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Abstract

Folding grid value vectors of size 2& into Lth-order tensors of mode size 2 x - - - x 2,
combined with low-rank representation in the tensor train format, has been shown
to result in highly efficient approximations for various classes of functions. These
include solutions of elliptic PDEs on nonsmooth domains or with oscillatory data. This
tensor-structured approach is attractive because it leads to highly compressed, adaptive
approximations based on simple discretizations. Standard choices of the underlying
bases, such as piecewise multilinear finite elements on uniform tensor product grids,
entail the well-known matrix ill-conditioning of discrete operators. We demonstrate
that, for low-rank representations, the use of tensor structure itself additionally intro-
duces representation ill-conditioning, a new effect specific to computations in tensor
networks. We analyze the tensor structure of a BPX preconditioner for a second-order
linear elliptic operator and construct an explicit tensor-structured representation of
the preconditioner, with ranks independent of the number L of discretization lev-
els. The straightforward application of the preconditioner yields discrete operators
whose matrix conditioning is uniform with respect to the discretization parameter, but
in decompositions that suffer from representation ill-conditioning. By additionally
eliminating certain redundancies in the representations of the preconditioned discrete
operators, we obtain reduced-rank decompositions that are free of both matrix and
representation ill-conditioning. For an iterative solver based on soft thresholding of
low-rank tensors, we obtain convergence and complexity estimates and demonstrate
its reliability and efficiency for discretizations with up to 2°° nodes in each dimension.
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1 Introduction

The direct textbook treatment of elliptic PDEs by low-order discretizations on uniform
grids becomes unaffordable for many important problem classes. The high computa-
tional costs are due to the prohibitively large number of degrees of freedom required to
resolve specific features of solutions, such as singularities and high-frequency oscil-
lations, that arise in problems with nonsmooth or oscillatory data. More efficient
discretizations can be obtained with basis functions that are adapted to the given prob-
lem and require fewer degrees of freedom. However, the construction and analysis
of such methods (for instance, of hp-adaptive solvers) generally depends on specific
features of the considered problem classes and accordingly specialized analytical tools.

By the approach considered in this work, efficiency is achieved in a different way:
extremely large arrays of coefficients parametrizing simple, uniformly refined low-
order discretizations are themselves parametrized as nonlinear functions of relatively
few effective degrees of freedom. The latter parametrization is based on representing
the coefficient arrays, reshaped into high-order tensors, in the fensor train decompo-
sition with low ranks. This representation exploits low-rank structure with respect to a
hierarchy of dyadic scales, providing, at each scale, a problem-adapted basis that can
be computed using standard techniques of numerical linear algebra. In other words,
for the identification of suitable degrees of freedom, this approach avoids relying
on problem-specific a priori information; instead, suitable degrees of freedom are
found by the low-rank tensor compression of generic, conceptually straightforward
discretizations.

In numerical solvers for PDE problems that operate on such highly compressed,
nonlinear representations of basis coefficients, new difficulties arise compared to a
standard entrywise representation. As we demonstrate in this contribution, specific
types of ill-conditioning in such tensor representations can dramatically affect the
numerical stability of solvers. We show how a special low-rank representation of a
BPX preconditioner allows to overcome these difficulties and obtain estimates for
the total computational complexity of computing solutions with low-rank tensor train
structure.

1.1 Low-Rank Tensor Approximations

The development of low-rank tensor representations [18,25,45,47,50], such as the
tensor train format, has originally been motivated by applications to high-dimensional
PDEs. As observed in [19,37,43,44], the artificial treatment of coefficient vectors in
lower-dimensional problems as high-dimensional quantities, known in the literature as
quantized tensor train (QTT) decomposition or tensorization, leads to highly efficient
approximations in many problems of interest. See [38] for a general overview and, for
instance, [29,36] for further applications.

FoC'T
e,
@ Springer |03



Foundations of Computational Mathematics (2020) 20:1175-1236 1177

To briefly illustrate this concept, let us suppose that a function u has an accurate
approximation u =~ Z?’:] u;j¢; in terms of the basis functions {¢;};=1,. N with

the coefficient vector u = (u;)j=1,..N € RN . The basic idea is to reinterpret u
as a higher-order tensor of mode sizes ny x --- x ny with H%:l ng = N via the
identification

j < (1,...,ip)ef0,...,ny — 1} x---x{0,...,np — 1}

provided by the unique decomposition

L L
j=1=Y"i¢ J] m with ig€{0.....ng— 1} forall £=1,....L.
=1 k=0+1

We assume a simple choice of basis functions, such as low-order splines, combined
with a compressed, nonlinearly parametrized approximation of the corresponding
coefficients u in the tensor train format,

Il rL—1
Wi g Y Y Un(Linen) Us(edsig, o) - Ur(ap 1.z, 1. (1)
0!1:1 OlL_|=1

The actual degrees of freedom are now the entries of the third-order tensors U, €
RI=1X1exXrt with £ € {1, ..., L}, which are referred to as cores (where ro = rp = 1
for notational convenience). In the case of ny = n € N for all ¢, which we con-
sider in this work, the total number of parameters defining this approximation equals
Zszl nere—1re < (log N) max{rlz, e rz_l}.

For certain representative approximation problems (such as functions with isolated
singularities or high-frequency oscillations), as shown in [19,31,34,37], one obtains
approximations where the rank parameters r1, . . ., rp—1 grow at most polylogarithmi-
cally in the corresponding error. This suggests the possibility of constructing numerical
methods with complexity scaling as (log N)* for a fixed «.

1.2 Multilevel Low-Rank Approximations for Elliptic Boundary Value Problems

In this work, we focus on the application of low-rank tensor techniques for solving
second-order elliptic boundary value problems on domains £2 C R”, where we are
mainly interested in the cases of D € {1, 2, 3}. First, consider the exact solution « and
finite element solutions uy, where & > 0 is a mesh-size parameter, that are simple,
low-order finite element functions with coefficient vectors u;. These are given by
suitable linear systems of the form Aju, = f. For each mesh size &, one can seek
instead u};R from the same finite element space whose coefficient vector u}‘lR is a
low-rank approximation in form (1) of uy. In order to benefit from the complexity
reduction afforded by representation (1), the vector u];;R needs to be computed directly
in this low-rank representation. Using corresponding representations of A, and f,
this can be achieved by iteratively solving the nonlinear problem in terms of the cores
EOE';W
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Up,..., UL of u%R in (1). In our setting, the binary indexing (i1, ..., iz) used in the
interpretation of uy, as a tensor of order L corresponds to uniform grid refinement with
L levels, and thus 4 ~ 2~ The separation of variables expressed by (1) therefore
applies not to the spatial dimensions but rather to the dyadic scales of uIER.

In our model problem, the underlying discretization uses piecewise D-linear finite
elements. Using the triangle inequality, we can decompose the error u — ukR into a
discretization error u — uy,, for which on uniform meshes one obtains bounds of the

form
|l — Mh”Hl =< Cuhsa 2)

with C,, > 0 depending only on # and 0 < s < 1, and the computation error u;, — u]gR

including the error of low-rank approximation. In problems where u exhibits, for
instance, singularities or high-frequency oscillations, one may be dealing with C,
extremely large or with s <« 1. Thus, achieving reasonable total errors may require
values of & that are so small that the entrywise representations of coefficient vectors
and matrices are computationally infeasible.

Under natural assumptions on the data and on the underlying mesh, the problem of
finding u;, remains well-conditioned with respect to the problem data independently of
h.However, for very small & as considered here, it becomes a nontrivial issue to ensure
numerical stability of algorithms, since these are affected by the condition numbers
O(h™?) of A},. Regardless of the type of solver that is employed, preconditioning Ay,
becomes a necessity for avoiding numerical instabilities even for moderately small
h. As a first step, we therefore construct a preconditioner for A; that can be applied
directly in low-rank form, where both the resulting matrix condition numbers after pre-
conditioning and the tensor representation ranks are uniformly bounded with respect
to the discretization level L.

However, we also find that when such a preconditioner is applied as usual by the
standard matrix-vector multiplication in the tensor format, numerical solvers still stag-
nate at an error |[u, — u%R |1 of order & (h—2¢), where ¢ is the machine precision. This
shows that ensuring uniformly bounded matrix condition numbers by preconditioning
is not sufficient for low-rank tensor methods to remain numerically stable for very
small /. It turns out that tensor representations of vectors in the form of (1) generated
by the action of A, can be extremely sensitive to perturbations of each single core.
This new type of ill-conditioning cannot be eradicated by simply multiplying by the
preconditioner, and any further numerical manipulations of the resulting tensor rep-
resentations are prone to large round-off errors. To quantify this effect, we introduce
the notion of representation condition numbers.

Without addressing the issue of representation ill-conditioning, one can therefore
only expect |lu —up|q = O(Cyh’® + h~2¢). With the optimal choice of A, this yields

a total error of order & (C,f/ @F9) gs/ (2+9)): even in the ideal case s = 1, one thus has

a limitation to &(g'/3). In the present paper, by analytically combining the low-rank

representations of the preconditioner and of the stiffness matrix, we obtain a tensor

representation that retains favorable representation condition numbers also for large

L and leads to solvers that remain numerically stable even for /# on the order of the
Elol:;ﬂ
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machine precision ¢. For the problems preconditioned in this manner, we can apply
results from [4,6] to obtain bounds for the number of operations required for computing
u%R, in terms of the ranks of low-rank best approximations of u; with the same error.
Since the costs depend only weakly on the discretization level L, one may then in
fact simply choose L so large that 2 =~ ¢. This ensures that the discretization error

llu — up |l is negligible in all practical situations and only the explicitly controllable
low-rank approximation error ||uj — u};R |t remains.

1.3 Conditioning of Tensor Train Representations

Let us now briefly outline the source of numerical instability that we need to mitigate
here. Subspace-based tensor decompositions such as the Tucker format, hierarchical
tensors [25] or the presently considered tensor train format [45] share the basic stability
property that the existence of low-rank best approximations with fixed-rank parameters
is guaranteed. In contrast, such best approximation problems for canonical tensors are
in general ill-posed [14], and one has the well-known border rank phenomena where
given tensors can be approximated arbitrarily well by tensors of lower canonical ranks.
In subspace-based formats, such pathologies of the canonical rank are avoided by
working only with matrix ranks of certain tensor matricizations. This leads to natural
higher-order generalizations of the singular value decomposition (SVD), in particular
the TT-SVD algorithm for tensor trains.

However, when performing computations in such tensor formats, tensors in general
do not remain in orthogonalized standard representations, such as those given by the
TT-SVD. For instance, the action of low-rank representations of finite element stiffness
matrices in iterative solvers may create tensor train representations with substantial
redundancies that are far from their respective SVD forms. A return to the rank-reduced
SVD form can then in principle be accomplished by applying standard linear algebra
operations (such as QR decomposition and SVD) to the representation components.

As we demonstrate in what follows, in relevant cases, tensor train representations
can become so ill-conditioned that performing this rank reduction with machine pre-
cision no longer produces useful results. To our knowledge, this particular point has
not received attention in the literature so far. As we consider in further detail in Sect. 4,
a particular instance where this effect occurs is multilevel low-rank representations of
discretization matrices of differential operators.

In order to illustrate these issues, let us consider a low-rank matrix M = A BT with
A € R™ and B € R™. Performing numerical manipulations of A, for instance a
QR factorization with machine precision, amounts to replacing M by M = A BT with
|A — Allr < 8||AllF, where 8 will ideally be close to the relative machine precision.
Similarly to standard perturbation estimates for matrix products (see, e.g., [27, Sec.
3]), one obtains the generally sharp worst-case bound

IM — M| F < 8||AllFlIBlla—2.

In the case of high-order tensor train representations, one may think of B as composed
of many individual cores. Even when each of these cores looks completely innocent,
Eo oy
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their cumulative effect can lead to very large || B|l2—>. In cases where cancellations
occur in the product with A, the size of | M| r, however, can be small compared to
|| Bll2—2, and perturbations to A are strongly amplified. This means that any numerical
manipulation of such representations (such as orthogonalization, which is also the first
step in performing a TT-SVD, see Sect. 3.6) can introduce extremely large errors in
the represented tensor.

We define the representation condition number of an operator in low-rank represen-
tation as the factor by which its action may deteriorate the conditioning of tensor train
representations. In the case of the finite element stiffness matrices A;, we find that this
condition number scales (matching the standard matrix condition number) as & (h_z),
which agrees with the numerically observed loss of precision. One may regard this
as a tensor-decomposition analogue of the classical amplification of relative errors by
ill-conditioned matrices. However, this error amplification manifests itself not in the
action of the tensor representation of A, on any single tensor core, which by itself is
harmless, but rather in the cumulative effect that emerges when further operations are
performed on the resulting output cores.

1.4 Novelty and Relation to Previous Work

As amain contribution of this work, we introduce basic notions and auxiliary results for
studying the representation conditioning of tensor train representations. In particular,
our finding that the stiffness matrix represented in low-rank format has a representation
condition number of order 22 explains numerical instabilities in its direct application
for large L as observed in tests in [11]. We prove a new result on a BPX preconditioner
for second-order elliptic problems that is tailored to our purposes, and we construct
a low-rank decomposition of the preconditioned stiffness matrix with the following
properties: it is well-conditioned uniformly in discretization level L as a matrix; its
ranks are independent of L; and its representation condition numbers remain mod-
erate for large L. Based on these properties, we establish an estimate for the total
computational complexity of finding approximate solutions in low-rank form. These
complexity bounds are shown for an iterative solver based on the soft thresholding of
tensors [6], for which the ranks of approximate solutions can be estimated in terms
of the ranks of the exact Galerkin solution. We identify appropriate approximability
assumptions on solutions in the present context, which are slightly different from those
proved in [34].

Difficulties with the numerical stability of solvers for large L have also been noted
previously in [34]. In [11,46], a reformulation as a constrained minimization problem
with Volterra integral operators is proposed. It is demonstrated numerically in [11] up
to L & 20 to lead to improved numerical stability, compared to a direct finite difference
discretization, for Poisson-type problems with D = 2 dimensions. However, in this
reformulation, which so far has been studied only experimentally, the matrix condition
number still grows exponentially with respect to L, and numerical stability is still
observed to be lacking for larger values of L.

A different class of preconditioners based on approximate matrix exponentials has
been proposed for QTT decompositions in [39]. In the different context of separation
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of spatial coordinates in high-dimensional problems, tensor representations have been
combined with multilevel preconditioners based on multigrid methods [8,23], BPX
preconditioners [1] and wavelet Riesz bases [5]. There the required representation
ranks of preconditioners have been observed to increase with discretization levels, in
contrast to the uniformly bounded ranks that we obtain in our present setting of tensor
separation between scales.

1.5 Outline

In Sect. 2, we consider the structure of discretization matrices in detail and establish
a result on symmetric BPX preconditioning. In Sect. 3, we recapitulate basic notation
and operations for the tensor train format. In Sect. 4, we introduce notions of represen-
tation condition numbers of tensor decompositions and investigate some of their basic
properties. Building on these concepts, in Sect. 5 we construct well-conditioned mul-
tilevel low-rank representations of preconditioned discretization matrices. In Sect. 6,
we discuss the implications of our findings on the complexity of finding approximate
solutions and illustrate the performance of numerical solvers in Sect. 7.

We use the following general notational conventions: A < B denotes A < CB
with C independent of any parameters explicitly appearing in the expressions A and
B,and A ~ B denotes A < B A A > B. We use ||-||> to denote the £>-norm both
of vectors and of higher-order tensors, and ||-||>—.2 to denote the associated operator
norm. In addition, ||-||r denotes the Frobenius norm of matrices. By (-, -), we denote
the ¢2-inner product of vectors and tensors or the L?-inner product of functions, as
well as the corresponding duality product.

2 Discretization and Preconditioning

The model problem that we focus on in what follows is posed on the product domain

2 =02P c RP with 2 = (0,1). With " = {x € 32 : x;---xp = 0}, we consider

the corresponding Sobolev space of functions defined on £2 and vanishing on I,
V:{UEHI(.Q):U|F:0}, 3)

with norm ||v|ly = ||v||H(1)(Q) ~ [[vllg1 (). On this space, we consider the variational
problem

find u € V such that a(u,v) = f(v) forall veV, 4

where a : V x V — R is the bilinear form given by
a(w, v) = f (Vv)'AVw +/ cow forall w,veV, (5)
Q2 2

and f € V' is a given linear form. We assume the diffusion and reaction coeffi-
cients A € L®(2, RP*P) and ¢ € L*®(£2) to be strongly elliptic and nonnegative,
FoC Tl
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respectively:

. . EAE
A =essinf inf T>0 and ¢>0 ae.on$2.
2 gerD\jo} &E'&

Problem (4) is a variational formulation of a boundary value problem for a reaction-
diffusion equation with homogeneous mixed boundary conditions: of Dirichlet type
on I" and of Neumann type on 92 \ I".

Under the assumptions on the data made so far, the bilinear form a is continuous
and coercive and the linear form f is continuous. By the Lax—Milgram theorem, (4)
has a unique solution satisfying

lully < A~ 1 £y (©6)

Additional assumptions on the data of problem (4), essential for its tensor-structured
preconditioning and solution, are stated in Sects. 2 and 5.

In what follows, we consider a hierarchy of discretizations based on piecewise D-
linear nodal basis functions on a sequence of uniform grids with cell sizes 27¢ x - - - x
2=t ¢ =0,1,2,...; the basis functions can be written as tensor products of standard
univariate hat functions.

In this section, we describe V, with £ € Ny, nested finite-dimensional subspaces of
V introduced in (3). We will use these subspaces to approximate the solution of the
variational problem stated in (4).

2.1 Finite Element Spaces for @ = (0, 1)

Throughout this section, we assume that an arbitrary number £ € Np of refine-
ment levels is fixed. We consider a uniform partition of £2 into 2¢ subintervals and
corresponding 2¢ continuous piecewise linear functions defined on §2. Then, by ten-

sorization, we introduce basis functions defined on 2.
First, we consider the uniform partition of §2 that consists of the 2¢ intervals

Q0= @eio1, tei) with ie Fe={l,...,2% (7
given by the 2¢ + 1 nodes
fl,jZZ_Zj with j:O,,_.’ZZ_ 8)

Foreachi € jg, we introduce an affine mapping (}gg,i from (—1, 1) onto Qg,,‘l

~ 1 . R t . R 7. e
mxn=5mJ+mFo+§mJ—mFo=2%+2@lu—n )

forallt € (—1, 1).
Elol:;ﬂ
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Further, we cons1der nodal functions defined on §2 and associated with these nodes:
for each j € /g, by (0[ j we denote the function that is linear on each .Q( i with

i€ /g, continuous on £2 and such that

$u.j(F0.) =228;; forall j'=0,...,2¢. (10)

The ¢-dependent normalization factor in the right-hand side of (10) results in the
uniform normalization

”@5,]’”1}((}) ~1. (11

By the above construction of basis functions, each ¢ ; with j € j@ is adegree-one
polynomlal on every .Qg ; withi € /g This 1mpl1es that, for o« = 0, 1, there exist

matrices M ¢.o With rows and columns indexed by /g x {a, 1} and /g, respectively,
such that

*Gejodei= Y (Mya)ip; Y5 on (=1, 1) (12a)
B=a,1

foralli, j € jg, where 1&0 and 1&1 are the standard monomials of degree zero and
one,

Vo) =1 and Y (t) =1 forall t e (—1,1). (12b)
We note that the matrix M ¢.0 is rectangular of size 2¢+1 5 2t and the matrix M ¢.118

a square matrix of order 2. .
For the basis functions defined in (12b), since wi = Y, the odd rows of M, o form

a multiple of Mm: forg =1landalli, j € jg, we have
(M D)igj =2 My 0)ip ;- (12¢)

Furthermore, the matrices M ¢,0 and M ¢,1 have the following explicit form, which
will be used below:

. s 1 P
By =28 {(Ie +5)® (O> +di-30® (‘f)} ,

1 (12d)
Mgy =220, - 8y,
where
1 0
ie = o and S( = ! A (12e)
0 1 1 0
FoE'ﬂ
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are square matrices of order 2¢.
The finite element spaces span{¢y, j}je Y7 with £ € Ny are nested: forall L, £ € Ny

such that £ < L, we have

Grj= Y. (Pop)jj¢ry forall je 7, (13)
J'/E/AL

where i’g,L is the matrix of the identity operator from span{¢y, f}je 7

to SPaH{QIAJL,j’}j/EjL with respect to the bases defined in (10):

Py =221 @d, 4+ Se®E_, — U) (14)
where
1
1 2
E,o=|:]| and fp=27%| (15)
2k 1
2k

are 2X-component vectors for each k € Ny.

2.2 Finite Element Spaces for Q = (0, 1)°

Partition (7) induces a uniform tensor product partition of £2 that consists of the 22¢

elements

D
Q=X 24, with i=G1,....ip)e fo= 7P ={1,....2597. (16)

d=1

Tensorizing (10), we obtain the 2P functions

D

oo =) ey with j=(r.....jp) € 7. (17)
d=1

which are continuous on 2 and D-linear on each of the partition elements given
by (16). We will use these functions as a basis of a finite-dimensional subspace of V,

Ve = spanfyy, jlje 7, C V. (18)
The normalization of univariate factors in (11) implies
||fﬂl,j||L2(Q) ~1, (19)

FoC'T
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and hence

~ |lv]l2 forall ve Rfﬁ,
L2(2)

> vige

ief({

with equivalence constants independent of £ € N. Also, relationship (12a) results in

Forjopei=  ». (Meaig;¥p on (=1, 1P (20a)
el 1)x-x{ap.1)
forall = (a1, ..., ap) € {0, 1}P and i, j € _Z; with
D D
di = Q) beiy and Y= Q) v, (20b)
d=1 d=1
foralli = (i1,...,ip) € Feand B = (B1,..., Bp) € {0, l}D and with M , given
by
D
Moo)ipj = [ [Mew)ip i (20c)
k=1

foralli = (i1,....ip) € Fe, j = (J1,....Jjp) € Feand B = (B1,...,Bp) €
{0, 1}P. Note that, for each « € {0, 1}, the rows and columns of M , are indexed
by 71 x{a1, 1} x---x{ap, 1} and 7, respectively. The embedding (12c) implies

(My.o)ip j =290 My )ip (20d)

foralli,j € Z; and o, o, B € {0, 1}P such that o < o, < Py for each k =
1,...,D.

The finite element spaces V, with £ € N are also nested: for all L, £ € Ny such that
¢ < L, we have Vy; C V. In particular, the basis functions of V; and V} introduced
in (17) satisfy the refinement relation

Qpj = Z (P@,L)j’j QL,j for all je /Z, (2])
e L
where
D
P = ®P€,L 22)
k=1

with P, ;. given by (14).
EOE';W
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The stiffness matrix for the bilinear form a and discretization level ¢ is given by
AK = (a((pe,l" (pﬁ,j))j’iej(' (23)

Note that due to (19),

2
(Agv,v)NHZ Vi Qri V forall v e R/,

ie\/g

For the right-hand side, we set f, = (f(wvi))iej[

2.3 Representation of Differential Operators

The bilinear forma: V x V — R in (5) can be rewritten in the form

aw.v)= Y Cae (3%0) (3% u) forall u,veV (24a)
(a,a)eD 12

witha 2 C {0, 1}P x {0, 1}. We assume that each coefficient function c,o € L (£2)
with (a0, ') € Z is given by

Caa' OBLi = Y (€Laa)iy Xawry O (=1, 1P forall ie 7 (24b)
Y€l

in terms of the affine transformations ¢, ; with i € _#; defined by (9) and (20b), a
finite index set I3, of cardinality Ryo = |I3q |, functions Kooty e L®((—=1, HP)
with y € I3,4 and a coefficient vector ¢y o € R/ * o = R?™ R,

In this section, we analyze the dimension structure of the matrix A of a restricted
to Vp x Vi with respect to the basis of ¢ ; with j € Y1, whose entries are

(AL)] j/=a(‘ﬂL,j’ ¢L,j’)= Z / caa/(aawL,j)(a"‘,wL,j’) with j, j/ € jL,
(a,0')eD §2
(25a)

induced by the tensor product dimension structure of the basis. Splitting integration
over the elements £2 ; withi € ¢, given by (16), and applying (20a), we obtain

A= Y. > f Cae (%L ) (001 1)

(a0, 0)eD ic 71 L.
—D(L+1
SID DD I ITI P
(a,a)eD i€ J1 Vel (=1,HP
FolCT
l_l o
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> (Mpaipj 9 Y (Mg o 9 Vp

Belar, 1}x-x{ap,1} Belo 1hxx{ay, 1}

(25b)

Let us now, for all &, o’ € 2, introduce a matrix Ay o o of size 2DLAD—lal
2 D(L+1)—o/|.

(ALaa)ipip =8 270D (L aa)iy / Xaary (3 Up) (0% Yrp)

yelyy (-1,1)D

(26a)

foralli,i" € 71,8 €{ar, 1} x---x{ap, 1} and g’ € {a], 1} x - - - x {ap, 1}. Using
these matrices, we can rewrite (25b) as

Ar= ) M} ALguMy. (26b)
(a,a)eD

Example 1 In the case of the negative Laplacian, we deal with a bilinear form given
by (24a) with ¥ = ((8k1, ..., 6kD), Bty .-, (SkD))kD:1 and cye = 1 forall (o, o) €
2. For each (a, ), the corresponding coefficient is of form (24b) with Iy, = {0},
Xae'0 = 1l and (¢p q¢)io = 1 foralli € #;.The corresponding matrix A o « given
by (26a) takes the Kronecker product form

D .
AL,a,a = ®k=l AL,cck,otk s (273)

where the factors A L.0,0 and A L.1,1 are diagonal matrices independent of (¢, ') € &
whose rows and columns are indexed by _#; ® {0, 1} and #; ® {1}, respectively.
Specifically, their nonzero entries are

R n _ A I _ .
(AL,0.0)i0i0= AL 10101 =271 and (Ar0,0)i111 = 52 Loie 71

(27b)

The multilevel tensor structure of the factorization (26b) and, in particular, of
AL .o With (o, @') € 2 is investigated in Sect. 5. This analysis applies to the case
of general nonconstant coefficients ¢y With (o, @’) € 2 under the assumption that
each of them exhibits the multilevel low-rank structure in the sense of Sect. 3. Specif-
ically, in Sect. 5, we analyze the low-rank structure of every factor matrix M, , with
o € {0, 1}P and also show how the low-rank structure of ¢y, With (a, o’) € 2 trans-
lates into that of Ay o 4. First, however, in the remainder of Sect. 2 we turn to the
multilevel preconditioning of A . This gives rise to the preconditioned operator B,
and matrices Q; , with @ € {0, I}D, defined in (33c), which relate to By as M o
with o € {0, I}D to Ar. The low-rank multilevel structure of By and Q La with
a € {0, 1} is the main topic of Sect. 5.
EOE';W
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Remark 1 In the case of one dimension (D = 1), let us consider a diffusion operator
with a coefficient ¢ that is piecewise constant: ¢ o qu’i = (¢1); on (—1,1) for all
i€ j 1, cf. (24b). Such coefficients appear, for example, as approximations in the
midpoint quadrature rule. Then, representation (25b) takes the form

7 o~ T . N ~ . ~ AT .
Ap=2""M,  (diagey) My = 2% [diag (I, + §,)¢L)
8 (diagéy) — (diag#)8,]. (28)

where MLJ = 2%L(ig — S'g) is defined by (12a) and is given explicitly by (12d).
The representation (28) has been used for this one-dimensional case in [15,16,31];
representation (26b) provides a generalization to higher dimensions and general coef-
ficients.

2.4 Multilevel Preconditioning

Among the various existing methods for preconditioning discretization matrices of
second-order elliptic problems, we are especially interested in approaches that pro-
vide optimal preconditioning and at the same time lead to favorable multilevel low-rank
structures. A choice that meets these criteria is based on the classical BPX precondi-
tioner [10]. For our particular purposes, in what follows we also obtain a new result
on symmetric preconditioning by this method.

The BPX preconditioner requires a hierarchy of nested finite element spaces Vy C
Vi € --- € VL C V, which in the present case are the uniformly refined spaces
defined in (18). The standard implementable form of the preconditioner (cf. [10,53])
is then given by

L
CoLv=>Y 273" (v, j)pej, veVL
=0 je /L

Interpreting C>,, as a mapping of coefficient sequences ((v, ¢, ) je g, to nodal
values of finite element functions, one obtains the corresponding matrix representation

L
Cor=)» 2P, P}, (29)
£=0

where Py is as in (21), (22). The following result on the BPX preconditioner (29)
was established in [12,48], see also [9,54].

Theorem 1 Let Ay and Co 1 be as in (23) and (29). Then, there exist c,C > 0
independent of L such that
-1 -1 I
c(CzyLv, v) <(Apv,v) <C (Cz,Lv, v), veRSL,
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This preconditioner is therefore optimal; that is, the condition numbers of precon-
ditioned systems remain bounded uniformly in the discretization level. It is usually
applied in the form of a left-sided preconditioning: it implies in particular that
cond(C ;/ zA LC ;/ z) is uniformly bounded with respect to L and that there exists
w > 0 such that the iteration u*™' = u* — 0 C5 1 (A u* — f|) converges at an
L-independent rate. Also standard implementations of the preconditioned conjugate
gradient method use only the action of Cy ..

For our purposes, for several reasons explained in further detail in what follows, we
require symmetric preconditioning, that is, an implementable operator C such that
C1 A Cy is well-conditioned. Although C é/ z provides optimal symmetric precondi-
tioning by Theorem 1, this is not directly numerically realizable.

We thus instead consider two-sided preconditioning by the implementable operator

L

CL=) 2'PyLP],. (30)
=0

For bounding the condition number of the symmetrically preconditioned operator
C1 A C,weneedto establish spectral equivalence of Ay and C 22. This is not a direct
consequence of Theorem 1. Although relying mainly on adaptations of established
techniques as in [26,51,54], the following result appears to be new. The proof is given
in “Appendix A.”

Theorem 2 With Ay as in (23) and C|, as in (30), there exist ¢, C > 0 independent
of L such that

cllvl3 <(CLALCLv,v) < Clv|3, ve R/ (3D
Remark2 As an immediate consequence of Theorem 2,

g ~ 1€ ol forv= Y vjpL ;. veR/ (32)
=

which means that the functions ZiE/L (CrL)ijer.i» j € 71, form a Riesz basis of
the subspace V; C H!(£2) with bounds independent of L.

In what follows, we consider the symmetrically preconditioned problem of finding
u such that

Bru; =g; where B =CpA;Crandg; =CLf;. (33a)

Then, u;, = Cruy satisfies Aruy = f; thatis, uy are the (rescaled) nodal values
of the Galerkin solution at level L. Using (26b), we obtain

BL = Z QE,aAL,aa’ QL,a’ ) (33b)
(a,a)eD

EOE';W
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where
QrLo=M.,CL (33¢)

for all o € {0, 1}7.

For our purposes, the symmetrically preconditioned operator is preferable mainly
for two reasons. On the one hand, an important advantage of the symmetric pre-
conditioning (33b) consists in the norm equivalence (32), since ultimately we are
interested in numerical schemes with guaranteed convergence in the H' norm. With
low-rank methods using SVD-based rank truncations, as considered in further detail
in Sect. 6, for any ¢ > 0 we can find v such that |uy — v|| < & with uy as
in (33a). With the nodal basis coefficients v = C v, for the corresponding finite
element functions v = > ;. » Vjor,j and ur = 3 ;o 4 UL j@Lj We have
lur —vllgp S ||Czl(ﬁL — V)|l = |lur — v|l2 < e by (32). On the other hand,
the symmetric preconditioning (33b) allows for the explicit assembly of the precon-
ditioned operator B directly in the low-rank form, as considered in detail in Sect. 5.

3 Tensor Train Decomposition
In this section, we recapitulate the definition of the tensor train (TT) decomposition

of multidimensional arrays and present the notation that we need for the following
sections.

3.1 Tensor Train Decomposition of Multidimensional Arrays

Throughout this section, we assume that L € N. Let ny,...,n; € N and u be
a multidimensional vector of dimension ny---ny. Let ri,...,rp_1 € N and, for
£=1,...,L,let Uy be arrays of size ry—1 x ng X ry, where ro = 1 and r;, = 1. The
vector u is said to be represented in the tensor train (TT) decomposition [45,47] with
ranks ri, ...,rp—1 and cores Uy, ..., Uy if
r rr—1
Wj . ..j = Z Z Ui(ap, j1,a1) - Up(ap—1, jL,ar) (34a)
a;=1 ar—1=1

forall jo =1,...,ngwith¢ = 1,..., L, where ¢p = | and oy = | are dummy
indices.

The TT decomposition for matrices is defined analogously. Assume thatm 1, ny, .. .,
mp,n; € N and that A is a matrix of size (my---mp) x (n;---nr). Let
pls---,pL—1 € N and, for each ¢ = 1,...,L, let Ay be an array of size
Pe—1 X mg X ng X pg, where po = 1 and py = 1. Then, the representation
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pPi PL—-1
Ay iy i = 9 > AiBoin, i, B) - AL(BLo1s i, ji, BL)
Bi1=1 BrL-1=1
(34b)
forallip = 1,...,ngwith€ = 1,..., L, where By = 1 and By = | are dummy
indices, is called a tensor train decomposition of the matrix A with ranks py, ..., pr—1

and cores Ay, ..., AL.

The TT decomposition uses one of many possible ways to separate variables in
multidimensional arrays; see, e.g., the survey [40] and the monograph [22]. The TT
decomposition is a particular case of the more general hierarchical tensor represen-
tation, also known as the hierarchical Tucker representation [18,25]. Both the TT and
hierarchical tensor representations can be interpreted as successive subspace approxi-
mation or low-rank matrix factorization, and this relation allows for the quasi-optimal
low-rank approximation of tensors built upon standard matrix algorithms.

The number of parameters of the representation, formally linear in L, is mainly
governed by the ranks, such as ry,...rp—; in (34a) and py, ..., pr—1 in (34b). In
many applications, the complexity is observed, theoretically as well as numerically,
to depend moderately on L (see, e.g., [20]), which allows to lift or completely avoid
the so-called curse of dimensionality associated with the entrywise storage of high-
dimensional arrays.

The use of L for the dimensionality of tensors in this section is not accidental:
in the present paper, the “dimension” index £ € {1, ..., L} enumerates the levels of
discretization, and each of the mode indices (i¢ and j, with £ € {1, ..., L} above)
represents the corresponding D bits of the D “physical” dimensions. In this case, the
TT format separates not “physical” dimensions of tensors but rather the levels of the
“physical” dimensions and adaptive low-rank approximation allows to resolve this
multilevel structure in vectors and matrices. In this setting, the TT decomposition is
known as the quantized tensor train (QTT) decomposition [21,37,43,44]. This idea is
further explained in Sect. 3.7.

3.2 Core Notation

In this section, we present the notation developed in [30,32,35], which we extensively
use to work with TT representations. For the sake of brevity, several definitions and
properties will be stated for cores with two mode indices, which naturally arise in
TT representations of matrices. The setting with a single mode index per core can be
considered a particular case in the same way as vectors can be considered one-column
matrices.

FolCT
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If U*Al witha = 1,..., pand B = 1, ..., g are tensors of size m x n, we call
the array U of size p x m X n X g given by

Ui, j, ) = Ul (35)
forale =1,...,p,i=1,....,m,j=1,....,nand B = 1,...,q a core of rank
p x q and mode size m x n. Conversely, for any core U of rank p x ¢ and mode size
m x n, we refer to each tensor U®Al with o = 1, ....,pand B =1,...,q as block

(at, B) of the core U.
For explicitly defining a core U, as a tensor of order four as in (35), in terms of its
blocks (which in turn can be matrices or vectors), we use the notation

gl ... yltal
U = , (36)

el ... ylr.al

where square brackets are used for distinction from matrices. The following matrices
are examples of blocks that we frequently use in this paper:

1 0 0 1 1 0 0 0
I=<0 1>, J:(O O) and I]:(O 0), ]2:(0 ]). (37)

To apply the usual matrix transposition to TT decompositions of matrices, we will
use the transposition of mode indices of cores:

Ul i, j, B) =Ule, j,i, B), e, (UT)*P = (wes)T (38)

in terms of matrix transposition, for all values of the indices.
Similarly to (35), for any core U of rank p x g and mode size m x n, we refer to
each matrix U/} with i € {1,...,m}and j € {1, ..., n} given by

Ui, j. p)=Ul" (39)
forala =1,...,pand B =1, ..., q as slice (i, j) of the core U.

3.3 Strong Kronecker Product

We are interested in cores as factors of TT decompositions, and now we present
how decompositions of forms (34a)—(34b) can be expressed in terms of cores. For
that purpose, we use the strong Kronecker product, introduced for two-level matrices
in [13]. In order to avoid confusion with the Hadamard and tensor products, we denote
this operation by i, as in [35, Definition 2.1], where it was introduced specifically for
connecting cores into TT representations.

Elol:;ﬂ
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Definition 1 (Strong Kronecker productof cores) Let p, g, r € Nandm |, mo, ny, ny €
N. Consider cores U and V of ranks p x r and r x ¢ and of mode size m| x m, and
ny X np, respectively. The strong Kronecker product U x V of U and V is the core of
rank p x g and mode size mmy X niny given, in terms of the matrix multiplication
of slices (of size p x r and r X q), by

(U x V){iliZsjl 2y — glivg} yliz, 2}
for all combinations of iy € {1,...,mi}and ji € {1,...,ni} withk =1, 2.
In other words, we define U x V as the usual matrix product of the corresponding core
matrices, their entries (blocks) being multiplied by means of the Kronecker product.
For example, we have
[Vll Vlz] y [Wn le] _ [Vn Wi+ Ve®@Wa Vii®@Wp+Vip® sz]

Var Vo Wa Wnp Vai@Wii+Va®Wa V21 Wi+ Vo ® W
(40)

for two cores of rank 2 x 2. Using the strong Kronecker product, we can rewrite (34a)
and (34b) as follows:

u=[ul=U;x---xU;, and A=[A]=A| X ---XA[, 41

where the first equalities indicate that any tensor of dimension m x n can be identified
with a core of rank 1 x 1 and mode size m x n.

3.4 Representation Map

Since many different tuples of cores may represent (or approximate) the same tensor,
we need to distinguish representations as tuples of cores. We denote such tuples by
sans-serif letters; for example,

U= U,...,Ur) and A=(A1,...,AL) (42a)
for the decompositions given by (34a) and (34b). Further, we denote by t the function

mapping fuples of cores into cores (in particular, into tensors when the rank of the
resulting core is 1 x 1):

t(Uy,...,Un)=U;x---xUL (42b)

for any cores Uy, ..., Ur such that the right-hand side exists in the sense of Defini-
tion 1. Under (42a), this allows to rewrite (34a)—(34b) and (41) as

u=[ul=t(U) and A =[A]=1(A). (42¢)
EOE';W
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For the sets of all tuples of L € N cores with compatible ranks, we write TT;, = TT}‘
in the case of blocks with one mode index, and TTi in the case of two mode indices
as in (35).

Furthermore, let us assume that U = (Uy, ..., Ur) € TTy, ie., that Uy, ..., Uy
are cores such that 7(Uy, ..., Uy) is a core of rank ry x r; and mode size n, where
ro,rL,n € N. Then, by 7~ and 7+, we denote the matrices of size ron x ry and
ro X nrr, respectively, given as follows:

(r=(Wn, ..., UL))ﬂm. g = (tU1,....UL)(Bo. i, BL) (43a)
and
+ _ .
(t (W, .-.,UL))ﬂO g = (Ui, ..., UL)(Bo.i. BL) (43b)
forallfp =1,...,r9,i =1,...,nand B = 1, ..., rr. These matrices may be called
matricizations of the core t(Uy, ..., Ur): they are obtained by interpreting the rank

indices as row and column indices, which is consistent with (36), and by interpreting
all mode indices as either row or column indices. For notational convenience, we set
17(@) = 1 and (@) = 1 for empty lists of cores.

Moreover, foreach £ = 1, ..., L, we define
1, (U)=1t"(Uy,...,Ugy) foreach £=1,...,L+1 (43c¢)
and
r;(U)=r+(Ug+1,...,UL) foreach ¢=0,...,L. (43d)

In particular, we have 7, (U, ..., UL) = 1, TL_+1(U1""’ Up)=t"(Uy,...,Ur)
and 7, (Uy,...,Up) = Lt (Uy,...,U) = tH(Uy, ..., Up).

3.5 Unfolding Matrices, Ranks and Orthogonality

Letus considera vectoru of sizen - - - ny and amatrix A of sizem ---mpxny---np.
Forevery ¢ =1, ..., L—1,wedenote by Uy (u) and Uy (A) the £th unfolding matrices
of u and A, which are the matrices of sizeny - - -ng Xnpy1---npandmny - - -myng X
My41Ng41 - - -mpny given by

(Uf(”))jl ,,,,, Je Jertsemjr — Wiledee L (44a)
(UE(A)),'L/I ..... igje ioptjertsmisjr Al igigp T vend L Lo fesferto L (44b)
foralliy = 1,...,mgand jy = 1,...,n, withk = 1, ..., L. For the ranks of the

unfolding matrices, we use the notation

ranky (u) = rank Up(u) and rankg(A) = rank U;(A) (44c¢)
FolCT
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foreach¢=1,...,L — 1.

The decompositions given by (34a)—(34b) or, equivalently, by (42c) imply
ranky(u) < rg and rank,(A) < py for each £ = 1,..., L — 1; furthermore, the
decompositions provide low-rank factorizations of the unfolding matrices with the
respective numbers of rank-one terms. For example, in the case of a vector, using the
notation introduced in (43¢)—(43d), we can write U, (u) = 7, (U) ‘L'Z'_(U).

Conversely, if u and A are such that, for every £ = 1, ..., L — 1, the unfolding
matrices Uy (u) and U, (A) have approximations of ranks r¢, and py, respectively, and
of accuracy ¢y in the Frobenius norm, then representations U = (Uy, ..., Ur) and
A= (Ay,...,Ap)ofranks ry,...,r.—1 and pq, ..., pr—1 such that

lt(U) —ul3 <& and [t(A)— A} <&

with 2 = 8% + -4 8%71 exist [45, Theorem 2.2] and can be constructed by the
TT-SVD algorithm [45, Algorithm 1].

Next, we recapitulate the notion of orthogonality of decompositions in terms of
the matricization operators defined in (43a)—(43d). If a core U is such that the matrix
77 (U) has orthonormal columns, then the core is called left-orthogonal. Similarly,
if the matrix 1 (U) has orthonormal rows, then the core is called right-orthogonal.
Further, if U € TT/ is such that the columns of each matrix z,” (U) with£ =2, ..., L+
1 are orthonormal, then the decomposition is called left-orthogonal. Analogously, if
the rows of each matrix t;'(U) with £ = 0, ..., L — 1 are orthonormal, then the
decomposition is called right-orthogonal. It is easy to see that any core U of the
form U = U; x U, is left- or right-orthogonal if both U; and U, are left- or right-
orthogonal, respectively. As a result, any decomposition U = (Uy, ..., Up) is left- or
right-orthogonal if each of the cores Uy, ..., Uy is left- or right-orthogonal.

Moreover, we say that U is in left-orthogonal TT-SVD form if 7, , (U) has orthonor-
mal columns and rzr (U) has orthogonal rows foreach £ = 1, ..., L—1;in other words,
these matrices provide the SVD of U, (u) for each ¢, where the norms of the rows of
rZ’(U) are the corresponding singular values, and ||u||> = ||UL ||2. Analogously, U is
in right-orthogonal TT-SVD form if 7, (U) has orthogonal columns and rzr (U) has
orthonormal rows. These TT-SVD forms can be obtained numerically for any given
U by the procedure [45, Algorithm 1] without rank truncation.

3.6 Operations on Cores

We require several further operations, which are explained in this section. We start
with the mode product of cores, which was introduced in [30, Definition 2.2] and
which generalizes matrix multiplication to the case of cores.

Definition 2 (Mode product of cores) Let p, p/, r,r’ € N and m, n, k € N. Consider
cores A and B of ranks p x p” and r x r" and of mode size m x k and k x n, respectively.
The mode core product A e B of A and B is the core of rank pg x p’q’ and mode
size m X n given, in terms of the matrix multiplication of blocks (of sizes m x k and
EOE';W
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k x n), by

(Ae B)[Olﬁ o BT _ plee] plB.A]
for all combinations of @ = 1,...,p, o' = 1,...,p, B = 1,...,q and B =
1,...,q . If B has only one mode index, we apply the above definition, introducing a

dummy mode size n = 1 in B and discarding itin A e B.

For example, for a core A with two mode indices and a core B with one or two mode
indices, each core being of rank 2 x 2, we have

AnByy AnBio ApBn ApBip
Al Ap . By Biz| _ [AnBu AnBxn ApBuy ApBn 45)
Ay Axp By B Ax1Bi1 A B AxnBy AxnBp

A2 By AnByp AxnBy AxnBxp

if the first mode size of B equals the second of A.

The mode product and the strong Kronecker product inherit distributivity from the
usual matrix product and from the Kronecker product: for A = (Ay, ..., Ar) and
U = (Uy, ..., Ur) such that the products Ay ¢ Uy with £ = 1, ..., L are all defined,
we have that the product t(A) e t(U) is defined and is given by

TADet(U)=(A X ---xAp)e (U Xx---xUp)
=A1eU)X---x(AreUr)=1(A10U;,..., AL e UpL). (46)

When 7(A) and t(U) are both of rank 1 x 1 and can therefore be identified with
matrices, T(A) e t(U) is the core of rank 1 x 1 identified with the matrix—matrix
product of these matrices, and (46) gives a representation for the product of a matrix
A = 7(A) and a vector u = 7(U) given by (34b) and (34a).

Finally, our derivations involve Kronecker products of cores, which are defined
as the Kronecker product of the corresponding arrays. For any p, p’, ¢, q’ € N and
m,n,m’,n’ € N, let A be a core of rank p x p’ and mode size m x n and let B be a
core of rank g x ¢’ and mode size m’ x n’. Then, the Kronecker product A ® B of A
and B is the core of rank pg x p’q’ and mode size mm’ x nn’ given by

(U ® V)b Bl — yledl o I8 (472)
in terms of the Kronecker products of all pairs of block tensors or, equivalently, by

U @)l it = gliit gyt (47b)
in terms of the Kronecker products of all pairs of slice matrices. Similarly to (46), we
have
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TAARTB) =(A X---XAL)Q (B X---X Byp)
=(A1®B)X---X(AL®B)=1(A1®By,...,AL®By)
(48)

for any representation A = (Aj,...,Ar) and B = (By, ..., Br). Relations (46)
and (48) indicate the well-known fact that the matrix and Kronecker products can be
recast core-wise; see, e.g., [22,40,45].

One of the most important properties of the TT decomposition of tensors is that
any representation can be made left- or right-orthogonal in the sense of Sect. 3.5 by
the successive application of the QR decomposition [18,22,25,41,45]. We now briefly
present an algorithm for the left-orthogonalization of a decomposition, which we use
as an example in the discussion of representation conditioning. This scheme is also
the first step in the computation of the TT-SVD form of a TT representation, as in [45,
Algorithm 2].

Algorithm 3.1 left-orthogonalization orth™ of a TT representation (right-
orthogonalization orth™ can be performed analogously)
1: function V = orth™ (U)

input: a representation U = (Uy,...,UL) € TTi with L, S e N

output: a left-orthogonal representation V = (Vq, ..., Vi) e TT{ such that (V) = t(U)

2: set Wy =U >U XUy U, =WyxUyx---xUp
3 fore=1,...,L—1 > sweep through the representation from left to right
4: compute a matrix QR decomposition: 7~ (W;) = Q¢ Ry

5 define Vy, of same dimensions as Uy, so that T~ (Vy) = Qp

6 define Wy 1, of same dimensions as Uy 1, so that r+(Wg+1) = Rg‘[+(Ug+l)

> Vi) Vp g )XWy Upp g M- XU =ViXe ) Vy X Wy g X Upgp™---x UL

7 end for
8  setVp =W ViMoo Vi )W =Vix---xVp_ 1 xVp
9: end function

In exact arithmetic, we have 7(V) = t(U) for any U € TTi with L, S € N and
V = orth™ (U), and this is the view adhered to in the references cited above. However,
the situation is drastically different when errors are introduced (e.g., due to round-off)
in the course of orthogonalization, namely in lines 4 and 6 of Algorithm 3.1.

3.7 Low-Rank Multilevel Decomposition of Vectors and Matrices

Here, we discuss how we use the tensor train decomposition for the resolution of
low-rank multilevel structure in vectors and matrices involved in the solution of (4).

To reorder the entries of Kronecker products, we use particular permutation matrices
defined as follows. First, for every L € N, we define IT, as the permutation matrix of
order 2PF such that

(HL)il,l oo ID Lyeveeeas LLL seees IDJL T11 seees E1 Lyeeenns JID s iDL = 1 49)
FolCTM
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forallizx,=1,2withk=1,...,Dand ¢ =1, ..., L. In our present setting, we are
interested in functions

up = Z (up)jerL,j eV (50a)
je L

whose coefficients admit low-rank TT representations in the following sense:
Hiup=tU)=U;x---xUL (50b)

with some U = (Uy, ..., Uyr).

The set _#;, which is defined by (16), is isomorphic to {1, 2}D L The matrix I,
when applied to a vector whose components are indexed by _#; , folds the vector into
a D L-dimensional array, transposes the DL indices according to the transformation
of ordering in the product {1, ..., D} x {1,..., L} from big-endian to little-endian
and unfolds the resulting array back into a vector.

In other words, the matrix IT;, acting on a vector whose entries are enumerated
so that the indices corresponding to each dimension and all of the levels occur one
after another, rearranges the entries in such a way that the indices corresponding to
each level and all of the dimensions occur one after another. In the present paper, we
will use ITy to permute the rows and columns of matrices, as the following example
illustrates.

Example 2 In the case of D = 2 and L = 3, the following relation holds:

N, (I10JRJ'®IHRL ) =1”0IRJ ®J'QL,
— —— e’ —— e’

dimension 1 dimension 2 level 1 level 2 level 3

where we use the matrices that we defined in (37) above.

Similarly, for every L € N and o € {0, l}D , we introduce n L.o A8 a permutation
matrix of order 22+ =12l with rows and columns indexed by L x{ag, 1} x - x
{ap, 1}, where _#; is given by (16). Specifically, we define IT; by

(HL,OI)il,l oo i1, Dseveees 1L sees iDLy Bloves BD 01,1 0o 11,1 Bloeeeenns iD1sees ip.L.Bp = 1 (51)

forallire =1,2withk=1,...,Dand ¢ =1,..., L and for all B € {ax, 1} with
k=1,...,D.

4 Representation Conditioning

Since the TT decomposition is based on low-rank matrix factorization, redundancy

(linear dependence) in explicit TT representations can be eliminated analytically. This

is illustrated in “Appendix B”: see (114a)—(114c) and, for more practical examples,

the proof of Lemma 5. On the other hand, in the course of computations, this reduction
Elo [y
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has to be done numerically. In exact arithmetic, it can always be achieved by the TT
rounding algorithm [45, Algorithm 2] using the TT-SVD. In practice, however, it may
fail due to round-off errors: a small perturbation of a single core in a TT decomposition
may, through catastrophic cancellations, introduce a large perturbation in the repre-
sented tensor. This can occur even in the course of orthogonalization (Algorithm 3.1),
which is essential for ensuring the stability of the TT rounding algorithm. We now
turn to an analysis of the potential for such error amplification, which we refer to as
representation conditioning.

4.1 Examples of llI-Conditioned Tensor Representations

We first consider a simple example of a tensor where relative perturbations on the
order of the machine precision can lead to large changes in the represented tensors.

Example 3 Take D = 1 (so that .# = {0, 1}) and let x be the tensor with all entries

equal to one, x;,,;, = 1 foriy,...,i € #. Clearly, x can be represented by
X = (X¢)¢=1...r with ranks(X) = (1, ..., 1), where X; = [(1, 1)T] for each £.
However, we also have an alternative representation Y with ranks(Y) = (2, ..., 2): for

any fixed R > 0 and yp = (0, O)T, yr = (R, R)T, we instead set

Yi=[(+R " )yp—yr], a=... =Y, 1 = [yR yo] Y, = Bﬂ - (52)

For ¢ > 0, consider a perturbation of Y by replacing Y, for some fixed 1 < £ < L by

7, — [(1 +e)yr yo}
¢ = .
Yo YR
This corresponds to a relative error of order ¢ with respect to ||Yy||>. The resulting
perturbed tensor x, is again constant with entries 1+ (R 4 1)e, and therefore satisfies

X — xell2

= (R + De. (53)
llxll2

For instance, with R = 4 and L > 25, we obtain RL > 10'°. Consequently, any
numerical manipulation of the representations can then lead to very large round-off
errors that leave no significant digits in the output; in particular, an automatic rank
reduction of the representation by SVD will in general not produce any useful result.
To illustrate this numerically, we consider the left-orthogonalization orth™ (Y) with

R = 4 and machine precision & 2 2 x 10~'%, which is also the first step in computing
the TT-SVD. In exact arithmetic, the tensor 7 (orth™ (Y)) is identical to 7 (Y); however,
in inexact arithmetic, this can be far from true. The associated relative numerical
errors are compared to bound (53) in Table 1. We consider two ways of evaluating the
difference in £2-norm: by extracting all tensor entries and computing the norm of their
differences directly, or by assembling the difference in TT format and computing its
norm using another orthogonalization. Due to numerical effects, the resulting values
EOE';W
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Table 1 Relative errors ||7(Y) —z(orth™ (Y))|l2/llz(Y)|l2 for Y as in Example 3 with R = 4, with difference
computed using two different methods: (a) entrywise, (b) in TT format; compared to (R L De

L=5 L=10 L=15 L =20 L=25
diff. (a) 417x 10713 6.06 x 10~10 6.95x 1097 9.64 x 10704 9.48 x 100!
diff. (b) 351 x 10713 3.82x 10710 7.10 x 10797 7.02 x 10704 1.07 x 10100

(RE + e 228x 10713 233x 10710 2.38x 1077 2.44 x 10704 2.50 x 10701

are not identical, but agree in their order of magnitude, which is also the same as
predicted for a particular perturbation by (53).

The type of instability observed in Example 3 occurs in a similar way in other
operations, for instance in the computation of inner products, or even in the extraction
of a single entry of the tensor. Due to its fundamental importance in many algorithms,
we use orthogonalization as an illustrative example in what follows.

Example 3 may seem artificial, since in the explicit construction of tensor repre-
sentations one will usually try to avoid such redundant representations that can cause
cancellations. However, redundancies of this kind may also be generated when matrix-
vector products are performed. We next consider an example of practical relevance
where a matrix and a vector are each given in a multilevel tensor representation of mini-
mal ranks, but the resulting representation of their product has a similar ill-conditioning
as the previous example.

Example 4 We consider the negative Laplacian with homogeneous Dirichlet boundary
conditions on (0, 1), discretized by piecewise linear finite elements on a uniform
grid with 2& interior nodes. The resulting stiffness matrix AII?D e R2*2" gatisfies
AP = Ay x AL with Ap =4[1 JT J],

I Jv 20 —J—J7T
Ay=--=A;_1 =4 J and A; =4H? —J , (54)
JT —JT

as derived in [33, Cor. 3.2], where H = 1 4+ 27L and the elementary blocks are as
defined in (37). The first eigenvector of AIL)D, corresponding to the lowest eigenvalue

Amin, L ~ 72, s Xmin L = (sin(niZ_L/H))l.:LM’zL =X X---x X, where

¢ ¢ at
X1=[)€c1 xsl], Xz=|:_x;[ i}:| for ¢=2,....,L—1, XLz[;%:|,
N C P

(55)
with ¢, = nZ_Z/H,

e_ 1 e_( O ¢ _ [ cos(ir) ¢ _ ( sin(rr)
Yo = <cos(tg)>’ T = <sin(tg)>’ Yo = <Cos(2tL)>’ T = <sin(2tL)))'

FoC'T
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Table 2 Relative errors epqy = [[T(AeV) — t(orth™ (AeV))|2/|IT(AeV)|2 compared to ey =
[IT(V) — z(orth= (V) |l2/llt(V)|l2, for A, V as in Example 4

L =20 L =25 L =30 L =35 L =40
ey 1.70 x 10~15 1.42x 10713 1.92x 10715 3.15%x 10715 2.73x 10715
€AeV 2.97x 1079 450 x 10792 421 x 10101 3.46 x 10704 4.05 x 10797
22Lg 24410704 250 x 100! 2.56 x 10702 2,62 x 10105 2.68 x 10108

Then, the representation A e X of the matrix-vector product AIL)Dxmin, 1, in exact arith-
metic satisfies (A e X) = A?Dxmin,L = Amin,LXmin, L. = Amin, T (X).

We consider a similar numerical test as in Example 3, comparing the relative error
in orth™ (A e X) to that of orth™ (X). The results are given in Table 2, where differences
are computed in the TT format. Whereas the numerical manipulation of X leads to
errors close to the machine precision ¢, in orth™ (A e X) we observe large relative
errors of order 22L¢. Note that the representation (54) of A? D has a similar structure
as the redundant representation (52) in the previous example: the cores Ay, ..., Ap_1
have only positive entries, whereas Az, can introduce cancellations, in particular when
the matrix is applied to low-frequency grid functions as above.

4.2 Representation Amplification Factors and Condition Numbers

We now introduce a quantitative measure for the stability of TT representations under
numerical manipulations. To first order in the size of the perturbation, it is determined
by the relative condition numbers of the multilinear mapping t with respect to the
component tensors in its argument. Here, we use the appropriate metric on the compo-
nents that corresponds to the above-considered perturbations arising in linear algebra
operations.

Definition 3 We define the representation amplification factors of X € TT, for £ =
1,...,L,by

1 . -
ramp, (X) = slg%g sup{||r(X) —t(X)]]2 : X e TTy,

I%e = Xell2 < ell Xellz and £ = Xe fork # ¢}, (56)

and the representation condition numbers by

ramp; (X)

d,(X) = .
reonde (0 = 501,

(57)

By the multilinearity of 7, if X, X € TT; with x = 7(X), ¥ = t(X) are such that

|1 X¢ — Xell2 < e]|X¢ll2 for each £, then for such relative perturbations of size ¢ of
FoC
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cores we have the bounds

L

le — %l < ) ramp,(X) & + O(&?),
=1

L
- X
” - llx = xll2 Z rcondg(X) & + O(e?).
X
In the following characterization, we use the notation 7, and rzr for left and right
partial matricizations as introduced in (43c¢)—(43d).

Proposition1 Forany X €e TTpand ¢ =1,...,L,

ramp, (X) = [l7;” 00 -2l Xe ll2ll7; QO 22

Proof For fixed £ in (56), let X, X satisfy the conditions in the supremum. Then,
~ : . 2
le®) —coolr = > [ X} (X - &) x(

=Y oo = X3

ie

The claim thus follows by taking the supremum over X, such that Yie ]Hf(éi} -
Xé’}”% < &2|| X¢ll5, which is in fact attained. i

Remark 3 The quantities in Definition 3 measuring the amplification of perturbations
can be defined in an analogous way for more general tensor networks by considering
perturbations in the respective components; see [7,22,42,49] for an overview on such
more general tensor formats.

We have the following general observations concerning possible representation
condition numbers, where in certain special cases, we can also give bounds that depend
only on the TT ranks. Here, we use the notion of TT-SVD forms introduced in Sect. 3.5.

Proposition2 Let X € TTy, then the following hold for £ =1, ..., L

(i) One has rcondg(X) > 1.
(1) Ifranke_1(X) = ranky(X) = 1, then rcond,(X) = 1.
(i) If X is in right-orthogonal TT-SVD form, then rcond,;(X) < /ranky_1(X); if it is
in left-orthogonal TT-SVD form, then rcondy (X) < /rank,(X).

Proof Statement (i) follows by estimating || (X)|| as in the proof of Proposition 1; (ii)
follows directly from properties of the Kronecker product. To show (iii), it suffices to
consider the right-orthogonal case. With x = 7(X) and r, = rankg (X) for each £, we
need to show that ramp,(X) < ./r¢—1||lx||2 for each £. Since 7, F(X) has orthonormal
rows, ||r£ (X)l2—2 = 1 for each £. For £ = 1, we also have ||z, (X)[2—2 = 1 by
definition and || X¢|l» = ||x||2. For £ > 1, by right-orthogonality of X, we have
| X¢ll2 = /re—1. In this case, since the representation is in TT-SVD form, 7, (X)
has orthogonal columns whose £2-norms are the singular values of Uy(x), and thus
ey (Ollama < llxla. o
FoE'ﬂ
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Modifications to the components of a TT representation that leave the represented
tensor unchanged can still lead to a change in the representation condition numbers.
This change can be bounded from above as follows.

Proposition 3 For given X € TTy, 1 < £ < L, and invertible R € Rrexre, where
r¢ = rankg(X), let X be iilentical to X except for f(é’} = Xé'}R, f(é’j_l = R_lXéilfor
i € 5. Then, t(X) = t(X) and

rampe()?) < cond(R) ramp,(X), ramp, ()~() < cond(R)ramp,;(X). (58)

In the particular case when the matrix Te+ ()~() has orthonormal rows, one has the
stronger bound

ramp, ()~() < ramp, (X). 59)

If Xy41 is right-orthogonal, then

rampy, | (X) < /rgrampy, ; (X). (60)

Proof The estimates (58) follow from

IXell2 < 1Xel2RI2=2, 1T, Kl < IR o2l Xl

for the first, and analogous estimates for the second inequality. To see (59), observe
that R‘C£+()~() = rj (X) and that under the given additional assumption, ||r£+ ()~()||2_>2 =
1 and ||rZ'(X)||2_>2 = ||R]l2—2. Under the further assumption for (60), we have
[ Xe+1ll2 = IRl F, and thus

rampy, | (X) = (17, X Rl2—2 | X e 2l O ll2—2
< It K22 IRl /el )l K 22
< /r¢ rampgy . (X).

O

Note that the improved bounds (59) and (60), which do not depend on the par-
ticular transformation R, correspond to the transformations made in algorithms
for right-orthogonalizing X € TT.. When the roles of Xy, X and the corre-
sponding orthogonality requirements are reversed, (59) and (60) are replaced by

ramp,, | (X) < ramp, (X) and ramp, ()~() < /Te+1 ramp,(X).

4.3 Orthogonalization as an Example of a Numerical Operation

Orthogonalization of tensor train representations is usually done via QR decom-
positions of matricized cores. When performed at machine precision &, these
decompositions are affected by round-off errors: applied to M € R™*" where mne
EOE';W
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is sufficiently small, as shown in [27, §19] the standard Householder algorithm yields
0, R such that

IM — OR||F < Cormn®?e|M||F. (61)

As a consequence of Proposition 3, we obtain a statement on the numerical errors
incurred by orthogonalization of TT representations. As a simplifying assumption,
let us suppose that the QR factorizations in orth™(X), ortht(X) of X € TT, are
computed with machine precision ¢ up to the error bound (61), but that matrix—matrix
multiplications are performed exactly (and hence the computed Householder reflectors
act as exactly orthogonal matrices). Then, recursively using (59), (60), we obtain

L
Iz (orth™ (X)) — 1(X)ll2 < Cor »_2Pre—1re)** ramp,(X) e + O(e?),  (62)
=2
L—1
Iz (orth™ (X)) = T(X)ll2 < Cor Y _ (2Pre1r¢)* > ramp,(X)e + O(e%),  (63)
=1
where rp = ranky(X) for £ = 1,..., L. The analogous statements for the relative

errors ||z (orth™ (X)) — t(X)ll2/llz(X)ll2 and [[z(orth™ (X)) — t(X)l2/ll7(X)l2 hold
with ramp replaced by rcond.

Taking into account further numerical effects due to inexact matrix—matrix multipli-
cations leads to substantially more complicated bounds involving additional prefactors
depending more strongly on intermediate steps in the algorithms. As our numerical
illustrations in Sect. 4.1 demonstrate, however, the order of magnitude of the resulting
errors is typically already very well predicted by the bounds (62), (63).

4.4 Representations of Operators

Definition4 For ¢ = 1, ..., L, we define the representation amplification factor and
representation condition number of the matrix representation A € TT% by

ramp, (A e X) rcond, (A e X)
mramp,(A) = sup ——————, mrcond¢(A) = sup —————. (64)
XeTT, rampy(X) xeTT, reondg(X)

In other words, these are the largest factors by which the action of the matrix rep-
resentation A can possibly change the representation amplification factors and the
condition numbers of a vector representation. By definition, these functions are sub-
multiplicative:

mramp, (A e B) < mramp,(A) mramp,(B),
mrcondy (A e B) < mrcond,(A) mrcond,(B).

We do not have an explicit representation of these quantities as in Proposition 1, but

we obtain the following upper bound in terms of the components of representations.
Elol:;ﬂ
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Proposition 4 For A € TT?, we define the matrices

A(_k - ((Al Moeee X Aefl)(la i’ j’k))iefz‘l,je]f—l’ k = 1, ey R@,],
Al = (AW AD K D) it jegres k=10, Re.

Then, mramp,(A) < B¢(A) for £ =1, ..., L, where we define

Ry_ Ry Re—1
B = (D IA7, By Yo 1A 1Bn Y Z Al ||M) . (65)
k—=1 kt=1 k—=1kt=1

and if T(A) is invertible,
mrcondg (A) < [[7(A) " |22 mramp, (A). (66)
Proof By Proposition 1, withY = A e X,

Iy Ml22llr” Mll2s2llYell2

mramp, (A) =
XeTTL I, X la=2llt,” X lmal Xell2

The first statement follows with the estimates

Re— re—1 re o
1el3 =y Z DDV VAED (AR
K—=1Kt=1lk—=1kt=1
Ry .
= > Z JA 5 1xel
K—=1K*t=1
and
Ry Ry
llzg 325 < i o lAg e 03 = DA IBL T (30,
Y=ty k=1

as well as the analogous bound for ‘L’Zr (Y). For (66), note that if T (A) is invertible, then

X
mrcondy (A) < ( sup Iz )”2) mramp, (A) = ||‘L'(A)_1||2%2 mramp, (A).
xetT, IT(V)l2

O

In certain situations, Proposition 4 provides qualitatively sharp bounds. We now
demonstrate this in the simple example of the stiffness matrix for the Dirichlet Lapla-
cian on (0, 1). Similar results are observed numerically for direct representations of
more general stiffness matrices of second-order elliptic problems.

FoE'ﬂ
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Proposition 5 Let A]BD be as in Example 4, and let A with T (A) = A]BD be as in (54).

Then, for £ =1, ..., L, one has mramp,(A) ~ 22L apd 2GL+0/2 < mrcond;(A) <
2%k,

Proof The upper bounds follow by direct computation from Proposition 4 via evalua-
tion of the auxiliary matrices in (65). For the lower bound on mramp, (A), we estimate
the supremum from below using the representation X« analogous to (55) of the
eigenvector Xmax, 1, = (sin(m' /H ))i: Lol corresponding to the largest eigenvalue
Amax,L ™~ 22L To this end, it suffices to evaluate ramp, (A ® Ximax)/ ramp, (Xmax) via
Proposition 1 in a direct but tedious calculation. For the lower bound on mrcondy (A),
we instead use X pmin, 1, = (sin(niZ_L/H))izlsz in the representation (55). O

Thus, applying the matrix representation A to the tensor decomposition X of a vector
may in general increase its representation condition number by a factor proportional to
2L For instance, if X is given in TT-SVD form with representation condition number
close to one, the further numerical manipulation of A e X can cause errors of order
O 2*Lg||T(X)|l2). This effect is observed also in the numerical tests in Sect. 7.1.

5 Multilevel Low-Rank Tensor Structure of the Operator

In this section, we analyze the low-rank structure of the preconditioner Cp, given
by (30), and of the preconditioned discrete differential operator By in the form
of (33b). The resulting low-rank representations are designed specifically to have
small representation condition numbers in the sense of Definition 4, which is not
generally the case for low-rank decompositions of By .

The central idea for obtaining well-conditioned representations is to directly com-
bine the representations of differential operators M L.o as in (12d) with those of the
averaging matrices P ¢, in the preconditioner. This leads to a natural rank-reduced
representation of the products M L.a P ¢.L, where the cancellations causing representa-
tion ill-conditioning that are present in the tensor decomposition of M L.« are explicitly
absorbed by the preconditioner and thus removed from the final representation.

5.1 Auxiliary Results

In this section, for £ € N, we present explicit joint representations of the 1dent1ty
matrix I, and of the shift matrix Sy, given by (12e), and of the linear vectors § )
and #,, defined in (15). These representations will be presented here in terms of the
following cores:

0=[’ JT], x=) @ <(1)> and ﬁ:H. ©7)

Fo C 'ﬂ
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Our derivations will also involve the square Kronecker product matrices

0 1
Je=J%" = (68)
0

with £ € N and iterated strong Kronecker products, such as U =Uw--xU with
£ € N factors.

We start with the following auxiliary result, which appeared in slightly different
forms in [30,35]. The brief derivation, in the form given here, provides an illustration
and simplifies further proofs given below.

Lemma 1 For every £ € N, the matrices ig, S'g and ]g, given by (12e) and (68),

satisfy
(S . TXE
[’@ ;ﬂzuwz[l J]} , (69)

where the blocks I and J are given by (37) and the core U is as defined in (67).

Proof For ¢ = 1, the claim is trivial. Let us assume that £ > 1. Then, splitting each
of the matrices S R 1 ¢ and J ¢ into four blocks, we obtain the following recurrence
relations:

i@:[@ig,1 =[1]N[i(,1],

Se=1081+J7'®J =[1 J']x [;i_ll:l (70)
Ji=J®Ji1 = [/] []e—1]~
Using the core product, these relations can be recast as
[if Sq =Ux [i“—l s‘f—l} : (71)
Je Je—1
Applying (71) recursively, we obtain (69). O

As the following auxiliary result shows, a similar technique applies to cores whose
blocks are vectors.

Lemma 2 For every £ € Ny, the vectors ée and 14, given by (15), satisfy
[A 'A’@}:)?Wmﬁ, (72)

where X is given by (67).
FoE'ﬂ
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Proof For £ = 0, 1, the claim is trivial. Let us assume that £ > 1. Splitting each of the
vectors &, and 7, into two blocks, we arrive at the recursion

i (Net L (172 . 0\ -
§ = (1) ®& 1, M= (42) @1 + (1/2> &, (732)

from which it is easy to see that

ﬁzZ(l/z)‘X’ﬂe 1+(1/2>®(§z L= Me—1) s

(73b)

Eo—ie= (") @nr+ ()@@ — i)

e—Me=1\ o Ne—1 1/2 =1~ Me—1) -

Using the core product, relations (73a) and (73b) can be recast as
[ '“} fm[A 'ZH] (74)

5@ — My Eoy — My

Applylng (74) recurswely and comparing S 1 and 7; with the first column of the
core X, which is given by X x P, we obtain (72). m|

5.2 Explicit Analysis of Univariate Factors
In this section, we show how the auxiliary results of Sect. 5.1 translate into low-

rank decompositions of the univariate factors M L.« Witha € {0, 1} and P ¢, With
£=0,...,L,where L € N. These matrices are introduced in (12d) and (14). Let

Ai=[10]. f0=[} _11],

<5
Il

1
PSP B P L A B A A I 1(0) - [0
TONUNTO_E[I-FJT—J =Ty Mo=3 <o> c M= (73)
!

Lemma3 For every L € N and for « = 0, 1, the matrix ML,D,, given by (124d),
satisfies

N =

A

My.o =20TDL Ao 07w Ty m VHE=0 b g, (76)

foreveryl =0, ..., L, where the cores A, (j, \7, f‘o and A;Ia witha = 0, 1 are given
by (67) and (75).

Proof Consider L € N and « € {0, 1}. Immediately from (12d), we obtain the repre-
sentation

Fol:'ﬂ
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S

ML,a = 2@+DL 4 |:IL
L

}Mf@MMa.

Applying Lemma 1, we arrive at the claimed decomposition in the case of £ = L,

A

1 A A A A
My o =2t AU EnTyn M, .

Using that f"o X f"o = 2f, we obtain
. ) . . . 1. . . X (L—¢) .
My o =29 A U n Ty N(zTowUNT()) X My

forevery £ =0, ..., L — 1, which completes the proof due to (75). O

Lemma4 Forall L € Ngoand ¢ =0, ..., L, the matrix IA’LL, given by (14), has the
representation

Pop =220 A 028 X2E-0  p 77)

where A, U, X and P are the cores given by (67) and (75).
Proof We start with rewriting (14) in terms of the core product as
PIZ,L=2_%(L_£)AM [Ie 5‘3} ¥ [A ?L_l]
Je EL¢— Mg

where the middle core should be omitted when £ = 0. Applying Lemma 1 (for £ > 0)
and Lemma 2 to expand the middle and the last cores, we prove the claim. O

5.3 Explicit Analysis of Univariate Factors Under Preconditioning

Here, obtain an optimal-rank representation of the product M, , P¢ ; and note how
N A AT A AT
the products My o Py 1. Pe,L and Py 1 PIZ,L can be represented, all for L € N, « €
(0,1} and¢ =0, ..., L.
The optimal-rank representation of the product My o P, 1 is obtained in terms of
the following cores:
2
2

A 1 A 1 0 S 1
ORI
1

1
1
1
leé[G)} Ny =[1] and No= Eg; : (78)
1

N =

FolCT
H_ A
@Springer L0



1210 Foundations of Computational Mathematics (2020) 20:1175-1236

The proof of the following lemma is rather technical and is therefore given in
“Appendix B.”

Lemma5 Forall L,{¢ € Ng such that £ < L, the matrices MLVQ lA’g,L witha =0, 1,
where the factors are given by (12d) and (14), admit the representation

My, P = 2@+ A UM Ty Y0 w0 N, (79)

where the cores A U and f}x, )A’a, Na witho = 0, 1 are as in (67) and (75).

Combining decomposition (77) and its transpose, we can rewrite the product

~ AT .
Py P, core-wise:

~ ~T ~ ~ ~ _ ~
PopPp =2"079 A4, OX n X1 % By, (80)

where the factors are

~ A A A A A~ A

A,=AeA, Uy=UeU", X,=XeX", P,=PeP. (81)

We remark that the ranks of the decomposition (80) are 4, . .., 4.
~ ~ AT ~
Applying the same argument to the product My o (Py.1 P, ), the factors My o

A AT
and P, P 0L being taken in the form of (76) and (80), we could obtain its explicit

decomposition with ranks 23....,23 Instead, we multiply M L.a i’g) 1 and IA’Z I
using the representations (79) and (77) to form a representation of the same prod-
uct AA/IL,a IA’g,L IA’;,L. This representation has the ranks 22 ..., 22 92— o2-a
which means that the ranks of unfolding matrices 1,...,¢ —land ¢, ..., L — « are
bounded by 4 and 227, respectively. As we discuss in Sect. 5.4, this reduction is
substantial in the case of multiple dimensions, when the exponents (2 or 2 — « instead
of 3) that correspond to the dimensions are summed.

Specifically, combining (79) and (77), we arrive at

~ ~ AT 1 ~ ~ N ~ ~
Mpo Py Py =20T00 020 A X Wy e 2209 Ky, (82)

where

A

Wy=Ty0l, Zy=YV,0X', Ky=Ny,eP with a =0,1. (83)

Decomposition (82) is exact and explicit, the latter meaning that all the cores
involved are provided in closed form. Since U, and ¥, are of ranks 22 x 22 and 22~ x
22-o respectively, the ranks of decomposition (82) are 22 ., 22 0%« nl-a

Elol:;ﬂ
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Direct calculation with expressions given in (67)—(75) leads to Ab = [1 00 O],

1 101 O 1 0

A 0 A 01 0 1 A 0 1

P, = ol Wo = 10-1 0 and W; = 10 (84)
0 01 0 —1 0 —1

Explicit expression for Ub, )A(b and Za, Iea with @« = 0, 1 can be likewise calculated
based on (67) and (75), from which we refrain to keep exposition concise.

5.4 Analysis in D Dimensions by Tensorization

In this section, we generalize the results of Sect. 5.3 to the case of multiple dimensions
and analyze the low-rank tensor structure of the preconditioner C, given by (30),
and of the preconditioned discrete differential operator B in the form of (33b). For
the latter, we first derive a representation of the matrices Q; , with L € N and
a € {0, 1}P, which are defined in (33c).

The representations derived below are composed from the following cores:

Ay, = AA?D, U, = 0’)®D, Xy, = )A(?D, P, = ﬁ?D,
Wy = ®]<D:1 Wak, Zy = ®]<D:1 20(/(7 Ky = ®]?:1 Ieolk (85)
for all @ € {0, I}D, where the factors are given by (81) and (83).
Tensorizing (80) core-wise and distributing the scaling factor over the cores, we
obtain the decompositions
27 Py P ] =27 PO A U e X P, (86)
=27 A, M UM (2P X)X 0 5 py,

of ranks 220, ..., 22D where the cores are given by (85) and the permutation matrix
I is as defined in (49). Applying [35, Lemma 5.5] to the sum of such matrices with
£ =1,..., L and adding the term corresponding to ¢{ = 0, we obtain the following

result.

Theorem 3 Forany L € N, the matrix C , defined by (30), admits the decomposition
m,c.mjy=4 Ab]mclm-.-mcm[})} (87)
b

of ranks 22D 4 92D 92D 4 22D 4 equal to 22D+ \yhere the middle cores are

_ Uy 2t U, . .
Ce—[ 2Dy, with £=1,...,L,
the subcores being as in (85).
EOE';W
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Forany L e N, £ =0,1...,L and @ € {0, l}D, tensorizing (82) core-wise and
distributing the scaling factor over the cores result in the decompositions

2'M oMy Pey P I
1
— p—t+(lal+3D)L—D(L~) A X Ubw M W, X Z;q(L—Z) K,

=27 0-1aDE 4 5222 Up) ™ E e Wy w2120 Z,) =0 i K, (88)

of ranks 22P, ... 22D 22D—lal = 22D-lel  \here M, and Py are given
by (20c) and (22), the cores are given by (85) and the permutation matrices ITy
and IATIL’O, are as defined in (49) and (51).

Similarly as for C';, above, we can apply [35, Lemma 5.5] to the sum of the matrices
given by (88) with £ = 1, ..., L and add the term corresponding to £ = 0. This leads
to the following result, which is analogous to Theorem 3.

Theorem 4 Forany L € Nand a € {0, l}D, the matrix QL’O[, given by (33c¢), admits
the decomposition

000, 0 =[4 Abmwa]mglm-..NQLm[K] (89)
o

of ranks 22D 4 92D—le| - 92D 4 22D—lel 41 bounded from above by 22D+ \here
the middle cores are

o 2 Uy W | L
0= plal=4D 7 =1....L,

the subcores being defined by (85).

In Example 1, the case of the Laplace operator was considered and the factors Ay 4o
with (a, @’) € 2 for the suitable 2 were explicitly given in the Kronecker product
form (27a). That form immediately leads to a multilevel TT decomposition of ranks
1,..., 1foreach Ay 4, . Here, we analyze the structure of A 4o With (o, @') € Zin
the general setting of Sect. 2.3, for an arbitrary 2 C {0, 1}? x {0, 1} of differential
indices, under the additional assumption that the coefficient functions (24b) exhibit
low-rank structure.

Specifically, for each («, @') € 2, we assume that the coefficient vector ¢, 4o €

DL .. . . .
RAL ot ~ RZ Roa! parametrizing the coefficient function ¢y, through (24b) is
given in a multilevel TT representation of ranks ro 4o/, - - -, 'L, qa’:

HL,O: ClLaa = CL.,O,a,ot’ X CL,I,a,a’ Moo X CL,L,ot,ot’ X CL,L+1,01,0¢’ , (90a)

where each of Cp 1 4.0/, .-, CL.L.a.o’ 1S Of mode size 20 whereas CL.0.q,0 18 Of
mode size 1 and Cp, 141 4,0 1S of mode size Ryo = |I44/|. Then, the corresponding
Elol:;ﬂ
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factor Ay, 44/, given by (26a), can as well be represented withranks g 4q/, - . -, ¥, a0’

~ ~T
MioApaell] o=AL000 XALLaw X NALLg o XAL L4100
(90b)

where the cores are defined in terms of those appearing in (90a) as follows. First, one

sets Az 0.a.0’ = CL.0.a.« and defines each core Ay ¢ o o With€=1,..., L by
-D
(ALcaa)yyiciy e =2 Oiyip (CLitaa )y ie ve (90c)
forallyp—1 =1,....r0—1.00-Ye =1, ..., Fe.a and iy, ié = 1, 2. Then, the last core
should be defined by

(AL Lstaa)y pp=2""> (CrLittaa)y y f Xea'y (9% Vp) (0 Pp)
Vel (-1,1)P

(90d)

forally, =1,...,71 40, B € {1, 1} x- - x{ap, 1}and B’ € {a], 1} x-- - x{a)y, 1},
cf. (26a).

Using the fact that the ranks add under addition and multiply under multiplica-
tion [45], we obtain the following result.

Theorem5 For 2 C {0, 1}P x {0,1}P and L € N, consider a bilinear form of
the type (24a)—(24b), where each coefficient vector ¢y gy with (a, &) € 2 admits
a multilevel TT decomposition of the form (90a) with ranks ro ooy ..., 7L a 1Ot
exceeding r € N. Then, the preconditioned matrix By of a, defined by (25a), (30)
and (33a), admits a multilevel TT decomposition

-
Oy B II; =B oX B 1X---XBp 1 XBp 41
of ranks Ry, ..., R, where

Re=2" 3" (142714 py o <29P%2 3" 1y o < 12D22%P 1 (91)
(a,0')eD (a,a)eD

fort=0,...,L.

Remark 4 (Sharper bounds in specific cases) The last inequality of (91) is given for
a general case with D? second-order terms (no symmetry is assumed), D first-order
terms and a zero-order term. However, for the Laplacian in the case D = 2, the first
equality given in (91) results in Ry = 1152, which is a marked reduction from the
bound R, < 12288 obtained for a general second-order bilinear form with constant
coefficients.
EOE';W
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Remark 5 (Inexact application) In computations, algorithms using products of B
with vectors rather than explicit representations of B; may be expected to be more
efficient. Indeed, such products can be formed by adding the products of the terms in
the sum (33b), and for each term the product can be computed by three multiplications.
On the intermediate results obtained between these multiplications and additions, low-
rank re-approximation can be performed, as explained further in the example of the
discretized Laplacian in Sect. 5.5. The given bounds for TT ranks appear to be highly
pessimistic for such inexact schemes.

Remark 6 The analysis in D dimensions is given here for the most generic discretiza-
tion obtained by tensorization. The approach can be applied to discretizations that are
not of tensor product form in order to mitigate the growth of the rank bounds with
respect to D.

5.5 Numerical lllustrations

In summary, we obtain a combined tensor representation By with t(By) =
II; B, H{ =1I; (CLALCL)HE. Similarly, from Theorem 3, we also have C; with
t(Cpy=Mn;,C 1 E With a representation Ay of the stiffness matrix Ay, such that

t(Ap) =N A Il I one can alternatively consider the simple product representation
Cr e Ap e Cp, which corresponds to performing the action of the preconditioner Cp,
separately from that of Ay .

Note that, in Sect. 4.4, we have assumed decompositions consisting of L cores.
The decompositions in Theorems 3, 4 and 5 comprise L + 2 cores, with first and last
playing special roles since they can be merged with the respective adjacent cores. The
cores in these extended decompositions are thus indexed by £ =0, ..., L + 1 in what
follows, so that again the bounds for £ = 1, ..., L are relevant.

One benefit of the combined representation By, is the rank reduction compared to
Cr e Az o Cy . More importantly, however, the decomposition By is constructed so that
the representation condition numbers mrcond, (B ), £ = 1, ..., L, remain moderate
even for large L. In contrast, the representation condition numbers of C; e A7 ¢ Cy, are
in general of the same order of magnitude as those of Ay — in other words, whereas
the matrix condition number of C; Ay C is uniformly bounded, for improving also
the representation condition number, applying the preconditioner C [ separately is
insufficient and one instead needs a carefully constructed combined representation
Br.

We now present numerical observations that illustrate how different the decom-
positions Az, C; e Ay e C; and By are in terms of representation conditioning
and demonstrate the improvement afforded by our findings presented in Sects. 4,
5.2 and 5.4. As in Example 1, we consider the case of the Laplacian: A; = Dp
with Dy as in (103). Using (37), for D = 1 we have A = A x---x Ap with
A =411 J"J D],

FoC'T
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I Jv J 20— J—J7
J —J
Ay=---=Ap1 =4 T . AL =4 T ,
I -

as derived in [35]; similar representations can be obtained for D > 1 by tensorization.

We first con51der the upper bounds Be, defined in (65), for mramp, from Proposition
4. Since both [|A} || and [|B, || are bounded independently of L, by (66), up to fixed
constants the respective f¢ are also upper bounds of the corresponding representation
condition numbers mrcond,.

For By, instead of directly computing the estimates for mramp,(B;) with £ =
1, ..., L given by Proposition 4, we will do this for the factors of a decomposition
that is equivalent to By and is also based on (33b). Let us note that the equality

D
BL=) O] ,00L (92)

k=1
of decompositions holds in terms of the factors @ ; with k = 1,..., D given as
follows: for every k, we set O x = Az/i e Qs o with o = (1, ..., 8p), where
AIL/ 20( o is the decomposition of A/ 12 o , which is diagonal and of Kronecker product

form (27a); thus, its decomposmon w1th ranks 1, ..., 1 is obtained by element-wise
application of the square root to each core. Equahty (92) results in the second of the
following inequalities:

, rrllamercondg(BL) < Irllamerampe(BL) < nllax [Be(®Of, D2, (93)

where the equivalence is uniform with respect to L € N and, for each L € N, 8, with
£ =1,..., L are as defined in (65). As well as in (93), the alternate form (92) of By,
is used to improve the efficiency of residual approximation in the numerical tests of
Sect. 7.

Figure 1a shows the computed values of max, 8,(®y, 1) for different values of L
and D = 1, 2, where we observe maxy B;(®r 1) = €(L) inboth cases, corresponding
to

, mamercondg(BL) < n]lamerampg(BL) < II]laX Be(Br) < L.

In contrast, as shown in Fig. 1b, both max, B¢(Ar) and max, 8,(C; e Ay ¢C}) increase
exponentially with respect to L.

Although Proposition 5 shows that they can lead to useful qualitative statements,
the upper bounds provided by S8, cannot be expected to be quantitatively sharp. The
direct evaluation of the suprema in the definitions (64) is in general infeasible, but
testing with concrete V € TT, can provide some further insight. For D = 1, we use

FoE'ﬂ
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Fig.1 Upperbounds maxy—j 1 B¢ asin(65)formaxy— _; mramp, from Proposition4,in dependence
of L:amaxy B¢(®p 1) for D = 1 (circles) and D = 2 (squares), with dashed lines representing 10(L + 1)
and 120(L — 1), respectively; b max,[By ((”)L,l)]z (circles), maxy B¢ (Ar) (crosses), and maxy B¢(Cy, o

A7, e Cp) (plusses), for D = 1, with dashed lines representing (1 11)% and 25 x 22L, respectively. The
quantities maxy[ S, (@1"1)]2 bound max[B¢(Bz )] up to a constant independent of L, see (93)

TT-SVD representations Vi, Vinin, Vimax (of maximum ranks 1, 2, and 2, respectively)
of the vectors

vy = (Cl)k:l ..... oLs  Umin = (cmin Sin(%xi))izl ..... 2L>

Umax = (Cmax Sin(%(l + 2L+1)xi))i=l,.‘.,2L’

with x; = 2~Li and with constants ¢}, ¢min, cmax chosen so that lvill2 = llvminll2 =
lvmax|l2 = 1. By Proposition 2(iii), rcond,(V;) = 1 and 1 < rcondg(Viin) < V2,
1 < rcondy(Vimax) < V2. Consequently, as in the examples of Sect. 4.1, for each such
a choice of V and any representation of a matrix M, the absolute and relative errors
incurred by the orthogonalization of M eV give an indication of the order of magnitude
of ramp, (M e V) and rcond;(M e V).

The results are summarized in Tables 3 and 4. We see that in all cases, the absolute
and relative errors for By are close to machine precision ¢ &~ 2.2 x 10716, which
is quantitatively better than indicated by the upper bounds in Fig. 1. For Ay and
Cr e Ap o C;, we observe an amplification of relative errors that is exponential in L
(and in fact slightly worse for C; e A e C;). The absolute errors for C;, are close
to &, which is important for the evaluation of preconditioned right-hand sides; the
corresponding relative errors increase with L in the case of Vy,x, which is to be
expected since C; damps high-frequency oscillations.

6 Complexity of Solvers

We now consider the numerical computation of u, solving Bru; = f; with By =

CrALCp and g; = Cy f; asin (33a). Here, the objective is to find u, € V() such

that ||u — u. ||y < €, and we obtain an estimate for the computational complexity of
Elol:;ﬂ
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Table 3 Absolute errors ||[7(MeV) — t(orth™ (M e V))|p with M = B, C;, C; e A; @ Cz, Ap and
V = V1, Viin, Ymax, as given in Sect. 5.5

Vv M L =20 L =30 L =40
Vi B 147 x 10714 2.08 x 10714 330x 10714
Cr 1.16 x 10715 2.05x 10715 570 x 10715
CLoALeCL 3.06 x 10704 2.65 x 10102 3.27 x 10108
AL 2.66 x 10704 2.08 x 10102 2.13 x 10108
Vinin BL 1.89 x 10714 3.78 x 10714 296 x 10714
Cr 2.69x 10715 1.70 x 10~13 220x 10715
CreAreCp 458 x 10704 3.60 x 10102 5.23 x 10108
AL 499 x 10704 5.96 x 10102 4.27 x 10108
Vinax BL 1.31x 10714 1.20x 10714 9.29x 10~15
CL 9.82x 1017 1.20x 1016 1.07 x 10~16
CrLeAL eCp 1.08 x 10704 1.80 x 10102 1.26 x 10708
AL 6.62x 10793 1.43 x 10704 1.12x 10710

Table 4 Relative errors |[7(M e V) — t(orth™ (M e V))||2 /||t (M e V)|l with M and V as in Table 3

v M L =20 L =30 L =40
Vi BL 287x 10715 4.06 x 10715 6.44x 10715
Cr L11x10°1 1.95x 10715 544 x 10715
CLoALeCp 5.97x 1079 1.89 x 10100 2.18 x 10100
AL 248x 10713 5.92x 10712 1.85x 10710
Vinin B, 4.17 x 10713 8.32x 10715 6.52x 10715
Cr 240 x 10715 1.52x 10715 1.97x 10715
CLeALeCp 1.01 x 107%4 1.50 x 10100 5.41 x 10700
AL 2.02x 10704 7.22x 10701 6.59 x 10791
Vinax By 3.28x 10715 3.00x 10715 232x10°15
Cr 6.91x 1011 8.61 x 10708 7.91x 1079
CLoALeCL 2.70x 10795 6.32 x 10100 2.78 x 10700
AL 1.51x 10713 3.10x 10715 231x10°15

achieving this goal. Assuming that L(e) ~ |[log ¢| is suitably chosen a priori and that
the TT singular values of u, satisfy a natural decay estimate, we show that the number
of arithmetic operations for computing a tensor train representation of u, is of order
O(|loge|?), where 6 > 0 depends only on the low-rank approximability of the u; .

Remark 7 The methods we consider rely on the accurate evaluation of residuals By v —
CL f 1. As we have seen in Sect. 5.5, for the representations By, and C;, of By and
C 1, that we have constructed, the quantities mramp,(Bz ) and mramp,(Cz) grow only
moderately with respect to L. Indeed, the results of Table 3 indicate that provided that v
Eo oy
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and f; are given in well-conditioned representations, the corresponding residuals can
be evaluated with an absolute error close to machine precision, which is corroborated
also by our further numerical tests in Sect. 7. For the convergence analysis of this
section, we assume exact arithmetic.

6.1 Estimates of Ranks and Computational Costs

To estimate the computational complexity of finding approximate solutions, we use the
quasi-optimality properties of an iterative method using soft thresholding of hierarchi-
cal tensors introduced in [6]. This construction directly carries over to the special case
of the TT format, leading to a soft thresholding operation .7, that is non-expansive
with respect to the ¢2-norm. It can be realized numerically for TT representations,
described in [6, Sec. 3], at essentially the same cost as the TT-SVD.

Note that since B is well-conditioned uniformly with respect to L, as a conse-
quence of Theorem 1 we can choose w > 0 such that§ = sup; Il —wB || satisfies
& < 1. The basic iterative method applied to the present problem has the form

it = 7, (W} —w(BLu} —g;)), n=>0, (94)

with u% = 0 and o, — O determined (according to [6, Alg. 2]) as follows: set
ap = wl||gll2/(d — 1), and for a fixed B > ||BL|l2—2, take
1 . n+1 n+1
s, if |lu —u < Bru; ,
s — {2 we A — il < 5 Bt — gl 03)

oy, else.

In what follows, we refer to the algorithm given by (94), (95) as STSOLVE.

Recall that u; = Z je gL (Cruyp);jor, j, with analogous notation for the iterates,
where ||up ||y ~ |lur|l2. Our convergence analysis is based on the following assump-
tion on uniform decay of singular values, which is discussed further in Sect. 6.2.

Assumption 1 Forall L € Nand £ =1, ..., L, let the singular values oy ; (1) with
jo=1,...,20max(6,L=0 of the ¢th unfolding matrix Uy (uy ), defined as in (44a),
satisfy the bound

—cjP

o¢,j(ur) < Ce forall j=1,...,2Pmax(EL=0 (96)

with C, ¢, B > 0 independent of £ and L.
Theorem 6 Let ¢ > 0. Then, STSOLVE stops with uy, . such that

lup —up el Sllup —upella <e

after finitely many steps. In addition, let Assumption 1 hold. Then, there existcy, ¢y > 0
and p € (0, 1) independent of L and n such that with &, = p"/ 108 L,

1
lur = upllm < erlen, | max  rank(u}) < c2L*(1 + |logenl)?

Fo C 'ﬂ
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Proof This is the statement of [6, Thm. 5.1(ii)] applied to our setting, combined with [6,
Rem. 5.6] concerning the dependence of ¢, on L. O

The above statement makes assumptions on the low-rank approximability of the
approximations u . We next relate this, by an appropriate choice of L, to the approx-
imability of the exact solution u € V of (4).

Corollary 1 Assume that there exist C1 > Oands > Osuchthat |u—uy ||y < C1275L.
Then, for givene € (0, 1), taking L = %(l—l—llog el), withey, co > Oande, = p/1°eL

as in Theorem 6, for n > 0 we have

lup —u? g < c1s™ (1 + |log ey,

1
, lma;z lranlq(u’i) < czs_2(1 + |10g8|)2(1 + |log8n|)/3,

and for N = (Jloge| +log L) log L < (1 + |loge|) log(1 + |log €), we obtain

1
lu =yl < Cae, max rank (u)) < C3(1 + [loge)*" 7,

where Co, C3 > 0 depend on cy, ¢, p, C1, and s.

Remark 8 (Complexity bounds) If B has fixed representation ranks, as in the case of
the Laplacian, the costs of each step are dominated by those of applying .%%, , which
are of order (L (maxy ranky (u’z))3 ). By Corollary 1, the total number of operations
for N steps to guarantee an H '-error of order ¢ is thus bounded by

3
C(1 + |loge))¥7 log(1 + |log &) (97)

with a uniform constant C > 0.

In cases with variable coefficients such that B; does not have an exact low-rank
form, but needs to be applied approximately, the iteration given in (94) and (95) can
be adapted to residual approximations with prescribed tolerance as given in [6, Alg.
3], which preserves the statement of Theorem 6 as shown in [6, Prop. 5.9]. Depending
on the L- and e-dependent rank bounds for B, one may then obtain additional factors
in estimate (97).

Remark 9 Complexity estimates are also given in [4] for a similar iterative method
based on hierarchical SVD truncation (which in the present setting translates to a
direct TT-SVD truncation). A simplified version of this method operating on fixed
discretizations is given in [6, Alg. 4]. Based on the theory for this method, one can also
derive rank and complexity bounds similar to (97), but with a less favorable exponent:
for this method, one arrives at a number of operations bounded by C(1 + |log 8|)t+%
for some C > 0, where + > 0 now depends on the representation ranks and condition
number of By, and the bound can be substantially worse than (97). The practical
performance of the scheme from [4], however, tends to be comparable to the one of
STSOLVE considered above.
EOE';W
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Remark 10 Alternatively, the linear systems B u; = g; can be solved by the AMEN
methods introduced in [17]. The basic version analyzed in [17, Sec. 5] relies on resid-
ual approximations of a certain quality and increases approximation ranks in each
iteration. However, the available convergence results only lead to a complexity bound
that increases faster than exponentially in L. In the practical implementation that we
also consider for comparison in Sect. 7, the basic method is combined with a faster
heuristic residual approximation scheme based on the alternating least squares (ALS)
method and with additional rank reduction steps. Although no convergence analysis is
available for this version, the method performs well in our tests with well-conditioned
B;p.

6.2 Low-Rank Approximability Assumptions

For the case of one or two dimensions, a low-rank approximation analysis for the
solution of problem (4) under certain analyticity assumptions on the coefficients and
right-hand side, following from the regularity analysis developed in [2,3], is available
in [28,33,34]. The following result can be obtained as an immediate consequence of
[34, Theorem 5.16].

Theorem 7 Consider problem (4) with D = 2 dimensions under the ellipticity and
regularity assumptions made in Sect. 2. Assume additionally that the data (the diffusion
coefficient and the right-hand side) are analytic on §2. Then, the following holds
with positive constants C,C',b,b’. For all L, R € N, the exact solution u admits
an approximation uy, g € Vi that can be exactly represented in the multilevel TT
decomposition in the sense of (50a)—(50b), with ranks not exceeding R and such that

lu — ur gl @) < Ce™PF 4+ Cle VR (98)

Theorem 7 and analogous results for highly oscillatory solutions [31] cover the
tensor approximation of exact solutions in the nodal basis, described in Sect. 2.2. The
requirements of Assumption 1 are somewhat different: they refer to the solution of the
Galerkin discretization (uniformly in the discretization level L), and the application of
c Zl to the corresponding coefficient #; (whichis withrespect to the nodal basis) yields
the coefficient u;, = C 2112 1, with respect to the preconditioned basis. Nevertheless,
the H!-errors bounded implicitly by the decay of singular values in Assumption 1
and explicitly by the second term in the right-hand side of (98) both correspond to
low-rank tensor approximation within the underlying finite element space V.

The verification of the low-rank approximability of u;, L € N, stipulated in
Assumption 1 requires the result of Theorem 7 to be complemented by two further
ingredients: bounds on the ranks of Galerkin discretizations (as opposed to interpolants
of the exact solution); and suitable low-rank approximations of C Zl , (which, unlike
C 1, does not have an explicit low-rank form).

In the present work, we restrict ourselves to studying the resulting approximability
of u; numerically. We are not aware of existing analysis that would allow to arrive
at conclusions on Galerkin solution ranks, covering also the convergence behavior
for accuracies below the size of the Galerkin discretization error; this appears to be a
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Fig. 2 Singular values of unfolding matrices (see Assumption 1) for # solving —Au = 1 on (0, 1)2 with
boundary conditions according to (3), for L =2,...,12

question of independent interest. In certain special cases, such as Poisson problems in
D = 1, the Galerkin solution can in fact be shown to be the nodal interpolant of the
exact solution. For more general problems and for D > 1, however, this is in general
not the case.

The numerically observed decay of matricization singular values of the precondi-
tioned solution coefficients uy (with |luz|l2 ~ |lur|g) and of the vector of scaled
nodal values u; = Cruy (with ||y |2 ~ |lur|l;2) for a Poisson problem in spatial

dimension D = 2 is illustrated in Fig. 2. We find that the action of C Zl on the vector
of nodal values preserves the exponential decay of singular values, but at a slightly
modified rate. This is consistent with the further numerical tests for this problem in
Sect. 7.4. Similar results are also observed in further experiments presented in Sect. 7.

7 Numerical Experiments

In our numerical tests, we apply the preconditioned discretization matrices in well-
conditioned tensor representations obtained in Sect. 5 to different problems of type
(4), both with constant and with highly oscillatory diffusion coefficients A in (5).

For solving the resulting systems of equations, on the one hand we use STSOLVE
analyzed in Sect. 6, implemented in the Julia programming language; on the other
hand, we compare to results obtained using a Fortran implementation of the AMEN
solver [17] wrapped by the Python version of the TT Toolbox by I. Oseledets.

These two solvers have quite distinct characteristics. The parameters for STSOLVE
are chosen such that the convergence and complexity estimates of Theorem 6 are
guaranteed, which leads to a very conservative control of the iteration. Since residuals
are approximated with guaranteed accuracy, this method yields rigorous error bounds.
In contrast, the considered version of AMEN uses several heuristic extensions, as
described in [17, Sec. 6]. In particular, it uses a simplified ALS-type residual approx-
imation that has strongly reduced complexity, but does not give any error guarantees.
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Moreover, in the given results, iteration numbers for AMEN need to be interpreted
differently, where each iteration in the convergence plots comprises several substeps
with local residual evaluations for each core.

7.1 Results Without Preconditioning

We first illustrate the results obtained by a direct application of multilevel tensor rep-
resentations of stiffness matrices Ay without preconditioning. Such representations
have been derived, for instance, in [35]. In the present case of mixed Dirichlet and Neu-
mann boundary conditions, this leads to representations similar to the pure Dirichlet
case in (54). Here, we consider the case D = 1, where for simplicity we take reaction
coefficient ¢ = 0 and right-hand side f = 1, that is, we solve the weak formulation
of

—u" =1, u(0)=0, u'(1)=0. (99)

Using AMEN directly with system matrix A and right-hand side f;, we observe
that the resulting residual indicators stagnate at values above 2%L¢, where ¢ ~ 2.2 x
10716 is the relative machine precision. This is to be expected in view of the matrix
and representation ill-conditioning of Ay .

If we instead implement the preconditioned matrix C; A; Cp by pre- and post-
multiplying with a separate tensor representation C;, of the preconditioner, we still
obtain essentially the same type of stagnation at approximately 22L¢. Since the rep-
resented matrix Cp ApCp is now well-conditioned, these remaining catastrophic
round-off errors and the resulting stagnation are entirely due to representation ill-
conditioning, which is not removed by simply multiplying by the preconditioner. This
effect is observed both with AMEN and with STSOLVE. The results are shown in
Fig. 3, with the residual values with respect to the system matrices Ay and C; A;Cp,
respectively.

7.2 Constant Coefficient Diffusion, D = 1

We now consider the same basic test case (99), but with By = CpA;C in the
combined tensor representation constructed in Sect. 5. In this and the following tests,
residual values always refer to the preconditioned residuals ||By - —g; |2, which
is proportional to the H!-errors in the corresponding grid functions. With a target
residual of 10712, both AMEN and STSOLVE converge unaffected by any round-off
errors for very large values of L (Fig. 4). Indeed, this remains true for values L that are
substantially larger than in the case L = 50 shown here, but since the corresponding
mesh widths are then smaller than machine precision, the results are more difficult to
interpret.

For the AMEN solver, we assemble the complete representation of By . In exact
arithmetic, this would in fact be equivalent to applying representations Ay and Cp,
separately, and differences are entirely due to the different tensor decomposition in the
previous case. With STSOLVE, we have the additional option of using error-controlled
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1010 1010
107 107
104 104
10! 7 10!
1072 102
107° 10-5
107 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10
(a) AMEN with Ay (b) AMEN with C,A.Cy.
102
10°
1072
1074
106
1078

50 100 150 200 250 300 350
(¢) STSOLVE with CpA;Cy.

Fig. 3 Results for Sect. 7.1, computed residual bounds in dependence on iteration count: a AMEN
applied directly to A7, b AMEN with directly multiplied C; Ay C,, (c) STSOLVE with directly multi-
plied Cp Ay Cy ; each for L = 10, 15, 20, 25, 30 (by increasing line thickness)

inexact residual evaluations as in [6, Alg. 3] to reduce the arising ranks of intermediate
results; as shown in [6, Prop. 5.9], the statement of Theorem 6 still applies to this
modification. To this end, we use that the tensor representation can be directly rewritten
in the form B; = @E’ 1911 as in (92), where [|@ 1] is uniformly bounded with
respect to L, and apply an additional recompression by TT-SVD after applying @, ;.

7.3 Highly Oscillatory Diffusion Coefficients, D = 1

We next consider the family of problems with oscillatory diffusion coefficients on
2 = (0, 1) given by

—(agw) =1, w0 =0, '(1)=0, ag(x)=(2+cos(Krx)) "
(100)

for large values of K. The exact solution reads
FolCT
u o
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residual bound
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0
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(a) STSOLVE (b) AMEN

Fig.4 Results for Sect. 7.2: residual bounds (black) and maximum approximation ranks (gray), with well-
conditioned combined representation of By, = C;A; Cy, for L = 10, 15, 20, 25, 30, 35, 40, 45, 50 (by
increasing line thickness)

u(x) =xQ2—x) + (Ko)~'[(1 = x)sin(K7x) + (K7) 7' (1 — cos(Kmx))] .
(101)

For K € 4N, we represent the vectors uex and vex of nodal values of u and u’ in the
multiscale TT format with ranks bounded by seven and six, respectively.

The coefficient ax does not have an explicit low-rank form, and we com-
pute approximations as follows: using the explicit rank-three representation of
c(x) = 2 4 cos(Kmx), using STSOLVE we solve the equation c(x;)ag(x;) =

1 in the points x; = 271 — %), i = 1,...,25, as an elliptic problem on
2({1,...,25Y) for ak; the tolerance is chosen to ensure a sufficient uniform error
bound.

We compare the results for the values K = 210,220 230 240 with L = 50
in Fig. 5. The observed convergence patterns of both methods show hardly any
influence of the value of K. Note that the computed preconditioned coefficients
uy do not satisfy the same rank bound as (101) (which holds for Cruj, the
corresponding vector of scaled nodal values). In each case, comparison with the
explicit low-rank form of uex, vex shows that the expected total error bounds are
achieved.

More specifically, approximations of the H! -error in the solutions can be obtained in
anumerically stable way by evaluating ||uex — Crup |2 and ||vex — @ 111 |2, where
© 11 is the factor of the preconditioned Laplacian stiffness matrix as in Sect. 7.2. In
Table 5, we summarize the obtained approximations of H'-errors for different solver
tolerances and parameters L. We observe an effect that is particular to the present
one-dimensional setting, where the accuracy in the nodal values is limited only by the
solver tolerance as soon as L is sufficiently large for resolving the oscillations in the
solution.
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Fig.5 Results for Sect. 7.3: residual bounds (black) and maximum approximation ranks (gray), with well-
conditioned representation of B, for oscillatory coefficient ag with K = 210220 530 240 (by increasing
line thickness) and L = 50

Table5 H!-errors in

approximations computed by
: _ 930

AVIEN with K=o 600 1074 365x 10701 36510701 32110705 34510709

olerances s S

and discretization parameters L~ 1070 3.65x 10701 3,655 10791 2.89x 10797 2.88 x 1077

1078 3.65x107% 3.65x10791 373x10708 271x10708

Tol. L=10 L =20 L =30 L =40

7.4 Constant Coefficient Diffusion, D = 2

On 2 = (0, 1)2, we consider (4) with A = 1, ¢ = 0 and f = 1, that is, the weak
form of

—Au=1, ulr=0, dulsge\r =0, (102)

with I as in (3). Both STSOLVE and AMEN show the expected convergence for
L = 50 (Fig. 6), with ranks that are consistent with the singular value decay of
discretized solutions of Fig. 2b.

Similarly to Sect. 7.2, STSOLVE is used with inexact residual evaluation, now using
that the tensor representation of B can be written in the form By = @Ll Or1+
@E,Z @2 asin (92). Here, @ | and @ > are uniformly bounded, and each has
maximum representation rank 24. Although these ranks remain independent of L,
additional rank reductions in this decomposition are important from a quantitative
point of view: since By has maximum representation rank 1152, applying it directly
would lead to very large ranks. In the available version of AMEN, the decomposition
of B needs to be used directly, but the impact of large residual ranks is limited due
to the ALS-type residual approximation. In this case, the main downside of the direct
assembly of B is in the higher memory requirements for large L.

In terms of computational costs, the error-controlled full residual approximation
used by STSOLVE is substantially more expensive in all considered tests than the
heuristic ALS-based residual approximation used by AMEN. The precise CPU timings
are of limited significance due to the different implementations, but we observe running
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Fig. 6 Results for Sect. 7.4: residual bounds (black) and maximum approximation ranks (gray), for well-
conditioned representation of By, L = 50

times on the order of several minutes with STSOLVE and of seconds with AMEN in
the tests with D = 1, and of several hours with STSOLVE and several minutes with
AMEN in the case of D = 2. Although no convergence analysis is available for this
AMEN implementation, especially for the present well-conditioned representations it
is thus an interesting practical choice.

8 Conclusion and Outlook

We have identified notions of condition numbers of tensor representations that deter-
mine the propagation of errors in numerical algorithms. In the application to multilevel
tensor-structured discretizations of second-order elliptic PDEs, the careful construc-
tion of tensor representations of preconditioned system matrices guided by these
notions leads to solvers that remain numerically stable also for very large discretization
levels. For one such method based on soft thresholding of tensors, we have shown that
the total number of arithmetic operations scales like a fixed power of the logarithm of
the prescribed bound on the total solution error.

The new variant of BPX preconditioning that we have analyzed leads to a very
natural low-rank structure of the symmetrically preconditioned stiffness matrix.
Remarkably, unlike the rank increase with discretization levels observed in the case
of separation of spatial coordinates [5], in the present case of tensor separation of
scales, we obtain preconditioner representation ranks that remain uniformly bounded
with respect to the discretization level. Similar results can be obtained for related
preconditioners based on wavelet transforms, which are the subject of ongoing work.

For the preconditioned solvers, the relevant approximability properties of solutions
we have identified are slightly different from the ones for nodal basis coefficients
studied, e.g., in [34]. The numerically observed favorable decay of TT singular values
of preconditioned quantities thus requires further investigation; it also depends on the
particular choice of preconditioner.

The practical application to more general problems was not considered here to avoid
further technicalities, but one can similarly treat different boundary conditions, more
general coefficients (such as highly oscillatory diffusion coefficients in D > 1) or
more general domains by techniques developed in [28]. We also expect that our basic
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considerations concerning the combined low-rank representations of preconditioners
and discretization matrices of differential operators can be applied, with potentially
more technical effort, to other types of basis expansions and to different classes of
PDE problems.

Although the representation ranks of preconditioned matrices that we obtain are
bounded independently of the discretization level, they are fairly large for D > 1.
This suggests the further investigation of solvers with improved quantitative perfor-
mance, in particular the combination of AMEN-type methods with efficient residual
approximation strategies for preconditioned operator representations.

We expect that the framework we have proposed here for studying the conditioning
of tensor representations can be developed further to provide more detailed informa-
tion, as well as sharper computable bounds for representations of matrices.
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A Preconditioner Optimality

In preparation of the proof of Theorem 2, we define the square matrix D of order
ZDL by

(DL)j i Z(V(pL,jsV(pL,j’)LZ(_Q) for all j,j/ S /L« (103)

Since the bilinear form a is elliptic on V' with |||y = [|V- || 2(g)¢, we obtain

L L
(€LALCrv,v) =a(D 27 Y e (PLw; Y 270 Y e (L))

=0 je g =0  je #

L

2

<9 (X2 T vl = €nicin,
=0 =

and it thus suffices to show (31) for Dy, in place of Ay .

For¢ =0, ..., L, we introduce the nested subspaces #; =ran Py C RfL; that
is, the spaces ¥#; are spanned by vectors of finest-grid nodal values of the functions
@e,j» j € Z¢. Inparticular, ¥, = RAL,

FolCT
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Lemma6 For(,¢ €{0,...,L}, let
Lyy=2""YP] , D Py,. (104)
Then, for0 <k <{,0<k' </t
(Le.o PT jwie, PTpwg)] < 2721070 23600 gy, 2550 gyl (105)
for all wy € Y and wy € V.

Proof The matrices defined in 104 can also be expressed in terms of

ot
Lo =7 . 9 iz, D) je uie fu

Evp = (@ej b0.)200) e 4, e 7, (106)
as
D d-1 D
Lio=Y(QEw)elve( @ k). (107)
d=1 i=1 i=d+1

The matrices Ly ¢ for £ > ¢’ can be written in terms of Ly ¢ as follows: since ¢, ;

for j € /g with j < 2¢ are L?-orthogonal to constants, the inner products of these
functions with (pg, = /g/ can be nonzero only when j = 2¢~ ¢ j/.Fort > {1,

we thus define £ € R/t v by
(ég’g/)j 8/ 2 y. for all j € jg, j/ S jg/.

Additionally taking into account the difference in L?-normalization factors between
levels ¢ and ¢/, we obtain

~ g a3
Lypy=2"2 EpeLey .

Let”i/;cg = ran i’kg C Rj‘f and”//;( =ran i’k r.Fork < fandw € “I/;cg,letw e Vi
be the function represented by w. Then, by (106) and the standard inverse estimate for
Vi (see, e.g., [24, Sec. 8.8.3]), we have (Ly qw, w) = 2~ 26|w|2 < 220 w2,

and thus
(Low, w) <226 Oy w)d, k<t we %y (108)

in particular, we also have ||L¢ ¢|l>—2 < 1. Moreover, one has

~ ~ AT _ ! ~

(Eq oLy p&ypw, w) <287 0mintk=C0h 120 0/ < €, we Y. (109)
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To see this, denote again by w € Vj the function represented by w, and consider

~ 2T . .
first ¢/ < k < ¢. Then, w := = A corresponds to evaluations of w on the grid of
level £, which is coarser than the one on which it is piecewise linear, and consequently

_ - - T Lo
27K g P S Y g e Thus, @12 = |18, pwll2 < 22479 w2, and
(109) follows in this case. If k < ¢/ < £, W € ¥ ¢ corresponds to a reinterpolation of

w that is still on a finer level than k, and thus ||@ ||, < 23€=0 | w],. Using (108), we
thus obtain (L g, b) < 2200 |w]|3 < 22=26+0=¢|w]|3, which gives (109).
We next show that

AT =~ ~
1Py Pis = Prollann S20470, k<t (110)

Let Sji = (PZ,LPk,L)./'!" Vji = (Pk,g)j,', ] € /g,l € /k- Recalhng (10), and
taking into account that supp ¢¢, j = [Z_Z(j — 1), 2_Z(j + D]NJO, 1],

min{2L¢(j+1),25) 1
sji =27+ Z Go i Q7 @i 27 ), v =272, 270 )).
n=2L—¢(j—1)

Whenever ¢y ; is linear on supp ¢, j, one has s;; = v;; by the symmetries in the
summation in s; ;. This fails to hold only when j = 2¢=K; In these cases, one easily

. 3 (k— . Lop— .
verifies that [s;; —v;;| < 22*=0 when j < 2¢ and Isji—vjil S 22K=0 forj = 2k,
. . . . AT &
j = 2¢, with L-independent constants. Using interpolation to bound || P e.ilPrL —

P k.¢ll2—2 by the corresponding row- and column-sum norms, where the number of
nonzero entries in each row and column is uniformly bounded, we obtain (110).

Note that for any w € 77/{ there exists a unique z € Rk such that w = i’k,Lz,
where ||wl| ~ ||z||2 with constants independent of k, L. As a consequence, using this

. . ~T A Lop_ .
with (110), we obtain || P, ;w — Py ez[2 S 22&=0 ||, for such w and z. Since

AT T PR 5
(LegPyjw, Py jw) = (LgoPrez, Prez)
" AT A A
+2(L¢e(Py jw — Py ez), Prez)

~ ~T ~ ~T ~
(Lo o(Pyw— Priz), (P w — Py y2)),

using (108) for i’k,gz € 7;1(,43, ||IAAM||2_,2 < 1, and the Cauchy—Schwarz inequality
for the middle term on the right, we obtain

s a7 - 2(k—t 3 (k—e k—e 2 k—e 2
(LeoPyw, Py yw) S 22070 423070 4 280 )3 < 254w 3,
and similarly, using (109) in the same manner,
P T AT AT k—¢ 2
(-:'Z,Z’LZ’,Z’-:&@/P({,LW7 Pe,Lw) 5 2 ||w||2,
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for any w € 7/Ak,k <.
Consequently, with0 <k < ¢,0 <k’ </, ¢ < ¢/, forall wy € ¥ and wy € ¥,

~ ~T AT _Lyy_p 2 AT 2T AT
(Lo Py pwe, Py pwi) =272 (Lo o Py pwe, B Py o]
_ Ly A AT ~T 1
S 2 zle Zl <L[”[/PE/ ka’, Pl/ ka’)z
N 2T AT AT AT 1
X(Le/’e/.:e’e/Pz’ka, ':Z,Z,Pf,ka)2

< 272 W= 1y 2360 a1, - (111)

By (107), since ||E[,g/||2_>2 < 1, this implies (105). O
Proof (Theorem 2) Theorem 1 implies in particular that (C» v, v) ~ (Dzlv, v) for
all v, that is,

D;'v,v) Zuz Py o3 (112)

We use this in the following proof of the lower bound in (31), which is inspired by
arguments using framei theory fron_1 [26]. Let ¥, = X 5:0 R/*. We consider the
mappings F : ¥; — ¥z and F': ¥; — ¥} given by

L
F:v— (2_(5P£Lv)e=
=0

For any w = (w¢)¢—o,....1 € ran F, where w = Fv for v € ¥, we obtain

.....

(FTw, z) (Fv, Fz)
IFTw||p, = sup~——"" = sup ———— ~ ||[Fv|> = |[w]>

z#0 ”Z”D 1 z#0 (Dzlz’z)

by (112). Now let G : ¥V — 77L, V= (PZLU)ZZO L Then, ran G C ran F, and
thws 77

(CLDLCv.v) = |[F'Gv|, ~ [Gvll3 2 [|v]l3,

which shows the lower bound in (31).

Arguing along similar lines to obtain the upper bound in (31) would lead to a
constant depending linearly on L, and we thus now turn to a different approach using
Lemma6.Let Ry = Py, (PZ P, )7 ! PZ’ 1 be the discrete orthogonal projector onto
Y. For any w € 77, setting wo = Row and wy = (Ry — Ry_)wfor{ =1,...,L
we obtain the decomposition

L L
w=> w with [w|3=>) w3, (113)
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which yields

L /4 L
(€LDLCrw,w)= Y <LM/PI,’LZ we, PT, Y wk>.
k'=0 k=0

£,0'=0

Forn=0,1,..., L, by Lemma 6,

L—n {+n ¢
Z<LZ,€+nP}+n’LZ W, PZLZ wk>
£=0 k'=0 k=0
L—n ¢+n
~n ZZZM 6 2360 g | w1
£=0 k'=0 k=0
{+n
z{zw g+ 324070 )
£=0 " k'=0 k=0

We thus arrive at

L L
(CrDCrw, w) Z Z |w€”2 S ||w||2,
n=0 £=0

completing the proof of the upper bound in (31) and hence of Theorem 2. O

Remark 11 Although we have used some simplifications due to the tensor structure in
our particular setting, the proof of Theorem 2 carries over to more general hierarchies
of finite element spaces, provided that one can establish a corresponding strengthened
Cauchy—Schwarz inequality as in (105), see, e.g., [9,52,54].

B Rank-Reduced Decomposition

The following proof of Lemma 5 relies on properties of the strong Kronecker product
inherited from the matrix and Kronecker products: linearity, associativity and distribu-
tivity. In particular, products of cores can be transformed into products of smaller cores
by eliminating linear dependence from the decomposition, as the following example
illustrates.

For any scalar coefficients «, 8 and blocks or subcores V11, Vi2, Va1, Vaz, Wiy,
W1> of suitable rank and mode size, we have

Vit Vi2 aWi aWp Vit V2 a
X = X x| W W
[VZI sz} [ﬁWu ,3W12} |:V21 sz] <[ﬂ} Wi 12])

(114a)
Vi V2 a
h |:V21 sz} 8 [,3} X [Wir W]

(114b)
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(| Ve o _|aVii+ BV
B <|:V21 V22:| ) [131|> ) [W“ le] B [Olvzl +,3V22] g [W“ le] ’

(114c)

When the partitioning shown in (114a)—(114c) is in terms of blocks (which, by our
identification convention, are subcores of rank 1 x 1), the rank of the product is 2 x 2.
The left-hand side of (114a) and the right-hand side of (114c) represent this core
“in the TT format,” which has only one rank parameter and happens to be nothing
else than low-rank matrix factorization in these two cases. The “ranks” of the first
decomposition, equal to 2, are larger than the “ranks” of the last decomposition, equal
to 1.

The TT representation (114b) consists of three cores and has ranks 2, 1. However,
all mode indices of its middle core are dummy indices (the mode size of the middle
core is 1 x 1), so the middle core can be merged with either of the neighboring cores
without changing the decomposition scheme (by the latter we mean the set and the
ordering of the variables separated by the TT format).

Proof (Lemma5) Let Ny ;o = My o Pyp and cop = 2@+ DL=3(L=0  Applying
Lemma 3 with the same £ as fixed here, we obtain

A

Mpo =20 A0 s Ty VED 50 [ o My (115a)
where I is as defined in (78). On the other hand, Lemma 4 gives the decomposition
IA’Z’L=2*%(L*e>AM[A]MMIAM)A(M(L%)MPA’M[I] . (115b)

Rewriting matrix multiplication core-wise, we combine the rank 2 decompositions
given by (115a)—(115b) into a rank 4 decomposition for the product:

Nz)[‘,a =Cy,L Ab X 0;46 X W() X ?ﬁM(L—Z)

X E X My, (115¢)
where Ab and Wa with o = 0, 1 are as in (81) and (83) and E = IeP, 011 =UeU

and Y, t = VeXare newly introduced cores. Direct calculation with expressions given
in (67), (75) and (78) yields
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in terms of the blocks 7, I;, I and J defined in (37).
Sweeping from level L to level 1. Let us define the following cores:

First, we note that the second and fourth rows in each of the cores E and ?ﬁ x C
are equal. This implies that £ = C x E and l?ﬁ xC=Cx 1?; ™ C. Further, in each
of the cores Wo x C and Oj, the last row is zero, so that Wo XC =GN Wo X C and

0t1 =GNX l}]j. These equalities allow to sweep the cores C and G through the last
L — ¢ and first £ levels, respectively: starting from (115c), we obtain

X (L—0)

N&L,QZC‘LLAbNUuM l><1W l><1Y NC[X]E[X]MO[

=crp Ay 0;4 } Wo ) C ) (¥ x C)*E0 w E w M,

A~

. A R (115d)
=coL Ay U m G M Won Cu(Yy ) C)" 0w E i My

=coL A, N(lA]ﬁ X G)¥t x Wy C M(I}ﬁ x C)N =0 W Ew M, .

Sweeping from level 1 to level L. Further, we notice that the cores

I 11
Fz[ 110} and Hz[ —110}

satisfytherelationsAb = AMF,FMUIING =UxNF, FxWyxC = Tyx H,
H I}ﬁ x C = Yox H and H  E = I. These relations allow to sweep the cores F
and H through the first £ and last L — ¢ levels respectively: continuing (115c), we
derive
Nepow=cor AxFx(Usx G Wy Cx(YymC) D% Ex M,
=cip AU n Fx Wy Cx(YyxC)* =9 w Ew M,
=cop AU m Ty Hx(Yyx C)*E0 0 Ex My, (115e)
=cip AU n T MYN(L o

=cip AU n T [><1Y

NHNE[X]Ma

X (L— () Ma )

This proves the claim in the case of @ = 0 since Mo = 1\70 by (75) and (78).
Sweeping from level L to level £.In the decomposition (115e), the ranks involved in
the core products to the right of T (in particular, those bounding the ranks of unfolding
matrices £, . .., L—14-«) are all equal to two. To prove the claim, it remains to consider
the case of @ = 1 and obtain areduced decomposition in which those ranks are all equal
to one instead of two. To this end, we note that Yo x M; = My x Y| = M} x Y| x N
FoE'ﬂ
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and Ty x My = Ty. Applying these relations to (115e), we obtain the claim in the case
of = 1. O
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