

Proof. By the discussion on the representation of I ® A from above, we easily get

IHRA-T®A| < (J+D|A— A < (J+1)e.
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Since D is a finite matrix, we can set
C := max {miax Z d; ;. mjaxz di,j}
J i
and obtain for the remaining term
IDQM —DQM.|| <CJ+1)?M— M| <C(J+1)%

By counting, the number of nonzero terms in each row or column of I/ ® A. and

D ® M. can be bounded by some absolute multiple of (J + 1)g(e). O

Note that we only require the error estimate in Proposition 6.1} since I ® A, +
D ® M, is not set up explicitly. Both for an iterative solver and for the approxi-
mate residuals, we require the availability of a matrix-vector product Bz that can be
computed to any desired accuracy. Since the matrices representing the differential
part are s*-compressible, we can easily obtain such a routine by combining APPLY
with the method described in Subsection [6.11 We will refer to this routine as HT-
APPLY. Note that D is given in ‘H-Tucker format and the result of the performed
computation is stored in H-Tucker format as well, using operations permitted by the
current state of software (see [41]). Given a nontrivial x # 0, we can state the routine

as in Algorithm [6.1]

Algorithm 6.1 HT-APPLY

Input: B:=(IQA+DRM), z =11 Rz € lo(A), e >0
Output: w. with | Bz —w.| <¢

: Compute Ry := Dz in HTucker format

Compute norms d; := || Dz1|| and 62 := ||z1]]

Compute Ry := APPLY [M;x9;2/204]

Compute Ly := APPLY [A; 29;2/24,]

Concatenate L :== 21 ® L1 and R := R Q R,

return L+ R
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We collect some straightforward properties of Algorithm [6.1]

Proposition 6.2. For an s*-admissible A and M, the output of HT-APPLY sat-

isfies

|Bx — wel| <e,

#supp(w.) S (J + 1)\ xa]| 2

for x € lo(A) and any s < s*. The number of arithmetic operations is bounded by an

absolute multiple of

1(;? + # supp(22) + 1+ g(D, 1),

S [
where g(D,xy) is given in [41, Lemma 5.9] by

d
g(D, xy) = rPrm ka(an — 1)+ (d = 1)(rP)3(r™)>.
k=1

The parameters in the g are defined as follows:
e d is the order of the H-Tucker tensor used to store the vector x1 and the row
and column order of the H-Tucker tensor used to store D.
o P = maxer, rP and r™ = maxer, v are the mazimal H-Tucker ranks,

where Ty is the H-Tucker tree of D and .

Proof. For the error observe that

($1)0(AI2 — Ll)
Hl’l ®A$2-$1®L1H2: §€2/4.

(x1)(Azy — Ly)
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Similarly

HD.ZEl ®M$2 — Dﬂjl ®R2H2 S 62/4,

which gives the first claim. By the same arguments and using the bound from AP-
PLY, we get the bound on # supp(w,). Finally, counting the number of operations
and considering that the number of operations required for the matrix-vector product

in line 1 is O(g(D, z1)), we get the last claim. O

To make notation compact, let B := (I ® A+ D ® M). We have the necessary

ingredients for the Richardson iteration of the form

2 = 2"+ af — Ba').

This is a fixed point type iteration, where convergence is guaranteed by the Banach

Fixed Point Theorem. Thus, convergence relies on the existence of an a € R with

Il —aB| <1,

where [ is the identity operator. If B is positive definite, then this is guaranteed
by, e.g., Lemma for an appropriate choice of . We require one last adjustment
for the routine COARSE (see Algorithm before we can formulate the inexact

Richardson iteration.

Algorithm 6.2 HT-COARSE

Input: r=2, Qa2 € ly, x #£0,e >0

Output: x. with ||z —z.|| <e
return z. := COARSE [z5;¢/||z1][]
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Proposition 6.3. The output of the routine HT-COARSE satisfies

[ — .|| <e,

#supp(e.) S (J+ Dmin {N : |y — ]| <<},

and the number of operations is of the order

# supp(z2) + max {log(e™"||22][), 1} .

Proof. The proof follows directly from the properties of COARSE. n

Recall the RHS f contains a term of the form I A+ D® M and b® F. The
former can be approximated to any desired accuracy by above. The remaining term

can be viewed as

boF’

by F

and hence, by the discussion in Subsection [5.2] can also be approximated to any
desired accuracy. The adjustment to the routine RHS (see are analogous to

those above.

Algorithm 6.3 HT-RHS

Input: ¢ >0, F

Output: f. with [bQ F — f.|| <e
F.:= RHS [F;e/b]]
Concatenate f. :=bQ F.
return f.




88

Once more, we collect the properties of this algorithm.

Proposition 6.4. The output of HT-RHS satisfies

DR F — f-| <e.

If B is s*-admissible and for x = x1 Q x9, 19 € &7° with 0 < s < s*, then

#supp(fo) S (J + 1)e 7|22 e,

and the number of operations by the call of HT-RHS can be bounded by

6_1/s||x2| ofs + ].

Proof. The proof follows by Proposition and straight-forward computations. [J

Remark 6.1. Note that, strictly speaking, approximating RHS involves not just F', but
an application of HT-APPLY as well, thus we would apply half a given tolerance,
i.e., /2 to both routines. Moreover, since HT-RICH would in general include a call

to HT-APPLY, this would have to be accounted for in the arithmetic complexity.

Together with routines for the RHS and approximate matrix vector products,
we can formulate the Richardson iteration.
For the convergence of the scheme we require that B is boundedly invertible

and positive definite. This can be seen by the following lemma. We call an operator

B L(la(AN), l5(N)) coercive if

(Bz,2)e, > ozl

for some o« > 0 and all x € /5.



89

Algorithm 6.4 HT-RICH
Input: ¢ >0, g0 > ||z|, 0 <3, K € Nand p < 1s.t. |[I —aB| <p, 2p"* <0
Output: z. with ||z, — 2| <e
i:=0,2°:=0
while ¢; > ¢ do
1:=1+1
€ = QpKEi—l/e
Y0 = i

=z
for j =1to K do
0= pjﬁi_l/QOéK
Y =y~ + o (HT-RHS|f; §] — HT-APPLYB; 3L §])
end for
2’ := HT-COARSE[(1 — 0)&;, y*K]
end while
return z. := '

Lemma 6.1. Let ¥ be a wavelet basis satisfying the usual properties discussed in
Subsection with global smoothness parameter r > § — 2. Let B := M + At0A
be an operator arising in a semi-discrete problem (6.3) for a weakly coercive and

continuous bilinear form a(-,-). Furthermore, let

0§At0<70\;—3a&1}, Zf’}/C\IJ—OZC\I/ >O,

Ath > 0, otherwise,

where o > 0 and v > 0 are constants from (6.4); and Cy, cy are upper and lower
Riesz constants. Then B is bounded and coercive, i.e., in particular positive definite

and boundedly invertible.

Proof. First we show boundedness. The boundedness of A is directly implied by the
continuity of the associated bilinear form. As for M, we can apply the Schur Lemma,

Lemma [3.1 Let © C R™ and r denote the global smoothness of the underlying
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wavelets. Take weights wy := 1. Furthermore, let

U 0) i={p e N:|ul =10 (¥r ) #0}.

Note that U(A,{) contains only those indices on level ¢ that have intersecting sup-
port with A. Furthermore, the wavelets are piecewise polynomial and, hence, due to
vanishing moments, only those entries are nonzero, where the singular support of one
wavelet intersects the support of the other wavelet (i(A, u) = 1). This together with
Assumption implies #U (X, £) < 2max(=AL0)n=1) By applying estimates (2.3)) and
, we get

Z (W ¢u Z Z 77D>\, 1/)# i 9(E=[AN(n=1)9(5+s)(|A|=F)

pEA LEZ pelU(\KL) Zf\)\|

_ Z o(=IAN(5—(1+9)) < <1.

(=)l

for any § —1 < s <r+ 1. By symmetry, we get the same for the row sum. Hence,
IMI|S 1.
We now show coercivity. Let v > 0 and o > 0 be the constants from ([6.4]).

Then for any = € ly(A),

(Az,2) = a(z" ¥, 2"¥) > al|lz" V||, — v[|2" VL,

> allz" [, — ylla" |7, > acyllz|l7, — yCollzllZ,.
where cg and Cy are lower and upper Riesz constants. Similarly for M,

(Ma,2) = [[a" ||, > cullz]lZ,,
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and thus for the operator B,
(Bx,z) > ||z||*(cy + Atd(acy —Cy)).

For acy — vCy < 0, we get the restriction on the step-size
cy + Atf(acy —yCy) > 0,

ie,

0 <Ath < v .
vCy — acy
This completes the proof. O

Remark 6.2. For notational simplicity we considered here a general wavelet basis on
Q) C R™. For tensor-product wavelet bases, we get more specific estimates, and the

proof is analogous to the one above.

Proposition 6.5. Let By := £(B + BT) and o € (0,1/(||Bs|| + | Bs'[™))], o <
2/(|Bs|ll|Bg'l). For zy € </* with some s > 0 and an 5-admissible B with s < 3,

the output of HT-RICH satisfies

[ — .| <e,

#supp(:) S (J + 1)e ™ |aa/l s,
and the number of operations is of the order
—1/s 1/s
e |2l g2 + g(D, ),

where g(D, 1) is defined in Proposition[6.4
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Proof. For the error bound apply, Lemma (6.1 For the support estimate and compu-
tational complexity, apply Propositions[6.3]and [6.2] The remainder of the proof is as
in [46, Theorem 3.1]. O

Summing up, in this subsection we proposed a scheme for an adaptive solving
procedure based on a Richardson iteration for a PDE problem of the form . The
routine converges but is not (quasi-)optimal in the classical sense. This is due to the
‘H-Tucker part D and z;. Computational complexity in general depends on the size,
and, more importantly, the storage structure. Unlike the size of the input vector, the
storage structure is, in general, independent of the approximation properties in the
sense of the space .&7®, and, hence, cannot be estimated from above by the .»/° norm.
Moreover, taking into account the time-discretization, (quasi-)optimality cannot be

guaranteed for the entire fully discrete problem regardless of the H-Tucker part.

6.5. SEMI-DISCRETE AWGM

In this subsection, we propose an AWGM method to solve the semi-discrete
problem at each time step. Although this routine will have similar convergence and
complexity properties as HT-RICH, we expect it to perform quantitatively better
since it does not require coarsening of the iterands. On the other hand, Richardson
iterations apply to a wider range of operator equations, while AWGM applies solely
to the elliptic case, i.e., s.p.d. operators arising in Galerkin problems.

Essential for the convergence analysis is the availability of an equivalent energy
norm with some properties. Note that for a norm, it suffices when the operator B is
positive definite and, hence, also invertible. However, to obtain the necessary norm
equivalences as in [46, Section 4], we require more than positive definiteness. At
the same time, closer inspection of the convergence analysis shows that symmetry is

not necessary for the real case. We summarize the required assumptions and norm
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equivalences in the following. Note that as before, we always implicitly assume the

underlying field is K = R.
Lemma 6.2. Let B : L({3(A),l2(A)) be a coercive operator. Define the bilinear form
b(-,+) on Lo(A) by

b(ZL‘, y) = (BI7 y)ba

and ||x|| := \/b(x,x). Then the following equivalences hold for all x € ly(A)
(i) 1B~ =l < 1Bzl < || Bll||||-

(i) | B2l < [ll=[l] < [|BII"[l]]-

(iii) | B=H72 2l < (| Bzl < 1 BIY2l])l.

Proof. (i) Using Lax—Milgram for nonsymmetric coercive bilinear forms, we get
that B is invertible and the inverse is bounded by ||[B~!|| < é, where « is the

coercivity constant. This is equivalent to B being bounded from below since
]l = | B~ Bz|| < || B~"|||| Bz,

which gives the LHS of the inequality. The RHS is a trivial consequence of the

definition of the operator norm ||B]|.

(ii) Define a* by
o :=sup{a>0:(Bz,z) > afz]]? z € l(A)}.

Since B is coercive, clearly 0 < a* < oo. From (i), we have ||B7!|| < 1/a*.

By definition of o* and, applying same arguments as in Lax—Milgram, o* >
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|B~Y|~*. This gives us the LHS of the inequality

llzll* = (Bz,2) > || B~ .

The RHS is obtained by a simple application of Cauchy—Schwarz.

(iii) The inverse B~! is coercive as well, since
(B™'w,x) = (B™' By, By) = (y, By) 2 |lylI* = | B7"=|* 2 ||=|1*.
Hence, by applying similar arguments as in (ii), we get
ll1* = (z, Bx) = (B~ Bz, Bx) 2 || B| || Ba|l?,

which gives the RHS of the inequality. The LHS follows again by an application
of Cauchy—Schwarz to the above.

The proof is complete. O

Remark 6.3. If the bilinear form b(-, ) is not symmetric, then ||-||| is not a norm, since

only a “relaxed” version of the triangle inequality holds, i.e.,

e+ ylll < v/ &(B) Izl + i),

which follows from the proven equivalences. Symmetry is crucial for the Cauchy-
Schwarz inequality for the associated inner product b(-,-). Obviously, other norm
axioms hold even for nonsymmetric b(-,-). Moreover, inspecting the convergence
analysis in [46] Section 4], we do not require symmetry.

B inherits the properties of B and is in particular invertible and positive
definite. Note that |Ryz|| < ||z|| where the bound is sharp, and ||Esz| = ||z]], i.e.,

|R7|| = ||E7| = 1. We infer ||B7|| < ||B| and ||B5'|| < ||B~!||. This, in particular,
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implies that the condition number k(By) = ||Bs||||B7'[ is uniformly bounded by
k(B).
Moreover, | B7|| = || B|| on ¢2(J), i.e., if we restrict B to elements in ¢5(A) with
support in 7, then, the norm equivalences from Lemma apply to By as well.
We have the required tools to formulate a solving procedure based on an ap-
proximate residual evaluation. Note that since we are considering a system of PDEs,
the procedure EXPAND has to be slightly modified. For a given finite index set A;,

the residual will have the structure

ry

This suggests a slight modification of EXPAND (see Algorithm [6.5]).

Algorithm 6.5 SYS-EXPAND
Input: Finite A; C A, r € y(A), a € [0, 1]
Output: A1 DA
1: for k=0to J do
2: 7, := COARSE [7’|A\Ai V1 — a?||rg|
3: end for
4: return A4 =AU Ugjl supp(7)

Similar to [46] Proposition 4.3], one can show that this SYS-EXPAND cap-

tures the bulk of the residuum.

Proposition 6.6. A; C A;;1:=SYS-EXPANDIA;;7;a] satisfies |[Ra,, 7| > ofr||

and

#(Ni1 \ Ay) S min {F#(A\Ag) ¢ [[Rar| > o7},



96

where the number of operations is of the order O(#A; + # supp(r) + 1).

Proof. Let 7 be defined by

To
T =
ry
Then
J
Ir = Ra I = 1 Plava,, 17 S N el = 7P =D (1 = a?)|Irel?
k=1

= (L —a?)r|*

This is, however, equivalent to ||r — Ra,,,7||* < (1 — a?)||r|]?, ie.,

Al < Irl* = lIr = Bagurl? = I711* — lravas
J J J
=D D i=D0 > i=D) D (i = lBarl,
k=1 \eA k=1 AEA\AI'+1 k=1 AGAH»l

which gives the first claim.
The arithmetic complexity is implied by the properties of the routine COARSE,
being the only computationally expensive part of SYS-EXPAND. Minimality is

implied by COARSE by observing

#(Aig1 \ A;) = #supp(7)
< min {#/_\ tAE AN A [l — Ralrloa )l € V1= QQHTH}

= min {#/_X AeA \ Ay, ||RAiUf\T|| > 04||7”||} )

where for the last equality we used the same arguments as above. O]
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Next, after having refined from A; to A; 1, we need to solve the system on A;4.
The step corresponds to GALERKIN in Algorithm [3.2 As discussed in Subsection
, the (idealized) Galerkin solution on A;; corresponds to the best approximation
to the solutions on A;;; and w.r.t. the energy (pseudo-) norm |||-||. To compute an
approximate Galerkin solution, we will use an iterative solver, e.g., BICGSTAB as
in the work of [41]. In general, given an appropriate iterative solver, we assume the
availability of a GALERKIN routine that, for a given target tolerance ¢ and an
| < 0, produces a Galerkin solution on

initial guess 2}, | with Ry, f — Ba,,, 73, .|

A;1 with the property
||RA1'+1f - BAi+lei+l|| <e.

For instance, Galerkin can be implemented applying Richardson iterations (cf. Sub-
section and [46, Section 4.2]). In that case, the cost of one call can be bounded
by

0(8/)(07 % w2 ]| 102+ 6717 (wa),

+#Nip1 + 14 9(D, 24)),

where ¢ is the initial error, € is the target accuracy, g(D, z1) is defined in Proposition
and 7 > 1 is a nondecreasing function. Alternatively, a more efficient routine can
be constructed by using a defect correction principle. See [46, Section 4.2] for more
details.

We can formulate the HT-AWGM procedure. Let F' denote here the entire
RHS.
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Algorithm 6.6 HT-AWGM
ot < k(B)™Y2, 9 > 0 and v €

Input: ¢,6; > 0, a,0,7,0 with § € (0,a), §5

(0, 12009 1 (B) 1)

Output: x. with ||f — Bz.|| < ¢
i:=0,2"=0,A; =10

loop
¢ =01
repeat

¢:=(/2,r":= HT-RHS|[f; (/2] —- HT-APPLY[B; z*; (/2]
if ¢;:=||r'|| + ¢ < ¢ then
x. = x' stop

end if

until ¢ < d||7|

Aisr = SYS-EXPAND[A;; 7%; o]

= GALERKINIA; 1; z%; &5 v||r']]]

end loop

return z. := !

Using norm equivalence (i) from Lemma [6.2] we get
1B e = o]l < |If = Bal.

Using (ii), we get

le = ael| > |1 BI™llx — 2]l
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and, using (iii), we get
lo = 2| = [|1BI 7 If — Baell.
Overall
IBIITHIf = Baell < [lo = .|| < BT f = B.|.

This justifies using the residuum as an error estimator.

Proposition 6.7. The output of HT-AWGM satisfies
If — Bzl <e.

If xo0 € &° for some s > 0, then
#supp(ze) S (J+ 1)e™°|a| .

If B is s*-admissible for s* > s and ¢ < e_1 ~ ||f||, then the number of operations

for a call of HT-AWGM can be bounded by

S

e V2|5 + g(D, 1),

where g(D, 1) is defined in Proposition[6.9

Proof. Apply |46, Theorem 4.1] with Propositions from this subsection and Subsection

6.4l [

Summing up, as in Subsection [6.4, we get a convergent adaptive routine with the
same properties but better (expected) quantitative performance than HT-RICH. For

a fixed point in time, the routine is still not (quasi-)optimal, even though rather close
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to it. Overall, the routine for the entire fully discrete problem is not (quasi-)optimal

regardless of the H-Tucker part.

6.6. SPACE-TIME APPROACH

In this subsection, we consider solving the PDE by first considering the varia-
tional formulation in space-time. The advantage of this approach is that due to the
work in [43], as opposed to time stepping, we get (quasi-)optimality. More precisely,
this will get us the “closest” to (quasi-)optimality, i.e., if we ignore the H-Tucker part
in the complexity estimates.

The weak space-time form of the PDE in is obtained by further integrating

the weak space-form over time and including the terminal condition

b(u, v) = / [(we(t), v2), + a(u(t), o)A + (u(T), 1)1, = £(0),

f(v) = / (F(t), 0)adlt + (i 02) 1,

Note that here, for vector-valued functions, the inner product is defined as a sum of

the vector components, i.e.,

J+1

(u7 U>L2 = Z(uj7 Uj)Lz'

j=1

The above is just one possibility to include the terminal or initial condition (see,
e.g., [44]). For instance, similar to the boundary conditions, one could choose the
homogenization approach and concentrate on solving equations with homogeneous
terminal/initial conditions. This approach can be viewed as posing unnecessary re-
strictions on the terminal/initial functions. Another approach would be to apply
partial integration w.r.t. time and apply test functions that vanish on one of the

boundaries, e.g., at t = 0 for terminal conditions and ¢t = T for initial conditions. In
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the above, as in the work of [43], multipliers are used to incorporate the terminal into
the equation.
Recall that in the derivation of the weak form in Subsection 4.1} it was assumed

that the coefficients admit to an affine decomposition w.r.t. space and time, i.e.,

@ (t,y) = & (ha(y),

and analogously for the other coefficients. This assumption is not necessary from a
theoretical point of view, i.e., the problem is well posed independent of the assumption
above. However, it is crucial for splitting the H-Tucker part from the wavelet part,
which itself is crucial for an implementable numerical solution. It is thus not surpris-
ing that in the weak space-time formulation we require the coefficients to uniformly

depend on space and time, i.e.

PRt y) = dFha(t,y),

and analogously for the other coefficients.

For convenience, we summarize all results and derivations in the following.

Proposition 6.8. The weak space-time formulation of (4.1) reads

b(u,v) = f(v),

w(t), v1), + a(u(t),vy)]dt + (u(T), vs) L, (6.7)

T

V=)
A

Ul L2dt + (UT, UQ)LQ,
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or, as an operator equation

Bu =,
Be L(Z,%"), (Bu)(v) = b(u,v),

few.

The trial space s

X = Ly(0,T; (HY(Q))"T) N HY(0, T (Lo (Q))7+1),

and the test space is

Y = X x (Ly(Q))+.

For (6.7), we have the following:

(i) The operator B is boundedly invertible.

(i) Let U7 = {o¢: £ € Z} be a Riesz basis for Ly(0,T; HY () N HY(0,T; La(2))
and WLz = {4\ : X € A} a Riesz basis for Ly(2). The equivalent lo-sequence

space problem reads

Bu=f,

where the operator B € L(lo(A=), lo(A=*N)) is boundedly invertible and can be

viewed as
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B, =IQM,-[I®A— N], IR+

M, = (/OT (Do (1), 0e(1)),, dt) ,

EveEE

A= ( / (r (1) (1), 7 (1) )yt — Z / (1), 0¢(1)) .
+5 Z/ (D Ul/( )7Dja§<t))L2dt> )

5,j=1 EveEE
N = (Nivj)i,jej’
My if i #
Ni,j =

— D kekti My* otherwise,
My = ([ @)
0 EveEE
By, :=1®C, I € RVH<U+1,

C = ((UE(T)vw/\)h))\eA,geE ’

r= T
f3
fri= ( /0 (e <t>,ag<t>>L2dt) §EE>H,

fsi= (((U%”w)‘)[’?))\el\) <

jeg

The solution vector should be interpreted as

T\Ij%
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(i1i) If the coefficients are affine in space and time, i.e., Assumption holds, then,
keeping the notation as in (4.4)), the simplifications

T T
N = / D)@ Mydt, f, = / bt ® Frdt,
0 0

T
fa= / K@ Fadt,  fy=a® ((hrathn)ia)ren

can be made, where fOT dt should be interpreted component-wise.

(iv) Finally, if we assume

R (t,y) = dFha(t, y),
a* (t,y) = @ h,(t,y),

Cj(t, y) = éjhc(ta y)a

then we can simplify

T
N=DQ M, M,:= (/ (hdUV,Ug)LQ) )
0 ¢ vES

T
fl = b®F17 Fl = (/ (hdh‘aao—f)Lg) )
0
T
fo=C¢cQF,, F, = (/ (h070§))
0

£e=

Proof. For (i) see [43, Theorem 5.1].

The operator B is boundedly invertible by the arguments in Subsection |3.2|
As a basis for the vector-valued function in a Bochner Space u, we consider the
canonical basis, i.e., the j-th canonical vectors are eg := (0¢d; ;)ics. Expand each v

asw =) o, and multiply by a test function o¢. Hence, for each j € J, we get
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by integrating over time

> d

VEE

/ Dta,/(t), o¢(t)),dt — /0 (r(t)o,(t), o¢(t),dt
3 REOXLECRAORT
2 Z / ) )ig (Do (t )’Dkaﬁ(t))det]

DI / (@5 (0)ou ), o))

kik#j vEE

= Y [@0@ 0,0t~ [ (@000
> Ot | (0

Moreover, note that by Lemma [2.3]

Au’
IR® Au =

Au’

By the same lemma

J
k=1 jeJg k:k#£j jeg
which proves the representation of By, f; and f,. The representation of the incor-

porated terminal condition follows analogously.

Parts (iii) and (iv) are simply special cases of the above. O

As basis for the Bochner Space 2 for our purposes, we can utilize the tensor
product basis as in [43], where the best possible rate sy is derived as well. In
Proposition [6.8] it can be seen that the only implementable case is (iv). Since now

we have an operator that is not s.p.d., different test and trial spaces, i.e., a Petrov-



106

Galerkin problem, and different index sets for the right and left-hand sides, we cannot
apply AWGM directly anymore (see, e.g., [31, Section 6.2]). A remedy would be to

apply AWGM to the normal equation
B"Bu = B"f.

Following the work of [43], it can be shown that B” B is s*-compressible and the
AWGM applied to the normal equation is (quasi-)optimal. More precisely, for our
problem, we get “close” to (quasi-)optimality if u = u; ® us with uy € &7°. In fact,
for case (iv), the solution is of a tensor product form. Generally, consider the operator

equation
Bu=(B,®@B)u=f=fQf,

where B is a bounded, linear and invertible operator and B; is compatible with f,

for i € {1,2}. Then B! = B;' ® B;"' and thus
u=B'f,QB,' f, = u; Quo.

We conclude this section by summarizing the discussion above.

Proposition 6.9. The output of HT-AWGM applied to the normal equations sat-

1sfies
|f — Bu.|| <e.
If us € o7*, then

#supp(u) < (J + De Vo ug|| 2.
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If additionally B is s*-admissible for s* > s, then the number of arithmetic operations

1s of the order
O Jua|1 + g(D, wy)).

Proof. See [43| Theorem 4.13] and use similar arguments as in Subsection [6.5] O
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7. CONCLUSIONS

In this thesis, results from [41] on solving a coupled system of parabolic PDEs
with a “high-dimensional” structure were extended to an adaptive setting. Given an
appropriate wavelet basis, the differential operators were verified to have the expected
compression properties which allows us to approximate them by sparse matrices.
This itself is a necessary requirement for an adaptive method. First, two adaptive
methods were proposed for the operator equation arising from a semi-discrete problem
by the method of lines. For the particular PDE system from the CDO model, both
methods were shown to converge and have same complexity properties. HT-AWGM
is expected to perform quantitatively better since it does not require coarsening of
the iterands. However, HT-RICH applies to a wider range of operators and must be
considered for more general problems. Both methods rely on the assumption that the
coefficients of the PDE admit to an affine decomposition in time and space. (Quasi-
Joptimality is not guaranteed for any of the two methods, due to the nature of time
stepping and the H-Tucker structure. Finally, a third approach based on the weak
space time formulation was proposed. Applying known results, this approach was
shown to converge and to be the closest one being (quasi-)optimal out of the three
suggested routines. (Quasi-)optimality is not guaranteed, since computational effort
generally depends on the structure of the H-Tucker storage format which in itself is
independent of the input vector. This approach relies on the assumption that the
PDE coefficients depend uniformly on space and time.

This work provides merely an initial analysis of solving a coupled system of
PDEs in H-Tucker format. For future research, numerical testing has to be performed
in order to verify and improve the results presented here. For instance, since the

differential operator consists of parts that require different preconditioning, the system
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is preconditioned twice. It would be of interest to investigate more efficient methods
of preconditioning. Another issue, that was not investigated here, is the interaction
of tensor truncations with the adaptive routine. It is unclear at this point whether
and how the truncation error can be controlled such that the overall approximation
accuracy is ensured. Moreover, sharp estimates for the operator norms of discretized
differential operators are required for an efficient implementation of the presented
routines.

A slightly different problem would be to develop a format for the approximate
application of general differential operators in H-Tucker format, i.e., in particular of
nontensor form. Due to the nature of the format, it is unclear at this point whether it
is at all possible to apply such operators efficiently. Finally, in the work of [41] a very
specific structure of the H-Tucker tensor was considered that allowed to represent it
exactly. For general tensor structures, one would either have to use HOSVD or the
Black Box algorithm. The former is impractical due to the size of the matricizations
and the latter is a heuristic approach and is not always reliable. Developing an
efficient and reliable approximation routine for general tensor structures would allow

to design software applicable to a variety of realistic CDO models.
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