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Abstract

We consider a framework for the construction of iterative schemes for operator
equations that combine low-rank approximation in tensor formats and adaptive ap-
proximation in a basis. Under fairly general assumptions, we obtain a rigorous con-
vergence analysis, where all parameters required for the execution of the methods
depend only on the underlying infinite-dimensional problem, but not on a concrete
discretization. Under certain assumptions on the rates for the involved low-rank ap-
proximations and basis expansions, we can also give bounds on the computational
complexity of the iteration as a function of the prescribed target error. Our theo-
retical findings are illustrated and supported by computational experiments. These
demonstrate that problems in very high dimensions can be treated with controlled
solution accuracy.
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1 Introduction

1.1 Motivation

Any attempt to recover or approximate a function of a large number of variables with
the aid of classical low-dimensional techniques is inevitably impeded by the curse of di-
mensionality. This means that, when only assuming classical smoothness (e.g. in terms
of Sobolev or Besov regularity) of order s > 0, the necessary computational work needed
to realize a desired target accuracy ¢ in d dimensions scales like e=%/%, i.e., one faces an
exponential increase in the spatial dimension d. This can be ameliorated by dimension-
dependent smoothness measures. In many high-dimensional problems of interest, the ap-
proximand has bounded high-order mixed derivatives, which under suitable assumptions
can be used to construct sparse grid-type approximations where the computational work
scales like Cye=1/5. Under such regularity assumptions, one can thus obtain a convergence
rate independent of d. In general, however, the constant Cy will still grow exponentially in
d. This has been shown to hold even under extremely restrictive smoothness assumptions
in [27], and has been observed numerically in a relatively simple but realistic example
in [12].

Hence, in contrast to the low-dimensional regime, regularity is no longer a sufficient
structural property that ensures computational feasibility, and further low-dimensional



structure of the sought high-dimensional object is required. Such a structure could be
the dependence of the function on a much smaller (unknown) number of variables, see
e.g. [11]. It could also mean sparsity with respect to some (a priori) unknown dictionary. In
particular, dictionaries comprized of rank-one tensors g(z1,...,xq) = g1(x1) - ga(zq) =:
(g1 ®---®gq)(x) open very promising perspectives and have recently attracted substantial
attention.

As a simple example consider g(z) = ®?:1 gi(z;) on the unit cube Q = [0, 1]¢, where
the g¢; are sufficiently smooth. Employing for each factor g; a standard spline approxi-
mation of order s with n knots yields an Ly.-accuracy of order n~*, which gives rise to
an overall accuracy of the order of dn™° at the expense of dn =: N degrees of freedom.
Hence, assuming that |/g||oc does not depend on d, an accuracy ¢ requires

N=N(,d) ~ds e/ (1)

degrees of freedom. In contrast, it would take the order of N = n¢ degrees of freedom to
realize an accuracy of order n=* = N~ when using a standard tensor product spline
approximation, which means that in this case N(e,d) ~ e~4/5. Thus, while the first
approximation — using a nonlinear parametrization of a reference basis — breaks the curse
of dimensionality, the second one obviously does not.

Of course, u being a simple tensor is in general an unrealistic assumption, but the
curse of dimensionality can still be significantly mitigated when f is well approxzimable by
relatively short sums of rank-one tensors. By this we mean that for some norm || - || we

have
r(e)

Hu - Zgl,j @ X Ggjd
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where the rank r(¢) grows only moderately as ¢ decreases. In our initial example, in
these terms we had r(¢) = 1 for all € > 0. Assuming that all the factors g;; in the above
approximation are sufficiently smooth, the count (1) applied to each summand with target
accuracy €/r shows that now at most

1-s

N(e,d,r) <ritsdses (3)

degrees of freedom are required, which is still acceptable. This is clearly a very crude
reasoning because it does not take a possible additional decay in the rank-one summands
into account.

This argument, however, already indicates that good approximability in the sense of
(2) is not governed by classical regularity assumptions. Instead, the key is to exploit an
approximate global low-rank structure of . This leads to a highly nonlinear approximation
problem, where one aims to identify suitable lower-dimensional tensor factors, which can
be interpreted as a u-dependent dictionary.

This discussion, although admittedly somewhat oversimplified, immediately raises sev-
eral questions which we will briefly discuss as they guide subsequent developments.

Format of approximation: The hope that r(¢) in (2) can be rather small is based on
the fact that the rank-one tensors are allowed to “optimally adapt” to the approximand
u. The format of the approximation used in (2) is sometimes called canonical since it is
a formal direct generalization of classical Hilbert Schmidt expansions for d = 2. However,
a closer look reveals a number of well-known pitfalls. In fact, they are already encoun-
tered in the discrete case. The collection of sums of ranks one tensors of a given length
is not closed, and the best approximation problem is not well-posed, see e.g. [10]. There



appears to be no reliable computational strategy that can be proven to yield near-minimal
rank approximations for a given target accuracy in this format. In this work, we there-
fore employ different tensor formats that allow us to obtain provably near-minimal rank
approximations, as explained later.

A two-layered problem: Given a suitable tensor format, even if a best tensor approxi-
mation is known in the infinite-dimensional setting of the continous problem, the resulting
lower-dimensional factors still need to be approximated. Since finding these factors is part
of the solution process, the determination of efficient discretizations for these factors will
need to be intertwined with the process of finding low-rank expansions. We have chosen
here to organize this process through selecting low-dimensional orthonormal wavelet bases
for the tensor factors. However, other types of basis expansions would be conceivable as
well.

The issue of the total complexity of tensor approximations, taking the approximation
of the involved lower-dimensional factors into account, is addressed in [17,31].

1.2 Conceptual Preview

The problem of finding a suitable format of tensor approximations has been extensively
studied in the literature over that past years, however, mainly in the discrete or finite-
dimensional setting, see e.g. [15,20,22,28,30]. Some further aspects in a function space
setting have been addressed e.g. in [13,35,36]. For an overview and further references we
also refer to [18] and the recent survey [16]. A central question in these works is: given a
tensor, how can one in a stable manner obtain low-rank approximations, and how accurate
are they when compared with best tensor approximations in the respective format?

We shall heavily draw on these findings in the present paper, but under the following
somewhat different perspectives. First of all, we are interested in the continuous infinite-
dimensional setting, i.e., in sparse tensor approximations of a function which is a priori
not given in any finite tensor format but which one may expect to be well approximable by
simple tensors in a way to be made precise later. We shall not discuss here the question
under which concrete conditions this is actually the case. Moreover, the objects to be
recovered are not given explicitly but only implicitly as a solution to an operator equation

Au = f, (4)

where A : V — V' is an isomorphism of some Hilbert space V onto its dual V’. One may
think of V, in the simplest instance, as a high-dimensional Ls space, or as a Sobolev space.
More generally, as in the context of parametric diffusion problems, V could be a tensor
product of a Sobolev space and an Lo space. Accordingly, we shall always assume that we
have a Gelfand triplet

VcCH=H cV/, (5)

in the sense of dense continuous embeddings, where we assume that H is a tensor product
Hilbert space, that is,
H=H ®---®Hg (6)

with lower-dimensional Hilbert spaces H;. A typical example would be H = Lo(Q%) =
Lo(Q) @ - - ® La(Q2) for a domain Q of small spatial dimension.

The main contribution of this work is to put forward a strategy that addresses the main
obstacles identified above and results in an algorithm which, under mild assumptions, can
be rigorously proven to provide for any target accuracy € an approximate solution of near-
minimal rank and representation complexity of the involved tensor factors. Specifically, (i)



it is based on stable tensor formats relying on optimal subspaces; (ii) successive solution
updates involve a combined refinement of ranks and factor discretizations; (iii) (near-
Joptimality is achieved, thanks to (i), through accompanying suitable subspace correction
and coarsening schemes.

The following comments on the main ingredients are to provide some orientation.
A first essential step is to choose a universal basis for functions of a single variable in
H;. Here, we focus on wavelet bases, but other systems like the trigonometric system
for periodic problems are conceivable as well. As soon as functions of a single variable,
especially the factors in our rank-one tensors, are expanded in such a basis, the whole
problem of approximating u reduces to approximating its infinite coefficient tensor u
induced by the expansion

U= Z uV\IIV7 \IIV = wvl®"'®w'/d7 u:(uV)VGVd7
vevd

see below. The original operator equation (4) is then equivalent to an infinite system
Au=1f, where A= ((A\IJ,,,\I’,,/>)V,V,€V(1, f= ((f, \IJ,,>)V€W. (7)

For standard types of Sobolev spaces V it is well understood how to rescale the tensor
product basis {W¥, },cva in such a way that it becomes a Riesz basis for V. This, in turn,
together with the fact that ki 17 (A) := ||Al|y || A7 ||y7_v is finite, allows one to show
that k¢, ¢, (A) is finite. Hence one can find a positive w such that [|[I—wAls,—e < p <1,
i.e., the operator I — wA is a contraction so that the iteration

Uiy =u; +w(f —Auw,), k£=0,1,2,..., (8)

converges for any initial guess to the solution u of (7).

Of course, (8) is only an idealization because the full coefficient sequences uy cannot
be computed. Nevertheless, adaptive wavelet methods can be viewed as realizing (8)
approximately, keeping possibly few wavelet coefficients “active” while still preserving
enough accuracy to ensure convergence to u (see e.g. [8,9]).

In the present high-dimensional context this kind of adaptation is no longer feasi-
ble. Instead, we propose here a “much more nonlinear” adaptation concept. Being able
to keep increasingly accurate approximations on a path towards near-minimal rank ap-
proximations with properly sparsified tensor factors relies crucially on suitable correction
mechanisms. An important contribution of this work is to identify and analyze just such
methods. Conceptually, they are embedded in a properly perturbed numerical realization
of (8) of the form

Ugy1 = ng(k) (P€2(k)(uk + w(f — Auk))), k=0,1,2,..., (9)

where P, 1), i = 1,2, C.;;,) are certain reduction operators and the gi(k),i=1,2,3, are
suitable tolerances which decrease for increasing k.

More precisely, the purpose of P. is to “correct” the current tensor expansion and,
in doing so, reduce the rank subject to an accuracy tolerance €. We shall always refer
to such a rank reduction operation as a recompression. For this operation to work as
desired, it is essential that the employed tensor format is stable in the sense that the
best approximation problem for any given ranks is well-posed. As explained above, this
excludes the use of the canonical format. Instead we use the so-called hierarchical Tucker
(HT) format, since on the one hand it inherits the stability of the Tucker format [13], as a
classical best subspace method, while on the other hand it better ameliorates the curse of



dimensionality that the Tucker format may still be prone to. In §2 we collect the relevant
prerequisites. This draws to a large extent on known results for the finite-dimensional case,
but requires proper formulation and extension of these notions and facts for the current
sequence space setting. The second reduction operation Cg, in turn, is a coarsening scheme
that reduces the number of degrees of freedom used by the wavelet representations of the
tensor factors, again subject to some accuracy constraint e.

1.3 What is New?

The use of rank reduction techniques in iterative schemes is in principle not new, see
e.g. [3,5,6,19,21,23,25] and the further references given in [16]. To our knowledge,
corresponding approaches can be subdivided roughly into two categories. In the first
one, iterates are always truncated to a fixed tensor rank. This allows one to control the
complexity of the approximation, but convergence of such iterations can be guaranteed
only under very restrictive assumptions (e.g. concerning highly effective preconditioners).
In the second category, schemes achieve a desired target accuracy by instead prescribing
an error tolerance for the rank truncations, but the corresponding ranks arising during
the iteration are not controlled. A common feature of both groups of results is that they
operate on a fized discretization of the underlying continuous problems.

In contrast, the principal novelty of the present approach can be sketched as follows.
The first key element is to show that based on a known error bound for a given approxima-
tion to the unknown solution, a judiciously chosen recompression produces a near-minimal
rank approximation to the solution of the continous problem for a slightly larger accuracy
tolerance. Moreover, the underlying projections are stable with respect to certain sparsity
measures. As pointed out before, this reduction needs to be intertwined with a sufficiently
accurate but possibly coarse approximation of the tensor factors. A direct coarsening of
the full wavelet coefficient tensor would face the curse of dimensionality, and thus would be
practically infeasible. The second critical element is therefore to introduce certain lower-
dimensional quantities, termed tensor contractions, from which the degrees of freedom to
be discarded in the coarsening are identified. This notion of contractions also serves to
define suitable sparsity classes with respect to wavelet coefficients, facilitating a computa-
tionally efficient, rigorously founded combination of tensor recompression and coefficient
coarsening.

These concepts culminate in the main result of this paper, which can be summarized
in an admittedly oversimplified way as follows.

Meta-Theorem: Whenever the solution to (7) has certain tensor-rank approximation
rates and when the involved tensor factors have certain best N-term approzimation rates,
then a judicious numerical realization of the iteration (9) realizes these rates. Moreover,
up to logarithmic factors, the computational complexity is optimal. More specifically, for
the smallest n such that the approzimate solution wy satisfies ||luy — ull,, < 7, ug has
HT-ranks that can be bounded by a uniformly constant multiple of the smallest possible
HT-ranks needed to realize accuracy 7.

To our knowledge this is the first result of this type, where convergence to the solution
of the infinite-dimensional problem is guaranteed under realistic assumptions, and all
ranks arising during the process remain proportional to the respective smallest possible
ones. A rigorous proof of rank near optimality, using an iteration of the above type, is to be
contrasted to approaches based a greedy approximation as employed in connection with the
so-called PGD (proper generalized decomposition), see e.g. [14]. The latter scheme aims



at constructing an approximation in the (unstable) canonical format through successive
greedy updates. This does, in principle, not seem to offer much hope for finding minimal
or near-minimal rank approximations, as the greedy search operates far from orthonormal
bases, and errors committed early in the iteration cannot easily be corrected.

1.4 Layout

The remainder of the paper is devoted to the development of the ingredients and their
complexity analysis needed to make the statements in the above Meta-Theorem precise.
Trying to carry out this program raises some issues which we will briefly address now, as
they guide the subsequent developments.

After collecting in §2 some preliminaries, §3 is devoted to a pivotal element of our
approach, namely the development and analysis of suitable recompression and coarsening
schemes that yield an approximation in the HT-format that is, for a given target accuracy,
of near-minimal rank with possibly sparse tensor factors (in a sense to be made precise
later).

Of course, one can hope that the solution of (4) is particularly tensor sparse in the
sense that relatively low HT-ranks already provide high accuracy if the data f are tensor
sparse, and if the operator A (resp. A) is tensor sparse in the sense that its application
does not increase ranks too drastically. Suitable models of operator classes that allow us to
properly weigh tensor sparsity and wavelet expansion sparsity are introduced and analyzed
in §4. The approximate application of such operators with certified output accuracy builds
on the findings in §3.

Finally, in §5 we formulate an adaptive iterative algorithm and analyze its complexity.
Starting from the coarsest possible approximation u’ = 0, approximations in the tensor
format are built successively, where the error tolerances in the iterative scheme are updated
for each step in such a way that two goals are achieved. On the one hand, the tolerances
are sufficiently stringent to guarantee the convergence of the iteration up to any desired
target accuracy. On the other hand, we ensure that at each stage of the iteration, the
approximations remain sufficiently coarse to realize the Meta-Theorem formulated above.
Here we specify concrete tensor approximability assumptions on u, f and A that allow us
to make its statement precise.

2 Preliminaries

In this section we set the notation and collect the relevant ingredients for stable tensor
formats in the infinite-dimensional setting. In the remainder of this work, we shall use for
simplicity the abbreviation ||| := [|-||¢,, with the ¢2-space on the appropriate index set.

Our basic assumption is that we have a Riesz basis {U,},cye for V, where V is a
countable index set. In other words, we require that the index set has Cartesian prod-
uct structure. Therefore any v € V' can be identified with its basis coefficient sequence
u = ((u, ¥,),eve € £2(V?) with uniformly equivalent norms. Thus, d will in general
correspond to the spatial dimension of the domain of functions under consideration. In
addition it can be important to reserve the option of grouping some of the variables in a
possibly smaller number m < d of portions of variables, i.e., m € Nandd=d; + ...+ dp,
for d; € IN.

A canonical point of departure for the construction of {¥,} is a collection of Riesz
bases for each component Hilbert space H; (see (6)), which we denote by {¢fi}, on,.
To fit in the above context, we may assume without loss of generality that all Vi are



identical, denoted by V. The precise structure of V is irrelevant at this point; however,
in the case that the ¢! are wavelets, each v = (j, k) encodes a dyadic level j = |v| and a
spatial index k = k(v). This latter case is of particular interest, since for instance when
V' is a Sobolev space, a simple rescaling of Tﬁgl ® - ® w,ﬁd yields a Riesz basis {V¥,} for
V C H as well.

A simple scenario would be V = H = Ly([0, 1]%), which is the situation considered in
our numerical illustration in §6. A second example are elliptic diffusion equations with
stochastic coefficients. In this case, V = H}(Q) ® La([—1,1]*°), and H = Lgo(Q x [-1,1]>).
Here a typical choice of bases for Lo([—1,1]*) are tensor products of polynomials on
[—1, 1], while one can take a wavelet basis for H}({2), obtained by rescaling a standard Ly
basis. A third representative scenario concerns diffusion equations on high-dimensional
product domains Q¢. Here, for instance, V = H'(Q%) and H = Ly(Q¢). We shall comment
on some additional difficulties that arise in the application of operators in this case in
Remark 15.

We now regard u as a tensor of order m on V¢ = V% x ... x V9, Rather than looking
for approximations or representations in the canonical format

u=> U e oU,
k=1

we consider tensor representations of the form

1

N ST ) "
k1=1 km=1

Here the order-m tensor a = (a, . k., )1<k;<r:i=1,..m is referred to as core tensor. The

matrix U® = (Ul(’?ki)l/ievdi71§ki§7‘i with column vectors U,(j) € (V) k=1,...,r; is
called the i-th mode frame, where we admit r; = 00,7 =1, ..., m. When writing sometimes

for convenience (U,(:))ke]N, although the U,(j) may be specified through (10) only for & < r;,

it will always be understood to mean US) =0, for k > ;.
Note that in a representation of the form (10), by modifying a accordingly, one can
always orthogonalize the columns of U® so as to obtain

(U,(f),Ul(i)> = 611, 1=1,...,m. (11)

We shall refer to U with the latter property as orthonormal mode frames.
It will be convenient to introduce the following shorthand notation: we denote by U
the system of orthonormal mode frames (U(i));il so that (10) can be rewritten as

Ue=QUY =UV @ oU™, k=(k,... kn) € N".
=1

If a is represented directly by its entries, (10) corresponds to the so-called Tucker
format [33,34] or subspace representation. The hierarchical Tucker format [20], as well as
the special case of the tensor train format [30], correspond to representations in the form
(10) as well, but use a further structured representation for the core tensor a.

In this work, for multiindices in N, ¢ € IN, we shall use the notational convention
k= (k1,...,k),n=(n1,...,n), r=(ry,...,m), and so forth.

2.1 Tucker format

It is instructive to consider first the simpler case of the Tucker format in more detail.



2.1.1 Some Prerequisites

Clearly, any finitely supported u € f5(V?) can be represented in the form (10) for some
r = (r;) € NI. As mentioned before, for general u € f5(V%), the sum in (10) may
be infinite. Given a system of mode frames U, representing u in (10), we define the
corresponding rank vector rank(u) € (INg U {oc0})™ by its entries

rank;(u) := dimspan{Ul(f) ckeN}y, i=1,...,m. (12)

It is not hard to see that this rank vector is independent of the specific mode frame system
U. It is referred to as the multilinear rank of u with respect to U. For such rank vectors
r € (INg U {oo})™, we introduce the notation

[floo := max 7;.

=1,...

We can then define the set of those sequences u possessing a representation (10) of a given
multilinear rank r € (INg U {o0})™ by

T(r) :={u€ :(V: rank;(u) <7 i=1,...,m}. (13)

The actual computational complexity will eventually depend on the “support” of the
i-th mode frame given by

supp;(u) := U supp US) . (14)
k=1

Recall that if # supp,(u) < oo, necessarily also rank;(u) < co.
The following result, which can be found e.g. in [13,18,35], ensures the existence of
best approximations in 7 (r) also for infinite ranks.

Theorem 1. Let u € £2(V?) and 0 < r; < rank;(u), then there exists v € T(r) such that

lu—v||= min |[u—w]|.
T <r

ank(w)

To simplify notation for the sums in (10), we define for r € INf*

X;ri 1,...,m} if minr > 0,
Km(r) ::{w _1{ }

ifminr=20.

Moreover, for any vector x = (z;)i=1,..m and for ¢ € {1,...,m}, we employ the notation
)\ZZ‘ = (ml,...,xi_l,le,...,xm), (15)
)\Zi|y = (1.17 ey Li—1,Y, Tig 1y - - - .’Em)

to refer to the corresponding vector with entry ¢ deleted or entry ¢ replaced by y, respec-
tively. We shall also need the auxiliary quantities

)= > e, N =y (16)
ki €Km—1(%)

derived from the core tensor, where i € {1,...,m} and p,q € {1,...,7;}.



2.1.2 Higher-Order Singular Value Decomposition

With the notions introduced above at hand, one can formulate an analogue of the singular
value decomposition of matrices, the higher-order singular value decomposition (HOSVD)
[24], for the Tucker tensor format (10). In the following theorem, we summarize its prop-
erties in the more general case of infinite-dimensional sequence spaces, where the singular
value decomposition is replaced by the spectral theorem for compact operators. These
facts could also be extracted from the treatment in [18, Section 8.3].

Theorem 2. For any u € (5(V?) there exist orthonormal mode frames {U,(f)}ke]N, i =
1,...,m, with U](ci) € lo(V%E) which uniquely determine a core tensor a = (ay)kenm €
Lo(IN™) such that

u = Z CLk[Uk.

keIN™

Moreover, with agq) and O'I(;i) as in (16), the following hold:

(i) Foralli € {1,...,m} we have (O’g))ke]N € lr(IN), and Jg) > alg_?_l >0 for all k € IN.
(il) For alli € {1,...,m} and all p,q € N, we have agq) = ‘0'1(37;)‘2(519,1.
(iii) For each r € INy*, we have

[u- 3 wmf < (X S W0R) <vim it ju-wl. 7

k(w)<
kKo (1) i=1 k=r;+1 rank(w)<

If in addition suppu C Ay X --- x Ay, C V¢ for finite A; C V%, then supp U,(j) CA; and
we have suppa C K, (¥) with ¥ € IN§" satisfying 7; < #A; fori=1,...,m.

Proof. Let u = (u,),cva € 2(VY9). For each i € {1,...,m} we consider the mode-i
matricization of u, that is, the infinite matrix (ul(j’z,)yevdi7l~,€vd7di with entries u,(j?l,z
for v € V¢, which defines a Hilbert-Schmidt operator

Tlgi): EQ(Vdidi) — KQ(Vdi)ﬂ (Cﬂ)ﬂevd_di = ( Z ufj})cﬁ)

pevi-d;

= Uy

vevdi '

By the spectral theorem, for each ¢ there exist a nonnegative real sequence (aﬁf))ne]N,
where o\ are the eigenvalues of ((T(i))*T(i))l/2
{Ug)}nem for a subspace of £o(V%) and {Vﬁf)}nem for £o(V?~9) (again tacitly assuming
that UY =V = 0 for n > dim range(Tl(li))), such that

, as well as orthonormal bases U®) =

O ST 09
nelN

The representation (18) converges in the Hilbert-Schmidt norm, and as a consequence we

have "
_ Oy v )
u (Z Un in,nvyi,n I/EVd ’ (19)
nelN
with convergence in f5(V%). Furthermore, {Uy}newm with U, := X, U,%) is an or-

thonormal system in £o(V?) (spanning a strict subspace of £5(V¢) when |rank(u)|s < 00),
and setting a, := (u,U,), we have a = (an) € £2(IN"*) and u = > nm anUy. The further
properties of the expansion can now be obtained along the lines of [24], see also [2,18]. O



In what follows we shall denote by
U(u) = U7 (u) := {UD i =1,...,m, generated by HOSVD} (20)

the particular system of orthonormal mode frames generated for a given u by HOSVD.
It will occasionally be important to identify the specific tensor format to which a given
system of mode frames refers, for which we use a corresponding superscript, such as in U7
for the Tucker format.

The 0,(:) are also referred to as mode-i singular values of u. Property (iii) in Theorem
2 leads to a simple procedure for truncation to lower multilinear ranks with an explicit
error estimate in terms of the mode-i singular values. In this manner, one does not
necessarily obtain the best approximation for prescribed rank, but the approximation is
quasi-optimal in the sense that the error is at most by a factor \/m larger than the error
of best approximation with the same multilinear rank.

We shall make use of the following direct consequence of Theorems 2.

Corollary 1. Let u € (5(V?). For an HOSVD of u as in Theorem 2, and for ¥ with
0 < 7; < rank;(u) and

m

- Y w(®@ul),

keKm (7) i=1

we have
m rank;(u)

la-a2<> S [of (21)

i=1 k=f;+1

and

[u—af <vm inf [u—w]. (22)
weT(r)

Remark 1. Suppose that for a finitely supported vector u on V?, we have a possibly

redundant representation
m
u= 3 w@U.
keKm (F) 1=1
where the vectors le(ci), k=1,...,7 may be linearly dependent. Then by standard linear
algebra procedures, we can obtain a HOSVD of u with a number of arithmetic operations
that can be estimated by

Cmlf[5™ + CIF3, ) # supp;(u) - (23)
i=1

where C' > 0 is an absolute constant (see, e.g., [18]).

2.1.3 Projections

We conclude this subsection with introducing canonical projections associated with any
given system of orthonormal mode frames, since in what follows they serve as a major
work horse. For any system of orthonormal mode frames V = (V(i))zr;l with r; columns
(where r; could be infinity), we consider the V-rigid Tucker class

T(V,r) :={Pyv:vel(V}, (24)

10



where

Povi= 3 (QVE.v)(QVY). (25)
kEKm (r) =1 i=1
and "
VYD) = X Vi Vi,
j:1 j VGVd 5 myhvm

Moreover, for any 0 < s; < r;, the truncated projection

Pys=Pl = Y <(§)V,§) >((§)V,§)) , (26)
i=1

KEKm(s) i=1

is a simple mechanism to discard some of the columns producing the best approximation
from the reduced spaces T (V,s). We shall sometimes use the superscript 7 to indicate
the reference to a specific tensor format, here the Tucker format. With these definitions,
we can write

m

Py,v = Z (v, Vi)V = Z <v,®V,§i)>®V,§i)-

k€K (r) KEKm (1) J=1 J=1

)

Note that at this point we do not require the Vl(i to have finite support.

Corollary 2. Foru € (2(V%) andr = (1)), € ING* with 0 < r; <rank;(u), i=1,...,m,
there exists an orthonormal mode frame system U(u,r) such that

Hu - PT[_J(uJ) UH = wlg’%}(lr)”u - WH7

with Py, ) given by (25).
Proof. By Theorem 1, a best approximation of ranks r for u,
u € argmin{||u — v||: ranky(u) <7y},

exists. Defining U(u,r) := U(1) as the orthonormal mode frame system for i, given by
the HOSVD, we obtain the assertion. O

2.2 The Hierarchical Tucker Format

The Tucker format as it stands, in general, still gives rise to an increase of degrees of
freedom that is exponential in d. One way to mitigate the curse of dimensionality is to
further decompose the core tensor a in (10). We now briefly formulate the relevant notions
concerning the hierarchical Tucker Formatin the present sequence space context, following
essentially the developments in [15,20], see also [18].

2.2.1 Dimension Trees

Definition 1. Let m € IN, m > 2. A set D,,, C 2{1-™} ig called a dimension tree if the
following hold:

(i) {1,...,m} € Dy, and for each i € {1,...,m}, we have {i} € Dy,.

11



(ii) Each a € D, is either a singleton or there exist unique disjoint oy, ay € Dy, called
children of «, such that o = a1 U ao.

Singletons {i} € Dy, are referred to as leaves,
O :=A{1,...,m}

as root, and elements of Z(Dy,) := Dy, \ {Om, {1},...,{m}} as interior nodes. The set
of leaves is denoted by L(D,,), where we additionally set N (D,,) := Dy, \ L(Dy,) =
Z(Dy,) U{0,,}. When an enumeration of £L(D,,) is required, we shall always assume the
ascending order with respect to the indices, i.e., in the form {{1},...,{m}}.

It will be convenient to introduce the two functions
Ci: D \ L(Dm) = Dy \ {0}, ci(a) == ay, i=1,2,

producing the “left” and “right” children of a non-leaf node a which, in view of Definition
1, are well-defined up to their order, which we fix by the condition min c;; < min «.

Note that for a binary dimension tree as defined above, #D,, = 2m—1 and #N (D) =
m — 1.

Remark 2. The restriction to binary trees in Definition 1 is not necessary, but leads
to the most favorable complexity estimates for algorithms operating on the resulting ten-
sor format. With this restriction dropped, the Tucker format (10) can be treated in the
same framework, with the m-ary dimension tree comsisting only of root and leaves, i.e.,

{0, {1},...,{m}}.

Definition 2. We shall refer to a family
U={U e ty(VEicad): a €D\ {0}k =1,... ka},

with ko, € INU {oco} for each a € Dy, \ {0, }, as hierarchical mode frames. In addition,
these are called orthonormal if for all & € Dy, \ {0}, we have <U§a),U§a)> = §;; for

1,7 =1,...,ka, and nested if
span{U™: k=1,... ko)
C W{U,&m(a)): k= 1,...,]€C1(a)} ®Spﬁ{U1(:2(a)): kE=1,... keyal-

As for the Tucker format, we set U@ := U and for k € N™ we write

Uy = ® U,Ei_) .
i=1

Again to express that U is associated with the hierarchical format we sometimes write
U™,

Let D,,, be a dimension tree, let o € Z(D,,) be an interior node, and 8 := {1,...,m}\a.
For u € ¢2(V?), we define the Hilbert-Schmidt operator

T s y(VEies ) o fp(VEie ) oo (30 uw(w)ieﬁ)( s (27)
(Vi)ieﬂ Vi)ica

and set
rank,(u) := dimrange Tl(la)7 a €Dy \ Oy, .

12



To be consistent with our previous notation for leaf nodes {i} € D,,, we use the abbre-
viation rank;(u) := rankg; (u). Again, rank,(u) can be infinite. The root element of the
dimension tree, 0,, = {1,...,m} € D,,, is a special case. Here we define

T R = 6,(VY), ¢ tu
and correspondingly set
rankg,, =1, Ugom) =u, Ug)’") =0, k>1.
To be consistent with the Tucker format we denote by

rank(u) := (ranka (1)) aep,,\ {0}

the hierarchical rank vector associated with u.
In addition, for the following discussion let {Ul(f) zzli(“(u), Ul(f) € l5(VXicad), be the

left singular vectors and O"(Ca) be the singular values of Tt(la). In analogy to the Tucker

format we denote by
U(u) = UH(u) := {{UW 2™ o e D, defined by (27)} (28)

the system of orthonormal hierarchical mode frames with rank vectors rank(u).
This in turn allows us to define, in analogy to (13), the set of tensors in hierarchical
format with ranks r = (74)aeD,,\{0,,} 85

H(r):={uce l5(V?): ranky(u) <7, for all a € Dy, \ {03} (29)

The observation that the specific systems of hierarchical mode frames U(u) have the
following nestedness property, including the root element, will be crucial.

Proposition 1. For u € (3(V?) and a € N(D,,), the mode frames {U,(Ca)} given by the
left singular vectors of the operators Tl(la) defined in (27) satisfy

Span{U](ga): k=1,...,ranky,(u)} C spW{U,(:l(a)): k=1,... ,rankg () (u)}
® Spﬁ{U,(:Q(a)) tk=1,...,rankg, ) ()},

i.e., the family of left singular vectors of the operators Tl(,a) is comprized of orthonormal
and nested mode frames for u.

Proof. The statement is shown in the more generally applicable framework of minimal
subspaces in [18] (cf. Corollary 6.18 and Theorem 6.31 there). For completeness, we give a
self-contained proof for our particular setting. Note that, by the properties of the singular
value decomposition, we have

range T = span{U,ga): k=1,... rank,(u)}

for all o € D,,. We now fix an o € N'(D,,). By construction of the mode frame U we
have the singular value decomposition

rankq (u)
s S U v,
k=1

13



Furthermore, for each k we may perform a further singular value decomposition to obtain
[e's) ) o
—S 6 W oWE, WY e p(vies@®) jo12

where ||(6¢)]| = 1, and the quantities on the right hand side still depend on «. This yields
the representation

U_ZW% Wi e WG eV,
By orthonormality of the 1nvolved basis vectors we have
T (W & Vi = 6,0 WD,

)

) (W) V) = o W,

and hence

W,(;)Z € range T = span{U,(:i(a)): k=1,... rankg ()}
for i = 1,2. Consequently, any element of span{U @,k =1,. ..,rank,(u)} can be ex-
panded in {W(l) ® WH}H and thus also in {U;_ (c1(e) g U(CQ( ))}kh;@. O

By orthonormality and nestedness, we obtain for each a € N'(D,,) and k = 1,. .., rank,(u)

the expansion

ranke, (o) (1) ranke, (o) (u)
U= Y (U, U g ule)y gl g ylee) (g
ki=1 ko=1

Defining the matrices B(®*) € f5(IN x IN) with entries

a,k « ci(a co(a
Bl(cl,kz) = <UI(<; )’U](gll( ) ® U](g;( ))>7 (31)

(30) can be rewritten as

ranke, () (1) ranke, (o) (u

k1=1 ko=1

ci(a)

providing a decomposition into vectors U,
indices supported in the children ¢;(«). This decomposition can be iterated as illustrated
by the next step. Abbreviating c; j(a) = c¢;(c;(a)), one obtains

, 2 = 1,2, which now involve shorter multi-

rankcl(a)( )rankCQ(a( u)

() (a,k)
Uk - Z Z Z B(kLk’z)
ki=1 ko=1 ki 1,ki2kj 1,k 2
(i,5)e{1,2}2
% Bl(c:}l{z;:fl)Bl(vz(,%;j?)Ul(fjil(a)) ® Ug;ﬁl(a)) ® U(Cz 2(a)) ® UE;]; (a))‘ (33)

Applying this recursively, any u € EQ(Vd) can be expanded in the form

rank; (u ranky,
Z Z Uyt U @ - U, (34)
ki=1
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where the core tensor a has a further decomposition in terms of the matrices B(®*) for all

non-leaf nodes o and k = 1,...,rank,(u). This decomposition can be given explicitly as
follows: For each (kq)aep,,, we define the auxiliary expression
s . (B.kg)
B(k‘a)aEDm T H B(kcl(ﬁ)vkc2(ﬁ)) :
BEN (D)

We now use this to give an entrywise definition of the tensor Xp ({B(@®#)}) € £5(IN™),
for each tuple of leaf node indices (kg)ge L(Dm) € IN#L(Pm) | ag

<Epm ({B(O"k): a e N(Dp), k=1,... ,ranka(u)}))
(kg)gec(Dm)
= Y Buen, - 39)
(ks)sez(Dm)
ks=1,...,ranks(u)

Note that the quantity on the right hand side involves a summation over all indices cor-
responding to non-leaf nodes. Since the summands depend on all indices, this leaves
precisely the indices corresponding to leaf nodes as free parameters, as on the left hand
side (recall that the index for the root of the tree is restricted to the value 1). The tensor
defined in (35) then equals the core tensor a, which is thus represented as

a=Yp, ({B":aeN(Dy), k=1,...,rank,(u)}). (36)
This representation is illustrated explicitly for m = 4 in Example 1 below.

Example 1. We consider m = 4 with Dy = {{1,2,3,4},{1,2},{3,4}, {1}, {2}, {3}, {4} }.
For this example, we use the abbreviation r, := rank,(u) and derive from (33) the ex-
pansion

= o R ({1,2,3,4},1)
Z Z Z Z Z Z (75{12’} ki34})
=1 ka=1 k=1 ka=1 kyy 5y =1 k(3 43=1

({172}7k{1,2})
(k1,k2)

({374}7k{3,4} )

x B (ks ka)

B uleuleul eull,

that is, for the core tensor we have the decomposition

{12y  T{3.4}

_ {1 2,3 4} 1 ({172}7k{1,2}) ({374}7k{3,4})
Aky ko k3,ky = Z Z (kg1,23 kg3, 4})B(k1,k2) B(k37/f4) ’

k{l,?} 1 k{3’4} 1

Example 2. A tensor train (TT) representation for m = 4 as in Example 1 would cor-
respond to Dy = {{1,2,3,4},{1},{2,3,4},{2}, {3,4}, {3}, {4}}, i.e., a degenerate instead
of a balanced binary tree. More precisely, the special case of the hierarchical Tucker for-
mat resulting from this type of tree has also be considered under the name extended TT
format [29].

Following [13,18], we can formulate now the analogue to Theorem 1.

Theorem 3. Let u € (3(VY), let D, be a dimension tree, and let r = (ry) with 0 < ry <
rank, (u) for o € Dy, \ {0}, then there exists v € H(r) such that

Ju—v| = min{|lu—w|: ranka(w) < re,a € Dp, \ {0} } .
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2.2.2 Hierarchical Singular Value Decomposition

There exists a decomposition for the hierarchical Tucker format that can be regarded
as a generalization of the HOSVD, which we shall refer to as hierarchical singular value
decomposition or HSVD. The finite-dimensional versions of the following claims have been
established in [15]. All arguments given there carry over to the infinite-dimensional case
as in the proof of Theorem 2.

Theorem 4. Let u € (5(V?), where d = dy + ... + dy, and let Dy, be a dimension tree.
Then u can be represented in the form

u= Z aUg, a=%p, ({B(O"k): a € N(Dp), k=1,...,rank,(u)})

keIN™

with a € lo(VY), B®F) ¢ 65(IN x IN), for a € N(D,,), k € N, and where the following
hold:

(i) (Ug), U(l)> =0 fori=1,...,m and k,l € N;
(ii) rankg,, (u) =1, |[BO=D|| = |lu||, and BO™*) =0 for k > 1;
(iii) (B(@k) B@) = 6, for a € T(Dy,) and k,1 € N;

(iv) for allie {1,...,m} we have (a,(ci))kE]N € (5(N), and a,(ci) > a,g?_l >0 for all k € IN;

(v) forallie {1,...,m} we have a,(,iq) = az(f)’Q(Spq, 1 < p,q < rank;(u).
We also have the following analogue of Corollary 1, see [15].

Theorem 5. Let u € (5(V?). For an HSVD of u as in Theorem 4, and defining @ by
truncation to hierarchical ranks ¥ = (7,,), we have

ranke (u)

lu—dPr< d > ot

€Dy, k=Tq+1

and

|G —ul <v2m—3inf{lu—v|:veHF}.

Remark 3. Suppose that, in analogy to Remark 1, a compactly supported vector u on V¢
18 given in a possibly redundant hierarchical representation

a= X w@0, 8=, (B0,
=1

keKm (F)
where the summations in the expansion of a range over ko, = 1,...,74 for each «, and
where the vectors U,(;), k=1,...,7%, and Bk k=1 ... 7, may be linearly dependent.

Employing standard linear algebra procedures, an HSVD of u can be computed from such
a representation, using a number of operations that can be estimated by

_ 4 e
Cm (aeig?ﬁ?{{om} o) + C(miax 7i) ; # supp; (u), (37)

where C' > 0 is a fized constant, cf. [15, Lemma 4.9].
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2.2.3 Projections

In analogy to Section 2.1.3 it will be important to associate suitable orthogonal projections
with a given system V of nested orthonormal mode frames. To this end, r = () €Dy \{Om}
stands always for a rank vector for the hierarchical Tucker format. Again r, = oo is
permitted. We begin with introducing an analog to (24), with a slightly more involved
definition. The hierarchical V-rigid tensor class of rank r is given by

H(V,r) = {w:tange T\ Cspan{V{™: k= 1,...,ra},a € Dy \ {0} }, (38)

where T is defined by (27). Clearly H(V,r) C H(r).

In analogy to Section 2.1.3 we address next a truncation of hierarchical ranks to ¥ < r for
elements in H(V,r), when V is a given system of orthonormal and nested mode frames with
ranks r. There is, however, a slight complication due to the fact that the resulting mode
frames restricted to lower ranks ¥ need no longer be nested. Nevertheless, an approximation
with restricted mode frames can still be realized through an operation represented as a
sequence of projections involving the given mode frames from V. However, the order in
which these projections are applied now matters.

In a way the proof of Lemma 1 already indicates how to proceed, namely restricting
first on lower “levels” of the dimension tree. To make this precise we denote by D! the
collection of elements of D, that have distance exactly ¢ to the root (i.e., D%, = {0,,},
D} = {c1(0n),c2(0,,)} and so forth). Let L be the maximal integer such that D # (.

For £ =1,...,L, let D!, :=J{i € a: a € D,}. Then, given V, and abbreviating

Py o= Z(V,(f), '>V;(f),
k=1
we define
Py ;= ( ® Iz’) ® ( ® PV,a,F) ;
ie{l,...m}N\D%, aeDE,

with I; denoting the identity operation on the i-th tensor mode. Then, as observed in [15],
the truncation operation with mode frames V restricted to ranks ¥ can be represented as

Pvi=Pyrg - PvaiPvig. (39)

Here the order is important because the projections Py o7, Py g7 corresponding to «, 8 €
D, with a@ C 8 do not necessarily commute. Therefore a different order of projections
may in fact lead to an end result that has ranks larger than ¥, cf. [15].

Specifically, given u € £2(V?), we can choose V = U(u) provided by the HSVD, see
(28). Hence Py 7u gives the truncation of u based on the HSVD. For this particular
truncation an error estimate, in terms of the error of best approximation with rank ¥, is
given in Theorem 5.

Remark 4. By (39), we have a representation of  := Py(u),r 1 in terms of a sequence of
non-commuting orthogonal projections. The result u may again be represented in terms of
the orthonormal and nested mode frames U :=U(q).

The situation simplifies if we consider the projection to a fixed nested system of mode
frames, without a further truncation of ranks that could entail non-nestedness.
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Lemma 1. Let V be a family of orthonormal and nested hierarchical mode frames with
ranks r. Then there exists a linear projection Py: €o(V®) — H(V,r) such that the unique
best approzimation in H(V,r) of any u € lo(V?) is given by Py u, that is,

|lu—Pyul|= min ||lu—w|.
weH(V,r)

Proof. The sought projection is given by Py = Py 1 ,, since

PV,L,r T f)V,2,r PV,Lr = PV,l,r
holds as a consequence of the nestedness property. O

Corollary 3. For u € (5(VY) and r = (’I”a)ae'pm_ with 0 < ro < ranke(u), there exist
orthonormal and nested hierarchical mode frames U(u,r) such that

u— Pr ull = min [[u—-w
= Py ul = min u-w|

with Py r) as in Lemma 1.
Proof. By Theorem 3, a best approximation of hierarchical ranks r for u,
u € argmin{||u — v||: ranky(u) <7y},

exists. Defining U(u, r) := U(1) as the nested and orthonormal mode frames for @, given
by the HSVD, we obtain the assertion with Lemma 1. O

3 Recompression and Coarsening

As explained in §1.2, iterations of the form (9) provide updates v = u; + w(f — Auyg)
which differ from the unknown u by some known tolerance. However, even when using a
“tensor-friendly” structure of the operator A or a known “tensor-sparsity” of the data f,
the arithmetic operations leading to the update v do not give any clue as to whether the
resulting ranks are close to minimal. Hence, one needs a mechanism that realizes a subspace
correction leading to tensor representations with ranks at least close to minimal ones. This
consists in deriving from the known v a near best approximation to the unknown u where
the notion of near best in terms of ranks is made precise below. Specifically, suppose that
v € £5(V?) is an approximation of u € f5(V¢) which for some 7 > 0 satisfies

la =Vl (vay <. (40)

We shall show next how to derive from v a near-minimal rank tensor approximation to
u. Based on our preparations in Sections 2.1.3, 2.2.3, the following developments apply to
both formats F € {7,H}, in fact to any format F with associated mode frame systems
U = U7 (see (20), (28)) for which one can formulate suitable projections P%, P{z + with
analogous properties. Accordingly, R = Rz, F € {T,H} denotes the respective set of
rank vectors Ry = IN[', Ry := Dy, \ {0 }. A crucial role in what follows is played by
the following immediate consequence of Corollaries 2, 3 combined with Theorems 2, 5.

Remark 5. Let for a given v € £5(V?) the mode frame system U(v) be either U7 (v) or
U™ (v). Then, for any rank vector r < rank(v), r € R, one has

v =Py vl < A llv = Poy vl = s min flu—wl. (41)

where kp = \/m when F =T, and kp = v/2m — 3 when F = H.
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3.1 Tensor Recompression

Given u € f5(V%), in what follows by U(u) we either mean U7 (u) or U*(u), see (20),
(28).

We introduce next two notions of “minimal ranks” r(u,n),¥(u,n) for a given target
accuracy 7, one for the specific mode frame system U(u) provided by either HOSVD or
HSVD, and one for the respective best mode frame systems.

Definition 3. For each n > 0 we choose r(u,n) € R such that
1= Py su wl <7
with minimal |r(u,n)|s, that is,
r(u,n) € aurgmin{|r|oo (r€R, [[u—Pyu,ul < 77} .
Similarly, for each 77 > 0 we choose T(u,n) € R such that
= Pgrusm all < n
with minimal |F(u,7)|s, that is (see Corollary 2 and Remark 5),
r(u,n) € argmin {[r|oc : r € R, Iw € F(r), [lu—wlyga) <n}. (42)

Recall that the projections Py, = PH]J:(V),r to F(r) are given either by (26)or (39)
when F € {7, H}, respectively. In both cases, they will be used to define computable
coarsening operators for any given v (of finite support in V?). In fact, setting

Py v =Py aiva Vs (43)
we have by definition
lv—Pyvll <, [rank(Py v)lee = (v, 1)|o0: (44)
Lemma 2. Fiz any o > 0. For any u,v,n satisfying (40), i.e. |lu—v| <n, one has

la = P 4ayy VI < (L+5p(L+a)) (45)

while R
[rank(P . (14a)y V)loo = [1(v, kp(1 4 a)n)]oo < [F(1, an)]oo - (46)

Proof. Bearing Remark 5 in mind, given u, for the projection P, 5 one has

u,an))
IV = Poraen) VI < I = Pouzan) (V=D + [t = Pgswan) all < (1+a)n. (47)
On the other hand, we know that for any r € R,

v—P vl <k inf |[|[v—w
v = Poe vl < w it v = w].

so that, by (47), for r = T(u, an) we have
HV - PU(V),T(u,an) VH < ’{P(l + O‘)"?a

which confirms (46). Estimate (45) follows by triangle inequality. O
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Thus, appropriately coarsening v yields an approximation to u of still the same quality
up to a fixed (dimension-dependent) constant, where the rank of this new approximation
is bounded by a minimal rank of a best Tucker or hierarchical Tucker approximation to u
for somewhat higher accuracy.

Let us reinterpret this in terms of minimal ranks, i.e., for r € R, let

or(v) =orr(v):=inf{||[v—w| : we F(r)}, Fe{T,H}.
We now consider corresponding approximation classes.

Definition 4. We call a positive, strictly increasing v = (7(n))n€m0 with 4(0) = 1 and
v(n) — 00, as n — 00, a growth sequence. For a given growth sequence v, we define

A() = Ar(7) = {v € (V%) : sup Y(Irlso)or 7 (V) =t [¥] 4z }

and [|V]| ax(y) == VIl + [V]45(y)- We call the growth sequence v admissible if
py = supy(n)/y(n —1) < oo,
nelN

which corresponds to a restriction to at most exponential growth.

In the particular case when y(n) ~ n® for some s > 0, ||[V[a, () = VIl + V40
is a quasi-norm and Az(()7) is a linear space.

Theorem 6. Let kp be as in Remark 2, and let « > 0. Assume that u € Ar(y) and that

v € (2(VY) satisfies |[u — v| <n. Then, defining w,, := IADHP(HOC),] v, one has

[rank(wy)loo <77 (pylullariy/(am)),  llu—wyl < (L+kp(1+a))n,  (48)

and
[Willazty) < Cllullagy, n>0, (49)

whereC:H'{P#(l—’_a)—l—l.

Proof. The second relation in (48) has already been shown in Remark 2. We also know
from (46) that |[rank(w;)|e < [T(u,am)|ee. Thus the first relation in (48) is clear if
IT(u, an)|eo = 0. Assume that |[F(u, an)|sw > 1. Then for any r’ with || = |T(u, an)|—1,
by definition of |-| 4,.(y) we have

[l a3 2 V(Y |so)ow 7 () = (IF |sc)an > py ™ y(|E(w, an)loc)a. (50)

Also, when |r(u, an)|s = 1, we have

oo, 7(u) = [uf > an = (0)an > py~ ([E(u, an)|sc)an .
Therefore
F(u, an)loe <77 (o5l ayq)/(an)),

which is the first relation in (48).

As for the remaining claim, we need to estimate v(|r|oo)or, 7(Wy). Whenever |r|o >
IT(u, an)|s we have, by (46), or 7(w;) = 0. So we need to consider only |r|oc < |T(u, an)|oo-
By (45),

Wy = P, ull < [lwy —ull + [[u =Py, ul] < (1 + sp(l+a))n + o 7(u).
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Therefore, we conclude that for |r|o, < [T(u, an)|oo, since o5y an), F(1) < an while oy, 7(u) >
arn,

(1+rkp(14+a))an

T 1) A(r]oo)orr (1)

’Y(’r‘w)gr,}'(wn) < ([rloo) +(Ifloc)or, 7 (1)

< <1+I€P(1+Oé)
«

<1—|—I€p 1+

(0%
< ) + 1) |u\,4f(w). (51)

(%

3.2 Coarsening of Mode Frames

We now turn to a second type of operation for reducing the complexity of given coeflicient
sequences in tensor representation, an operation that coarsens mode frames by discarding
basis indices whose contribution is negligible. We shall use the following standard notions
for best N-term approximations.

Definition 5. For d € N and A C VCZ, we define the restrictions

RAvV:=vxa, V€LV,
and for each N € Ny, the errors of best N-term approximation

on(v):= inf [[v—-Rpav|.
ACVY
#A<N

The compressibility of v can again be described through approzimation classes. For s > 0,

we denote by A*(V?) the set of v € £5(V?) such that

V| s gy = Sup (N +1)°on(v) < oco.
0

Endowed with this (quasi-)norm, AS(VJ) becomes a (quasi-)Banach space. When no
confusion can arise, we shall suppress the index set dependence and write A% = A*(VY).

We deliberately restrict the discussion to polynomial decay rates here since this cor-
responds to finite Sobolev or Besov regularity. However, with appropriate modifications,
the subsequent considerations can be adapted also to approximation classes corresponding
to more general growth sequences.

3.2.1 Tensor Contractions

Searching through a sequence u € fo(V?) (of finite support) would suffer from the curse of
dimensionality. Being content with near best N-term approximations one can get around
this by introducing, for each given u € fo(V?), the following quantities formed from
contractions of the tensor u ® u.

Definition 6. Let u € £5(V?). For i € {1,...,m} we define, using the notation (15),

w0 = (o8, (S))
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With a slight abuse of terminology, we shall refer to these 7(!)(-) simply as contractions.
Their direct computation would involve high-dimensional summations over the index sets
V4% However, the following observations show how this can be avoided. This makes
essential use of the particular orthogonality properties of the tensor formats.

Proposition 2. Let u € (5(V?).
(i) We have |Ju| = |[z@ ()|, i=1,...,m
(i) Let A®) C V%, then

m 1
Ju=Rymemamul < (32 3 170@P)*. (52)

(iii) Let in addition U® and a be mode frames and core tensor, respectively, as in Theo-

(4)

rems 2 or 4, and let (0,’) be the corresponding sequences of mode-i singular values.
Then )
(Z\U“k\ oPP), e, (53)

Proof. Property (i) is clear, and (iii) is a simple consequence of the orthogonality prop-
erties of mode frames and core tensor stated in Theorems 2 and 4. Abbreviating u :=
R ... A(m) W, property (ii) follows, in view of (i), from

Hﬁ - uH2 < ”u - RA(l)de2 X - x Vdm uH2 +... Hu - Rvd1 X x VIm—1 x A(m) uH2
m
i 2
- S R o
i=1 yevdi\AG)

The following subadditivity property is an immediate consequence of the triangle in-
equality.

Proposition 3. Let N € N and u, € (5(V%), n =1,...,N. Then for each i and each

v e V%, we have
(3 m) < et

n=1

Relation (53) allows us to realize (in practice, of course, for finite ranks rank(u) and
finitely supported mode frames U(i)) best N-term approximations of the contractions

Tr(i)(u) through those of the mode frames U](f). Moreover, expressing coarsening errors in
terms of tails of contraction sequences requires finding good Cartesian index sets. To see
how to determine them let us suppose that for each i € {1,..., m}, we have ordered

my (W) 2 () > () 2

Vz 1 vi2
Then we can also order these quantities jointly for all tensor modes,
(i1) > (i2) > 4
Toa (W) 2 w5 () > - (54)

Next, retaining only the N largest from the latter total ordering and redistributing them
to the dimension bins

Ay N) = {599 iy =i, j=1,...,N}, i=1,...,m, (55)
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the product set
m
A(u; N) == X AD(u; N) (56)
i=1
can be obtained at a cost that is roughly m times the analogous low-dimensional cost. By
construction, one has

i #AD(u; N) < N (57)
=1
and "
oY P {Z > R, (58)
=1 yeV4i\AD (w;N) =1 pevdi\A®)

where A ranges over all product sets Xy A® with Sy #AD < N
Proposition 4. For any u € l5(V?) one has
Ju Ryl <3 Z [ ()] (59)
=1 peva\A®) (u;N)
and for any A = X7 AD with AW € V% satisfying 7", #AD < N, one has
lu = Ryl < vmlla —Rj ul|. (60)

Proof. The bound (59) is immediate from (52). Let now A be as in the hypothesis, then
by (59) and (58), one obtains

; 2
Hu RA )uH < Z Z ‘7T£Z)(u)| = ‘|u_RA(1)XVd2x---XVdm u”2+"'
=1 VEVdZ\A(i)

2 2
= Ryt Wl < mllu — Ry w2, m
Note that the sorting (54) used in the construction of (56) can be replaced by a quasi-

sorting by binary binning; we shall return to this point in the proof of Remark 9. With
the above preparations at hand we define the coarsening operator

CunV:=Rpwmn) v, VE (VY. (61)

While Cy n is computationally feasible, it is not necessarily strictly optimal. However,
we remark that or each N € IN, there exists A(u; N) = X ; A®(u; N) such that the best
tensor coarsening operator

CUJ\[V = R‘]\(u,N) v, Vv € éQ(Vd) 5 (62)

realizes
u— Cynyul = min u—wi|. 63
ho—Cuxull = min ]| (63)

The next observation is that the contractions are stable under the projections Py

Fe{T,H}.

u),r
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Lemma 3. Let u € (5(V?). Foric {1,...,m}, v € V%, and any rank vector r € R with
r < rank(u) componentwise, we have

7T1(/Z) (PU(u),r u) < 7T1(/Z) (u) )

where U(u) either stands for UT (u) or UM(u) for the Tucker and hierarchical Tucker
format, respectively, see (20), (28).

Proof. We consider first the Tucker format. Using the orthnormality of the mode frames

U(u), we obtain

() Pu, ) = 30 (3 Vi) (64)

For any fixed k;, we have

T

ry | ,
> Z Uy ak Ik, Vkile, (Z Uy(f;)ﬂiapi\k) >0, (65)

ki=11;=1 ki=1
and combining this with (64), with the notation R := rank(u), we obtain
(9 Pu ) < 3 S URUS S ay, o,
ki=11=1 ek (R)

By Theorem 2(ii), the right hand side equals

T

Z‘Uk: IEI)c

k=1

< () (w))?.

This shows the assertion for the Tucker format. The proof for the hierarchical Tucker
format follows similar lines. We treat additional summations arising in the core tensor in
the same way as the summation over k; above, and apply the same argument as in (65)
recursively. O

As a next step, we shall combine the coarsening procedure of this subsection with the
tensor recompression considered earlier. To this end, we define N(v,7) := min{N: ||v —
Cy,n V|| <1} as well as

CU (V) = Cv,N(vm) \E (66)

in order to switch from (near-)best N-term approximation to corresponding (near-)best
thresholding procedures. As a consequence of (59), we have

|[v—Cyn V| <kellv—Cunv|, kc=vVm. (67)

Our general assumption on the approximability of mode frames is that 7() (u) € A* which,
as mentioned before, reflects finite Sobolev or Besov regularity of the lower-dimensional
tensor factors.
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3.2.2 Combination of Tensor Recompression and Coarsening

Recall that we use || - [[4s, || - [l.4,(y) to quantify sparsity of wavelet expansions of mode
frames, and low-rank approximability, respectively. The following main result of this
section applies again to both the Tucker and the hierarchical Tucker format. It extends
Theorem 6 in combining tensor recompression and wavelet coarsening, and shows that
both reduction techniques combined are optimal up to uniform constants, and stable in
the respective sparsity norms.

Theorem 7. For a given v € (5(V?), let the mode frame system U(v) be either UT (v) or
U™ (v) (see (20), (28)). Let u,v € lo(VY9) with u € Az (v), 7 (u) € A° fori=1,...,m,
and ||lu — v|| < n. As before let kp = ko = /m for the Tucker format, while for the
H-Tucker format kp = v/2m — 3 and k¢ = \/m. Then for

Wi = Cac(ep 1) (1+a)n (Prprayn(V)) (68)
we have
[u—wyl| < (L4 rp(1+a)+ke(kp +1)(1+a))n, (69)
as well as
rank(wy)|oo <7 (pyllullax(y)/(am)) | [Wall a4z < Cillullaze)s (70)

with C1 = (a1 (1 4+ kp(1 + a)) + 1) and

m

D # suppi(wy) < m” S(an“ as)®

an (wy) \As<022||w<2 )lass

with Cy = 2°(1 4 2%) 4+ 2% (kp(1 + @) + ko(rp(1+ @) + 1+ o) )mmaths),

Proof. Taking (45) in Lemma 2 and the definition (66) into account, the relation (69)
follows from the triangle inequality.

The statements in (70) follow from Theorem 6. Note that the additional mode frame
coarsening considered here does not affect these estimates.

For the proof of (69) and (71), we can proceed similary to [8, Corollary 5.2] (see
also [7, Theorem 4.9.1]). We set w := Pﬁp(lJrCV)?](V)‘ Let N € IN be minimal such that
|lu — Cynul| < an. Then

W — CynW| < [(T= Cun)(u—W)| + [[u— Cynul
<|lu—w| + [lu—Cunul < (1+rp(1 + @) + a)n,

where we have used Remark 2 to bound the first summand on the right hand side. Con-
sequently, by (67),

IW — Cy,n W < hic||W = CanW|| < kicl|W — CunW || < ke (ltrp(l+a) +a)n. (72)

Furthermore, keeping the definition (62) and the optimality (63) in mind, (52) yields

1
lu—Cunul < __ inf (Z||7r ~ Ra, 7(w)?)?

>, #A <N

<Z inf [lr(w) = R, 7 (w)]| < (N/m)~ ZHW u)[ s -

#A <N/m
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Using the latter estimate and noting that the coarsening operator CKC(HRP)(HQ)U retains
at most N terms by (72), we conclude that

> sesumn () < N < b ()

and hence the first statement in (71). Resolving the latter inequality for 7, one can rewrite

(69) as N
Ju— vyl < (3 #suppy(wy)) C (an W)l ) (73)

=1

where C(a) := rp(1 + @) + rc(kp(1 + @) + 1 + ). Now let N = S N; with N; =
# supp;(wy). Let G; be the best Ni-term approximation to 7(9(u), then

I @ (wi)llas < 28(Huz\|As + 12 =7t (wy)] ac)

< 2°([lr? (w).as + (2N;)° || — 7 )(Wn)H)

< 2°([lr? (w)]Las + 2N (& = 7@ ()| + [I7@ (w) = 7 (w;,)])
<2°((1 +23 )t () .as + 28)° || (@) — 7D (wiy))

where we have used that ||&; — 7 (u)| < N || 7@ (w)|| 45 as well as # supp; (wy),
#suppi(ﬂ( )(Wn)) < N;. Moreover, as a consequence of the Cauchy-Schwarz inequality,
we have the componentwise estimate

) — 70 ()| < 7 (0~ wy)
which combined with (73) yields
@ () = 7D (wy) | < 7 (@ = wy)l| = [lu— wy|

< N5C(a (an HAS)

Hence we obtain

o (wp)llas < 2°(1+ 29| (W)l | as +22C () m* N - SNS(ZH?r w)lla).
Summing over ¢ = 1,...,m and noting that N—s > Nf < mmax{0:1=s} e arrive at the
second assertion in (71). O

4 Adaptive Approximation of Operators

Whether the solution to an operator equation actually exhibits some tensor- and expansion
sparsity is expected to depend strongly on the structure of the involved operator. The
purpose of this section is formulate a class of operators which are “tensor-friendly” in the
sense that their approximate application does not increase the rank too much. Making
this precise requires some model assumptions which at this point we feel are relevant in
that a wide range of interesting cases is covered. But of course, many possible variants
would be conceivable as well. In that sense the main issue in the subsequent discussion
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is to identify the essential structural mechanisms that would still work under somewhat
different model assumptions.

We shall approach this on two levels. First we consider operators with an ezact low rank
structure. Of course, assuming that the operator is a single tensor product of operators
acting on functions of a smaller number of variables would be far too restrictive and also
concern a trivial scenario, since ranks would be preserved. More interesting are sums of
tensor products such as the m-dimensional Laplacian

where strictly speaking each summand 9, ; is a tensor product the identity operators acting
on all but the jth variable and the second order partial derivative with respect to the jth
variable. Hence the wavelet representation A of A in an Ly-orthonormal wavelet basis has
the form

A=A10L® QL+ - +L® - @L,_1® Ay, (74)

where A; is the wavelet representation of d;;. There is, however, an issue concerning the
scaling of the wavelet bases. For Lo-orthonormalized wavelets A is not bounded, an issue
to be taken up later again in Remark 15.

At a second stage it is important to cover also operators which do not have an explicit
low-rank structure but can be approximated in a quantified manner by low-rank opera-
tors. A typical example are potential terms, such as those arising in electronic structure
calculations, see, e.g., [2] and the references cited there.

4.1 Operators with Explicit Low-Rank Form

We start with a technical observation that will be used at several points. Given operators
Bl = (b(l) )vs v - lo(V%) — £5(V%), recall that their tensor product B = BU - ..@

Vi, Vi

B(™) is given by B,;= S NCOR that, whenever v =v!®---@v™, v/ € lo(V%),

V1,01 Vm,Um

we have Bv = (BWv!) @ ... @ (B v™). Observing that for any v € £5(V)
Bv — (Il BY®. .- ® B(’")) ((B(” RL® - ® Im)v), (75)
we conclude
IBv|| < HB(Q) Q- ® B(m)H ||7T(1) ((B(l) L ® Im)v) H
More generally, one obtains by the same argument

Byl < [BY @@ BED @ B ... o B0V
x |’7T(i)((11 ®LeBY@L @ @ Io)v)||. (76)

Similarly, one derives from (75) the inequality
W(i)(BV)Vi < HB(l) ®- BBt g...5 B(m)H

x1D(Le oL 1eBY@L,y® - 0Lyv),, veVhi (77)

k3
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4.1.1 Tucker Format

We shall be concerned first with (wavelet representations of) operators A = (ay,7), sevd :
l5(V?) — £5(V?) composed of tensor products of operators according to the Tucker format.

For a given rank vector R € IN™ throughout this section we assume that A: £5(V9) —
l5(V?) is bounded and has the form

Z Cn ® A (78)

neKmn (R)
where AL : £5(V4) — 65(V%) for i € {1,...,m} and n; € {1,..., R;}.
Example 3. In particular, any operator of the form
AL ® QL+ ...+ L@ - Q1,1 A,

can be written in the form (78) with R = (2,...,2), Agi) =1, Ag) =A;fori=1,...,m,

and core tensor
€21,.1=...=€C1,.121,.1=...=¢C1,.12=1, cn = 0 otherwise.

The ASf} are in general infinite matrices and not necessarily sparse in the strict sense.
We shall further require, however, that they are nearly sparse as will be quantified next.
i)

To this end, suppose that for each A%i we have a sequence of approximations (in the

(4)

spectral norm) such that for a given sequence e, , p € IN, of tolerances

JAY —AD <<, pe. (79)

n;,p?

i)

Moreover, it will be important to apply such spar31ﬁed versions of the A( to vectors

which are supported on the elements of a partition {Am 0] }pen, of Vi, We shall then

consider approzimations A to A of the form

A- Y w@AD. A= Y AD R | (80)

neKm(R)  i=1 peNg i [P]

where as before Rp denotes the restriction of a given input sequence to A. The following
lemma describes the accuracy of such approximations.

Lemma 4. Letv € lo(VY), let A: 5(VY) — €2(V?) have the form (78) for some R € N™,
while A, given by (80) satisfies (79). Then we have

|Av — Av] < Z Z ool HRA@ wi e (81)

i=1 n;=1pelNy

where
i—1

Se( @A) (& A2)|

H; j=1 j=i+1

C(f) = max
A ni:L...,Ri

28



Proof. The usual insertion-triangle inequality argument for estimating differences of prod-

ucts yields, upon using (76) and the definition of the constants Cg),
|Av — Av]| < HZ ~AW) e (ZC AD @ W®A£LT”)>VH
+ HZ(Z% Ao oAl o @l - Ay
X YlaR - A ete- o1y

O3 e el (Al - A,

The assertion (81) follows now, using (79), from

AL ~Aly @l o Iv| <ZH H)RA(U[ QI @Iv|
< ZenlpHRAu) W(l)(V)H
and analogous estimates for the other summands. O

Remark 6. The constants Cg), depending on the operator and its approximation, may
introduce a dependence on m. In certain cases, this dependence is exponential. For in-
stance, in the case of an operator of the form A = B® B ® ---® B with |B|| < ||B||, we
obtain Cg) = ||B||™~t. This constant can therefore also strongly depend on an appropriate
scaling of the problem under consideration. However, in the case of an operator

A=BRI® - 1+1IBI® -1+ ... +I---®91I®B,

we obtain instead C’j({) < (m —1)||BJ|. The dependence on m of Cj({) is thus related to the
number of factors in each summand of A that are not identity operators.

The partitions AS) will later be identified for a class of matrices studied in the context
of wavelet methods [8,32].

Definition 7. Let A be a countable index set and let s* > 0. We call an operator
B: la(A) — la(A) s*-compressible if for any 0 < s < s¥, there exist summable positive
sequences (a;);>0, (8;)j>0 and for each j > 0, there exists B; with at most ;2 nonzero
entries per row and column, such that |B — Bj|| < 8;27%. For a given s*-compressible
operator B, we denote the corresponding sequences by a(B), 5(B).

Moreover, we say that a family of operators {B(n)},, is equi-s*-compressible if all B(n)
are s*-compressible with the same choice of sequences (¢;), (f;) and in addition, for all
A € A the number of nonzero elements in the rows and columns of the approximations
B(n); can be estimated jointly for all n in the form

#(UEY € A Bm))ax #0V (BM)j)xa £ 0}) < 0,27

Example 4. To give a structural example, let us assume that {1} cv is an orthonormal
wavelet basis on R. As before, let |A| denote the level of the basis function ). For
¢, 0,3 >0, we denote by M, , g the class of infinite matrices for which

lba| < 27 M=V (1 4 dist(supp 4y, supp i)
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Such bounds are known to hold, for instance, for wavelet representations of the double layer
potential operator. Again, with a suitable rescaling of the wavelets, the representations
of other potential types, as well as elliptic partial differential operators, exhibit the same
decay of entries. It is shown in [8, Proposition 3.4] that (when specialized to the present
case of one-dimensional factors) any B € M., 3 with o > 1/2, § > 1 is s*-compressible
with s* = min{oc —1/2, 5 — 1}.

If B(n) € Mc(n)0(n),8(n) With ¢(n) and o(n)~!, 8(n)~! uniformly bounded, then from
the construction in the proof of [8, Proposition 3.4] it can be seen that the B(n) are
equi-s*-compressible with s* = min{inf,, o(n) — 1/2,inf,, 3(n) — 1}, since the same set of
nonzero matrix entries can be used for each n.

The key property of s*-compressible matrices in the context of adaptive methods is
that they are not only bounded in ¢5 but also on the smaller approximation spaces, and
thus preserve sparsity in a quantifiable manner. We wish to establish such concepts next
for the tensor setting.

(4)

To this end, assume that the components A, in A, given by (78), are s*-compressible,

and let A() be the corresponding approximations according to Definition 7. Quite in
the spirit of the adaptive application of an operator in wavelet coordinates (see [8]), for
approximating Av for given v € f5(V?%), the a-priori knowledge about A in terms of
s*-compressibility is to be combined with a-posteriori information on v. In fact, given
v € 5(V?), we describe now how to construct for any .J € IN approximations ws to the

sequence Av as follows. For each ¢ and for j € IN, let Agi) be the support of the best 2/-
term approximation of 7 (v) so that in particular, f\z(,i) C Ag_l. If AS} =1, we simply
setA%)—I IfAnZ;éI weletA 1 :=0 and

A(Z \‘A(Z 1 p:07"'7J7

Al =0 vea\ RO p =g, (82)
0, p>J+1.
Moreover, let
o (@) _
AS) o = Ay gy =07 (83)
o 0, p>J

()

Note that, as a simple consequence of Definition 7, the A, formed according to (80) are

bounded independently of v.
Lemma 5. Assume that the components Asfz) of A as in (78) are s*-compressible. Given
any v € l5(V?), J € N, let

S cn®An C A=Y AR

neKm (R) pENo

with R, ) ~,(fi) defined by (82), (83), respectively. Then, whenever 7 (v) € A for

s [p] B
some 0 < s < s*, the finitely supported sequence wy := A jv satisfies

AV — Av|| <27 S‘JZC maXIIA N+ 18D ) 17D () as (84)
=1
as well as _ '
#supp; Ayv < Rilla? |27, (85)
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where the sequences &, B are defined as the componentwise mazxima of the sequences in
Definition 7 for each A&Z}, that 1s,

olg-i) = max a;(AY), B](Z) = max 3;(AD). (86)
Proof. We apply Lemma 4 with ASZ) [p} as in (83) and AT(;) w = AE;]), according to (82).

By s*-compressibility, we have ||A£,i) — H < BS) 2-s(J-p) —. ;?p, p=20,...,J
||A$fl) - ASZ_){JH]H = ||An2 I, ||RA( ) 7@ (v )H = 0 for p > J + 1, and therefore

m R; ) J A0 ]
lav—wsl < 353013 82 VPR A
p=0 e

i=1 n;=1

+ HA

7 (v) H } . (87)

[J+1]

By the choice of the A[( % and the definition of ||-[| 4=, we obtain ||R . 9 7O )| < 2727 (v) || 4

for p=0,...,J 4+ 1, which confirms (84). Furthermore,
#supp; Ayv < Ri(aV2720 + o) 27719l 4 alV2%7) < R4, 27, (88)
which is (85). 0

Remark 7. Whenever v is finitely supported there exists a p(v) € Ng such that A =0

fori=1,...,m, p> p(v). Hence, the right hand side of (87) can be computed for each
J € No, where the sum over p terminates for J > p(v) at p(v). Further increasing J will
then decrease all summands on the right hand side of (87). Therefore, fizing any s < s*
(close to s*), we can find for any n > 0 the integer J(n) defined by

J
J(n) = argmm{ZZC {Z 2_S(J_p) HRAS') W(i)(V)H

JeNo Ui nim1 p=0 vlp]

+]|A¢

el

R, ® < } 89
Ryo 7O <0 (89)
To further examine the properties of A J(n)V for a given finitely supported v let

Y = 11aMe, Y = (max| AL+ 1B9]ls,) (90)

Theorem 8. Under the assumptions of Lemma 5 on A and any given finitely supported
v € lo(VY), for any n > 0 let

v =:A,v, (91)
where J(n) is defined by (89). Then

|Av —A,v] <o, (92)
m 1
#suppy(Ayv) <205 Rin (3 OV PR I7D (v)llae) (93)
7j=1
225+1 i i i s
IO A e < 5= (C) CP O R r D)L, (94)
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foralli=1,...,m, where Cg) is as in Lemma 4, and the constants C’g), Cg) are defined

by (90) and are independent of v, n, and m. Moreover,
rank;(Av) < R;rank;(v), i=1,...,m. (95)

Proof. (92) follows from (89). The bound (93) is an immediate consequence of (85).
Choosing for a given finitely supported v the mode frame system U = U(v) according to
HOSVD, (95) is clear, since with U and a as in Lemma 4, we obtain

Z Z A b),..o (i ® L (96)

nEKm (R) keN™ i=1

Where d(m,kl),...,(nm,km) = CnQk-.

Without loss of generality it suffices to prove (94) only for i = 1, which allows us to
temporarily simplify the notation by writing A, for A[(;]). Note first that for each vy € V%,
using Proposition 3 followed by (77), we obtain

TM(Av) <0 S aVAD @1 @ Iv)
n1:1
1
=y z(zw OPIARUDL)* (97)
ni=1

where we have used (53) in the last step for the mode frame system U(v) from Theorem
2. In order to bound next the terms on the right hand side of (97) let

~

1
A, o) += supprange Af“)o RA[O] ,

Anl’[q] = < U supp rangeA RA[e) (U An1 l]> qg>0.

JjHl=q i<q

By the same argument as in (88), we also obtain

#hy g < 160 16,27, (98)
Since for ¢ = 1,...,J, and each k, we have
LOuO) <\ ; 1)
HRA"L[!J] Agl)Uk H < ZHRAmv[q] Agl) RA[Z] Uk H’
=0

and since by (83), Rf\nl,[q] Agl) Ry, = Ry (Agzll),Jfg AW

n1,d] nl,Q*f+1)RA[Z]? this can be

estimated further by

M=

1 1 1
IRy ADUL<ST(IAY - AL+ AL —AY DR, UL

n1,[q]

Iy
o

1) 1 —s(qg—f— 1
(ﬁ( s(J—£) —i—ﬂ() (q—¢ 1))HRA[e1 U](Q)H

MQ

~
I
o

q 1
1 1 A(1 —2s(g—b— 1 2
< (218D6)% (D (B, + B2 2D Ry, U

=0
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Hence, abbreviating ~, := Bglze + 397)571, we obtain

HRJ\ 7T(l)(l&%ll) ®I2"'®ImV)H2

n1,[q]

< 2%+ 50 lem B 272 20-0|Ry, UL

=0

=224 30]|, ZWTZS(H) IRay 7O ()17
=0

q
< 220 272D (W) 1% Y e,

and thus

IRy 7#WAD @I o Iv)| < 27572543y, | (v)][| a: - (99)

n1,[ql

Recall that the sets Anl,[q] are disjoint with #A
A®-quasi-norm, we have

nilg) < ||@(1)H412q. By definition of the

T WAD @1 ®Iv)HAs<sup(z#Am a) SIR;  AVAG L o).

a€N g i>q

Hence from (99) we infer
Ir AR @1 @ Iv)as < (22727 = ) HIGWIZ, 18D ]ley) 1o () s -

Since by the first inequality in (97), we have

Ry
~ 1 s re
I (AV) |4 < CUR Y IrVAD 91+ @ Iv) | 4

ni=1

we arrive at (94). O

Remark 8. The estimate (94) corresponds to the worst case that the sets A, [q] con-

structed in the proof are disjoint for different n;. If, on the contrary, the {Anl I, are
equi-s*-compressible, and hence these sets are the same for all n;, we can combine (97)
directly with (99) to obtain instead

S

79 (Av)Lae £ (€)' OO Rilln® (v) e

i.e., an improvement by a factor R;. Similarly, in this case we also obtain that by a
modification of (88), the estimate (93) can be replaced by

1
#supp;(Av) 5 CF n’?<ZC(J CY Ry|lm 9 (v)l|ac )

Remark 9. If r; := rank;(v) < oo, the number ops(Av) of arithmetic operations for
evaluating Av as in Lemma 8, for a given HOSVD of v, can be estimated by

1

ops<2&v>sﬁRmn—iiCS)Rm(fjc 'Y Ry |x D)) (100)
7=1

=1 i=1

with a constant independent of v, n, and m.
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Proof. The sorting of entries of 7((v) required for obtaining the index sets of best 27-
term approximations in Theorem 8 can be replaced by an approximate sorting by binary
binning, requiring only # supp;(v) operations, as suggested in [4,26]. This only leads to
a change in the generic constants in the resulting estimates.

Let v have the HOSVD v = ), a;, Uy, then, on the one hand, we need to form the core
tensor for the result, which takes []'", R;r; operations, and evaluate the approximations
to AS}U,&? forn; =1,...,R;, and k;, = 1,...,r;. The number of operations for each of
these terms can be estimated as in [8], which leads to (100). O

As the first term on the right hand side of (100) shows, the Tucker format still suffers
from the curse of dimensionality due to the complexity of the core tensors.

4.1.2 Hierarchical Tucker Format

For applying operators to coefficient sequences given in the hierarchical Tucker format, we
need a representation of these operators with analogous hierarchical structure. That is, in

the representation
m

A= Y @AY, (101)

neKm(R)  i=1

for the finitely supported tensor ¢ = (cn) € ¢2(IN"*) we need in addition a hierarchical
decomposition
c=Yp, ({C): aeN(D,), veN}), (102)

see (35), (36). Here for a € N (D,,), we extend the definition of representation ranks in
the representation of A to each o € Dy, by setting Ry;y := R; and

Ry = #{v: Cl@¥) £} (103)

In what follows, we assume max,ep,, Ro < 00 and Rp,, = 1. According to Theorem 4,
v € £5(V?) has a representation

v= > al, a=3p, ({B™"})
keIN™

If maxaep,, rank,(v) < oo, then Av can be represented in the form (96), with d again
admitting a hierarchical representation in terms of matrices D(®(##)) on IN? x IN? with
entries

(@h) o alow) (k)
(i) (p2d2)) = Cluna)Blns’ -

That is, as in (35), we have an explicit representation

d=3Yp ({D(a’(”’k))): a € N(Dp),v=1,...,Ro, k=1,... ranky(v)})

in (96), where the indices in k € IN are replaced in the definition of ¥p_, () by the indices
(v, k) € IN2.

Example 5. To give a specific example, we consider an operator of the form
AL L, + ...+ L® -, 1®A,
in the hierarchical format with dimension tree

Dy = {0, {1},{2,....,m}, {2}, {3,...,m},..., {m}}
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as in Example 2. Setting A(li) =1, A(Qi) = A, fori=1,...,m, we obtain a representation
as in (102) with R, = 2 for a # 0y, and

0 1 . 10 N 01

The estimates in Theorem 8 now directly carry over to the hierarchical Tucker format,
where as the only modification, (95) is replaced by

rank,(Av) < R, rank,(v).

Remark 10. If for a given HSVD of v, ry := rank,(v) < oo, o € N(D,,), the number
opS(AV) of arithmetic operations for evaluating Av as in Theorem 8 can be estimated by

ops(Av) < Z Rara H R ()
€N (D)

1

_1 3 " ; : . <
et Y CO R (Y O Rl )I) . (10)
1=1 j=1

with a constant independent of v, n, and m.

Comparing the first summand on the right hand side of (104) to the one in (100), we
observe a substantial reduction in complexity regarding the dependence on m (and hence

d).

4.2 Low-Rank Approximations of Operators

In many applications of interest, the involved operators do not have an explicit low-rank
form, but there exist efficient approximations to these operators in low-rank representation.
Such a case can be handled by replacing a given operator A by such an approximation
and then applying the construction for operators given in low-rank form as in the previous
subsections.
To make this precise, we assume that for a suitable growth sequence ~ya, there exist
approximations Ay for N € IN with

supya (N)[|A — An|| =: Ma < o0, (105)
N

where each Ay has a representation (101) with R; < N. Moreover, in the case of the
hierarchical Tucker format we assume in addition that R, < N with R, as in (103).

Moreover, we need to quantify the approximability of the Ay. We assume that all
tensor factors arising in each Ay are s*-compressible, and that for the approximations
AN of Ay according to Lemma 4 and Theorem 8 — with constants C(j) Céz], Cg) in
Theorem 8 — we have "

Caid = sxp(m@ax C’SL) (mZaX C-(AZ)NC/g]i) < 00. (106)

Under these conditions, we shall say that the approximations Ay to A are uniformly
s*-compressible.

Under this assumption, the estimates for ops(Av) obtained in Remarks 9 and 10 carry
over to the present setting with additional low-rank approximation of the operator. Here
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for given n > 0 and v, we choose IV such that [[A — Ay|| < 7/2 and Ay such that
|Anv — Anv]| <n/2, which in summary yields for the Tucker format

ops(Av) < (V4 (2Ma/n))" H rank;(v)
=1
+ O i (R @Ma/m) Y ranki(v) (an) )™, (07)
=1

=

and for the hierarchical Tucker format

2

OpS(AV) < (7;1(2MA/77))3 Z rank, (v) Hrankcq(a) (v)
a€N (Dm) q=1

+CiAn*%(vgl(zMA/n))Hs_lZrank (Z””]) )

=1

@ =

(108)
Note again the reduction in complexity in the first term of (108) over (107).

5 An Adaptive Iterative Scheme

5.1 Formulation and Basic Convergence Properties

We have now all prerequisites in place to formulate an adaptive method whose basic
structure resembles the one introduced in [9] for linear operator equations Au = f, where
f € /5 and A is bounded and elliptic on #5, that is,

(Av,v)e, 2 AallVIZ,, 1AV, < Aallvie,

holds for fixed constants Aa, Aa > 0. The scheme can be regarded as a perturbation of a
simple Richardson iteration,

Vit1 :=v; —w(Av; — ), (109)

which applies to both symmetric and nonsymmetric elliptic A. In both cases, the param-
eter w > 0 can be chosen such that ||I —wA| < 1.

Based on the developments in the previous sections, we have at hand numerically real-
izable procedures APPLY, RHS, RECOMPRESS, and COARSEN, which for finitely supported
v and any tolerance 7 > 0 satisfy

|Av — appLy(v;n)| <7, | —rES()[| <7, (110)
|v — RECOMPRESS(v;n)|| <7, [V — COARSEN(v;n)|| < 7.

Specifications of the complexities of these procedures will be summarized in §5.2. The
adaptive scheme that we analyze in what follows is given in Algorithm 5.1.

Proposition 5. Let the step size w > 0 in Algorithm 5.1 satisfy |l —wA| < p < 1. Then
the intermediate steps uy of Algorithm 5.1 satisfy |[ug, — u|| < 6%, and in particular, the
output u. of Algorithm 5.1 satisfies ||lu: — ul| < e.
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Algorithm 5.1 u. = SOLVE(A, f;¢)
w>0and p € (0,1) such that ||I —wA| < p,
0, k1, ko, k3 € (0,1) with kK1 + k2 + k3 < 1, and 5 > 0.
output u. satisfying ||u. —ul| <e.
1: up:=0,0:= /\KleH
2: k=0, J:=min{j: p(1+ (w+ B)j) < K10}
3: while 086 > ¢

input

4: wo i =ug, j <0

5: repeat

6: nj = pj+19k5

7: rj := APPLY(W;; 37;) — RHS(37;)

8: W1 := RECOMPRESS(W; — wr;; 1)

9: jej+1

10: until (j>J VAR plrjoall + ARte +w + B)nj—1 < k10FFLS)
11:  Ugy1 = COARSEN(RECOMPRESS(W;; k20" 18); r36%T14)

12: k+—k+1
13: end while
14: ue ;= ug

Proof. Since k1 + ko + k3 < 1, it suffices to show that for any k, after the termination of
the inner loop the error bound

|w; —u|| < k1016 (111)
holds. By the choice of w, we have

[wjt1 —ul < |(I-wA)(w; —u)|| +w|[(Aw; — f) — 1]
< pllw; —ull + (w+ B)n;

and recursive application of this estimate yields

J—1

lwj —ull < p/llwo — | +(w+8) Y o/ ' < P (L4 j(w + 5))6"S.

=0

Thus on the one hand, if the inner loop exits with the first condition in line 10, then (111)
holds by definition of J. On the other hand, if the second condition is met, then (111)
holds because

lwj —ull < pllwj—1 —ull + (w+ B)nj
< pep(lej—1ll +nj-1) + (@ + B)nj—1 < 615, 0

5.2 Complexity

Quite in the spirit of adaptive wavelet methods we analyze the performance of the above
scheme by comparing it to an “optimality benchmark” addressing the following question:
suppose the unknown solution exhibits a certain (unknown) rate of tensor approximability
where the involved tensors have a certain (unknown) best N-term approximability with
respect to their wavelet representations. Does the scheme automatically recover these
rates? Thus, unlike the situation in wavelet analysis we are dealing here with two types
of approximation, and the choice of corresponding rates as a benchmark model should,
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of course, be representative for relevant application scenarios. For the present complexity
analysis, we focus on growth sequences of subexponential or exponential type for the in-
volved low-rank approximations, combined with an algebraic approximation rate for the
corresponding tensor mode frames. The rationale for this choice is the following. Ap-
proximation rates in classical methods are governed by the regularity of the approximand
which, unless the approximand is analytic, results in algebraic rates suffering from the
curse of dimensionality. However, functions of many variables may very well exhibit a
high degree of tensor sparsity without being very regular in the Sobolev or Besov sense.
Therefore, fast tensor-rates combined with polynomial rates for the compressibility of the
mode frames mark an ideal target scenario for tensor methods, since, as will be shown,
the curse of dimensionality can be significantly ameliorated without requiring excessive
regularity.
The precise formulation of our benchmark model reads as follows.

Assumptions 1. Concerning the tensor approximability of u, A, and f, we make the
following assumptions:

(1) u € Ay(ya) with yu(n) = ™ for some dy > 0, by > 1.
(ii) A satisfies (105) for an Ma > 0, with ya(n) = edan'"A where da >0, ba > 1.

(iii) Furthermore, let £ € Ay(ve) with ve(n) = el n'™ where dp = min{dy,da} and
by = by + bA.

Concerning the approzimability of lower-dimensional components, we assume that for some
s* > 0, we have the following:

(iv) 7@ (u) € A® fori=1,...,m, for any s with 0 < 5 < s*.

(v) The low-rank approximations to A are uniformly s*-compressible in the sense of
Subsection 4.2, with Ca := sup, CA,A < 00, where CA,A is defined as in (106) for
each value of n.

(vi) 7O(f) € A fori=1,...,m, for any s with 0 < s < s*.

Furthermore, we assume that the number of operations required for evaluating each required
entry in the tensor approximations of A or f is uniformly bounded.

Note that the requirement on f in (iii) is actually very mild because the data are
typically more tensor sparse than the solution.

The following complexity estimates are formulated only for the more interesting case
of the hierarchical Tucker format. Similar statements hold for the Tucker format, involv-
ing however additional terms that depend exponentially on m, which makes this format
suitable only for moderate values of m.

Remark 11. Let v have finite support with finite ranks, i.e., ranky(v) < oo for a €
Dy,. Then under Assumptions 1, APPLY can be realized numerically such that for w, :=
APPLY(v;n) we have (see Theorem 8 and Remark 7)

1 _ s~ Hp " i % _1
#supp; (wy) S Ca (43" m(Ma/m) " (VD )l ) 77, (112)
j=1
7 — s+1)b i
7@ (wi)llas < Ca(dx (Ma/m) "2 2 (v)] e (113)
[rank(wy,)|oo < (d;l ln(]\fA/n))bA|1"ank(v)|oo , (114)
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and, by (108),

ops(wy) < (m — 1) (dx! In(Ma /7)) *** [rank(v)[%,
+ mCy (d n(Ma/n) A rank(v) oo (RO () L) 0 (115)

i=1

Thus, up to polylogarithmic terms, the curse of dimensionality is avoided. If in addition
the approrimations of A are equi-s*-compressible, the polylogarithmic terms in the above
estimates improve according to Remark 8.

Remark 12. Under Assumptions 1, the routine RHS can be realized numerically such that
for £, := rHS(n) we have

. 1

#suppy(£,) S s 7O ()| (116)
7@ E) s S 7D (E)]| s (117)

_ b.
rank(f,) oo S (dg " I(|I€]|apy o) /)" (118)

as well as

ops(fy) < (m — 1)|rank(£,)[2, + |rank(£,)|e > # supp; (£,). (119)

=1

Remark 13. We take RECOMPRESS as a numerical realization of f’n as defined in (43).
This amounts to the computation of an HOSVD or HSVD, respectively, for which we have
the complexity bounds given in Remarks 1 and 3.

Likewise, COARSEN is a numerical realization of Cn as defined in (66), with the modifi-
cation of replacing the exact sorting of the values 77,(,?(-), i=1,...,m,v e V%, as required
by Cn: by an approximate sorting as proposed in [4, 26], see Remark 9. This leads to an
increase of kg by only a fized factor; for finitely supported v, the procedure can be realized

in practice such that kc = 2y/m, and using a number of operations bounded by
m
Clrank(v)|oo » _ # supp;(v)
i=1

with a fired C' > 0. Note that here we make the implicit assumption that the orthogonality
properties required by COARSEN have been enforced if necessary before the application of
COARSEN. This can be done by an application of RECOMPRESS(+, 0).

Note that under the assumptions of Proposition 5, the iteration converges for any
fixed 8 > 0. A call to RECOMPRESS (possibly with § = 0, i.e., without performing an
approximation) is in fact necessary in each inner iteration to ensure the orthogonality
properties required by APPLY.

The main result of this paper is the following theorem. It says that whenever the
solution has the approximation properties specified in Assumptions 1, then the adaptive
scheme recovers these rates and the required computational work has optimal complexity
up to logarithmic factors. We have made an attempt to identify the dependencies of the
involved constants on the problem parameters as explicitly as possible.
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Theorem 9. Let a > 0 and let kp, ke be as in Theorem 7. Let the constants K1, ko, K3 in
Algorithm 5.1 be chosen as

k1= (14 (1+a)(kp + ko + kprc))
ke = (14 a)kpk1, ks = ke(kp +1)(1 4+ )k .

Let Au = f, where A, u, f satisfy Assumptions 1. Then u. produced by Algorithm 5.1
satisfies

rank(u.)|oo < (dg ' 1 [(0a) ™ oy 0] gy 1)) (120)
m
>~ #supp;(u.) < (an“ )=t (121)
i=1
as well as
ocllanuy < Bl (122)

ZHW (ue)llas S ZIIW w)| s - (123)

The multiplicative constant in (122) depends only on « and m, those in (121) and (123)
depend only on o, m and s. For the number of required operations, we have the estimate

1

ops(uc) S [Inel a2 (7 ma{ D (w)|Las, |70 (E) Las}) " e7H, (124)
i=1

with a multiplicative constant independent of € and |7 ()| 4, ||[7® (F)|| 45, and with an
algebraic explicit dependence on m and Cp.

Remark 14. The mazimum number of inner iterations J that arises in the complexity
estimate is defined in line 2 of Algorithm 5.1. This value depends on the freely chosen
algorithm parameters B and 8, on the constants w and p that depend only on A, and on
k1. Thus, J depends on m: The choice of k1 in Theorem 9 leads to k1 ~ m™!, and hence
J ~ logm. Note that since |Ing|¢m™ = mennel this leads to an algebraic dependence
of the complexity estimate on m. Furthermore, the precise dependence of the constant in
(124) on m is also influenced by the problem parameters from Assumption 1, which may
contain additional implicit dependencies on m. In particular, as can be seen from the

proof, the constant has a linear dependence on C'i/s if Ca > 1 (cf. Remark 6).

Proof of Theorem 9. By the choice of k1, k2, k3, we can apply Lemma 7 to each u; pro-
duced in line 11 of Algorithm 5.1, which yields the bounds (120), (121), (122), (123) for
the values ¢ = 0%6, k € IN.

It therefore remains to estimate the computational complexity of each inner loop. Note
that RECOMPRESS in line 8 does not deteriorate the approximability of the intermediates
w; as a consequence of Lemma 3.

Let ¢}, := 0%5. We already know from Theorem 7 that

_ _ _ bu
rank(uy)|so < (dy! Infa~tps, Il e )™ < Inegf™, (125)
_1
Z#s,uppz i) (ZW HAs) e (126)

ZHW“ (ug)llas S ZHW ()4 (127)
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where the multiplicative constants in the last two equations depend on «, m, and s.
Similarly, we obtain (122) from (70). Furthermore, by definition of the iteration,

— b — b
rank(w;j41)|oo < (dx' In(2Ma /n;)) " [rank(w;)|oo + (df * I (2[F] a5, (40)/15)) " -
Combining this with (125) and using bg > by, we obtain
[rank(w;)|oo < |Ineg|70at0r

The definition of the iterates also yields

# supp;(Wjt1) S # supp; (w;)

=

1 o1 Ua L1
+ Ca (da" (@M /1) (SO (w)las ) Ty
=1

) (£)[[ 50 *
O e *

and by (113),

17O (w)[las < 7@ (wi—1)] as
_ s)b i 7
+wOA (dy' 11f1(2f\4A/77a>1))(1+ 811720 (w1 s + w7 @ (£)].as -

Using these estimates recursively together with (127), (126), we obtain
@ (w)llas S Meg 0 max{ ot () l|as, |77 (£) L4}

and

1

m ) -1 m : ; L 1
D #suppi(wy) < e CF0A (3 max{[n ()]s, 7O ()4} ) ey
i=1

=1

The total number of operations for the calls of APPLY in an inner loop according to (115)
is dominated by that for the calls of RECOMPRESS, which can be bounded up to a constant
by

m
m|rank(w ;)% + [rank(w)|% Z # supp;(wy) .
i=1

We thus arrive at (124). O

Remark 15. The above results apply directly to problems posed on separable tensor product
Hilbert spaces, for which tensor product Riesz bases are available. Note, however, that this
is not the case for standard Sobolev spaces Hs(Qd), which are not tensor product spaces
themselves, but, for tensor product domains Q%, can be represented as intersections of d
tensor product spaces.

As mentioned in the introduction, from a sufficiently regular tensor product wavelet
basis {U, =1, ® - @ Yy, tyeva of La(Q%), we can obtain a Riesz basis of H¥(Q) by a
level-dependent rescaling of basis functions, e.g.,

oy},

41



To again arrive at a problem on fs, we now rewrite the original operator equation Au = f,
with A: H*(Q?) — (H*(Q4))', in the form

S (2 ) A, ) (2, )
pueve
_ 275(maxi‘yi|<f’ \IJV> , VE Vd.

We thus obtain a well-posed problem on lo(NV'?) for the rescaled coefficient sequence u =
2smaxiluil(y W ) and the infinite matriz A = 2~ smaxiviltmaxilim) (AQ, ).

This diagonal rescaling, which in the case of finite-dimensional Galerkin approxima-
tions corresponds to a preconditioning of A, leads to additional problems in our context:
the sequence (2~°™@ivily 4 (as well as possible equivalent alternatives) has infinite rank
on the full index set V. As a consequence, the ranks in an approzimation of Av for some
given v will in general depend on the range of values of |v1],...,|vq4| for the nonzero co-
efficients vy, . . This issue and possible strategies for handling it are discussed in more
detail in [2]. The complezity analysis of iterative schemes in the case of A involving such
a rescaling will be treated in a separate publication.

6 Numerical Experiments

We choose our example to illustrate the results of the previous section numerically ac-
cording to several criteria. In order to arrive at a valid comparison between different
dimensions, we choose a problem on Ly([0,1]¢) that has similar properties for different
values of d. The problem has a discontinuous right hand side and solution, which means
that reasonable convergence rates can be achieved only by adaptive approximation. It is
also still sufficiently simple such that all constants used in Algorithm 5.1 can be chosen
rigorously according to the requirements of the convergence analysis.

We set Q := [0,1]¢ and use tensor order m = d. As an orthonormal wavelet basis
{t}rvev of La([0,1]), we use Alpert multiwavelets [1] of polynomial order p € IN. Let

(T)(t) == /Otvds,

then T is a compact operator on La([0, 1]) with ||T|| = 2/7. The infinite matrix represen-
tation ((T'¢,,, ¢y))y7uev is s*-compressible for any s* > 0.
For f € La(Q2), we consider the integral equation

d
(I—wd®T>u:f (128)
i=1
with wg = 3(Z)%. Note that for B := wqy ®®L, T and A :=1— B we have ||B| = 1, and

therefore
00 00 d
AN =(1-B)'=) B =) wiQRT".
k=0 k=0  i=1

Furthermore, A :=I— B is a nonsymmetric, Ly-elliptic operator with (Av,v) > %Hv”i?(m
as well as [|A|| < 2. Since A is the representation with respect to an orthonormal basis,
we obtain Ay = % and Ay = % Due to the special structure of the operator, choosing the
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iteration parameter w as w := 1, we have ||I — wA| < 5 =: p. We choose the right hand

1
2

side as
oo d
F=0=-m> Q" fr. felx) = v2mx0,1/m cos2r’(k + 1)z), (129)
k=0 i=1

where 7 € (0,1). This gives || f[|L,(0,1) = 1 and || f|lr,) = [[f]l = 1, and 7@ (f) € A for
any s > 0. The functions f; have jump discontinuities at 7—!, which need to be resolved
adaptively in order to maintain the optimal approximation rate for the given wavelet basis.

From the expansion for (I — B)~!, we already know that 7(?)(u) € A° for any s < p,

for i =1,...,m. We also have the explicit representation
0o d
u=(1-7) Z chug@T"fk.
k,n=0 =1

For the choice of fj, under consideration, evaluating w; ®f:1 T™ fr., we obtain u — f as
d — oo; that is, the mode singular values of the solution approach exponential decay with
rate 7 for growing d. Since |[u — f||r, is small for any d > 3, u has similar low-rank
approximability for all relevant d.

Hence for our particular choice of f, the action of A~! is close to the identity. It
should be emphasized, however, that this only simplifies the interpretation of the results,
but does not simplify the problem from a computational point of view, since our algorithm
does not make use of this particularity. We have also chosen a problem that is completely
symmetric with respect to all variables to simplify the tests and the comparison between
values of d, but do not make computational use of this symmetry.

For the further constants arising in the iteration, we choose 0 := % and 8 := 1.
For the hierarchical Tucker format, we have kp = v/2m — 3 and ko = /m, and fix the
derived constants ki, k2, k3 as in Theorem 9 by taking « := 1. Furthermore, we have
§=M0f| =2

A

Remark 16. Since many steps of the algorithm — including the comparably expensive ap-
proximate application of lower-dimensional operators to tensor factors and QR factoriza-
tions of mode frames — can be done independently for each mode, an effective parallelization
of our adaptive scheme is quite easy to achieve.

In all following examples, we use piecewise cubic wavelets. The implementation was
done in C++ using standard LAPACK routines for linear algebra operations. Iterations
are stopped as soon as a required wavelet index cannot be represented as a signed 64-bit
integer.

We make some simplifications in counting the number of required operations: For each
matrix-matrix product, QR factorization, and SVD, we use the standard estimates for
the required number of multiplications (see, e.g., [18]); for the approximation of A and
f, we count one operation per multiplication with a matrix entry and per generated right
hand side entry, respectively (note that we thus make the simplifying assumption that
all required wavelet coefficients can be evaluated using O(1) operations, which could in
principle be realized in the present example, but is not strictly satisfied in our current im-
plementation). We thus neglect some minor contributions that do not play any asymptotic
role, such as the number of operations required for adding two tensor representations, and
the sorting of tensor contraction values for COARSEN, which here is done by a standard
library call for simplicity.
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6.1 Results with Right Hand Side of Rank 1

For comparison, we first consider a simplified version of the right hand side reduced to the
first summand, that is,

d
f = ® V2 X[0,1/7] COS(27‘(’2 ) .
=1

In high dimensions, the solution « coincides with f up to very small correction terms.
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Figure 1: Computed approximate residual norms (markers) and corresponding solution
error estimates (solid lines), for f of rank one.

The evolution of the computed approximate residual norms and the corresponding
estimates for the Lo-deviation from the solution of the infinite-dimensional problem is
shown in Figure 1. Here one can clearly observe the effect of the coarsening steps after
a certain number of inner iterations. Apart from the expected increase in the number J
of such inner iterations with dimension, the iteration shows quite similar behaviour for
different d. In particular, in each case the resulting iterates w; in Algorithm 5.1 have rank
1, the residuals r; have ranks at most 3, thus the maximum rank arising in the iteration
is 4.

Note that the iteration is stopped a few steps earlier with increasing dimension because
slightly stricter error tolerances are applied in the approximation of operator and right
hand side. This means that the technical limit for the maximum possible wavelet level is
reached earlier.

10

10

Figure 2: Total operation count at the end of each inner iteration in dependence on the
estimated error (0 d =32, o d =64, x d =128), for f of rank one. The triangle shows a
slope of %.
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We see that the number of operations, shown in Figure 2, increases at a rate close to
the approximation order 4 of our wavelet basis. What is most remarkable here, however,
is the very mild — almost linear — dependence of the total complexity on the dimension: a
doubling of dimension leads to only slightly more than twice the number of operations.

6.2 Results with Right Hand Side of Unbounded Rank

We now use the full right hand side f as in (129), which leads to a solution with unbounded
rank, and approximately the same exponential decay of singular values as f.

20 40 60 80 100 20 40 60 80 10 20 30 40 50 60 70

d=32 d=64 d =128

Figure 3: Computed approximate residual norms (markers) and corresponding solution
error estimates (solid lines), for f of unbounded rank.

As shown in Figure 3, the computed residual estimates and the corresponding estimates
for the solution error behave quite similarly to the previous example. In the present case,
the computed residual norms show a less regular pattern, which is mostly due to the
adjustment of approximation ranks for the right hand side.
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Figure 4: Maximum ranks of iterates w; (solid lines) and of maximum rank of all inter-
mediates arising in the inner iteration steps (dashed lines), for f of unbounded rank.

The ranks of the produced iterates w;, as well as those of the intermediate quantities
arising in the iteration (see line 8 of Algorithm 5.1 prior to the recompression operation),
shows a steady but controlled increase during the iteration, as shown in Figure 4.

Note that in this case, the number of operations, shown in Figure 5, increases visi-
bly faster than the limiting rate corresponding to the approximation order of the lower-
dimensional multiresolution spaces. Due to the higher tensor ranks involved, this is to
be expected in view of our complexity estimates. The increase of complexity with the
problem dimension, however, still remains very moderate.
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Figure 5: Operation count at the end of each inner iteration in dependence on the estimated
error (O d =32, 0d =064, x d =128), for f of unbounded rank. The triangle shows a
slope of i.

7 Conclusion and Outlook

The presented theory and examples indicate that the schemes developed in this work
can be applied to very high-dimensional problems, with a rigorous foundation for the
type of elliptic operator equations considered here. The results can be extended to more
general operator equations, as long as the variational formulation, in combination with a
suitable basis, induces a well-conditioned isomorphism on #». However, when the operator
represents an isomorphism between spaces that are not simple tensor products, such as
Sobolev spaces and their duals, additional concepts are required, which will be developed
in a subsequent publication.
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