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Abstract

In this thesis, we propose and analyze novel numerical algorithms for solving three different
high-dimensional problems involving tensors. The commonality of these problems is that
the tensors can potentially be well approximated in low-rank formats. Identifying and
exploiting this low-rank structure allows us to mitigate the curse of dimensionality.

The first problem considered in this thesis is the computation of functional low-rank
approximations of multivariate functions defined on tensor product domains. We develop
two novel algorithms to compute such approximations by combining tensorized Chebyshev
interpolation with low-rank approximations of the coefficient tensor. For most functions,
our numerical experiments demonstrate that our algorithms require a lower number of
function evaluations and achieve the same approximation error compared to existing
methods. In addition, we solve partial differential equations using a novel global spectral
method that can potentially be combined with functional low-rank approximations.
The second problem of interest is the solution of multi-marginal optimal transport
problems. After adding entropic regularization, these are equivalent to tensor scaling
problems that can be solved using the Sinkhorn algorithm. In literature, it has been
suggested to accelerate the Sinkhorn algorithm by exploiting either a graphical model
structure or a low-rank tensor approximation. We propose to combine these two approaches
to accelerate the solution of the tensor scaling problem even further.

The third problem of interest is the computation of the self-diffusion matrix of a tagged
particle process defined on a grid. We propose a novel approach based on computing the
matrix via solving a high-dimensional tensor-valued optimization problem. We observe
numerically that our approach is much less subject to statistical noise compared to classical
approaches based on estimating long-time averages of empirical means of deviations of
some stochastic processes.

Key words: low-rank approximation, high-dimensional problems, tensor methods, curse
of dimensionality, Chebyshev interpolation, functional low-rank approximation, multi-
marginal optimal transport, self-diffusion matrix, spectral method
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Zusammenfassung

Diese Arbeit befasst sich mit der Entwicklung und Analyse numerischer Algorithmen
zur Losung dreier hochdimensionaler Probleme. Diese haben gemein, dass sie Tensoren
beinhalten, die moglicherweise gut in Niedrigrangformaten approximiert werden kénnen.
Durch Ausnutzen dieser Niedrigrangstruktur kann der Fluch der Dimensionalitét gelindert
werden.

Das erste Problem stellt die Approximation multivariater Funktionen, die auf Tensorpro-
duktmengen definiert sind, mithilfe funktionaler Niedrigrangapproximationen dar. Dafiir
werden zwei neuartige Algorithmen entwickelt, die die gewilinschte Approximation durch
Kombination von tensorisierter Tschebyscheff-Interpolation und Niedrigrangapproximati-
on des Koeffiziententensors berechnen. In numerischen Experimenten wird gezeigt, dass
die neuen Algorithmen fiir die meisten Funktionen weniger Funktionsauswertungen als
existierende Methoden bendtigen und dennoch die gleiche Genauigkeit erzielen. Zudem
wird eine Spektralmethode zur Losung partieller Differenzialgleichungen entwickelt, die
mit funktionalen Niedrigrangapproximationen kombiniert werden kénnte.

Anschliessend befasst sich diese Arbeit mit dem optimalen Transport mehrerer Randvertei-
lungen. Das zugehorige mathematische Problem kann durch entropische Regularisierung
in ein Tensorskalierungsproblem umgewandelt werden, das wiederum mit dem Sinkhorn-
Algorithmus gelost werden kann. In der Literatur existieren Ansétze, diesen Algorithms
entweder durch das Ausnutzen eines probabilistischen grafischen Modells oder durch
eine Niedrigrangapproximation zu beschleunigen. Diese beiden Ansétze werden in dieser
Arbeit kombiniert, um den Sinkhorn-Algorithmus noch stéarker zu beschleunigen.
Zuletzt wird das Problem der Berechnung von Selbstdiffusionsmatrizen stochastischer
Prozesse mit markiertem Teilchen auf Gittern untersucht. In dieser Arbeit wird zur Lésung
dieses Problems ein neuartiger Ansatz basierend auf der Lésung eines hochdimensionalen
Minimierungsproblems présentiert. Im Vergleich zu klassischen Algorithmen, die die
langfristige gemittelte Abweichung eines stochastischen Prozesses mit einer Monte-Carlo-
Simulation bestimmen, fiihrt der neuartige Algorithmus in numerischen Experimenten zu
deutlich weniger statistischem Rauschen.

Stichworter: Niedrigrangapproximation, hochdimensionale Probleme, Tensormethoden,
Fluch der Dimensionalitét, Tschebyscheff-Interpolation, funktionale Niedrigrangapproxi-
mation, optimaler Transport mehrerer Randverteilungen, Selbstdiffusionsmatrix, Spek-
tralmethode
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Il Introduction

This thesis is concerned with the solution of three different high-dimensional problems:
the approximation of multivariate functions using tensorized Chebyshev interpolation,
the solution of entropically regularized multi-marginal optimal transport problems, and
the computation of self-diffusion matrices via solving a high-dimensional optimization
problem.

At a first glace, the problems studied in this thesis might seem vastly different, but at
heart all of them involve a tensor 7 € R™*"2XX"d of order d, where d denotes the
dimension of the problem. Since the size of T increases exponentially with respect to
d, we can not store the tensor 7 any more for large values of d. To potentially mitigate
this so-called curse of dimensionality [33]|, we need to identify and exploit underlying
structures of 7. For instance, when 7T is sparse, we only need to store the non-zero entries.
When 7T is a rank-1 tensor, i.e.
1, (2) (d)

7;177;27-“7@1 = uil uig T uid ?

forig=1,...,np, £=1,...,d, (1.1)

for some vectors u e R, ¢ =1,....d, we only need to store these vectors. In applica-
tions, the tensor 7 rarely has rank-1 structure, but often 7 can be well approximated
by the sum of r rank-1 tensors, i.e. by a tensor of rank at most r [190]. The resulting
so-called low-rank tensor approximations [145, 198] have been applied to solve a plethora
of high-dimensional problems in various fields including but not limited to model or-
der reduction [243|, uncertainty quantification [203|, sensitivity analysis [201]|, machine
learning [179, 291|, signal processing [72], the solution of partial differential [22, 18§]
and time-dependent differential equations [63, 196], data science [302], optimization |73,
274], quantum physics [256, 331], plasma physics [109] and quantum chemistry [312]. In
certain applications, it is beneficial to impose additional structure to the sum of separable
functions, leading to the so-called Tucker format [327], the tensor train format [249] or
general tensor networks [247]. We would like to point out that it is even possible to apply
low-rank tensor approximations to low-dimensional problems by reshaping matrices and
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vectors into tensors [187, 248].

Functional low-rank approximation

The basic ideas of low-rank approximations can be generalized from tensors in finite
dimensional tensor product spaces to multivariate functions defined on tensor product
domains [154]. Instead of sums of rank-1 tensors, we are now interested in sums of
separable functions. A function f :[—1,1]% — R is called separable if it can be written in

terms of univariate functions g, : [-1,1] > R for £ =1,...,d as

flz1, 22, .. xq) = g1(z1)g2(x2) -+ - ga(zq), forxpe[-1,1], £=1,...,d. (1.2)

For the sake of simplicity, we only consider the domain [~1,1]¢ throughout this thesis.
Generalizations to arbitrary tensor product domains are possible via appropriate domain
transformations. Further extensions to spheres are also viable [43, 321]. It is again
possible to prescribe additional structure to the sum of separable functions to obtain
approximations in the so-called functional Tucker [100, 163] or functional tensor train
format [41, 141]|. The structure of the functional low-rank approximation can then be
exploited in quite a few applications, including the solution of time-dependent partial
differential equations (PDEs) [91], uncertainty quantification [202], sensitivity analysis [25],
optimal control [142] and quantum dynamic simulations [298].

It is important to emphasize that not every function admits a good approximation in low-
rank formats with a moderate amount of terms, especially for larger d. Generally speaking,
smoothness and a restricted (e.g., nearest neighbor) interaction between variables are
helpful. Upper bounds for the number of terms needed to attain a certain accuracy
are derived in [41, 146| for functions in Sobolev spaces. The required number of terms
can change significantly when variables are transformed [324] or the order of variables
is permuted [92]. For functions in periodic and mixed Sobolev spaces approximation
rates can be found in [286] and [148], respectively. Much faster rates can be obtained
for functions with special structures such as compositional functions [21] and quantities
associated with certain parametric PDEs [20]. A more abstract analysis of functional
low-rank approximation can be found in [4, 5, 6].

In practice, we obtain a fully discrete approximation of f via discretizing each univariate
function in the approximation by, e.g. a truncated series expansion, which incurs an
additional truncation error [141]. The resulting approximations are intricately related to
approximations of f using a truncated expansion in terms of tensorized basis functions of
the form

ny  n2 Nqd

P ma,md) 2 D0 > S Aiy b @b (22) b (wa),  (13)

i1=lip=1  ig=1
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with coefficient tensor A € R™*"2X--Nd of order d and univariate basis functions
bgz) c[-1,1] > Rfori=1,...,ns, £ = 1,...,d. Any low-rank approximation of 4
can be seen as functional low-rank approximation of f. For instance, the Chebfun
package [104] for computing numerically on the level of functions [260] approximates
bi- and trivariate functions [163, 320] by computing low-rank approximations of the
coefficient tensor obtained via multivariate interpolation [209] with tensorized Chebyshev
polynomial basis functions [223]. The univariate functions in the resulting functional
low-rank approximation are internally represented in terms of univariate Chebyshev inter-
polants [38, 165|. Once the functional low-rank approximation is obtained, operations
such as computing derivatives are performed by manipulating the Chebyshev coefficients
of the univariate interpolants [27]. Note that the interpolation approach in Chebfun
requires that we have access to point evaluation on a grid. When only point evaluations
at unstructured points are available, we can use supervised learning to obtain functional

low-rank approximations [140].

Instead of computing low-rank approximations of 4, we can also try to choose the basis
functions b¢ in (1.3) such that most of the information about the function is stored in a
low number of entries of A, i.e. we can approximate A by a sparse tensor. This is the
idea of sparse girds [295, 345]. Especially for functions with bounded mixed derivatives,
the sparse grid approach offers the potential to mitigate the curse of dimensionality [50].

We briefly want to point out that there exist many other techniques that offer the
potential to mitigate or even overcome the curse of dimensionality when approximating
a high-dimensional function f : [~1,1] — R. For instance, we could decompose a
multivariate function using the ANOVA-decomposition [297], which represents f as
truncated sum of functions depending on small subsets of variables [296], or using
arithmetic circuit tensor networks [254], which describe the multivariate function as the
interaction of univariate functions in terms of a tensor network. Approximations of f
obtained using neural networks can implicitly exploit certain structures of f to overcome
the curse of dimensionality [19, 262]. Dimensionality reductions techniques such as active
subspaces [76], inverse regression [212| and autoencoders [167| can be used to identify
whether f actually depends on all variables or whether it is mostly determined by a low-
dimensional subspace of [~1,1]%. In the latter case, we can replace the high-dimensional
f by a low-dimensional surrogate defined directly on the subspace. However, none of
these alternative approaches yields an approximations in terms of sums of univariate
functions, which would be highly beneficial for further numerical computations |39, 40].

Multi-marginal optimal transport

Classical optimal transport minimizes the transport cost between d = 2 probability mea-
sures 34, 333|. For discrete measures, this problem can be expressed as the minimization
of (C, P) for a nonnegative cost matrix C. The so-called transport plan P is a nonnegative
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matrix that has to satisfy marginal constraints, i.e. the column and row sums of P are
prescribed by discrete measures. The pioneering work of Cuturi [82] established a relation
between entropy regularized optimal transport and matrix scaling of exp(—C'/n), where
exp denotes the elementwise exponential and n > 0 denotes the regularization parameter.
Scaling the rows and columns of exp(—C'/n) such that marginal constraints are satisfied
can be achieved numerically using the Sinkhorn algorithm [294], whose convergence
speed can be accelerated using greedy coordinate descent [9, 216], overrelaxation [314]
or accelerated gradient descent [106]. This matrix scaling approach allows one to solve
much larger optimal transport problems compared to previous attempts based on solving
the original linear program, which in turn has impacted various fields including image
processing [121, 267|, data science [258|, engineering [235] and machine learning [134,
199].

The classical optimal transport problem can be generalized to a multi-marginal setting, in
which the transport cost between d > 3 measures is minimized [253]. Such multi-marginal
problems arise in the areas of density functional theory [97], generalized incompressible
flow [36], neural networks [57|, signal processing [110] and Wasserstein barycenters [59].
For discrete measures, the problem can be expressed as finding the nonnegative transport
plan tensor P of order d, which minimizes (C,P) subject to marginal constraints, where
C denotes a given nonnegative cost tensor of order d. In analogy to the matrix case,
after adding entropic regularization, the problem can equivalently be transformed into a
tensor scaling problem for the tensor exp(—C/n) [37]. The Sinkhorn algorithm can be
generalized to solve this multi-marginal problem [58]; acceleration techniques via greedy
coordinate descent are described in [127, 217].

The multi-marginal Sinkhorn algorithm crucially relies on the repeated evaluation of
marginals of the rescaled tensor exp(—C/n). The cost of computing such a marginal
increases exponentially with respect to d. There exist two different approaches in literature
to mitigate this curse of dimensionality by exploiting additional structure of exp(—C/n).
The first line of research is to exploit that, in many applications, the structure of exp(—C/n)
allows to specify the transport plan in terms of a graphical model. When this graphical
model does not contain circles, marginals can be computed efficiently using the belief
propagation algorithm [118, 150] and Fourier-based fast summation [17]. In particular,
this includes tree structured cost tensors |32, 151]. When the model contains circles, the
junction tree algorithm [173] can be used to evaluate the marginals, but it might still
incur a large computational cost. A second approach to possibly attain a complexity
reduction is to replace exp(—C/n) by a low-rank approximation, whose marginals can be
evaluated efficiently [8|. For the classical case d = 2, Altschuler et al. [10] analyze the
impact of the approximation error on the solution returned by the Sinkhorn algorithm.
For the case d > 3, asymptotic complexity bounds are derived in [7] for the specific case
that C has low tensor rank [190] and is given explicitly in factored form. Let us point
out that low-rank approximations of exp(—C/n) should not be confused with low-rank
approximations of the desired transport plan, as proposed in [283, 284|. Further, we

4
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would like to point out that it is also possible to exploit the structure of C [348] and
sparsity of the solution [129, 130] to efficiently compute solutions of the unregularized
multi-marginal optimal transport problem.

Self-diffusion matrix

The self-diffusion matrix of a tagged particle process on a grid [200] identifies the
hydrodynamic limit of multi-species symmetric exclusion processes [266]. It is traditionally
computed by approximating long-time averages of the mean-square displacement of the
tagged particle [42, 89, 193, 266]. In a first step, the computational domain is truncated
to a finite-size supercell with periodic boundary conditions. Then, a large number of
realisations of the trajectories of the tagged particle are sampled in order to approximate
the mean-square displacement by an empirical average computed with a standard Monte-
Carlo approach [158, 227|. Moreover, the value of a finite final time has to be chosen
beforehand to approximate the long-time limit. In [210], it is shown that the error linked
to the truncation of the computational domain decays exponentially with the size of the
supercell. In contrast, the statistical error of the approximation linked to the use of a
finite number of random samples of the trajectories of the tagged particle decays as the
inverse of the square root of the number of samples. As a consequence, the main source
of error in the practical computation of approximations of the self-diffusion matrix is due
to statistical noise; see e.g. [95, 120, 159, 279, 315, 317].

The self-diffusion matrix can equivalently be defined via the solution of a deterministic
high-dimensional optimization problem [42, 210, 266] of the form

repiin L, F(T),

where f : R2X2XX2 4 R denotes the objective function and the order d of T is equal to
the number of grid points in the finite-size supercell. Solving this minimization problem
potentially yields the self-diffusion matrix without incurring any statistical noise. In order
to solve this minimization problem numerically, we need to reduce the number of degrees
of freedom. This can be achieved by assuming that 7 can be well approximated by a
sum of rank-1 tensors. We can then iteratively optimize each of the terms in the low-rank
representation of 7 using a classical alternating linear scheme [171, 274]. Alternatively,
we could use Riemannian optimization [44, 205, 264| to solve the optimization problem
directly on the manifold of low-rank tensors directly.

Organisation of the thesis

Chapter 2. We recall the basic concepts of low-rank tensor approximations, low-rank
functions and tensorized Chebyshev interpolation and establish the notation for the
remainder of this thesis.
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Chapters 3 and 4 (based on [100] and [306]). We develop two novel algorithms
for computing functional low-rank approximations by combining tensorized Chebyshev
interpolation with low-rank approximations of the coefficient tensor in the Tucker and
extended tensor train format. Compared to existing algorithms our novel approaches
require fewer function evaluations to achieve the same approximation accuracy.

Chapter 5 (based on [305]). We propose to combine graphical models and low-rank
approximations to further accelerate the computation of marginals for the Sinkhorn
algorithm. Our numerical experiments demonstrate that this combination offers the
potential to solve of entropically regularized optimal transport problems even faster.

Chapter 6 (based on [85] and [84]). We develop a novel approach to compute self-
diffusion matrices numerically by solving the high-dimensional minimization problem using
an alternating linear scheme instead of sampling long-time averages of the mean-square

displacement.

Chapter 7 (based on [304]). We develop a global spectral method to solve three-
dimensional PDEs using discretizations of the form (1.3).

Chapter 8. We conclude the thesis and provide an outlook on further research directions.
In particular, we discuss the potential to combine the spectral method presented in
Chapter 7 with the low-rank approximations of the coefficient tensor in Chapters 3 and 4.



YA Preliminaries

In this chapter, we recall the notation and basic results for low-rank approximations
of matrices, tensors and functions as well as the fundamental concepts for tensorized
Chebyshev interpolation.

In Section 2.1, we introduce low-rank matrices and tensors. We establish a notation for
low-rank approximations of matrices and tensors in various formats following the book
by Golub and Van Loan [137]| and the article by Kolda and Bader [198].

In Section 2.2, we generalize the concept of low-rank approximations from tensors to
multivariate functions and introduce the corresponding functional low-rank approximation
formats.

In Section 2.3, we recall the fundamentals of Chebyshev interpolation for univariate
functions from the book by Mason and Handscomb [224] and the book by Trefethen [322].
We extend the concept to multivariate functions using tensorization. The resulting
interpolants are computed based on a tensor containing the evaluation of the function on
a tensor product grid. We study how approximating this tensor affects the interpolation
error and how such approximation are related to functional low-rank approximations.

2.1 Low-rank approximation

2.1.1 Low-rank approximation of matrices

A matrix A € R™*" is said to be rank-1, when it can be written as M = u o v for vectors

u € R™, v € R”, where the outer product o is defined as

(uow); =uwj, fori=1,...,m, j=1,...,n.
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R™X™ i5 defined as the minimum r € N such

In general, the rank r of a matrix A €
that A can be written as a sum of r rank-1 matrices. In the following, we focus on
the approximation of given matrix A € R™"™ by a matrix B € R™ "™ subject to the
constraint that the rank of B is at most r for a fixed » € N. The matrix B is called

low-rank approximation of A.

Since rank(B) < r, there exist matrices U € R™*" V € R™ " such that B = UVT.
Assume that r < min(n,m). We observe that storing the matrices U,V of the low-
rank approximation B requires only O(r(m + n)) storage, whereas the full matrix A
requires O(mn) storage. By replacing the matrix A by the low-rank approximation B in
subsequent computations, we can potentially accelerate these computations by exploiting
the structure of B. For instance, matrix vector products involving B can be performed in
O(r(m + n)) operations when B is given in terms of the matrices U, V, whereas matrix
vector productions involving A require O(mn) operations. Note that this introduces an
error depending on how well A is approximated by B.

Let ||-||2 denote the spectral norm and let ||| denote the Frobenius norm. The Eckhart-
Young-Mirsky theorem [231] states that an optimal rank-r matrix B in the sense that
||A — B2 or ||A — B||F is minimized can be computed by truncating the singular value
decomposition of A. Finding this so-called best approximation with respect to the
maximum norm |-||s or the entrywise ¢1-norm ||-||; is still subject to research [299,
343]. Note that we do not necessarily need to compute the best rank-r approximation to
accelerate subsequent computations. It suffices to find any matrices U € R™*" V € R™*"
such that A ~ UVT. In the following, we present how to compute such low-rank
approximations of A efficiently. The presented approximations can be computed faster
than the truncated singular value decomposition and can potentially be obtained without
evaluating every single entry of A. For a detailed overview of low-rank approximation
algorithms for matrices, we refer to the review [194]. Further, we would like to point out
that it is even possible to compute low-rank approximations when only selected entries of
A can be accessed [55, 350].

We now introduce so-called cross approximations [138]. These are rank-r approximations
of the form

A A( )AL J) YA, (2.1)

where I C {1,...,m}, J C {l,...,n} denote index sets of cardinality r chosen such that
A(I,J) is invertible. This approximation format is visualized in Figure 2.1. Throughout
this thesis, we use adaptive cross approximation (ACA) [30] to determine suitable index
sets. Initially, ACA determines the index tuple (7, j) of the entry with maximal absolute
value of A and adds i to the initially empty index set I and j to J respectively. This
greedy approach is then repeated iteratively by determining the largest absolute value
of the residual of the current cross approximation. The algorithm is stopped once the
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Figure 2.1 — Visualization of a cross approximation (2.1). The columns A(:, J) are marked
in blue. The rows A(I,:) are marked in red.

largest absolute value of the residual falls below a prescribed tolerance. This adaptively
determines the suitable rank-r. We formalize ACA in Algorithm 1. Note that ACA
corresponds to greedily maximizing the volume of A(Z, J) [138] and comes with theoretical
guarantees [80]. An overview of alternative algorithms to determine the index sets is
given in [78].

Algorithm 1 Adaptive cross approximation

1: Input: matrix A € R™*" tolerance ¢

2: Output: index sets I and J s.t. A~ A(:, J)A(I, J)"LA(I,:)
31 =1,J =]

4: while max|A| > ¢

5: (1,7) = argmax |A(1, 5)|

6 I=1[I,i, ol 17, 4]

7 A=A—A())A(,:)/AG, J)

Remark 2.1. In Algorithm 1, we present ACA with full pivoting, i.e. we determine the
next index tuple based on the largest absolute value in line 4. This requires the evaluation
of every single entry of A. In practice, we could use any entry with a large absolute
value to determine the next index tuple. A commonly used heuristic to determine entries
with large absolute value is partial pivoting [29]. An initially random index tuple (i,7) is
updated repeatedly by alternatingly setting i = arg max; |A(i, j)| and j = argmax; |A(i, 7)|.
This process only requires the evaluation of several rows and columns instead of the whole
matriz.

Cross approximations can be generalized to so-called CUR-decompositions [45] by allowing
for an arbitrary matrix U € R"*" instead of the inverse of A(I,J). This leads to an
approximation of the form

A~ A, J)UA(L:). (2.2)

Given the matrix C = A(:,J) containing columns of A and the matrix R = A(I,:)
containing rows of A, we can project the columns of A onto the span of C' and the rows of
A onto the span of R using orthogonal projections. This yields A ~ CCTART R, which
corresponds to the CUR decomposition (2.2) with U = CTART. Note that computing
CT ART requires the evaluation of the full matrix A.
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In the following, we describe how we can replace the orthogonal projections by oblique
projections to obtain a low-rank approximation of A given C, R without fully evaluating
A. Let Q¢, Qg denote the orthogonal matrices in the economic QR decomposition of C, R
respectively. If we use oblique projections [300] based on index sets I € {1,...,m}, J C
{1,...,n} of cardinality 7 chosen such that Qc(1,:) and Qg(.J, :) are invertible, we obtain

A= Qo(®TQ0) 2T AQr(PEQR) T E)T (2.3)
= Qc(Qc(I,) AL, )(Qr(J,:)" T Qr,

where @ITA = A(f, :). Note that (2.3) is a rank-r approximation of A, which given C, R
can be computed by only evaluating 2 entries of A. The following lemma summarizes
the statement of [66, Lemma 7.3], which plays a critical role in guiding the choice of the
indices I, .J.

Lemma 2.1. Let A € R™*" m > n, have orthonormal columns. Consider an index set
I c{1,...,m} of cardinality n such that <I>ITA 1s invertible. Then the oblique projection
A(®TA) 10T satisfies

o — A@FA) " @T ]y < [(@FA) o - 11— AAT)all2, Vo € R™.

Lemma 2.1 exhibits the critical role played by the quantity ||(®7Qc)~t]2 > 1 for oblique
projections. Suitable index sets I,J given ¢, Qr can be computed using the discrete
empirical interpolation method (DEIM) [65, 66], presented in Algorithm 2. In practice,
the computed index sets usually yield good approximations as ||(®7Qc) 7|2 tends to
be small. Note that we could in principle apply oblique projections using C, R directly
instead of Q¢, Qr, but (®7C)~! is potentially ill-conditioned.

Algorithm 2 Discrete empirical interpolation method

: Input: orthonormal matrix M € R™*™

: Output: index set 1

. I = [argmax |A(:,1)]]

for k=2,...,n
c=A,1:k—1)\ A(L, k)
r=A(k)— A, 1:k—1)c
I = [I,argmax |r|]

Remark 2.2. Note that not all matrices can be well approzimated by low-rank matri-
ces. It might, however, be possible to approximate their off-diagonal blocks by low-rank
matrices. Storing these approximations instead of the full blocks reduces the required
storage. The resulting so-called hierarchical matrices [31, 155] are, in particular, useful
for the approximation of invertible matrices, since solutions of linear systems involving
hierarchical matrices can be computed efficiently.
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2.1.2 Low-rank approximation of tensors

Let 7 € R™M*n2X"xnd denote a rank-1 tensor represented by vectors ul®) € R™, ¢ =
1,...,n as in (1.1). Using the multiple outer product, we can write this tensor as
T =u® ou®@ o...0u@, In general, the tensor-rank r of the tensor 7~ € R™1Xn2%:Xna
is defined as the minimum r € N such that 7 can be written as sum of r rank-1
tensors [168]. A tensor 7 € R™*"2X--"d with rank at most r is said to be represented in
CANDECOMP /PARAFAC (CP)-format [190] if it is given in terms of vectors u(é*) € R™
ford=1,...,d, k=1,...,r as

7- — Z u(17k) le) u(27k) O+++0 u(de)' (2.4)
k=1

Note that storing these vectors only requires O(drn) storage, whereas storing the entries
of T directly requires O(n?) storage, where we assume that n; = ng = --- = ng = n.

In this work, we are primarily interested in using low-rank approximations of tensors to
accelerate computations. As in the matrix case discussed in Section 2.1.1, we do not need
to solve the hard problem [252, 292] of finding the best rank-r approximation with respect
to a tensor norm such as the Frobenius norm ||-||r, the entrywise ¢;-norm ||-||; or the
maximum norm ||-||«. Instead any reasonably accurate low-rank approximation suffices.

The alternating least squares (ALS) algorithm [60, 161| is a commonly used alternating
linear scheme [39, 145, 250, 274] to compute approximations in the CP-format (2.4). Let
le {1,...,d}. We observe that the problem of minimizing the approximation error

HT — Z u(17k) O u(27k) O-++0 u(d7k)HF
k=1

is a linear least squares problem when we fix u(“%) for k=1,....n, 0 =1,....d, ¢ #* /

and only optimize with respect to u(g’l), .. ,U(Z”’).

t . This allows us to improve a given
approximation by updating uw®D . u®r) based on the solution of this least squares
problem. Performing such updates repeatedly for alternating values of { leads to the ALS
algorithm. Note that applying ALS to a randomly initialized approximation might not

converge [198]. Still, this approach yields useful low-rank approximations in practice.

Remark 2.3. The ALS algorithm requires a priori knowledge of a suitable rank-r for the
CP approzximation (2.4). Note that the sum of two tensors in CP-format can again be
represented in CP-format. This allows us to refine a given approximation by adding an
approximation of the residual of the current approximation in CP-format. Performing
this process successively leads to a rank-adaptive approzimation algorithm [11, 145, 242].

Remark 2.4. We would like to point out that additional constraints can be tmposed on
the vectors ul™*) in (2.4). For smoothness, nonnegativity and sparseness constraints we
refer to [131]. For imposed linear dependencies we refer to the overview [119].
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2.1.3 Low-rank tensor formats with additional structure

Prescribing additional structure to the sum (2.4) leads to different approximation formats.
In the following, we introduce two commonly used formats.

Let 7 € Rmxn2XXna = A vector v € R™ is called mode-¢ fiber of 7T if there exist indices
ir € {1,...,nq} for k=1,...,d, k# £ such that T;, _;, i, =uv;, foralli,=1,... ,ny.
We denote by T} e Rex(nine—1net1na) the matrix containing all mode-¢ fibers of T°
in its columns, i.e.

d
)4
7;21}# = Tiyia,...ig» ~ Where iz =1+ Z ( -1) H nk)
1
Ve it
foralliy=1,...,np, £=1,...,d. This matrix is known as mode-{ matricization of 7T .
The multilinear rank (ry,79,...,74) € N? of T is defined based on these matricizations
as g = rank(718) for £ =1,....,d.
A tensor T € R™M*n2XXNd with multilinear rank at most (r1,79,...,74) is said to

be represented in Tucker format [327] if it is given in terms of a so-called core tensor
C € R >m2% %74 and so-called factor matrices U € R™*" for £ =1,...,d as

(1) (2) (d)
Tisjig, i = Z Z Z Chi ko, kaU, i1 klUig,kQ Uzd kq’

ki=1ko=1  kg=1

forip=1,...,ny, £=1,...,d. This can be written as
T:C><1U(1) XQU(Z) X3---XdU(d), (25)

where x, denotes the mode-f multiplication. For a tensor 7~ € R™ *"2X"*"d and a matrix
M € R™*™ it is defined as the multiplication of every mode-¢ fiber of 7 with M, i.e.

(T x¢ M)y, E Tirreosie—1sjesiesnriaMipgo,  forig=1,....mng, £=1,...,d.
Je=0

This is related to the matrizisation in the following way (7 x; M ){z} = MT, Storing
a tensor in Tucker format requires O(r? + dnr) storage under the assumption that
n=ng=-+=ng=nandry=ro=---=rg=r.

Remark 2.5. A special type of Tucker decompositions are so-called tensor CUR decompo-
sitions [53], which generalize matriz CUR decompositions (2.2) to tensors by requiring that
the columns of the matrices U contain mode-€ fibers of the tensor T. It is also possible
to impose nonnegativity constraints on either the whole Tucker approzimation [180, 309]
or the individual factor matrices [191, 349] when T is nonnegative.

12



2.1. Low-rank approximation

The second low-rank approximation format of interest are so-called tensor train (TT)
decompositions [249]. These are also known as matrix product states [256, 337| in the
Physics community.

Let 7<> denote the tensor obtained by reshaping 7 € R™MXm2X X" jnto
R(n2ene)X(nepa-na) for ¢ = 1,...,d — 1. The TT ranks (Ry,...,Rq_1) € N1 of
T are defined as Ry = rank(7 <) for £ =1,...,d — 1 [170]. A tensor 7 with TT ranks
at most (Ry,...,Rq_1) is said to be represented in the TT format when it is given in
terms of so-called TT cores G(Y) € R"IXRI, G@ ¢ RRa-1xn4 gnd GO € REe—1xnexRe for
=2 ...,d—1 as

R1 Ry Rdfl

_ 1) ~(2) (d—1) (d)
721""?” o Z Z Z gi1,k1gk1,i1,k2 o gkd—mid—hk’d—lgkd—l,id’ (2'6)

ki=lki=1  kq_1=1

forig=1,...,n4, £ =1,...,d. Storing the TT cores requires O((d—2)nR?+2nR) storage
under the assumption that ny =ng =---=ng=nand Ry = Ry =--- = Rq_1 = R.
This results in linear (instead of exponential) growth with respect d under the (strong)
assumption that R remains constant as d increases.

Remark 2.6. Any tensor with multilinear ranks (r1,...,r,) can be represented in the
Tucker format (2.5). However, not every tensor that can be represented in Tucker

format (2.5) with core tensor C € R™>*""*"d has multilinear ranks (ri,...,m,). The same
applies for the TT ranks (Ry,...,Rq—1) and the TT format (2.6).

Remark 2.7. There exist many other low-rank tensor formats in literature including the
hierarchical Tucker format [152], two-level approzimations [186] and tensor networks [73,
247, 255]. For an in-depth overview we refer to the book by Hackbusch [154].

2.1.4 Approximation algorithms

A classical algorithm to compute approximations of a given tensor 7 in the Tucker
format (2.5) is the so-called higher order SVD (HOSVD) [88]. Its main idea is to compute
the truncated SVDs of the matricizations 7®) for £ = 1,...,d. The columns of the
factor matrices U®) are set to the leading left singular vectors of the corresponding
SVD. Using orthogonal projections we obtain the core tensor analogous to the CUR
decomposition (2.2) as

C=T x1 (UM 5o (U x ... x (UD)T, (2.7)

Approximations in the TT format (2.6) can be computed using the so-called TT-SVD [249]
by applying a several SVDs to 7. However, both the HOSVD and TT-SVD require the
evaluation of the full tensor 7 to compute the approximation. This might not be feasible
for large tensors. We refer to the survey [145] for an overview of algorithms to compute
low-rank approximations of 7. In the following, we introduce how T'T approximations can

13
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be computed efficiently using so-called TT-cross approximations [251] without evaluating
every single entry of 7. For the efficient computation of Tucker approximations we refer
to Chapter 3.

Cross approximation (2.1) can be generalized to tensors 7~ € R™1*72X*X"d in the following
way. Let TS0 € {(i,...,i0)|1 <ip < np, 1 < k <€} and Z7° C {(igy1, ..., iq)|1 < ig <
ng, £ +1 < k < d} denote index sets of cardinality Ry for £ =1,...,d — 1. We obtain the

approximation

R1 Ry Rg—1 Rg-1

Tiia ® D03 0 Yy HTI;Q%@'@, e ) (2.8)

s1=1t;1=1 Sq—1=1tg_1=14=1

for iy = 1,...,ny, £ = 1,...,d, where we use =0 = 7% = 7>¢ = [} Note that
Equation (2.8) is an approximation in TT format (2.6) [282]. Its cores can be computed
by evaluating O(dnR?) entries of T whenny = ---=ng=n, Ry =---=Ry_1 = R.

In order to derive suitable index sets, we present the rank-adaptive greedy restricted
cross interpolation algorithm developed by Savostyanov [282]. We initialize the index sets
Z=¢ 7>* randomly such that they each contain a single element and such that they are
nested in the sense that (i1,...,i7) € ZS¢ = (i1,...,ip_1) € ZV and (igyq,...,1q) €
77t = (igga,...,iq) € T2, We now update these index sets in alternating order
until the approximation (2.8) approximates 7 well. For this purpose so-called DMRG
supercores [281] are formed. These are defined as subtensors 7 (Z<¢71,: :, Z>*1) which
are reshaped into tensors in Rf-1xnexnet1xBepr  The rank-adaptive algorithm proposed
by Savostyanov [282, Algorithm 2| computes cross approximations (2.1) of the supercores
of the form

Re Ry
TE T = Y S TEE T TNT(IS TS T TS L T,

sp=1ty=1

where the index sets J=¢, 7=¢ of cardinality at most Ry + 1 are constructed such that
7=t ¢ 7=t and 77¢ ¢ J>*. We can now enhance the approximation (2.8) by replacing
the index sets Z=¢, 7>¢ by J=¢ 7> In practice, this is achieved by determining the
entry with the largest absolute value of the matrix

Ry Ry
<2>
(T(ZSK 1’ G ’I>€+1 Z Z T(Iﬁé—l’ :7I§Z)(T(I;€71>£)) 1T(IS<[€7 ’I>K+1))
sp=1ty=1
(2.9)

using sampling as described in Remark 2.1. When the absolute value of this entry is
above a prescribed tolerance, we obtain J=¢, 72 by adding the index corresponding to
this entry to Z=¢, Z2¢. Note that this procedure adaptively increases the ¢th entry of the

14
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TT rank of the approximation (2.8). Otherwise we set J=¢, 72¢ to T, 72¢ i.e. we do
not change the approximation. This process is repeatedly performed for £ =1,...,d —1
and stopped once the error of the approximation (2.8) is sufficiently small at sample
points. We formalize this procedure in Algorithm 3.

Algorithm 3 TT-cross

Input: procedure to evaluate entries of the tensor 7 € R"™* " *"d_ tolerance e
Output: TT approximation (2.6) of 7 with core tensors H
Initialize Z=¢, Z>¢ randomly with only one element each for £ =1,...,d —1
while Error of the approximation (2.8) of 7 is larger than e at sample points.

for (=1,---,d—1

Find a large entry of the matrix (2.9) and update Z=¢, 7>* as described in

Section 2.1.4.
7. Compute the TT cores G corresponding to the approximation (2.8).

2.2 Functional low-rank approximation

The concept of low-rank approximations can be generalized from tensor products of finite
dimensional vector spaces to tensor products of infinite dimensional vector spaces [189).
Instead of matrices or tensors we are now interested in multivariate functions defined on the
tensor product domain [—1,1]%. In this continuous setting, the pendant to rank-1 tensors
are separable functions; see Equation (1.2). The rank r of a function f: [-1,1]? — R is
the minimal » € NU {oo} for which f can be written as a sum of separable functions, i.e.

f(xlaxQ) .. .,IEd) = Zg](gl)($l)glg;2)($2) o 'g]gd)(xd)a for all Ty € [_17 1]) (= 17 s 5‘65
k=1
(2.10)
Whereg,(f) L] —>Rfork=1,...,r, £=1,...,d.

We are again interested in approximating f : [~1,1]% — R by a function h : [-1,1]9 = R
subject to the constraint that the rank of h is at most r for a fixed r € N. The function
h is called (functional) low-rank approximation of f. Note that the original problem
of finding separable decompositions of functions is intimately connected to low-rank
decompositions of matrices and tensors [154, Chapter 7|. Throughout this work we
typically measure the approximation error using the uniform norm || - ||o or the LP-norm
|| - ||r» defined on [—1,1]%. We want to emphasize that it is reasonable to search for low-
rank approximations of f even when the rank of f is infinity. For example, truncating the
Schmidt decomposition [285] of an arbitrary function in the Lebesgue space L?([—1,1]?)
yields the best rank-r approximation with respect to the L?-norm [147].

Analogous to Section 2.1.3, we can impose additional structure on the sum of separable
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functions (2.10). In the following, we generalize the Tucker format (2.5) and the TT
format (2.6) from tensors to the continuous setting. This leads to functional low-rank
approximations in the so-called functional Tucker [100, 163, 221, 270] and functional TT
format [41, 139, 141].

Let f:[—1,1]% = R. The multilinear rank (r1,...,74) € (NU {oo})? of f is defined as
¢ = rankp (f) for £ =1,...,d, where rankgy (f) denotes the minimum r € NU{oo} such
that f can be written as in terms of functions gy, : [~1,1] — R and hy, : [-1,1]%"1 - R
fork=1,...,r as

T
f($17 co - ,l‘d) = ng‘(wé)hk(xlv sy Tp—1, Tp41y - - 'axd)‘
k=1

A function f : [—1,1]¢ with multilinear rank at most (r1,...,r4) is said to be represented
in functional Tucker format when it is given in terms of a so-called a core tensor C €
R71%X72XXTd gand univariate functions u,(f) L, > Rfork=1,...,7, £=1,...,d as

r1 T2 Td
Fannzd) =3 D 0> Creati) (@1)ufl) (22) - u? (). (2.11)

ki=1ko=1  kg=1

The TT rank (Ry,...,Rq41) € (NU{00})4! of f is defined as R, = rank,~(f) for
¢=1,...,d— 1, where rank_/~(f) denotes the minimum R € N U {oco} such that f

can be written as in terms of functions g : [~1,1]* — R and hy : [-1,1]7¢ — R for
k=1,...,R as

R
f('rlv cee ,ﬂfd) = ng‘(xlv o 7x€)h’k‘(xf+17 s ,ﬂfd).
k=1
A function f : [—1,1]? with TT ranks at most (rq,...,74_1) is said to be represented in
functional TT format when it is given in terms of univariate functions g((,}l) [-1,1] =R

fora; =1,..., Ry, ggi)fl :[-1,1] = Rfor ag—1 =1,...,R4—1 and g&?ﬁhaz [-1,1] =R

forap=1,...,Ry, £=2,...,d—1as

Ry Rdfl
Flan . om) =Y o Y @), (x2) - gD, (a-1)gl? (ma). (2.12)
a1=1 ag_1=1

Remark 2.8. We want to emphasize that many other low-rank approzimation formats
can be generalized analogously from tensors to functions. For instance, generalizations of
the hierarchical Tucker format are used in [21, 91, 117, 241, 242, 286].
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2.3. Chebyshev interpolation

2.3 Chebyshev interpolation

2.3.1 Chebyshev interpolation for univariate functions.
In the following, we recall the fundamental ideas of Chebyshev interpolation.

Let f:[-1,1] — R and n € N. The Chebyshev interpolant p of f with degree n is
the unique polynomial of degree n that interpolates f in the Chebyshev points (of the
second kind) zy = cos(km/n), k=0,...,n, i.e. p(zy) = f(zg) for kK =0,...,n. Using
Chebyshev polynomials T (x) = cos(kcos™!(x)), k=0,...,n [67] as basis for the vector
space of polynomials of degree at most n, we can write the interpolant as

px) = aTi(x), (2.13)
1=0

where a; € R, ¢ =0,...,n denotes the so-called Chebyshev coefficients. These coefficients
are uniquely determined by the interpolation property

fzr) = aoTo(zk) + arTi(xk) + - + anTn(zg), fork=0,...,n.

These n+ 1 equations form a linear system, which can be inverted. By using the following
property of the Chebyshev polynomials

1 n—1 0 i#Jj,
5 (L) Ty (@0) + Ti(wa) Ty (@) ) + Y Tiwn) Tywn) =4 4 0<i=j<n,
k=1 n t=j=0o0ri=j=n,
we can construct the matrix F € ROTD*(+1) defined as
1 1 1 1
ZT()(CL'()) §T0($1) §T0(l‘2) e ZTU(xn)
9 %Tl (:E()) Tl(ll,‘l) Tl(iL‘Q) e %Tl(l'n)
F=2|3D() To(z1) To(za) ... 5Ta(wn) |, (2.14)
n . . . . .
1T0(z0) 3Tn(z1) 3Tn(z2) ... 1Tn(xy)
which maps the vector of function evaluations (f(zo), f(z1),..., f(x,)) onto the vector
of Chebyshev coefficients (ag, a1, ..., a,).

The following theorem summarizes the error bounds in [322, Theorem 8.2 and [322,
Theorem 7.1]|. Note that the error bound decays exponentially with respect to n in part
a) and geometrically in part b).

Theorem 2.1. a) Suppose that the continuous function f:[—1,1] = R can be extended
to an analytic function f* on E, with p > 1, where E, denotes the Bernstein ellipse,
i.e. the closed ellipse with foci at 1 and the sum of major and minor semi-azes equal
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to p. Then the Chebyshev interpolant p of f with degree n satisfies

—-n

4p .
max [f*(z)],
p—1lzeE,

Hf’_pHMJS

b) Assume that the function f:[—1,1] — R has (k — 1) absolutely continuous derivatives

and assume that the total variation of its kth derivative is bounded by V. Then the
Chebyshev interpolant p of f with degree n > k satisfies

17 = plleo < — 0

flies= wk(n — k)k’
Remark 2.9. Throughout this work, we follow the standard notation established in [240],
where the Chebyshev points, polynomials and coefficients are indexed starting from 0.

Other vectors, matrices and tensors are indexed starting from 1.

Remark 2.10. Given a function f : [—1,1] — R, the cosine transform computes the
values
n—1
ar = f(20)Th(z0) + f(2n)Th(an) + 2 fl@)T(x;), fork=0,...,n.
i=1

This can be written equivalently in terms of a discrete Fourier transform [135] as

2n—1 . .
~ ) 2mign
ar = _Zoﬂcos(n))exp( 20, fork=0,...m,
]:

where i denotes the imaginary unity. Note that ag = 1/2-ag, an, = 1/2-a, and ay = ay, for
k=1,...,n—1. Thus, we can use the fast Fourier transform to compute the coefficient

vector in a fast and stable way.

Remark 2.11. Let m € N. Note that the Chebyshev points for n = m are nested within
the Chebyshev points for n = 2m. This implies, that given the function evaluations to
compute a degree m interpolant, we only need to evaluate the function at m additional
points to compute the degree 2m interpolant. Moreover, there exist heuristics such as
chop in Chebfun [16] to estimate whether a given Chebyshev interpolant is an accurate
approximation of f. We can efficiently determine a sufficiently large degree for an accurate
interpolant by initially starting with a small degree and by doubling the degree until the
heuristic states that the interpolation is accurate.

2.3.2 Tensorized Chebyshev interpolation for multivariate functions

Chebyshev interpolation can be extended to multivariate functions using tensoriza-
tion [237]. Let f:[-1,1]? = R and (ny,n2,...,n4) € N The Chebyshev interpolant
p of f with degree (ni,na,...,ng) is the unique multivariate polynomial of degree
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(n1,na,...,nq), which satisfies
paM a2y = falD 2P el ?), forig=0,.. 0 £=1,...,d, (2.15)

where the Chebyshev points are denoted by xl(f) = cos(km/ny), k=0,...,ny. We can
write the interpolant using a basis containing tensorized Chebyshev polynomial as

ny n2

p(z1, 22, . .. Z Z Z Aisig,igLiy (1) Ty (22) .. Tiy (z4), (2.16)

11=012=0 1q=0

where A € Rm+Dx(n2+1)xx(na+1) denotes the so-called coefficient tensor. Analogously
to the case of univariate interpolation, the coefficient tensor is uniquely determined by
the interpolation property (2.15), which can be written as

ny  n2

1 2 d
]17]2, wJd T Z Z Z AZ1,Z2, ,ldTh x; ))Ti2(x§‘2)) T ( gd))7 (2-17)

11=012=0 1q=0

for all 5, = 0,...,mnp, ¢ = 1,...,d, where the evaluation tensor
T € RimtD)x(n2+1)xx(na+1) ig defined elementwise as

Tirvignia = f@ 2P 2Dy, 218
J1,325--50d

J1 2720

Let F() ¢ R+ Dx(et1) denote the matrix F defined in (2.14) with n replaced by ny.
Multiplying the system (2.17) with F(!) in the first mode yields

ni n2 N3

1 2 s a
Z FJ(1 )11 11,025 000d Z Z Z Ajiig...igTio (2 52))T ( gS)) ’ “Tid(xg‘i))
i1=0 12=013=0 1g=0

for all jo =0,...,n¢, £ =1,...,d. Repeating this procedure in each mode yields the
explicit expression for the coefficient tensor

A=T x1 FU 5y FO sy g PO, (2.19)

We would like to point out that the mode-¢ product of the matrix F*) and 7 can be
computed efficiently by using the fast Fourier transform described in Remark 2.9. Note
that computation of the coefficient tensor (2.19) requires the evaluation of (ny +1) - (n2 +
1)---(ng + 1) points of f.

The following theorem restates the error bound in [280, Lemma 7.3.3.]. Note that the
approximation error (2.20) decays exponentially with respect to min{ni,...,ng} for
analytic functions f.

Theorem 2.2. Suppose that the continuous function f :[—1,1]7 = R can be extended
to an analytic function f* on &, = E, X By, x --- X E,, with pg > 1 for{ =1,...,d,
where E, again denotes the Bernstein ellipse defined in Theorem 2.1. Then the Chebyshev
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interpolant p of f with degree (ni,...,nq) satisfies

17 = plloe < 252V dp i (1 pf )™ max | £°(2)) (2.20)
where pyin = min{p1, p2, ..., P4} and Nyin = min{ni,na, ..., ng}.

2.3.3 Coefficient approximation

Due to the curse of dimensionality, it might not be feasible to compute the coefficient
tensor (2.19) for large d. In the following lemma, we study how approximations of the
evaluation tensor (2.18) affect the interpolant (2.16). Similar results with respect to the
L2-norm can be found in [41].

Lemma 2.2. Let p be defined as in (2.16). For T € RmH+D)x(n2t)xx(nat1) “qpe define
the polynomial

ny
]5(:61, s xn) = Z Z A U1 5eeeld 11 wl) Tid(xd)> (2-21>
11=0 a=0

where
A:’i'XIF(l) XQF(Q) X3"'><dF(d). (222)

Then

1 = Blloo < I1£ = mm+H(l%wH4MT'mm (2:23

(=1

Proof. By applying the triangle inequality we obtain

1f = Blloo If = Plloc + [Ip = Plloo-
The function p = p — p is the unique polynomial of degree n satisfying

]5(37(1) AL ) = (T = Miyig.iyy forig=0,....np £=1,...,n

21 7?1 ) 7zd

Let n € N. The Lebesgue constant A,, bounds the ratio of the uniform norm approximation
error for univariate interpolation and the maximum absolute value at the n+1 interpolation
nodes. For univariate Chebyshev interpolation we have A,, < (2/7)log(n) + 1 [322].
In [223], it is shown that the product of the Lebesgue constants for univariate interpolation
bounds this ratio for multivariate interpolation, i.e.

Hp —Plleo = HﬁHoo < ApyAny - 'And”T_ 7-”00
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2.3. Chebyshev interpolation

O]

Note that the term ||f — p||eo in the error bound (2.23) does not depend on the approx-
imation 7. For analytic f, Theorem 2.2 states that we can choose a sufficiently large
degree (ny,ng,...,ng) such that ||f — p|| is arbitrarily small.

Remark 2.12. In Lemma 2.2, we bound the error of ||p — plleo in terms of the Lebesgue
constants and |T — T ||oo. In the following, we briefly discuss how ||p — p|| 1 is related to
a weighted norm of T —T.

The tensorized Clenshaw-Curtis quadrature formula [74, 86] yields

1 .1 1
Hp—ﬁHL1:/ / / Ip(x1,...,2q) — p(21,...,2q)|dz1 ... dxg

= § § § Wu,w, M‘Tzwm id mz 'Ld‘

7,107,20 ’LdO

W, @ . )

where Wi, iy....iqg = w; W W, with nonnegative weights w;,

0,...,n(g,€:1,...,d as m[5’34]

are defined for iy =

- nef2) (0 2jigr
Wi = < 2 4j2—1cos< e ))

ig =0 or iy = ny,
otherwise,

_ i =15
i‘-’ N 2 otherwzse.

Based on these weights, we define the weighted tensor seminorm

ni n2 Na
1Tl = Z Z T Z Wilﬂ'z,m,id|Ti17i27~--7id"

i—1=0i=0  i4=0

This yields the equality ||p — p|l 1 = ||T — T|lw. Note that best approzimations Th of T
with respect to the seminorm |||y are related to best approximations T of W * T in the
0t -norm, where * denotes the elementwise/Hadamard product for tensors. It holds

T o= f T iia/Wissian Waia #0
1)-e50d (7'1*)i1,-~7id Wil,...,id = 0.

foripg=0,...,np, £=1,...,d.
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2.3.4 Connection to functional low-rank approximations

Assume that 7 in (2.21) is given in Tucker format (2.5) with multilinear rank (r1, ..., rq)
as

7A-ZC><1U(1) X2U<2) X3--~XdU(d).

In this case the coefficient tensor A defined in (2.22) can be represented in the same
low-rank format. This leads to a polynomial approximation (2.21) of the form

1 Td ni ni
]5(171, ey .’Ed) = Z ce Z Ci1,...,id( Z Z Fkgll,)hU](f,)lekl (:L'l)> te

i1*1 idfl k1=041=0
(d)
( Z Z de ]ded id (xd)> ° (224)
kd Ojd 0

Note that this is an approximation in the functional Tucker format (2.11) with univariate
functions

ne My

u (@) =Y N FOU T (ay),  fori=1,....r 0=1,....d.
k=0 j=0

The function uy) (x¢) is the univariate Chebyshev interpolant based on the values stored

in the ith colum of U,

Analogously, we can transform a tensor train approximation (2.6) of T with TT cores
G into a functional tensor train approximation (2.12) of f by defining the univariate
functions

}c I(c j(l‘l),

9a1 (71) Z

st

=0
ng nqg
gf(ﬁécfi) 1(xd) - Z gad 1,k Tj(za),
7=0 k=0
NN (0 ()
9571 (w0) = FGY) o Tixo).
7=0 k=0

These can again be seen as univariate Chebyshev interpolants based on the values stored
in the TT cores.
2.3.5 Proof of concept

The error bound (2.23) indicates that we ideally choose a Tucker approximation T such
that |7 — 7| is of the same order of magnitude as ||f — p|lso. In the following, we

22



2.3. Chebyshev interpolation

demonstrate that there exist functions for which we can balance the contributions of
these errors with ry < ny for £ =1,...,d. In this case the approximation (2.24) is almost
as accurate as the interpolant (2.16), but it requires significantly less storage.

We consider the function

1
rT+y+z+3+e¢

fe(z,y,2) =

on [—1,1]® with parameter ¢ > 0. Let 7 > 0. In the following paragraphs, we show
that the Chebyshev interpolant p. defined in (2.16) requires polynomial degrees ny — 1 =
O(1/log(1 + v/¢)) to achieve an accuracy of ||pe — fellco < 7. However, one can achieve
| T = Tlloo <7 with multilinear ranks r, < O(|log(e)|), which grows much slower than
O(1/1og(1 4 1/€)) = O(e~1/2) for € — 0. For small values of ¢ this implies that we can
balance the error contributions with r; < ny for £ =1,...,d.

Polynomial Degree For the degree (n,n,n) Chebyshev interpolant p. defined in (2.16)

we require ||pe — fe|loo < 7, which is equivalent to ||e(p: — f:)||oo < e7. By Theorem 2.2,

le(pe = fo)lloo < Opppy -, max _ |efi(z,y,2)]).
(z,y,2)€Ep

We set p1 = pa = p3 = 14+¢/6 + /(1+¢/6)2—1 and extend ef. analytically to
eff(z,y,z) =e(x+y+2+3+ 6)_1 on &,. By construction max lefX(z,y,2)| =2

z,Y,2 14
is assumed for © = y = z = —1 — ¢/6, where |z + y + z + 3 + €| is minimized. Hence,

we can choose n = O(1/log(1 + /¢)) to obtain the desired accuracy. Although this is
only an upper bound for the polynomial degree required, numerical experiments reported
below indicate that it is tight.

Multilinear Rank An a priori approximation with exponential sums is used to obtain
a bound on the multilinear rank for a tensor containing function values of f;; see [153].
Given R > 1 and r € N, Braess and Hackbusch [47] showed that there exist coefficients
a; and b; such that

1 T
- - Z a; exp(—b;x)

T :
=1

T7T2

< 16exp <_log(8R)) , Vzell,R] (2.25)

Trivially, we have ef.(z,y,z) = 1/w for the substitution w = (x +y+ 2z + 3 + ¢)/e
with w € [1,1 + 6/¢]. Applying (2.25) yields that there exist a; and b; such that
|1/w — > aiexp(—bw)| < Te or, equivalently,

fe(z,y,2) = g=(2, 9, 2) |0 < 7 (2.26)

23



Chapter 2: Preliminaries

for every z,y,z € [—1, 1] when

po Tl EOF )8 _ g1 10g0c)),

where

Az, y, 2) = = e — _t ). —*(3 ,
9: (2,9, 2) ; _ " exp ( . x> exp < 5 y) exp ( . z> exp < 6 (3+ 6))

The approximation g. in (2.26) has multilinear rank (r,7,7). In turn, the tensor 7; ;, =

ge(acgl), x§2),x§€3)) has multilinear rank at most (r,r,7) and satisfies || T — T ||oo < 7.

Comparison In Figure 2.2, we estimate the maximal polynomial degree required to
compute a Chebyshev interpolant with accuracy 7 = 107! for selected fibers of f.,
which is a lower bound for the required polynomial degrees ny. It perfectly matches the
asymptotic behavior of the derived upper bound O(1/log(1 + /¢)). In Figure 2.2, we
also plot the multilinear ranks from the truncated HOSVD [88| with tolerance 7 applied
to the tensor containing the evaluation of f. on a 150 x 150 x 150 Chebyshev grid. This
estimate serves as a lower bound for the multilinear rank required to approximate f-.
Due to the limited grid size, this estimate does not fully match the asymptotic behavior
| log(e)|, but nonetheless it clearly reflects that the multilinear ranks can be much smaller
than the polynomial degrees, as predicted by |log(e)| < 1/log(1 + +/€), for sufficiently
small ¢.

104
- max degree for interpolation of fibers
. — — — max rank of truncated HOSVD
b O(1/log(1 + Vz))
R it O(|log(e)])
N
108 h
-
AN
N
-
N
L
102 ¢
\\\
T T T T S
10 -
10 1074 1078 1072 107! 100

Figure 2.2 — Comparison of the theoretical upper bounds O(|log(e)|) for the multilin-
ear rank and O(1/log(1 4 /¢)) for the polynomial degree for varying e, the maximal
polynomial degree, used by Chebfun to approximate selected functions fibers of f. up
to accuracy 1071°, and the maximal multilinear rank of the truncated HOSVD with
tolerance 10710 of a sample tensor on a 150 x 150 x 150 Chebyshev grid. The constants
in the bounds are chosen to result in curves close to the data.
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81 Functional Tucker approximation

In this chapter, we focus on developing an efficient algorithm to approximate trivariate
functions (that is, functions depending on three variables) defined on the tensor-product
domain [—1,1]3 in the functional Tucker format (2.11). We proceed by combining ten-
sorized Chebyshev interpolation (2.16) with a Tucker decomposition (2.5) of the coefficient
tensor (2.19). This leads to a functional Tucker approximation of the form (2.24).

Hashemi and Trefethen followed this approach to develop an approximation algorithm
for Chebfun3 [163]. Their algorithm is adaptive in both the multilinear rank and
the polynomial degree of the computed approximation, but the construction of the
approximation proceeds indirectly, via a so-called slice-Tucker decomposition of the
evaluation tensor (2.18). As a consequence, Chebfun3 sometimes uses unnecessarily
many function evaluations and does not fully benefit from the potential of the Tucker
decomposition to reduce, sometimes dramatically, the computational cost.

We propose a novel algorithm that utilizes univariate fibers instead of bivariate slices
to construct a Tucker decomposition (2.5) of the evaluation tensor (2.18) directly. We
call our approach Chebfun3F to emphasize that it is based on selecting the Fibers of the
evaluation tensor to construct the initial factor matrices. In a second step, we replace
orthogonal projections (2.7) by oblique projections (2.3) based on DEIM to construct
the core tensor. We combine this approach with heuristics similar to the ones used in
Chebfun3 for choosing the polynomial degree and for the accuracy verification. Chebfun3F
reduces the cost for the approximation in terms of the number of function evaluations for
nearly all functions considered, typically by 75%, and sometimes by over 98%.

This chapter is based on the article [100]. Its remainder is structured as follows. In
Section 3.1, we briefly recall the approximation algorithm currently used in Chebfun3.
Section 3.2 introduces our novel algorithm Chebfun3F. In Section 3.3, we perform
numerical experiments to compare Chebfun3, Chebfun3F and sparse grid interpolation.
We then analyse the coefficient decay of the resulting approximations and discuss how
Chebfun3F can be incorporated into Chebfun in Section 3.4. In Section 3.5, we analyze
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Chapter 3: Functional Tucker approximation

further properties of functional Tucker decompositions computed based on tensorized
Chebyshev interpolation.

3.1 Existing algorithm: Chebfun3

In this section, we recall how an approximation of the form (2.11) is computed in
Chebfun3 [163]. As discussed in Section 2.3.5, there are often situations in which
approximations (2.24) require a much smaller (rq,...,7r) compared to the polynomial
degree (ni,...,ng). Chebfun3 benefits from such a situation by first using a coarse
evaluation tensor 7. to identify the fibers needed for the low-rank approximation. This
allows to construct the actual approximation from a finer sample tensor 7y by only
evaluating these fibers instead of the whole tensor.

Chebfun3d consists of three phases: preparation of the approximation by identifying fibers
for a so-called block term decomposition [87] of 7, refinement of the fibers, conversion
and compression of the refined block term decomposition of 7; into functional Tucker
format (2.11).

3.1.1 Phase 1: Block term decomposition

(c) (c) (c)
In Chebfun3, the coarse evaluation tensor T € R +Dx(ny +1)x(n5"+1) ig injtially

obtained by sampling f on a 17 x 17 x 17 grid of Chebyshev points. A block term
decomposition of 7. is obtained by applying ACA (see Algorithm 1) recursively. In the
first step, ACA is applied to a matricization of 7, say, the mode-1 matricization 72{1}.
This results in index sets I, J such that

T = TG0 (T 0,0) T, (3.1

where 7'5{1}(:, J) contains mode-1 fibers of 7. and 72{1}(1, :) contains mode-(2, 3) slices
of T.. For each ¢ € I, such a slice 72{1}(2‘, :) is reshaped into a matrix S; = T.(i,:,:) €
R +1)x (n +1) and, in the second step, approximated by again applying ACA:

where S;(:, L;) and S;(Kj,:) contain mode-2 and mode-3 fibers of 7., respectively. Com-
bining (3.1) and (3.2) yields the approximation

. vec(Sl(:,Ll)(Sl(Kl,Ll))ASl(Klﬁ))
T~ T ) (T, D)) | veelSa(s Lo) (Sa(Ka, L) Sa(K1,2) | (3.3)
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3.1. Existing algorithm: Chebfun3

where vec denotes vectorization, i.e. the reshaping of a matrix into a vector. Reshaping
this approximation into a tensor can be viewed as a block term decomposition in the
sense of [87, Definition 2.2.]. This approximation scheme is visualized in Figure 3.1.

{1}

~ - B | vec vec

slice 51 slice S»

—1
for each slice §; : ﬁ ~ Iﬁ e

Figure 3.1 — Visualization of a block term decomposition (3.3).

If the ratios of ]I]/(ngc) +1), ]KZ|/(n§c) +1) and ]Li|/(ngc) +1) are larger than the heuristic
threshold (2v/2) ™" the coarse grid resolution (ngc)—kl, ngc)—kl, ngc)—kl) is deemed insufficient

(c)
to identify fibers. If this is the case, ng,c) is increased to {\/QP log»(n, H)HJJ and Phase 1
is repeated.

3.1.2 Phase 2: Refinement

The block term decomposition (3.3) is composed of fibers of 7.. Such a fiber 7.(:, j, k)
corresponds to the evaluation of a univariate function f(-,y, z) for certain fixed y, z. We
apply the Chebfun heuristic described in Remark 2.11 to decide whether the function
values in 7.(:, j, k) suffice to yield an accurate interpolation of f(-,y,z) [16]. If this is not
the case, we add nested evaluations of f(-,y, z) to refine the approximation.

In Chebfun3 this heuristic is applied to all mode-¢ fibers contained in (3.3) simultaneously.
Let néf ) denote the polynomial degree for which the heuristic states that the interpolation

éf ) + 1. Replacing

of is accurate. The refined mode-/¢ fibers are now vectors of length n
all fibers in (3.3) by their refined counterparts yields an approximation of the tensor 77,
which contains the evaluations of f on a (ngf) +1) x (ngf) +1) x (néf) + 1) Chebyshev
grid. Note that 7; might be very large and is never computed explicitly. We visualize

the refinement idea in Figure 3.2.

3.1.3 Phase 3: Compression

In the third phase of the Chebfun3 constructor, the refined block term decomposition is
converted and compressed to the desired Tucker format (2.11), where the interpolants
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7—C(: 7./.’0) f(ale) 7—)‘( 7j70)

Figure 3.2 — Visualization of the refinement step described in Section 3.1.2. In the
refinement step, we replace the initial fiber 7.(:,j,0) by the fiber T;(:,5,0). Here we

depict tensors for (ngc),ngc),ngc)) = (11,11,11) and (ngf),ngf),néf)) = (22,11,11).

u;(x) are stored as Chebfun objects [27]; see [163] for details. Lemma 2.2 guarantees a
good approximation f when the polynomial degree (ngf ),ngf ), ngf )) is sufficiently large
and when 7 is well approximated by the underlying Tucker approximation 7. Neither of
these properties can be guaranteed in Phases 1 and 2 alone. Therefore in a final step,
Chebfun3 verifies the accuracy by comparing f and the computed approximation at
Halton points [239]. If the estimated error is too large, the whole algorithm is restarted

on a finer coarse grid from Phase 1.

3.1.4 Disadvantages

The Chebfun3 algorithm often requires unnecessarily many function evaluations. As
we illustrate in the following, this is due to redundancy among the mode-2 and mode-3
fibers. For this purpose we collect all (refined) mode-2 fibers S;(:, L;) in the block term
decomposition (3.3) into the columns of a big matrix V,BTP = [Sl(:, Li) - Sn(yLm)l,
where m is the number of steps of the outer ACA (3.1). As will be demonstrated with an
example below, the matrix V,ETD is often observed to have low numerical rank, which in
turn allows to represent its column space by much fewer columns, that is, much fewer
mode-2 fibers. As the accuracy of the column space determines the accuracy of the Tucker
decomposition after the compression, this implies that the other mode-2 fibers in VTETD
are redundant.

Let us now consider the block term decomposition® (3.3) for the function

f<x7y7z)_ 1

142522+ y2 + 22

In Figure 3.3 the numerical rank and the number of columns of V.BTP are compared. For

m = 10 the approximation of the slices 5;, to S;,, leads to a total of 153 mode-2 fibers,

*Note that the accuracy verification in Phase 3 fails once for this function. Here we only consider to
block term decomposition obtained after restarting the procedure.
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the sum of the corresponding red and blue bars in Figure 3.3. In contrast, their numerical
rank (blue bar) is only 19. Thus, the red bar can be interpreted as number of redundant
mode-2 fibers. This happens since nearby slices tend to be similar. The total block term

300

: :
I # redundant columns of V2P
I numerical rank of V2™

250

200 ¢

150

100

50 -

0 5 10 15
m

Figure 3.3 — Numerical rank and number of redundant columns (= total number of
columns - numerical rank) of the matrix VWETD, whose columns are given by the refined
version of the mode-2 fibers determined after m steps of the outer ACA (3.1) in Chebfun3.

decomposition contains 18 slices and is compressed into a Tucker decomposition with
multilinear rank (17,19, 19). It contains 242 redundant fibers, the refinement requires
192 function evaluations for each of them. Note that the asymmetry in the rank of the
Tucker decomposition is caused by the asymmetry of the block term decomposition.

Another disadvantage is that Chebfun3 always requires the full evaluation of 7 in Phase 1.
This becomes expensive when a large size (ngc) +1) x (ngc) +1) x (ngc) + 1) is needed in
order to properly identify suitable fibers.

3.2 Novel algorithm: Chebfun3F

In this section, we describe our novel algorithm Chebfun3F to compute an approximation of
the form (2.11). The goal of Chebfun3F is to the avoid the redundant function evaluations
observed in Chebfun3d. While the structure of Chebfun3F is similar to Chebfun3, consisting
of 3 phases to identify /refine fibers and compute a Tucker decomposition, there is a major
difference in Phase 1. Instead of proceeding via slices, we directly identify mode-¢ fibers
of 7. for building factor matrices. The core tensor is constructed in Phase 3.

3.2.1 Phase 1: Fiber indices and factor matrices

As in Chebfun3, the coarse tensor 7. € R+ x (nf74+1)x (nf7+1) 4 initially defined as
evaluation tensor (2.18) with (n1,n2,n3) = (16, 16,16). We seek to compute full rank
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. (c) (e) (e)
factor matrices U, € R tDxm y e R +1xr2 and 1, € R +1%7s gyuch that
the orthogonal projection of 7. onto the span of the factor matrices is an accurate
approximation of 7, i.e.

Te = To x1 U(ULU) UL <o Vo(VIV) WV xg W.(WEIW,) "Wl (3.4)
Additionally, we require that the columns in U, V., W, contain fibers of 7.

In the existing literature, algorithms to compute such factor matrices include the Higher
Order Interpolatory Decomposition [277|, which is based on a rank revealing QR decom-
position, and the Fiber Sampling Tensor Decomposition [54], which is a generalization
of the CUR decomposition. We propose a novel algorithm, which in contrast to the
existing algorithms does not require the evaluation of the full tensor 7.. We follow the
ideas of TT-cross [251, 281 and its variants such as the Schur-Cross3D [271] and the
ALS-cross [101]. After the publication of [100] several algorithms for this purpose have
been suggested in [3]. The Tucker format with factor matrices containing fibers has been
called generalized tensor CUR decomposition in [157], mode-wise tensor decomposition
in [53] and tensor fiber CUR decomposition in [52].

Initially, we randomly choose index sets I, J, K by partitioning {0,...,16} into 6 subsets
and sampling one index from each subset for each index set. In the first step, we apply
Algorithm 1 to (7:(:,J, K)){1}. Note that this needs only 36 - (ngc) + 1) evaluations of
the function f, in contrast to (ngc) + 1)(néc) + 1)(n§c) + 1) values in the whole tensor
T.. The selected r1 columns serve as a first candidate for the factor matrix U.. The
index set I is set to the row indices selected by Algorithm 1 (see Figure 3.4). We
use the updated index set and apply Algorithm 1 to (7o(I,: K)){? analogously, which
yields V. and an updated J. From (7.(I,.J,:)){?} we obtain W, and K. We repeat this
process in an alternating fashion with the updated index sets, which leads to potentially
improved factor matrices. Following the ideas of Chebfun3, we check after each iteration
whether the ratios rl/(ngc) +1), rg/(ngc) + 1) and rg/(néc) + 1) surpass the heuristic
threshold (2v/2)7!. If this is the case, we increase the size of the coarse tensor n§c) to

1 () C e e =75 .
{\/ﬂz 082 (g +1)+1J and restart the whole process by reinitializing I, J, K with r1, 79,73

random indices respectively.

It is not clear a priori how many iterations are needed to attain an approximation (3.4)
that yields a Tucker approximation (2.11) which passes the accuracy verification in
Phase 3. In numerical experiments, it has usually proven to be sufficient to stop after
the second iteration, during which the coarse grid has not been refined, or when |f | <1,
|J| <1 or |[K| <1. This is formalized in Algorithm 4. Note that Us., V,, W, are full rank
by construction, since Algorithm 1 stops based on the tolerance £ > 0. In many cases, we
found that the numbers of columns in the factor matrices are equal to the multilinear
rank of the truncated HOSVD [88] of 7. with the same tolerance.
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ACA

I
Q

n
2

2 J3 ul ul®

Figure 3.4 — Visualization of applying ACA (Algorithm 1) to a matricization of a subtensor.

Algorithm 4 Factor Matrix Computation

1: Input: f, (n1 ,n2 ,n3 ) (7“1,1"2,7‘3)

2: Output: U., V., W, (ng),n2 ,n3 ), (r1,72,73)

3: Let T.(i,j,k) = f(:rl(-l), xg ), (3 )) be a function that evaluates the values of f on a
(ngc) +1) x (néc) +1) x (ng © 4 1) Chebyshev grid on demand.

4: initialize J, K with 79,73 randomly chosen indices in {O, e ,ng )}, {0, .. ,ngc)}

5. for iterations = 1:2

6: compute ACA of T.(:,J, K)I = U, e RS +1)xry selected columns, I —
selected row indices

7: compute ACA of T.(I,:, K)% = vV, ¢ RS +D)xr _ gelected columns, J =
selected row indices

8: compute ACA of T.(I,J,)¥ — W, e RO TDx7s — selected columns, K —
selected row indices

9: if the multilinear ranks get too large — adjust (ngc),ng ), ng )) and go to line 3

10: if ry<lorry<1lorry<1— return

3.2.2 Phase 2: Refinement of the factors

In Phase 2, the fibers in U., V., W, are refined using the Chebfun heuristic [16] as in
Chebfun3 (see Section 3.1.2). This leads to full rank factor matrices Uy € R(”gf)ﬂ)”l,
Vi e RS +1)xm2 ang Wy € R(n5”+1)x7s containing the refined fibers of Ty, where T
denotes the evaluation tensor (2.18) of size (nj ) 4 +1) x (ngf) +1) x (ngf) +1). This phase
needs only O(3"5_, (ny 4 1)r) evaluations of f

3.2.3 Phase 3: Reconstruction of the core tensor

In the final Phase of Chebfun3F, we compute the core tensor C to obtain the approximation
7}%C><1Uf ><2Vf ><3Wf.

In principle, the best approximation (with respect to the Frobenius norm) for fixed factor
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matrices Uy, V¢, Wy is obtained by orthogonal projections as in (2.7) by

Tr = Tp x1 Up(UfUp)T'UF <o Vi(VIV)) TV s We(W] W) T W

Such an approach comes with the major disadvantage that the full evaluation of Ty
is required. This can be circumvented by instead using oblique projections. Applying
oblique projections in all three modes analogous to (2.3) yields

Tr~ T =Tp x1 Up(®TUp) 107 xo Vi(®GV) @] x3 Wy(FWy) ' 0F

= | (T7 x1 @] x2 @] x5 @) x1 (B[ Up) " xo (DFVp) ™ x5 (PEWy)

=Ty(I,J,K)

X1 Uf X9 Vf X3 Wf,

for index sets I, J, K and matrices ®;, ® 7, P defined analogously as in (2.3). Note that
the computation of the 7; only requires r - 72 - 73 additional evaluations of f. To avoid
the potentially ill-conditioned matrices (®FU)~1, (@LV;)~L (L W;)~L, we compute
the orthogonal matrices Qu,Qv,Qw in the QR decompositions of Uy, Vy, Wy. Note
that Up(@TU;) ™! = Qu(®TQu) ! and (T¢(1, J, K) x1 (®TUs) 1) x1 Uy = Tp(1, J, K) x4
Up(@TUf)~1. To determine the index sets I,.J, K we apply DEIM [65], presented in
Algorithm 2, to the matrices Qu, Qv, Qw. This leads to the Tucker decomposition used
in Chebfun3F

T =T; x1 Qu(®TQu)*@T x5 Qu(87Qy) @] x5 Qw (2LQw) 1ok
=TI, J,K) x1 Qu(®TQu) ™" x2 Qv (®7Qv) ™! x3 Quw (@5 Quw) ™" (3.5)

Note that in general neither QQyy nor QU(QD}FQU)_l contain fibers of 7;. This issue will

be discussed in Section 3.4.

3.2.4 Chebfun3F algorithm

Having computed the Tucker factors Uy, V; and Wy in Phase 2, and the core C in Phase 3,
we obtain the approximation (2.24) of the form (2.11). Following Chebfun3, we compute
the Chebyshev interpolants of the columns of Uy, Vy, W using Chebfun [27]. We also
perform an accuracy verification for f by comparing its evaluations at Halton points
to the original f. If the difference of the evaluations is too large, we restart the whole
algorithm up to ten times using a finer coarse grid. Additionally, we modify the ranks
such that if ry, <2 we set rp, = max(6,2ry,) and ry, = 3 for ¢1 # {2, and after the forth
restart we set rp = 2ry for £ = 1,2, 3. This ensures that the multilinear ranks can grow in
Phase 1. The overall Chebfun3F algorithm is formalized in Algorithm 5.
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3.2. Novel algorithm: Chebfun3F

Algorithm 5 Chebfun3F

1:

@

10:
11:
12:
13:
14:
15:

16:

17:
18:

19:

that evaluates

Input: function f(x,y,2), a procedure T¢(i,j,k) = f(x 51),:155 ), (3))

the values of f on a (ngf) +1) x (néf) +1) x (ngf) + 1) Chebyshev grid on demand, a
stopping tolerance € > 0.
Output: approximation f(z,y, z)= Doit1 2ty Doy Cigrui()vs (y)wi(2)
Initialization: (ng ),n((; ),ngc)) = (16,16, 16), (r1,72,73) = (6,6,6)
Phase 1:

apply Algorithm 4 to compute the factor matrices U, V., W, and to update
(0,187,087, (1,72, 7)
Phase 2:

(0 ) = i) o) ) Uy =0 Vg = Ve, Wy = W,

while Chebfun heuristic in [16] to decide if Uy contains a sufficient number of
entries is not satisfied

+1= Qngf ), refine Uy such that its columns have length ngf )

proceed analogously to obtain Vi, Wy
Phase 3:

[Qu,~] =ar(Us), I=DEIM(Qu), U=Qu-Qu(l,:)™ "

[Qv,~] =aqr(Vy), J=DEIM(Qv), V=Qv Qv(J:)"'

[Qw,~] =ar(Wy), K =DEIMQw), W =Qw - Qw(K,:)™

compute the Chebyshev interpolants u;(x),v;(y), w(z) based on U, V,W (see
Section 2.3.4) )

C= 7}(1’ LK), f(x,y,2)= Z:lzl ;2:1 2321 Cz]kul(x)v](y)wk(z)

if |f(z,y,2)— f(x,y,2)| > 10e at Halton points (z,y,z) € [-1,1]?

modify the ranks ry, if they are too small

(e)
restart from Phase 1 with ngc) - L\/iz logy (n, +1)+1JJ
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Chapter 3: Functional Tucker approximation

Remark 3.1. In Chebfund upper bounds for the multilinear rank, polynomial degree and
grid sizes are prescribed. The tolerances in the accuracy verification and in the ACA
are initially set close to machine precision or provided by the user. Tolerance issues are
avoided by relaxing these tolerances adaptively based on the computed function evaluations.

In Chebfun3F, we handle these technicalities in the same manner.

3.2.5 Existence of a quasi-optimal Chebfun3F approximation

Due to the many heuristic ingredients in the Chebfun3F algorithm, it is difficult to
analyze the convergence of the whole algorithm. Instead, we discuss the existence and
error analysis of a specific Chebfun3F reconstruction. Lemma 2.2 shows how we can
bound the approximation error depending on |7 — 7'“00 Theorem 3.1 provides a bound
for this error for a tensor approximation of the format (3.5) with specifically chosen fibers
and index sets. The best approximation in the format will be at least as good. Although
Chebfun3F is not guaranteed to return these specific fibers and index sets, it is hoped
that its error is not much larger.

Theorem 3.1. Consider T € R™*"2X" of multilinear rank at least (r1,r2,73). Let
Qu, Qv,Qw denote orthonormal bases of r1, 12,13 selected mode-1,2,3 fibers of T respec-
tively. Given index sets I,J, K we consider a Tucker decomposition of the form

T =T x1 Qu(®TQu) @7 x5 Qv (®1Qv)'@T x5 Qw (®%kQw) 0%,

There exists a choice of fibers and indices such that

17— Tloe < (Valrim) G+ 1) + Valrm) - alran2) (2 + 1)

+ Valri,m) - a(ra;n2) - a(rs, ) (s + 1)) |17 = Tres

where q(r,n) = \/1+r(n—r), and Toest s the best Tucker approzimation of T with

multilinear rank at most (r1,r2,73).

Proof. Using Frobenius norm properties and Lemma 2.1, we obtain

1T = Tlloo <IT = Tlr < (@7 Qu) " 2T — Qui) TM| 5
+1(@T Q) H2/(@TQv) Y2 ll(I — QvT) TPk

+11(@F Qo) 21 (@FQv) 2l (@K Qw) 2l — QwQH) T £
(3.6)

From [138, Lemma 2.1| it follows that there exists an index set I such that
(7 Qu) M2 < V1 +r1(n — 7). (3.7)
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3.2. Novel algorithm: Chebfun3F

From [93, Theorem 8| with the role of rows and columns interchanged it follows that we
can select mode-1 fibers U of T such that

I(I - Qui)TW | p = | —UWTU) ' UDYTW | p < Vil + 1T = Toestllr- (3.8)

Analogous bounds hold for [(27Qv) |z, [[(@%Qw) " 2, (I = QvQY)T | and
(I — QwQL,)T} #. Applying the bounds (3.7) and (3.8) to the factors in (3.6) yields
the claimed result. O

Remark 3.2. If one uses orthogonal instead of oblique projections in Phase 3, Corollary 6
in [79] yields a bound similar to Theorem 3.1. Whilst the index sets obtained from
DEIM [66] yield small errors in practice, their theoretical upper bounds for ||(®FQu) 1|2
grow exponentially in r. In contrast, the strong rank-revealing QR decomposition [149]
yields an index set for which a bound similar to inequality (3.7) is known [105, Lemma

2.1].

Remark 3.3. Note that the bound in Theorem 3.1 is the worst case bound for the optimal
choice of index sets. This does not present the whole picture as even suboptimal index
sets might yield a much better approximation in practice. To quantify the quality of
the approximation in practice, we computed Chebfun3F approximations for the functions
flx,y,2) =log(1+2” +y* + 2°%), f(z,y,2) = 1/(1 + 2% +y* +2%), f(x,y,2) = exp(ayz)
and compared || T; — Tloo and || T} — TaoSVD oo, where T is computed using Chebfun3F
and Taosvp denotes the truncated HOSVD of Ty with multilinear ranks equal to those of
T. We observed that both errors differ by at most a factor of 2. Even though the truncated
HOSVD does not focus on ||-||eo, it still can serve as a good proxy. Hence by Lemma 2.2,
the error in Chebfun3F is comparable to the error obtained from the truncated HOSVD.

3.2.6 Comparison of the theoretical cost

Assume f can be approximated accurately in Tucker format (2.11) with multilinear rank
(r,r,r) and polynomial degrees (n,n,n), n > r. In a highly idealized setting Chebfun3
and Chebfun3F refine the coarse grid in Phase 1 until (ngc) +1) > (2v/2)r and identify
fibers on this coarse grid. These fibers are refined until néf ) > n and lead to Tucker
approximations which pass the accuracy check in Phase 3. Under these circumstances,
both Chebfun3 and Chebfun3F use O(r3) function evaluations in Phase 1 (see Section 2.2
in [163]). In total, Chebfun3 requires @(nr?) function evaluations [163, Proposition 2.1|),
whereas Chebfun3F only requires O(r3 +nr), since fewer fibers are refined in Phase 2. We
want to emphasize that, in general, it is not guaranteed that this néc) suffices to identify
fibers leading to an accurate approximation. We summarize the breakdown of anticipated
costs in Table 3.1.
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Chapter 3: Functional Tucker approximation

Chebfun3 Chebfun3F

Phase 1 O(r?) O(r3)
Phase 2 O(nr?) O(nr)
Phase 3 0 O(r3)

Total | O(r3 +nr?) O+ nr)

Table 3.1 — Anticipated numbers of functions evaluations in Chebfun3 and Chebfun3F.

3.3 Numerical results

In this section, we present numerical experiments’ to compare Chebfun3F and Chebfun3.
The main focus lies on the number of function evaluations required to compute the
approximation in Tucker format (2.11). Unless mentioned otherwise the tolerance for the
ACA and the accuracy check are initially set close to machine precision.

3.3.1 Chebfun3 vs. Chebfun3F

In Section 3.1.4 we illustrated that the function

1

fleny2) =1 +25\/22 2 + 22

leads to a lot of redundant fibers in Chebfun3. For this function, for both Chebfun3
and Chebfun3F, the accuracy check at the end of Phase 3 fails and the computation is
restarted on a finer coarse grid, which leads to an approximation that passes the test.
Overall 903 364 function evaluations are required by Chebfun3, 421 041 of them are used
before the restart. In comparison, Chebfun3F only needs 222 546 function evaluation in
total and 100496 before the restart. In the final accuracy check, the estimated error for
Chebfun3 is 7.8 - 10713 and 3.6 - 10~' for Chebfun3F, i.e. both approximations achieve
around the same accuracy.

In Figure 3.5, the function evaluations per phase are juxtaposed. The figure shows, that
Chebfun3 requires a large number of function evaluations in Phase 2. This is caused by
the redundant fibers. In Phase 1, Chebfun3F requires fewer function evaluations, since
T. is not evaluated completely. Whilst Chebfun3 only requires function evaluations in
Phase 3 for the accuracy check, Chebfun3F additionally needs to compute the core tensor,
which only leads to a small number of function evaluations compared to the other phases.

Remark 3.4. The number of function evaluations required by Chebfun3F depends on
the random initialization of the index sets I,J,K in Algorithm 4. We computed the
Chebfun3F approximation of f for 1000 different random initializations and observed

fThe MATLAB code to reproduce these results is available from https://github.com /cstroessner/
Chebfun3F.
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3.3. Numerical results

5 5
3><10 ‘ ‘ 3><10

I Chebfun3 I Chebfun3
o5 | I Chebfun3F | | 25 | I Chebfun3F | |

# Function Evaluations
# Function Evaluations

0
Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3
(a) Before Restarting (b) After Restarting

Figure 3.5 — Comparison of the function evaluations used by Chebfun3 and Chebfun3F

to approximate f(z,y,2) = (1 + 25y/22 + 42 + 22)~!. Both algorithms are restarted
due to failing the accuracy check once. Evaluations before the restart are depicted in
(a), evaluations after the restart in (b). The evaluations are subdivided into phases
corresponding to the phases in Section 3.1 and Section 3.2 respectively.

numbers of function evaluations ranging from 213391 to 226 073 with mean 221 802.6 and
variance 4.96 - 10%. Similarly mild fluctuations have been observed for all other functions
tested.

In Figure 3.6, the required function evaluations are depicted for four different functions.
The corresponding computing times are depicted in Table 3.2. Again both algorithms lead
to approximations of similar accuracy and Chebfun3F requires fewer function evaluations
than Chebfun3. For

filw,y,2) = exp(—/(z = 1)2 + (y = 1)2 + (2 — 1)?) (3.9)

Chebfun3 requires the refinement of a huge number of redundant fibers in Phase 2. The
evaluations for

fo(z,y, z) = [cosh (3(z + y + 2))] 2 (3.10)

differ most in Phase 1, where Chebfun3F benefits from not evaluating 7. completely. No
additional refinement is required in Phase 2. For the function

_ 10°
14 100(2? + g2 4 22

fs(z,y, 2) (3.11)

Chebfun3F reduces the number of required function evaluations by more than 98% to
1603693 from 109 269 332 required by Chebfun3.

In certain cases Chebfun3 outperforms Chebfun3F. This can happen in degenerated
situations. For instance, the function f(z,y, z) = tanh(5(z + z)) exp(y) requires a Tucker
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Figure 3.6 — Total number of function evaluations per Phase in Chebfun3 and Chebfun3F
for the functions: (a) f1 (b) fa2, (c) f3 as defined in (3.9)-(3.11) (d) the parametric PDE
model (3.12)-(3.13) with prescribed tolerance 10~Y.

fi f2 f3 PDE
Chebfun3 | 3.44 3.20 15.80 408.62
Chebfun3F | 0.30 0.77 0.56 100.19

Table 3.2 — Computing times in MATLAB in seconds for Chebfun3 and Chebfun3F approx-
imations of fi, fo, f3 as defined in (3.9)-(3.11) and of the parametric PDE model (3.12)-
(3.13) with prescribed tolerance 10~Y.

decomposition with rank » = [71,1,71]. In this case, Chebfun3F heavily relies on the

heuristic to increase (r1, 72, 73) when restarting and requires 1641 712 function evaluations

compared to 1128061 in Chebfun3. Other functions that are difficult to approximate

with Chebfun3F include (numerically) locally supported functions, such as a trivariate

normal distribution with very small entries in the covariance matrix, for which identifying

non-zero fibers in Phase 1 without fully evaluating 7. might be difficult.
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Application: Uncertainty quantification

Algorithms in uncertainty quantification, such as the Metropolis-Hastings method, often
require the repeated evaluations of a parameter depended quantity of interest [307]. In
many applications, the evaluation of this quantity requires the solution of a PDE depending
on the parameters. To speed up computations, the mapping from the parameters to
the quantity of interest is often replaced by a surrogate model [341]. In the context of
models with three parameters (or after a dimension reduction to three parameters [77]),
Chebfun3/Chebfun3F could be a suitable surrogate.

We consider the parametric elliptic PDE model problem on Q = [1, 3]?

V-((p1fi(x,y) + p2fo(z,y) + p3fs(z,y)) Vu(z,y)) =1 (z,y) € Q, (3.12)
u(z,y) =0 € 09, (3.13)

with parameters (p1, p2, p3) € [1, 3]® and functions fi(z, y) = cos(z)+sin(y)+2, fa(z,y) =
sin(x) + cos(y) + 2, and f3(x,y) = cos(x? +y?) + 2. The quantity of interest is defined as
point evaluation u(1.5,1.5). With Chebfun3F, we only need 3217 PDE solves to compute
an approximation with prescribed accuracy 107, whereas Chebfun3 requires 7626 as
depicted in Figure 3.6(d).

3.3.2 Comparison to sparse grids

Lastly, we study how efficient Chebfun3 approximations are compared to sparse grids
[50]. Sparse grids are a method to interpolate functions by projecting them onto a
particular space. This space is obtained by selecting the most beneficial elements from a
hierarchical basis. In the following, we use dimension-adaptive sparse grids based on a
Chebyshev-Gauss-Lobatto grid with polynomial basis functions as implemented in the
sparse grid interpolation toolbox [195].

We compare how the approximation error decays compared to the number of function
evaluations. Therefore, we prescribe varying tolerances to the algorithms. In Figure
3.7 the error decay is plotted for sparse grids, Chebfun3 and Chebfun3F. In (a), the
function already studied in section 3.1.4 is depicted. We observe that both Chebfun3F
and Chebfun3 require fewer function evaluations than sparse grids to achieve the same
accuracy. The sparse grids perform poorly, since the function is smooth, but the norms
of the second mixed derivatives are rather large. In contrast, the sum of 10 Gaussians
depicted in (b) is well suited for sparse grids. In this case sparse grids require fewer
function evaluations than Chebfun3F and Chebfun3 for the same accuracy. In (c) the
Chebfun3F and sparse grids perform about equally well for

fa(z,y, z) = log(x + yz + exp(zyz) + cos(sin(exp(zyz)))). (3.14)
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Figure 3.7 — Comparison of the number of function evaluations required to compute a
Chebfun3, Chebfun3F and sparse grid approximation for the functions: (a) f(z,y,z) =

(1 +25y/22 + 92 +22)71, (b) sum of 10 Gaussians, (c) f; as defined in (3.14). The
algorithms are initialized with varying tolerances. Their £? error is estimated at 1000

sample points.

Note that the Chebfun3F heuristics only require a restart for a tolerance of around 1077.
This leads to the outlier in the Chebfun3F graph. For an arbitrary, black-box function it
is not clear a priory whether a sparse grid interpolation or a Tucker decomposition (2.11)
is the more efficient type of approximation. Note that when the Tucker decomposition is
the better approximation format, we can expect that Chebfun3F requires fewer function

evaluations compared to Chebfun3.

We conclude that trivariate functions defined on tensor product domains can be approxi-
mated efficiently by combining tensorized Chebyshev interpolation and a low-rank Tucker
approximation of the evaluation tensor. Our numerical experiments demonstrate that
ChebfundF typically requires fewer function evaluations to compute such an approximation
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3.4. Coeflicient decay analysis

of the same accuracy compared to Chebfun3.

3.4 Coefficient decay analysis

There is one major difference between the approximation computed using Chebfun3
and Chebfun3F as presented in Algorithm 5. The compression step in Phase 3 of
Chebfun3 ensures that the Tucker approximation of the coefficient tensor (2.22) contains
factor matrices with entries decaying to close to machine precision. This is not the
case of Chebfun3F, where the corresponding factor matrices are of the form F(MQy or
F(l)QU(‘I)?QU)*l depending on if one treats the terms of the form (®%7Qy)~! in (3.5)
as part of the factor matrix or as part of the core tensor. See Figure 3.8 for an example
of this discrepancy.

Chebyshev coefficients
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Figure 3.8 — We plot the decay of the univariate Chebyshev interpolation coefficients (2.13)
of the functions ugl) in (2.24) for the approximations of f(x,y,z) = sin(exp(z + y + 2))
computed using Chebfun3 (left) and Chebfun3F (right). The different colors correspond

to different values of ¢ € {1,...,71}.

Many functions to perform computations with univariate functions in the Chebfun package
assume that the function is represented in terms of coefficients (2.13) that decay until
reaching values close to machine precision. In Chebfun3F the coefficient tensor (2.19)
computed from (3.5) has decaying coefficients when studied as a whole, but the coefficients
stored in the factor matrices do not decay to machine precision when the core tensor is
not taken into account. This implies that applying operations such as e.g. computing a
derivative by a mode-¢ multiplication with a differentiation matrix (see Section7.2) are
working as expected when the whole coefficient tensor is taken into account. However,
when we only consider the multiplication of the ¢th factor matrix with the differentiation
matrix, heuristics [16] would state that the operation has not been performed accurately.
Note that it might not be feasible to analyse the coefficient decay of the whole coefficient
tensor in practice. In the following, we discuss how Chebfun3F approximations can be
modified to circumvent this issue. Note that we can not simply replace QU((ﬁ?QU)_l
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in (3.5) by Up(®@TU;)~1, since this would lead to very ill-conditioned matrices ®¥U;.

3.4.1 Observations in a two-dimensional setting

To study the aforementioned issue, we first analyze the problem in a two-dimensional
setting using a fixed polynomial degree (n,n). Throughout this section, we denote the
evaluation matrix (2.18) by 7" and the transformation matrix (2.14) by F. All numerical
experiments are performed using the function f(z,y) = 1/(1 + 25(z% + ¢?)) and n = 257.

Gaussian elimination In Chebfun2 [320], the matrix 7" is approximated using Gaussian
elimination. The approximation is constructed iteratively using ACA. Instead of storing
index sets I, J the approximation (2.1) is stored as sum of the rank-1 matrices subtracted
in each iteration in line 7 of Algorithm 1. This can be written as T ~ UgCgV;]T, where
norms of the columns in Uy, V, decay rapidly and the matrix Cy; € R™*" is a diagonal
matrix which contains the inverses of the pivot elements determined in line 5. It is
important to note that the columns in U, are not directly fibers of the original function.
The matrix Cj is very ill-conditioned, but the large entries in Cy cancel out with the small
norms in the corresponding columns of U, and V,. The final approximation contains
univariate interpolants (2.13) with coeflicients given by the columns of FU,, which decay
as depicted in Figure 3.9(a).

Adaptive cross approximation If we were to apply ACA as presented in Algorithm 1
to T, we would obtain an approximation of the form T ~ T'(:, JYT'(I,J)~'T(I,:). Let
U=T(,J),V=T(,:)". This leads to a final approximation containing Chebfuns with
coefficients given by the columns of FU, which decay as depicted in Figure 3.9(b). The
final approximation can be evaluated with an accuracy up to machine precision by using
the backslash operator of MATLAB to avoid inverting T(I~ L J )~1. However, we have to
point out that the inverse T'(I, J)~' (computed using MATLAB) is an ill-conditioned
matrix with condition number around 10®, which when used directly would lead to errors
of order 10° in point evaluation of the approximation. In fact, there we could not find
any matrix C' € R™" such that ||T — UCVT||% < 107 in double precision.

Note that neither Gaussian eliminations of the form UgCngT nor the inversion using
backslash can be generalized directly to the three-dimensional setting.

Two-dimensional Chebfun3F The two-dimensional equivalent of Chebfun3F would
be to compute QR decompositions U = Qu Ry, V = Qv Rg based on which we construct
a decomposition of the form T'~ QuCQY, where C € R™". In contrast to the previous
paragraph, where it was not possible to find a suitable matrix C, we can now find
matrices C' that lead to accurate approximations of 7. Using oblique projections based
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on DEIM (2.3) we obtain C = Qu(I,:)'T(I, J)Qv(J,:)~T, where I,J are index sets
obtained by applying DEIM to Qy and Qy . This is the only approach so far that can be
generalized to higher dimensions, but the interpolation coefficients in the columns of the
factor matrix F'Qp decay as depicted Figure 3.9(c) and would not be considered proper
approximations of univariate functions in Chebfun.
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Figure 3.9 — Decay of the coefficients stored in the columns of FU,, FU, FQu, FQu
defined in Sections 3.4.1 and 3.4.2.

3.4.2 Potential solutions in the two-dimensional setting

From the previous section, we conclude that we can not use the matrices U and V
directly as factor matrices. At the same time, we should not use the matrices Qi and Qy
directly due to the bad decay of the coefficients in the factor matrices. In the following,
we propose two possible approaches to solve this issue, which lead to approximations as
accurate as the approximation QUC’Qg. Both approaches can be generalized to higher
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dimensional settings.

Storing the R factors in addition to the core tensor The first approach is to
compute the approximation 7' = QUC'Q‘T/. We now insert the matrices Ry, Ry to obtain
an approximation of the form T~ U Rl}léR;TVT, which contains the nicely decaying
factor matrices U, V. This can be seen as approximation with core matrix C= R&lé’R(/T,
but we can not compute C explicitly due to the issues described in Section 3.4.1. We
found that we can instead store Ry, Ry separately. This allows us to accurately evaluate
the approximation by using the following order of operations ((FU)Ry)C(Ry, (VT FT)).
At the same time, storing the additional terms Ry, Ry is the main disadvantage of the
approach since we can no longer explicitly form the approximation (2.24).

Rescaling of the @ factors Starting from the approximation of the form T =
QUC'Q‘:C, we can modify the coefficient decay by introducing diagonal scaling ma-
trices Dy, Dy € R™7. This leads to an approximation of the form T ~ QuyCQY,
where Qu = QuDy, Qv = QyDy and C = D(}ICD;l. We found that setting
(Du)kgr = ¢/ max(e, min(|FQu(:,k)])) and(Dy)r i = ¢/ max(e, min(|FQv(:,k)|)) for
k=1,...,r leads to a final approximation containing Chebfuns with coefficients F'Q
and FQy, which satisfy the Chebfun heuristic [16] and can, thus, be considered proper
Chebfun objects; see Figure 3.9(d).

We would like to point out that this rescaling approach does not lead to a loss in accuracy
when evaluating the resulting approximation. As in Chebfun2, we obtain an evaluation
error of order 10713, Also note that if we were to set all coefficients in @y with absolute

value smaller than 10™!3 to zero, we would still achieve an evaluation error of order 10712

3.4.3 Incorporation of Chebfun3F in Chebfun

In Chebfun3F we can avoid the issue, discussed in Section 3.4, that the coefficients of the
factor matrices do not decay by generalizing the idea of rescaling the @) factors described
in Section 3.4.2. For this purpose, we modify Phase 3 in Algorithm 5 in the following way.
We set U = DyQu, V = DyQvy, W = Dy Qw and C = 7}([, J, K) X1 DUQU(I, :)_1 X9
DyvQv(J,:)"! x3 DywQw(K,:)~!, where the diagonal matrices Dy, Dy, Dy are defined
as (Dp)i; = ¢/ max(e, min(|[FMQy (:,4)])), (Dv);; = ¢/ max(e, min(|FAQy(:, )|)) and
(Dw )k =€/ max (e, min(|[FEQu (,k)|) fori =1,...,r,j=1,...,r0, k= 1,...,73.
Repeating the experiment presented in Figure 3.8 with this modified version of Chebfun3F
yields the coefficient decay depicted in Figure 3.10. Observe that the coefficients now
decay to almost machine precision as desired.

In collaboration with Nick Trefethen, Nick Hale, Behnam Hashemi and Alex Townsend, we
incorporated this modified version of the Chebfun3F algorithm as alternative constructor
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Figure 3.10 — We plot the decay of the univariate Chebyshev interpolation coefficients (2.13)

of the functions ugl) in (2.24) for the approximation of f(z,y,z) = sin(exp(z + y + 2))

computed using the modified version of Chebfun3F presented in Section 3.4.3.

for Chebfun3 objects into the official Chebfun package. Our alternative constructor can
be called using chebfun3(f,’chebfun3f’) and returns a standard Chebfun3 object.

Remark 3.5. As in Chebun3 [163], we included a coefficient truncation [16] in the
modified version of Chebfun3F. Such a truncation is not included in the original version
of Chebfun3F presented in Algorithm 5. This causes the difference in the polynomial
degrees in Figure 3.8 and 3.10.

3.5 Additional insights

3.5.1 Approximations in Lebesgue spaces

In Remark 2.12; we discuss how an approximation of the evaluation tensor (2.18) affects
the L'-norm of the corresponding interpolants. In the following, we study this relationship
for the L2-norm.

Let p: [-1,1]> — R be defined based on the evaluation tensor 7 € R(+1)x(n+1)x(nt1)
as in (2.16). Let p be defined as in (2.21) based on the tensor 7 € R x(nt1)x(nt1),
By using tensorized Clenshaw-Curtis quadrature as in Remark 2.12 we obtain

1 1 p1
[F —ﬁH%z = / / / (p(z,y,2) — p(x,y, 2))*dedydz
—1J-1J-1
n n n
- Z Z Z W’L,j,k(ﬂ,],k - ﬂngk)Q + Equada

i=0 j=0 k=0

where 4,4 denotes the quadrature error. The quadrature error occurs, since (p — p)? is
a polynomial of degree up to (2n,2n,2n), but Clenshaw-Curtis quadrature is only exact
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up to degree (n,n,n) [325]. However, when the entries in the coefficients tensors A, A
defined as in (2.19) based on T, T decay sufficiently quickly, we can assume that Equad 18
negligible [27]. Under this strong assumption, we have

lp— 5122 2 Y3 Wi (T = Tig)? = VW (T = T3
i=0 j=0 k=0

n n n

In order to obtain a good approximation of p in the format (2.24) with C € R"™*"*" we

try to minimize |[vW * (T — T)||%. Analogous to Remark 2.12, we can achieve this by
computing an approximation of v WT in Tucker format (2.5). Let Trosvp be obtained
by applying a truncated HOSVD [88] to vWT. Let

(Friosvo )i i, = (TrosVD)ir ...ia/ / Wirria Wiroia # 0

B1yeeyld — i~

! ¢ (mOSVD)il,...,id Wi1,...7id = O

for iy = 0,...,n, £ = 1,...,d. Using the tensor ﬁOSVD to define p yields a close to
optimal approximation of p in the L?-norm. Note that ’7T405VD has multilinear rank at
most (r,7,7) and can thus be represented in Tucker format with with C € R""*".

In Figure 3.11 we demonstrate that the singular values of (\/W’T){l} are closely related
to the error ||p — pl|z2. Surprisingly, both applying the HOSVD directly to 7 and using
the tensor ﬁOSVD yield polynomials with almost identical errors. However, it is not
possible to precisely determine the accuracy of ||p — pl|z2 based on the singular values of
711} We conclude that the we can accurately estimate the multilinear rank required for
accurate approximations of the form (2.24) with respect to the L?-norm by truncating the
singular values of f-mode matricizations of vVWT for sufficiently large n. For computing
an approximation with fixed multilinear rank it does not seem to be necessary to take
the weight tensor VW into account.

3.5.2 Further compression

In this section, we want to gain additional insight into the impact of the size of the
core tensor on approximations of the form (2.24). Moreover, we study if it is possible to
further compress the Tucker approximation (2.5) of the evaluation tensor (2.18). This
section is inspired by Rachel Minster’s talk [229] on the paper [278] at STAM-ALA 2021.

We are interested in evaluating a kernel function k : R? x R? — R at all pairs (2, y0))
fori=1,...,M, j=1,...,N, where 2 € [a,b]?, y9) € [¢,d]?, a,b,c,d € R such that
[a,b]N[c,d] = 0. Let K € RM*N denote the matrix of evaluations, i.e. K;; = k(z(, y)).
The direct computation of K requires M - N kernel evaluations. In the following, we

propose a method to approximate K using fewer kernel evaluations.
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Figure 3.11 — Let T denote the sample tensor of f(x,y,z) = cosh3(x +y + z)fl on a
75 % 75 x 75 Chebyshev grid. We depict the singular value decay of 711} and of (VWT)H},

The interpolant (2.16) based on T is denoted by p. The interpolant based Thosyp with

core tensor in R"*"*" is denoted by ﬁﬁ‘/WT) and the interpolant obtained from a direct

HOSVD of 7" with core tensor in R™ %" is denoted by ]5517—). We plot estimations of

llp — ﬁ&‘/WT)H 12 and ||p — @(j’)H 12 computed using 10000 sample points for different
values of r. Note that the estimated L2-errors almost coincide for the same values of .

We proceed by approximating k as a function using tensorized interpolation (2.16) and
approximations of the coefficient tensor (2.22) to obtain an approximation of the form

ny M2 M3 N4

k(o @2, y1,92) & ple, ma,u1,02) = D> > Y A Ti(en) Ty(w2) Ti(y1) Ti(yo).

i=0 j=0 k=0 [=0

where A is derived from an approximation T e RmtDxx(mitl) of the evaluation
tensor (2.18). Given T we can compute the approximation

K = E,(F® @ FW)T<*>(F®W @ F®)ET, (3.15)

of the kernel matrix K, where ® denotes the Kronecker product, F® is defined as
in Equation (2.14), and E, € RMx(m+D)M2+1) and F, ¢ RV*(s+1)(na+1) encode the
evaluations of the Chebyshev polynomials at the points of interest, i.e.

(Bx)ijrh(ni+1) = Tj(xgl)) -Tk(xg)) fori=1,...,.M, j=0,...,n1, k=0,...,no,
(Ey)i,j-i-k(nl-i-l) = T‘j(yy)) ’ Tk(y§Z)) fori=1,...,N, J=0,...,n3, k=0,...,n4.

Note that multiplying the kernel approximation (3.15) with a vector requires O((M +
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N)n? 4 n?) operations when n; = ng = ng = ny = n. This is cheaper than multiplying
K directly with a vector when (M + N) > n?.

Remark 3.6. Note that a generalization of these ideas to kernels k : R* x R® — R for
arbitrary d € N is straightforward, but generalizing Equation (3.15) is only beneficial for
matriz vector products when (M + N) > n?.

In [229], it is suggested to obtain 7 in Tucker format (2.5) using a non-adaptive approach
similar to Algorithm 5. First, the span of each matrizisation of T is approximated to obtain
the factor matrices. For this purpose the randomized row interpolatory decomposition
algorithm (RRID) [156] (see Algorithm 6) is applied to matricizations of subtensors of
T. The RRID algorithm immediately yields index sets that can be used to define the
core tensor of the Tucker approximation using oblique projections. The overall kernel

approximation algorithm is formalized in Algorithm 7.

Algorithm 6 Randomized row interpolatory decomposition

Input: matrix M € R™*" target rank r, oversampling parameter p

Output: approximation M ~ UM (J,:)

sample a Gaussian random matrix Q € R?<(+p)

compute a thin QR factorization QR = M€

Q= Q(:a L: 7")

apply a pivoted thin QR factorization to @ and let .J denote the set of pivot elements

U=Q(Q(J:)"

Algorithm 7 Kernel approximation

1: Input: kernel function k : [a,b]? x [c,d]?> — R, polynomial degree (n1,n2,n3,n4),
size of the core tensor 71 X 19 X r3 X 74, index sets Iy C {0,...,ns} for 1 < <4

2: Output: approximation 7 of the evaluation tensor (2.18) in Tucker format (2.5)

3: Let T denote the tensor containing the evaluations of k on a (n; + 1) x (ng + 1) x
(n3 4+ 1) x (n4 + 1) Chebyshev grid mapped onto the domain [a, b]? x [c, d]?.

4: Let My = T(:, I, I3, )Y, My = T(I1,:, I3, 1)1, My = T(Iy, I, -, 1)}, My =
T(Iy, Iy, I3, )14

5. for £=1,...,4

: Apply RRID with target rank r, to obtain the approximation M, ~ U;My(Jy,:) .
7: 72 = T(Jl, JQ, J3, J4) X1 U1 X9 U2 X3 U3 X4 U4

In the following numerical experiment, we consider the kernel function k(z,y) = m
We sample z; uniformly from [0,1]? for 1 < i < M = 200 and y; uniformly from
[2,3]2 for 1 < j < N = 150. In Figure 3.12(a) we study the approximation error
| K — K ||2 for approximations obtained using Equation (3.15), where 7 is computed using
Algorithm 7 with different prescribed core tensor sizes. We observe that error of tensorized
interpolation (2.16) with polynomial degree (r,r,r,r) without any approximation of the
evaluation tensor yields the same approximation error as Algorithm 7 with core tensor in

R™*7XTXT for any polynomial degree (n,n,n,n) with n > r. This implies that the error
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is dominated by the chosen core tensor size for this kernel function. Figure 3.12(b) shows
that the matrix 7<2> used in (3.15) does not seem to be full rank. Truncating the SVD
of 7<%> with rank larger than 27 does not improve the approximation error when the core
tensor is in R™*"*"*" Thus, it is possible to further compress the approximation (3.15).
So far, we did not analyze the impact of the index sets Iy, ..., I4 in Algorithm 7. In
Figure 3.12(c), we observe that choosing m > 2 indices in each of the index sets I1, ..., 4
does not improve the error for core tensors in R>*5*3%5 i e  the m? = 8 randomly
selected fibers in each mode suffice to find suitable factor matrices. For core tensors in
R10X10x10x10 51 q RIS*15x15X15 the approximation error decreases for m increasing from
2 to 4 and stagnates afterwards. This demonstrates, that we only need slightly more than
r¢ fibers to identify good factor matrices for a given r,. At the same time, it confirms

that we do not need to fully evaluate 7 to compute suitable factor matrices.

We conclude this section by summarizing our observations for general functional Tucker
approximations of the form (2.24). Note that these findings also apply to Chebfun3
and Chebfun3F. While it can be beneficial to use a smaller core tensor compared to the
multilinear rank as demonstrated in Section 5.5.1, we showed that this is not necessarily the
case for all functions as demonstrated in Figure 3.12(a). A functional Tucker approximation
of the form (2.24) can potentially be compressed further to minimize the required
storage. This motivates the algorithms developed in Chapter 4, where we compress
approximations (2.24) further by computing TT approximations of the core tensor.
Lastly, we observe in Figure 3.12(c) that randomly selected subtensors (as used in
Algorithm 4) tend to be sufficient to compute factor matrices that lead to accurate Tucker
decompositions.
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Figure 3.12 — Comparison of |K — K||5 for the setting in Section 3.5.2. Top Left: The
matrix K (3.15) is computed based on T obtained using Algorithm 7 with polynomial
degree (n,n,n,n) and core tensor in R"*"2X"3%74 a5 shown in the legend. The index sets
in Algorithm 7 are set to Iy = {0,...,ng} for £ =1,...,4. Additionally plot the error
when 7T is computed using tensorized interpolation (2.16) without any approximation
of the evaluation tensor (full interpolation). Top Right: The tensor T obtained using
Algorithm 7 with polynomial degree (20,20, 20,20) and core tensor in R™*72X73%X74 ag
shown in the legend. The index sets in Algorithm 7 are set to I, = {0,...,20} for
¢=1,...,4. We then compute a truncated SVD of 7<2> with truncation rank reyp. We
compute the matrix K (3.15) based on this compressed version of 7<2>. Bottom: The
matrix K is computed using Algorithm 7 with polynomial degree (20, 20,20, 20) and core
tensor in R™M*7"2X78X74 a9 shown in the legend. The index sets I; each contain m indices
uniformly sampled from {0, ...,20}.
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i Extended functional tensor train
approximation

This chapter is concerned with the notoriously difficult task of approximating multivariate
functions on the tensor product domain [—1,1]? for large values of d. In principle, we
could extend the algorithms presented in Chapter 3 to functions depending on more than
three variables. However, the functional Tucker format (2.11) is not well suited for the
high-order tensors arising from the evaluation of a function in many variables due to
the size of the core tensor scaling exponentially with respect to d. Other formats, such
as the functional tensor train (FTT) format (2.12) and the extended functional tensor
train (EFTT) format proposed in this chapter, are better suited for this purpose and will
require different construction algorithms.

As described in Section 2.3.4, approximations in the FTT format can be obtained by
combining tensorized Chebyshev interpolation (2.16) with Algorithm 3 to compute a
tensor train decomposition (2.6) of the coefficient tensor (2.19) [41]. A slightly different
approach to obtain FTT approximations is proposed in [141], where a continuous version
of the TT-cross algorithm [251] is applied directly to the function. All univariate functions
occurring in this process are discretized using parameterizations such as basis expansions.
In principle, every univariate function could be parameterized differently. In the special
case that univariate interpolation with the same basis functions is used to discretize all
univariate functions in the same mode, this approach is equivalent to a TT approximation
of the coefficient tensor for tensorized interpolation.

The FTT format (2.12) requires the storage of Ry_; - Ry univariate functions for each
¢=1,...,d. These functions (or their parametrizations) will often be linearly dependent.
In this case, we can compress the format further by storing these functions in terms
of linear combinations of rp <« Ry_1 - Ry basis functions. The resulting approximation
can be seen as a variant of the hierarchical Tucker format proposed in [152]. When the
approximation is constructed from a low-rank approximation of the coefficient tensor,
we can obtain such a compressed format by following the ideas of Khoromskij [186].
There a two-level Tucker format is proposed, which is obtained by first computing a
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Chapter 4: Extended functional tensor train approximation

Tucker approximation [327]| before approximating the core tensor in R *"@ further.
Computing a TT approximation of the core tensor leads to a so-called extended TT
format [99, 108, 286], from which we can derive a functional low-rank approximation
in the EFTT format. This EFTT approximation corresponds to a compressed FTT
approximation.

In this chapter, we propose a novel algorithm to efficiently compute functional low-rank
approximations using the EFTT format. Our algorithm is based on first obtaining
suitable factor matrices for a Tucker approximation (2.5) of the coefficient tensor. The
columns of these matrices are determined by applying a combination of adaptive cross
approximation [30] with randomized pivoting to matricizations of the coefficient tensor. We
then apply oblique projections based on discrete empirical interpolation as in Section 3.2 to
implicitly construct a suitable core tensor for the Tucker approximation. In a second step,
we compute a TT approximation of this core tensor using Algorithm 3. The combination
of the Tucker and TT approximation yields the desired functional low-rank approximation.
The main advantage of our approach compared to a direct T'T approximation of the
coefficient tensor is that the approximated core tensor is potentially much smaller than
the coefficient tensor. This reduces the storage complexity of the approximation and it
significantly reduces the number of function evaluations needed in the computation of
the TT approximation, which we demonstrate in our numerical experiments.

This chapter is based on the article [306]. Its remainder is structured as follows. In
Section 4.1, we define the EFTT format. Our novel algorithm to compute approximations
in the EFTT format is presented in Section 4.2. Our numerical experiments in Section 4.3
demonstrate the advantages of our novel algorithm compared to a direct T'T approximation
of the coefficient tensor as in [41] and to the FTT algorithm in [141]|. The test functions
for our numerical experiments are defined in the Appendix 4.A.

4.1 Extended functional tensor train format

A function f: [~1,1]? — R is said to be represented in EFTT format with TT representa-
tion ranks (Ry,..., Rg_1) € N1 and multi-linear representation ranks (r1,...,ry) € N¢
when it is given in terms of univariate functions u§£) L1 —>Rforj=1,...,7rp £=
1,...,d and TT cores H®) € REe-1xrexRe for ¢ =1, ... d as

r1 Td R1 Rg_1
d d
F@nsswa) 2 30 0 D0 D Ml Mgty (@) (), (A1)
Jji=1 Ja=1la1=1 ag—1

where we formally set Ry = R4y = 1 to simplify notation.

Following the construction in Section 2.3.4 we can derive approximations in the EFTT
format (4.1) from low-rank approximations of the evaluation tensor 7 (2.18). We first
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compute a Tucker decomposition (2.5) of T € R(1+1)xx(na+1) of the form
TalxiUY xy oo xq U@ (4.2)

with C € R"1X"*7d and U@ e RO«tDxm  In a second step, the core tensor C is
approximated in TT format (2.6) by

w (d-1) (@)
d—1 d
217 Rl Z Z 1 11,041 a1 dan .Had—%id—l»ad IHad 1,%d,1 (4'3)
a1= 1 xg—_1= =1

forig=1,...,ry, £=1,...,d, with the TT cores H() € RFe-1x7exEe Ingerted into (4.2),
this yields an approximation of the evaluation tensor in the extended TT format [286] of
the form

Ry

Td
21’ sld = Z Z Z Z Hl ,J1,01 o ((ld) 1,Jd> 1U2(1 )]1 Ui(j)jd7 (44)

Jj1=1 Ja=lai=1 ad—1

for iy = 0,...,ng, £ = 1,...,d. This only requires O(drR? 4 dnr) storage, where
R = max Ry, r = maxr,, n = maxny, which compares favorably with the O(dnR?)
storage needed by a direct TT approximation (2.6) of T, especially when r < n. In
Figure 4.1, we visualize the corresponding approximation of the coefficient tensor (2.19)
given by

Td R1 Rd*l

Ay, Z Z Z Z Z Z At ook 11 oensta—1 > (4.5)

k1=0 kq=071=1 Jja=lor=1 ag—1

M @ g0 @ g

(d)
Xkl: kd,J1sedds 0,0 Hl ,J1,01 e Hozd_l,jd 1%41,71 tq,Jd " k1,01 e F

kq,tq’
for iv = 0,...,mg, £ = 1,...,d. Inserting A into (2.21) yields the desired approxima-
tion (4.1) with TT cores H®) and with

}:E:F“UwT

1=0 k=0

The resulting approximation error is bounded by Lemma 2.2. When we store the tensors
H® and the matrices (F Oy (z)) e RMetDxre geparately, we can compute the point
evaluation of (4.1) at (z1, ... ,a:d) € [~1,1]¢ by first contracting FOU® with the vectors
(To(xe)y ..., Th, (a;g)) for £ =1,...,d and by then contracting the resulting vectors with
the TT cores H©) [247]. This requires O(drn + drR?) operations, where R = max Ry,
7 = maxry, n = maxny.

Remark 4.1. Note that EFTT approzimations obtained from evaluation tensor ap-
prozimations of the form (4.4) are closely related to FTT approzimations. Given an
approzimation (4.4), we can define the TT cores GO =HO %o UD . The TT approzima-
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Figure 4.1 — Tensor network representation [247] of the coefficient tensor A in (4.5) corre-
sponding to EFTT format (4.1). The colored boxes mark the subtensors corresponding to
the approximation of the evaluation tensor 7 and the approximation of the core tensor C.

tion (2.6) given by the cores GO can be used to derive an equivalent FTT approzimation
using the construction in Section 2.3.4. Conversely, EFTT approzimations can be seen as
compression of such a FTT approximation, since the TT cores are stored in terms of HO)
and UY requiring only O((ng + 1)rg + Ry_17m¢Ry) storage instead of O(Ry—1(ne + 1)Ry)
for the uncompressed core Q(g)

4.2 Approximation algorithm

In the following, we develop a novel algorithm for computing approximations in the EFTT
format (4.1). Our algorithm obtains the factor matrices UM, ... U@ for the Tucker
approximation (4.2) from fibers of the evaluation tensor 7 via a variant of column subset
selection [79, 93]. Following [100], the core tensor C is obtained as a subtensor of 7 by
applying discrete empirical interpolation. Thus, there is no need to form C explicitly and
we apply a variant of the TT-cross algorithm [251] to compute the TT cores H(), ... H @
for the T'T approximation (4.3) from only some entries of C.

Fiber identification. Applying cross approximation (2.1) to T yields index sets
I I3 jg that determine an approximation of the form

T~ 7O T (T (L, J0)) TN, ). (4.6)

Note that the matrix 71 (:, ] ) contains mode-/ fibers of 7. If the approximation error
of (4.6) is small, we choose U = 71 (:, J;) as an approximate basis of mode-/ fibers.
Due to the large size of 7®), it might not be feasible to apply either ACA with full or
ACA with partial pivoting as described in Algorithm 1 and Remark 2.1. Inspired by the
success of randomization in numerical linear algebra [222, 339|, we propose to determine
the next indices in line 5 of Algorithm 1 based on sampling. This leads to Algorithm 8,
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which samples a fixed number s of random entries and picks the entry of largest absolute
value. These random entries are also used for stopping the algorithm and to determine
ry adaptively. Note that the update in line 10 is only performed implicitly and the
subtraction is carried out each time an entry of B is evaluated. Overall, Algorithm 8
applied to 719 determines the index sets Iy, J; using only O(ry + sr?) entries of T.
Afterwards, we explicitly compute U®) = T} (:, J;) by evaluating ngr; entries of 7. We
perform the described procedure for every ¢ = 1,...,d to determine D, .., UD; gee
also lines 4 and 5 of Algorithm 9 below.

Algorithm 8 Adaptive cross approximation with randomized pivoting

1: Input: procedure to evaluate entries of A € R™*" tolerance e, number of samples s
2: Output: index sets I and J such that A ~ A(:, J)A(I, J)"LA(I,:)
3. 1= @, J=10
4. B=A
5: while true
6: Construct S C {1,...,n} x {1,...,m} by uniformly sampling s index pairs (i, 7).
7: if max |B;;| <e return I,J end
(4,5)€S
8: (i*,7%) = argmax | B; |

(i,7)€S
9.  IT=TU{i*}, J=JU{j*}
10 B=A-A(,JAI,J)"LA(I,:)

Tucker approximation To arrive at the Tucker approximation (4.2) we need to project
the fibers of T onto the spans of UM, ... U@, Analogous to Section 3.2.3, we first
compute economic QR decompositions U = QW R® and apply DEIM (see Algorithm 2)
to identify index sets I,. We then apply oblique projections (2.3) to each mode of T to
compute the Tucker approximation

T =~ (T X1 q)?l X+ Xqg (I)’};) X1 Q(l)(q)ZQ(l))_l X v oo XdQ(d)((p’};Q(d))_l

=Cx1 Uy X2+ xqUy,

with factor matrices U®) = Q(g)(@%;@(g))_l and core tensor C = T (I1,...,I). Note that
the subtensor C of T will not be explicitly formed; we only need to evaluate some its
entries when computing the T'T approximation of C. The whole process of computing
U® and C from U® is summarized in Algorithm 9. Alternative randomized algorithms
to compute Tucker approximations have been proposed in [228, 230].

Remark 4.2. For simplicity, we have assumed that the values of ny,...,nq, determining
the size of the expansion (2.16) and of T are given as input. In practice, these values
are usually not provided. To ensure that the approximation error of the final approxima-
tion (4.1) is small, we use the heuristic introduced in Remark 2.11 to determine ny,...,ng
adaptively. We initially set ny = --- = ng = 16. If applying the chopping heuristic [16] to
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Algorithm 9 Tucker approximation

1: Input: procedure to evaluate entries of 7 € R(m+Dxx(na+1) tolerance e, number
of samples s
2: Output: Matrices U! € R(#TDx7 and a procedure to evaluate entries of C €
R > x7d - defining a Tucker approximation (4.2)
3 for £=1,...,d
Jy < index set J returned by Algorithm 8 applied to 718 with tolerance ¢ and s
samples.
00O — T, j)
Compute economic QR decomposition Ul = QWR®.
I, = DEIM(Q(Z)) (see Algorithm 2)
U9 =QWQOU, )™
C=T(y,..., 1)

e

U® indicates that ny 1s not sufficiently large then one sets ny = 2ny + 1, updates T and
repeats the procedure from line 4 to compute a new index set Jp.

TT cores It remains to compute a TT approximation of the core tensor (4.3) to
obtain the desired extended TT approximation (4.4). For this purpose, we use the TT
toolbox® implementation of Algorithm 3. This algorithm is rank-adaptive and requires
the evaluation of only O(drR?) entries of C where R = max Ry, r = maxy.

EFTT approximation algorithm We formalize the overall procedure for computing
approximations in the EFTT format (4.1) in Algorithm 10. Note that r1,...,r4 and
R1,..., R4_1 are determined adaptively in lines 5 and 6. Let R = max Ry, r = maxry, n =
max ny. The total number of evaluations of f in Algorithm 10 is O(dr3+dnr+dsr?+drR?).
In contrast, applying Algorithm 3 directly to T requires O(dnR?) evaluations and yields
an approximation in FTT format (2.6).

4.3 Numerical experiments

In this section, we present numerical experiments’ to study the performance of Al-
gorithm 10. Unless mentioned otherwise the sample size in Algorithm 1 is set to
s = min{n/2,50}, where 7= = ((ny + 1)(ng 4+ 1)--- (nqg + 1))'/¢, and all tolerances
are set to 10719, The approximations error is measured via a Monte Carlo estimation of
the relative L2-error based on function evaluations at 10000 sample points.

*The TT toolbox is available from https://github.com/oseledets/TT-Toolbox.
fThe MATLAB and Python code to reproduce these results is available from https://github.com/
cstroessner/EFTT.
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4.3. Numerical experiments

Algorithm 10 EFTT approximation

1: Input: function f :[—1,1]¢ — R, tolerance &, number of samples s

2: Qutput: TT cores HY and procedures for evaluating univariate functions u§£)
defining an approximation of f in the EFTT format (4.1)

3:n=---=ng=16

4: Define a procedure to evaluate entries of the evaluation tensor 7 defined in (2.18).

5: Apply Algorithm 9 with tolerance ¢ and s samples to T to determine U®. Simulta-
neously, we update nq,...,nq as well as T as described in Remark 4.2.

6: Compute the tensors H® by applying Algorithm 3 with tolerance € to C.

7: Create  procedures to  evaluate univariate functions u}z) (z) =
0) (¢
>ito Zio Flgz Ui,j)Tk(x)'

4.3.1 Comparison to a direct TT approximation

We first compare Algorithm 10 yielding an approximation in the EFTT format (4.1) to a
direct TT approximation of the evaluation tensor 7 € R190>*100 (2 18) using Algorithm 3
as in [41]. The latter approach yields an approximation in the FTT format (2.12).
Since a direct T'T approximation is not adaptive with respect to the polynomial degree,
we fix the polynomial degree throughout this comparison, i.e., we replace line 3 by
ny =---=ng = 100 and do not update adaptively in line 5 of Algorithm 10.

Benchmark functions. For the set of benchmark functions defined in Appendix 4.A.1,
we on average reduce the number of function evaluations required by 30.6% and the
required storage by 41.6% when using Algorithm 10 compared to the direct T'T approxi-
mation of the coefficient tensor. For the Ackley function the reduction is 88.8% in terms
of function evaluations and 93% in terms of storage. For the Borehole function, we have
ry = R%, i.e. we can not compress the FTT approximation further. In this case, the
direct T'T approximation is slightly more efficient. At the same time, this demonstrates
that all other test functions, taken from a wide range of applications, can be stored more
efficiently using our approach. Details can be found in Table 4.1.

Genz functions In order to quantify the impact of the dimension on the approximation
error, we study the Genz [136] functions defined in Appendix 4.A.2. Our numerical
results for the approximation using a fixed polynomial degree, displayed in Figure 4.2,
demonstrate that Algorithm 10 requires fewer function evaluation compared to a direct
TT-cross approximation. However, in very large dimensions (d > 300) the direct TT-cross
approach leads to slightly more accurate approximations. This might be caused by the
fact that, for Algorithm 10, the error of d projections needs to be taken into account
in addition to the TT-cross approximation error. Moreover, approximating the smaller
tensor C instead of T directly, might lead to slightly worse conditioned inverse matrices
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Function Algorithm Error # evals # dofs maxy Ry maxy Ty
Ackley EFTT 1.84e-02 63168 15965 15 10
DirectTT  1.84e-02 570176 226555 18
Alpine EFTT 5.80e-03 4677 1448 2 2
DirectTT  5.80e-03 6860 2400 2
Dixon EFTT 5.72e-14 11879 3549 3 5
DirectTT  2.66e-14 13022 5100 3
. EFTT 2.10e-14 2108 707 1 1
Exponential o iPT  2.09e-14 2585 700 1
. EFTT 1.69e-07 8091 2252 3 3
Griewank DirectT'T 1.54e-07 13022 5100 3
. . EFTT 4.05¢-02 4677 1448 2 2
Michalewicz DirectTT  4.05e-02 6860 2400 2
Piston EFTT 3.22¢-09 202876 73978 24 11
DirectTT  3.02e-09 991669 412186 18
Qing EFTT 1.11e-13 5482 2172 2 3
DirectTT  2.29e-14 6860 2400 2
. EFTT 2.29e-14 4677 1448 2 2
Rastrigin DirectTT  2.30e-14 6860 2400 2
EFTT 3.02¢-14 10970 2798 3 4
Rosenbrock DirectTT  2.64e-14 13022 5100 3
Schaffer EFTT 6.76e-02 1063304 288006 39 40
DirectTT  6.73e-02 1510513 766565 30
EFTT 6.58e-04 4677 1448 2 2
Schwefel DirectTT  6.58e-04 6860 2400 2
EFTT 3.95e-02 14365 3270 2 4
Borehole DirectTT 3.95e-02 10178 2336 2
N EFTT 3.85e-11 16064 3277 5 5
OTL Circuit 5o T 8.31e-12 27764 8300 4
EFTT 6.65¢-02 523301 113365 35 36
Robot Arm DirectTT  6.88e-02 752815 392234 32
. . EFTT 3.72¢-14 6692 2072 2 2
Wing Weight ) (1T 8l11e-14 10439 3600 2
) EFTT 5.49e-10 12312 2376 4 4
Friedman DirectTT 1.04e-11 14630 3136 3
G &L EFTT 2.52¢-05 3278 1034 2 2
DirectTT  2.52e-05 6651 1800 2
EFTT 3.07e-11 39588 8121 7 7
G & P 8D DirectT'T  2.68e-11 74693 30160 5
EFTT 1.56e-14 1990 616 2 2
D & P Exp Direct TT  1.550-14 2087 800 2

Table 4.1 — We apply Algorithm 10 (EFTT) and an approximation of the evaluation tensor
using Algorithm 3 (DirectTT) to approximate the test functions defined in Appendix 4.A.1.
For each function, we display the estimated L? error of the approximations, the number
of function evaluations required to construct the approximation, the degrees of freedom
in the approximation and the largest R, and r, of the resulting approximation. The
numbers displayed are the mean (geometric mean for the error and arithmetic mean for

all other quantities) after approximating each function 100 times.

in (2.8).
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4.3. Numerical experiments
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Figure 4.2 — We apply Algorithm 10 (EFTT) and an approximation of the evaluation tensor
using Algorithm 3 (DirectTT) to approximate the Genz functions (see Appendix 4.A.2)
with fixed polynomial degree for dimension d € {20, 50,100,200, 300,400, 500}. Left:
We plot the ratio of L? error for EFFT / DirectTT, i.e. for the function 'corner peak’
with d = 20 the EFTT approximation is around halve an order less accurate than the
DirectTT approximation. Right: We plot the ratio of the function evaluations required to
compute the approximation for EFFT / DirectTT, i.e. for the function 'corner peak’ with
d = 20 EFTT we use only around 20% of the number of evaluations required for DirectTT.
Throughout this figure, we sample 30 different parameters for the Genz functions as
in [41] and display the geometric mean of the error and the arithmetic mean for the
number of function evaluations.

4.3.2 Comparison to the FTT approximation algorithm

In this section, we compare the performance of our proposed Algorithm 10 based on the
EFTT format (4.1) to approximation algorithm proposed in [139, 141] and implemented
in the c3py package *. The c3py algorithm uses a continuous variant of the TT-cross
algorithm to compute approximations in the FTT format (2.12).

The ¢3py package is based on the Legendre polynomials Py(z) = 1, Pi(x) = =, (k +
2)Piyo(x) = (2k + 3)zPig1(z) — (K + 1) Py(z) for k=0,...,m — 2 [197] with degree at
most m € N instead of Chebyshev polynomials. This leads to multivariate polynomial
approximations with degree at most (mjq, ..., mg) of the form

mi mq
Z s Z Bil,m,idpil (ml) o 'Pid(xd)v (4'7)

i1=0  i4=0

where B € R(mi+1)xx(matl)  GQince the asymptotic convergence rates of Legendre
and Chebyshev interpolation are different [46|, a fair comparison requires that we ad-
just our approximation algorithm to also return an approximation of the form (4.7).
An approximation of the form (4.7) can be obtained from the evaluation tensor 7 €

*The c3py package is available from https://github.com/goroda/
Compressed-Continuous- Computation
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R+ (nat1) (9 18) as B =T x1 EW xg - xq E@ where E(®) ¢ RUw+1)x(metl) jq
defined as

Ll Py (=) LwOpy\y o 1wl Py(al)
(K)P (x((f)) %wgé)Pl (:pge)) . %w%l Pl(xgﬁl)
E® = (@Pz(xg‘f)) Swlpy@)y L SullPl) |,
et Py, (a)) 25w Py (al) L 2 Py (af)

with nonnegative weights w( ) defined as in Remark 2.12. The matrix E®) encodes
Clenshaw-Curtis quadrature [74] in ny+ 1 nodes to (approximately) compute the Legendre
coefficients via L?-projections. Using analogous constructions as in Section 7.1, we can
transform an extended T'T approximation of the evaluation tensor (4.4) into an EFTT
approximation with univariate functions represented in terms of linear combinations of

Legendre polynomials.

Remark 4.3. Gauss-Legendre quadrature in n + 1 points integrates a polynomials of
degree 2n + 1 exactly, whereas Clenshaw-Curtis quadrature is only exact for polynomials
of degree n. We could define the evaluation tensor T and the matrices E¢ differently to
encode Gauss-Legendre quadrature instead of Clenshaw-Curtis quadrature. However, in
practice, both quadrature rules typically perform well as pointed out in [325].

In the following experiments we set ny = 2my for £ = 1,...,d to ensure accurate
quadrature. To determine the polynomial degrees my, adaptively (see Remark 4.2), we
follow the fiber adaptation strategy of c3py (see [139, Section 3.6.1]): We progressively
increase the degrees until four sequential Legendre coefficients are smaller than the
tolerance 10719 or until the maximum of m, = 105 has been reached. In the c3py
algorithm, we set all tolerances to 10710,

Benchmark functions. We apply both the ¢3py algorithm from [141] and our novel
Algorithm 10 to approximate the benchmark functions defined in Appendix 4.A.1. Our
numerical results displayed in Table 4.2 demonstrate that our novel algorithm typically
requires fewer function evaluations and still achieves the same accuracy compared to
c3py. For the Ackley function, our approach reduces the number of required function
evaluations by more than 96% and the storage by more than 90%. At the same time, our
approach is slightly more accurate.

Integration of sin function In the following, we repeat the experiment from [139,
Figure 3-6]. The function f(z1,...,24) = sin(x; + 2 + - - - + 24) can be represented in
FTT format with TT ranks (2,2,...,2) and its integral over the domain [0, 1]¢ is known
analytically [139]. In Figure 4.3, we plot the error of the integral of the approximations
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Function Algorithm Error 7# evals # dofs maxy my maxy Ry maxy Ty
Ackley EFTT 1.22e-02 67107 18465 105 15 9
c3py 1.81e-02 2232528 197760 105 16
Alpine EFTT 4.08e-03 5464 1518 105 2 2
c3py 6.43e-03 50656 2520 105 2
Dixon EFTT 3.21e-14 13756 3714 105 3 5
c3py 2.89e-14 13752 435 21 3
i EFTT 4.82e-15 946 196 27 1 1
Exponential c3py 1.71e-14 10518 133 19 1
. EFTT 8.21e-08 9139 2358 105 3 3
Griewank c3py 3.52e-06 51466 4459 105 3
. . EFTT 2.54e-02 5464 1518 105 2 2
Michalewicz c3py 1.45e-01 48745 2443 105 2
Piston EFTT 3.71e-09 174188 69019 33 23 11
c3py 3.85e-05 251760 66080 35 24
Qing EFTT 5.54e-13 6996 2277 105 2 3
c3py 2.86e-14 11776 136 21 2
- EFTT 1.91e-14 5463 1518 105 2 2
Rastrigin c3py 1.86e-10 22288 1342 63 2
EFTT 1.25e-14 4106 835 27 3 4
Rosenbrock c3py 9.43e-14 11530 633 14 3
EFTT 7.19e-02 173787 35016 105 16 17
Schaffer c3py 1.22e-01 3465760 214200 105 20
EFTT 4.00e-04 5463 1518 105 2 2
Schwefel c3py 5.45e-04 50656 2496 104 2
EFTT 3.95e-02 6552 1116 32 2 4
Borehole c3py 2.08¢-03 14346 577 70 2
o EFTT 7.93e-11 6670 1083 27 5 5
OTL Gircuit 50 4.076-08 15674 1782 28 5
EFTT 8.12e-02 499954 54760 94 12 27
Robot Arm c3py 3.85e-01 2018017 228439 105 20
) . EFTT 2.83e-14 2867 560 24 2 2
Wing Weight 5 2.15e-13 12224 554 19 2
. EFTT 2.16e-11 5238 404 19 3 4
Friedman c3py 8.08e-05 12142 710 15 4
G&L EFTT 4.95e-06 1547 356 29 2 2
c3py 3.51e-02 13928 374 105 2
EFTT 4.77e-11 19527 3902 24 6 7
G & P 8D c3py 9.546-10 27336 5136 21 7
EFTT 1.13e-14 2404 646 105 2 2
D & P Exp c3py 4.78e-10 12162 336 49 2

Table 4.2 — We apply Algorithm 10 (EFTT) and the algorithm in the ¢3py package
to approximate the test functions defined in Appendix 4.A.1 by functional low-rank
approximation with Legendre polynomial basis functions (4.7). For each function, we
display the estimated L?-error of the approximations, the number of function evaluations
required to construct the approximation, the degrees of freedom in the approximation
and the largest my, Ry and 7y of the resulting approximation.

computed via Algorithm 10 and the c3py algorithm. The figure shows, that our novel
approach achieves a similar level of accuracy. The difference in the number of function
evaluations is rather small, since the multilinear ranks and TT ranks of the function are
small.
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4
10-M1 , , , , 25 =10
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Figure 4.3 — We apply Algorithm 10 (EFTT) and the algorithm in the c3py package to
approximate f(z1,...,xq) = sin(z] +z2+ - - -+ 4) by functional low-rank approximation
with Legendre polynomial basis functions (4.7) as in [139, Figure 3-6]. Left: We plot
the relative error of the integral of the approximations. Right: We plot the number of
function evaluations required to compute the approximation.

Application: Uncertainty quantification. A classical application of multivariate
function approximation is the computation of surrogates for uncertainty quantification 308,
341]. For the approximation of the quantity of interest mapping defined in Appendix 4.A.3,
we find in Table 4.3 that Algorithm 10 leads to approximations requiring less storage
compared to c3py.

error # evals # dofs

J—4 ©py 421107 360 168
EFTT 1.05-1073 337 60
J—g9 ©py  979-107° 960 448
EFTT 1.30-1073 757 153

C10—4
J_16 py L7310 1800 840

EFTT 7.62-10*% 1345 240

Table 4.3 — We apply Algorithm 10 (EFTT) and the algorithm in the c3py package to
approximate the quantity of interest map @ : [~1,1]¢ — R defined in Appendix 4.A.3
for d € {4,9,16}. All tolerances are set to 1073. The table displays the L?-error, the
required number of evaluations (evals) and the number of degrees of freedom (dofs) for
both approximations.
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4.A Appendix

4.A.1 Benchmark functions

In Table 4.4 and Table 4.5, we define the benchmark functions for our numerical experi-
ments. Note that the functions are defined on different tensor product domains. In our
experiments, we map the domain of these functions onto [—1, l]d using an affine linear
transformation.

Function d Domain References

JAckley(x) = — 20 exp ( -0.2

7 [-32.768,32.768]7  [177, 310]

7
1
— exp (? Z cos(27r(xi))) 420 4 ¢!
i=1

7

Farpine(x) =D | sin(a;) + 0124 | 7 [~10, 107 [177, 269]
=1
7
foixon (%) = (21— 1)? + ) i+ (227 — 2;1)? 7 [—10,10]7 [177, 310
=2
1 1 -
JExponential(X) = — exp ( -3 Z x?) 7 [-1,1]" [177, 268]
i=1
7 1'2 d i :
Friewank (%) = ; s };[cos (W> +1 7 [-600,600] [177, 310]
7 .o
1T
fMiChaleWicz (X) = - ZSin Ty Sin20 — 7 [0, 77]7 [310, 329]
5 (o) (2)
fpiston (%) 7 see text [310, 344]
7
fang(x) =Y (a7 —i)? 7 [0,500]7 [177, 265]
=1
7
win(X) =70+ Y (22 — 10 cos(2r - 7 —5.12,5.12]7 98, 310
fRastrlgln i A ) 5
i=1

6
FRosenbrock(x) = Y (100 - (wiy1 — 27)° + (1 —2;)?) 7 [-2.048,2.048]"  [177, 310]

i=1
sin” (M) - 0'5) 7 [-100,100]"  [177, 310|

2
(1+0001(2? +22,))

6
fschaffer (X) = Z (05 +
=1

Fochwetel (X) = 2932.8803 — > x; - sin(y/[xi]) 7 [—500, 500]” 98, 310]

i=1

Table 4.4 — Test functions from [71, Table 1].
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Function d Domain References
fBorehole(X) 8  see text [12, 310]
foTL Gircuit (%) 6 seetext [233, 310]
fRobot Arm () 8 seetext [12, 310]
JWing Weight (X) 10 see text  [123, 310]
feriedman () = 10sin (mz122) + 20 (23 — 0.5)? + 1024 4 525 5 [0,1]°  [128, 310]
fagr(x) = exp [sin ((0.9 (z1 + 0.48))10)] Vo3 + 24 6 (0,15  [144, 310]

2
foep sp(x) =4 (v1 — 2 + 819 — 823)” + (3 — 4x2)”

8 i
+16vas +1 (205 — 1)+ iln [ 1+ ) x5
i=4 j=3
1.25

Foap Bxp(x) = 100 (e 2517 4 72/73° 4 o=2/7 3 0,13 94, 310
P

) 8 0,1  [94, 310]

Table 4.5 — Test functions from [139, Table 3.2].

Some of these functions do not fit into the format of the table. These are defined in the

following;:
f (M, S, Vo, k, Py, Ty, Tp) = 2 _—
Piston ,0, Vo, Ry, 170, 4qg,L0) = 2T s
k+ 528 Ty
where
S PV kV
= -_— 2 —_ = —_—
V ok (\/A + 4k T T, A) and A = PyS +19.62M SR

with M € [30,60], S € [0.005,0.02], Vo € [0.002,0.01], k = [1000,5000], Py €
(90000, 110000], T, € [290,296], Ty € [340, 360].

2T, (H, — H))
tog(r/ru) (1+ pogpiBiy e + ),

fBorehole(Twy r, TU7 Huv ﬂ7 Hl7 L, Kw) =

with r,, € [0.05,0.15], r € [100,50000], T, € [63070,115600], H, € [990,1110], T} €
63.1,116], H, € [700,820], L € [1120,1680], K,, € [9855, 12045].

foTL circuit (b1, b2, f, c1,¢2,8) =

(53 +0.74)B(c2 + 9) L 1135f 0.74fB(c2 +9)
Blea+9)+ f Blea+9)+f  (Blea+9)+ fa’

with by € [50,150], by € [25,70], f € [0.5,3], 1 € [1.2,2.5], ¢z € [0.25,1.2], B € [50, 300].

fRObOt Arm(ela 027037 947 L17 L27 L37L4) =V u2 + 1)27
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where u = Y1 | L; cos(Z?z1 0:), v =31 L s.in(Z?:1 0;) and 6, € [0,27], L; € [0, 1]
fori=1,...,4.
fWing Weight(Sun Wf) A7 A? q, A7 le, NZa Wd7 Wp) =

A 06 100t 03
0.758[)[70.0035 0.006 y0.04 c 1% 0.49 W,
0.0365, f (cosQ(A)> @A (cos(A)) (N=Wa) "+ Su W,

with S, € [150,200], W; € [220,300], A € [6,10], A € [~10,10], q € [16,45], A €
[0.5,1], t. € [0.08,0.18], N, € [2.5,6], W4 € [1700,2500], W, € [0.025,0.08].
4.A.2 Genz functions

In the following, we define the Genz functions [136], which are frequently used to evaluate
function approximation and integration schemes. On the domain [—1,1]¢, we consider

d

i+ 1

fi1(x) = cos <27rw1 + Z chZ;> (oscillatory)
i=1

p , —(d+1)
fo(x) = <1 + Z Ci xl; > (corner peak)
i=1

d
f3(x) = exp <— ZCZQ

x; +1
2

i=1

) (continuous)

The parameters w; and ¢; are drawn uniformly from [0, 1], where w; act as a shift for the
functions while ¢; determines the approximation difficulty of the functions. We normalized
¢; such that

where the scaling constants h and b are defined for each function as in [41, Table 1]. Note
that f1 can be represented in FTT format (2.12) with max Ry, = 2. The function f3 is
separable. For fs, we are not aware of any analytic F'TT representation.

4.A.3 Parametric PDE problem

In the following, we recall the example from [207, Section 4]. Assume vd € N. Let
Q = [0,1]2. We consider the parametric elliptic PDE

-V - (a(x,p)Vu(z,p)) =1, z€Q (4.8)
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with homogeneous Dirichlet boundary conditions and parameter p € [—1, l]d. We define
the piecewise constant coefficient a(x,p) : Q x R? as

P 1 otherwise,

where we denote the disk with radius p = 1/(4v/d+2) centered around (p(4s—1), p(4t—1))
by Qg for s,t =1,..., V/d. In our numerical experiments, we approximate the quantity
of interest @ : [~1,1]? — R defined as

Qp) = /01 /01 u(z, p)0r10xe,

where u(x, p) denotes the solution of the PDE (4.8) for the given parameter p € [—1,1]%.
For each value of p, we solve the resulting PDE using a discretization based on linear
finite elements [48].
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Multi-marginal optimal transport

In this chapter, we study the solution of multi-marginal optimal transport problems, i.e.
we search the nonnegative transport plan tensor P of order d, which minimizes (C,P)
subject to marginal constraints, where C denotes a given nonnegative cost tensor of
order d. After entropic regularization [82] the problem is equivalent to a tensor scaling
problem of exp(—C/n) [37] and can be solved using the Sinkhorn algorithm [58]. The
multi-marginal Sinkhorn algorithm crucially relies on the repeated evaluation of marginals
of the rescaled tensor exp(—C/n).

Using a novel approach, we combine the ideas of exploiting underlying graphical mod-
els [150] and using low-rank approximations |7, 10| to compute marginals more efficiently.
When the structure of transport plans is specified by a graphical model, we observe
that the dual of this model is a tensor network [273], which contains a tensor network
representation of exp(—C/n). At the same time low-rank approximations of exp(—C/n)
can also be represented as tensor networks [247]. Facilitating this point of view, marginals
can in both cases be computed by contracting [272] the tensor network and the scal-
ing parameters. Note that the belief propagation and the junction tree algorithm for
graphical models correspond to a particular order of contracting this network [273]. For
tensor networks derived from graphical models, we propose to potentially accelerate the
computation of marginals further by replacing tensors in the network by low-rank approx-
imations. This yields a modified tensor network and can be seen as an approximation of
exp(—C/n). In our numerical experiments, we provide an example illustrating that our
approach to introduce low-rank approximations in the tensor network is more efficient
than directly working with the graphical model and more accurate than a direct tensor
train approximation [249| of exp(—C/n). We also demonstrate that our approach offers
the potential to greatly speed up the computation of color transfer between several images
without altering the resulting image significantly.

Moreover, we provide theoretical bounds on the error caused by introducing such approx-
imations. In Theorem 5.2, we state a bound for the impact of using an approximation of
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exp(—C/n) on the entropically regularized transport cost. This result is a generalization
of the bound in [10] for classical optimal transport problems. In contrast to the asymp-
totic bound in [7], our result contains explicit constants and does not assume that C is
low-rank. We also would like to point out that the bound in [7] relies on the fact the
rank of exp(—C/n) can be bounded based on the rank of C. The practical usefulness of
these results is impeded by the fact that the elementwise exponential tends to increase
(approximate) ranks drastically. For example, to obtain a reasonably good approximation
of the elementwise exponential of a random 1000 x 1000 rank-5 matrix by truncating
all singular values smaller than 10710 one easily ends up with a matrix of rank 800 or
larger. In Theorem 5.3, we state how the parameters and tolerances need to be selected
to obtain an accurate approximation of the original problem without regularization. This
generalizes previous results in [217] from the case of using the tensor exp(—C/n) directly
to our case of using an approximation instead. In Lemma 5.2, we link approximations of
parts in the tensor network to approximations of exp(—C/n).

This chapter is based on the article [305]. Its remainder is structured as follows. In
Section 5.1, we define the multi-marginal optimal transport problem and summarize the
convergence results for the multi-marginal Sinkhorn algorithm in [127, 217]. The impact of
approximating exp(—C/n) is analyzed in Section 5.2. In Section 5.3, we derive the tensor
network structure of exp(—C/n) for transport plans represented by graphical models.
Approximations of parts of this network are connected to approximations of exp(—C/n)
in Section 5.4. Our numerical experiments in Section 5.5 demonstrate how the multi-
marginal Sinkhorn algorithm can be accelerated by introducing low-rank approximations
into the tensor network representation of exp(—C/n).

5.1 Multi-marginal optimal transport and the Sinkhorn al-
gorithm

Throughout this chapter, we let A™ = {z € RZ: ||z||; = 1} denote the set of strictly

positive probability vectors of length n, where R<y denotes the strictly positive real

numbers. Further, we let R, denote the nonnegative real numbers. For a tensor

X € R containing the joint probability distribution of d discrete random variables,
we denote the /th marginal (distribution) in A™ by

T T T T
’I"g()(') = vec(X X1 1n1 s Xy 1”@—1 Xp+1 ]_W_‘_1 s Xy lnd)v

where 1,, € R™ denotes the vector of all ones. Throughout this chapter, the operations
log and exp are always applied elementwise.

68



5.1. Multi-marginal optimal transport and the Sinkhorn algorithm

5.1.1 Mathematical setting

Given d > 2 marginals 7, € A™, £ =1,...,d and a cost tensor C € R' 2™ the
discrete multi-marginal optimal transport problem [238] is given by

PEB(r1,.7a) PEB(r1,...,m

ni nq
min <7),C> = min ) Z ce Z P’h,...,idcil,.‘.,ida (51)
d i =1

ig=1
where the set of feasible transport plans is given by
B(ri,...,rq) = {P e R Mpy(P)=rofor £ =1,...,d}.
Note that (5.1) is a linear optimization problem with ny - ng - - - ng degrees of freedom.

To solve (5.1) efficiently, it is common to add entropic regularization [82]. In the multi-
marginal setting, the entropy takes the form

H(P) = —(P,log(P)).
Given a regularization parameter 1 > 0, the regularized problem takes the form

min VII(P), 5.2
PEB(r1 ... ra) c(P) (5.2)

where
V¢! (P) == (P,C) —nH(P)

is called entropic transport cost. It is known that the regularized problem (5.2) has a
unique minimizer [37], which takes the form

P, = K x1 diag(exp(B1)) - - - xq diag(exp(Ba)), (5.3)

where K := exp(—C/n) is called Gibbs kernel [58] and diag(/3;) denotes the diagonal
matrix containing the entries of the so-called scaling parameters 5, € R™ on its diagonal.
The solution of the regularized problem (5.2) converges to a solution of (5.1) when 7 — 0;
see [35, 211].

5.1.2 Multi-marginal Sinkhorn algorithm

The multi-marginal Sinkhorn algorithm for solving (5.2) proceeds by iteratively updating
the scaling parameters in (5.3). Let

PT(]t) =K x diag(exp(ﬁgt))) ce Xy diag(exp(ﬁc(lt))) (5.4)
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denote the scaled tensor obtained after ¢ iterations. In each iteration one selects an index
¢ and updates the ¢th scaling parameter via 5?*” = log(r¢) — log(m(ﬂ(f))) + B while
the other vectors remain unchanged. For the choice of indices it has been suggested to
traverse them cyclically [37] or use a greedy heuristics [127, 217|. The multi-marginal
Sinkhorn algorithm is terminated once the stopping criterion

d
> lre(PP) = relly < estop (5.5)
/=1

is satisfied, where estop > 0 denotes a prescribed tolerance. Algorithm 11 summarizes the
described procedure.

Algorithm 11 Multi-marginal Sinkhorn algorithm

1: Input: cost tensor C, marginals r1,...,rq, regularization parameter n
2: Output: transport plan P,(it)

3: ﬁéo) =0ecR" for{=1,...,d and K = exp(—C/n)

4: for t=0,1,... until stopping criterion (5.5) is satisfied

5. PV =K x; diag(exp(8\)) - - - x4 diag(exp(8))

6 Let £hext denote the index of the scaling parameter that should be updated next.
g { log(re) — log(re(PY)) + B €= foext

BY 0 # lpext

When using cyclic order, it follows from an interpretation as Bregman projections [37]
that the multi-marginal Sinkhorn algorithm converges. For greedy strategies, Theorem 5.1
below summarizes the statements of [217, Theorem 4.3| and [127, Theorem 3.4, which
bound the number of iterations until the stopping criterion is reached. Note that the
bound in a) gives a better rate with respect to €stop, but the bound depends on ry, whereas
the bound in b) does not involve ry.

Theorem 5.1. Let C € RTX”'XW, re € A™ forl=1,...,d,0<n< %, and Estop > 0.

a) Suppose that Algorithm 11 selects the index of the scaling parameter in iteration t
according to

bnext = argmax 17 (ry(P{) — ) + 17 (1 + 1og (re(PD) #7171 ),
Le{1,...,d}

where * denotes the elementwise product and rgl denotes the elementwise inverse.
Then the number of iterations to reach the stopping criterion (5.5) is bounded by

< 2 _—1 ( -1 _ . . ) .
t <2+ 2d% 051 [IC]l0 10gf§ggd  Doin (10)i (5.6)

b) Assume that n = ny = --- = ng and suppose that Algorithm 11 normalizes P,SO) to
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have £*-norm 1 and selects the index of the scaling parameter in iteration t according

to
Lnext = arg max rg(Pf]t)) — W,?‘z(?ﬁt)»w (5.7)
Le{l,...,d} HWH2 1
Then the number of iterations needed to reach the stopping criterion
o (rerePy)
Ee?ll,é.i.}fd} rg(P,] e Ty 1 < ¥ (5.8)

1s bounded by
t < 8d3(v/n + 1), log (i llexp(~C/n)]h ).

When the alternative stopping criterion (5.8) is satisfied, the stopping criterion (5.5)
is also satisfied.

A transport plan P e B (ri,...,rq) is called e-approximate solution of the original
problem (5.1) if it satisfies

(C,P)<  min (C,P)+e.
pEB(Tl,...,T‘d)

The transport plan P,gt) obtained from Algorithm 11 using either stopping criterion
from Theorem 5.1 is, in general, not in B(rq,...,74) because the marginal constraints
re = rg(Pg(t)) are satisfied simultaneously only in the limit ¢ — oo. To fix this issue,
rounding [9] can be applied to enforce the marginal constraints on Pe(t) for finite t;
see Algorithm 12. Note that for a tensor of the form (5.4), the operation in line 5 of
Algorithm 12 can be phrased in terms of modifying ﬂlgt). Line 6 is a rank-1 update.
In [127, Lemma 3.6] and in [217, Theorem 4.4|, the following property of the resulting

tensor is proven.

Lemma 5.1. Let A € Rgloxmxnd and rg € A™ f=1,...,d. Let B denote the output of
Algorithm 12 applied to A and ri,...,rq. Then B € B(r1,...,7q) and

d
A= Blli <2 llre = re(A)1-

/=1
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Algorithm 12 Rounding

1: Input: tensor A € Rglox"'x"d, vectors rg € A™ for £ =1,...,d

2: Output: tensor B € R™1 % *"d

3: for /=1,...,d

4: v =min(rg(A)~! %y, 1,,,), where the min is taken elementwise

5 A = A x, diag(v)

6: B=A+ ||r; — 7"1(A)H1_(d_1) O%L_, (r¢ — re(A)), where O denotes the outer product

By combining Algorithm 12 with Algorithm 11, using the index selection (5.7) and the
stopping criterion (5.5), it follows [127, Corollary 3.8] that an e-approximate solution can
be computed in

O(e3d*n% 1 log(n)(max(C) — min(C))?)

operations, where ny = - -- = ng = n. In practice, the computation can be accelerated by
using slightly modified marginals and tolerances in the Sinkhorn algorithm [217]|, which
ensure that the upper bound (5.6) for ¢ is not dominated by small entries in 7.

5.2 Impact of approximating the Gibbs kernel

To accelerate the computation of marginals in the multi-marginal Sinkhorn algorithm,
we will replace the Gibbs kernel K by an approximation K; thus replacing Algorithm 11
by Algorithm 13. In this section, we will analyze the impact of this approximation on
the transport cost of the computed transport plan. For d = 2, such an analysis can
be found in [10, Theorem 5|. In the following theorem, we generalize this result to the
multi-marginal setting. Our proof closely follows the ideas in [10]. In contrast to the
asymptotic result in [7, Theorem 7.4], we provide explicit bounds.

Algorithm 13 Multi-marginal Sinkhorn algorithm for a Gibbs kernel approximation

1: Input: approximation K € RZ,"" ™ of Gibbs kernel K = exp(—C/n), marginals
T, ..., Ta
: Output: transport plan PO
BV —0eR™ fort=1,....d
: for t=0,1,... until stopping criterion (5.5) is satisfied
PO = € x; diag(exp(,@%t))) cee Xy diag(exp(ﬁg)))
Let £hext denote the index of the scaling parameter that should be updated next.
ﬁét+1) _ { log(r¢) — log(rg(P®)) + Bét) = lrext
B ( # lrext

S oA W

ot

Theorem 5.2. Let K = exp(—C/n) and assume that K € RZS™ ™ with ny > 2 and
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d > 2, satisfies |[log(K) — log(K)||co < €l0g < 1. Let P denote the transport plan returned
by Algorithm 13 with stopping criterion 2?21”7"5(75) — 1|1 < estop. Then

VE(Py) = VE(P)| < ey,

where Py = arg minpe g d)VC”(P) and

T1yeensT,

vy :77(5/%7(2 + log (gig)) + %log ((ﬁng) - 1)
((TTme) ~1))) + (crog + 22map)l Il (59)

Proof. We denote by II¥ the operator mapping a given tensor 7 € RIL7*" to its
unique [126] tensor scaling U € B(ry,...,rq) of the form U = T x; diag(y1) X2 -+ X4
diag(vyq) for some vectors v, € RY{ for £ = 1,...,d. Observe that P = I1%(K). Using
the triangle inequality, we decompose the error into

Ve (Py) = VE(P)] < [VE (T3 (K)) — V' (I1% (K))| (5.10)

+ V(IS (R)) — V(IS (K))] (5.11)

+ VIS (R)) - VI(P)| (5.12)

+ |Vé7(75) — Vg(ﬁ)| (5.13)

where C = —nlog(l@). We derive bounds for each of these terms; their combination yields

inequality (5.9).

Bound for (5.10): By definition of V!, we have

V(I (K)) — V' (I%(K))| <
T (1) — L5 (K)11]ICloo + n H (I%(K0)) — H(IT(K))].

Because of argmin V7 (P)= argmin (—log(K),P)— H(P), it follows that
PEB(Tl,...,Td) PGB(T‘l,..‘,’I"d)

ITI5(K) — 15(K) ||y =

| argmin (~1og(k), P) — H(P) ~ (_argmin (~1log(K),P) — H(P))| .
PEB(r1,....,7a) PEB(r1,...,7q) 1

Applying Lemma I in [10] to the right hand side of this expression yields ||ITI%(K) —
IT%(K)|1 < [[log K —log K| < €log- From Theorem 6 in [169] and Lemma D in [10] we
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obtain

(T (K)) — H(IT¥ ()] < ciglog () + "% g ((fl ) = 1):

Elog

Bound for (5.11) and (5.13): Using that [|II%(K)||1 = ||P||1 = 1 we obtain

V(I (K)) = V(I (K))| < (€, T1%(K)) — (€, T1¥(K)) < [IC — Cllos < netog,
VZ(P) = VE(P) < (C.P) — (€, P) < IC ~Clloo < netog-

Bound for (5.12): Using that the tensor P is the unique minimizer of
arg min Vg(P), Lemma H in [10] yields
PEB(r1(P),...ra(P))

\Vc?(HS(IC)) — Vc?(75)| <w(dg(B(ri(P),...,ra(P)),B(r1,...,rd))),

where dg (-, ) denotes the Hausdorff distance and

) = 2Clloc + (o (2 ((HW) -1))).

We can bound dg (B(r1(P),...,7a(P)), B(r1,...,74)) by 2estop, since Algorithm 12 maps
any A € B(r1(75), ... ,rd(75)) to B € B(r1,...,rq) with [ A — B||1 < 2est0p as stated in
Lemma 5.1. This implies

- - 1
[VAIE(K)) = V2 (P)] < 2esopl|Clloe + 2ncst0p o -

The following theorem demonstrates how the previous result can be combined with
Algorithm 12 to obtain e-accurate solutions. The proof is inspired by [217, Theorem 4.5]
and [127, Theorem 3.7|, which state how e-accurate solutions can be computed using
Algorithm 11. Theorem 5.3 takes into account that we compute the transport plan using
Algorithm 13 based on a perturbed Gibbs kernel.

Theorem 5.3. Let P be the tensor obtained by applying Algorithm 12 to P, where P
is obtained from Algorithm 13 with K fulfilling the assumptions of Theorem 5.2. Let
P* = argminpcp(r, .. »,)(C, P). Then it holds

C,P)—(C,P")<e
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where € = 2nejog + 2 Z?:l log(n¢) + 4||C|| so€ stop-

Proof. From P* € B(ry,...,rq) and 7?;7“ = argminpeB(rh_wd)(c’7D> — nH(P) follows
(C,Py) —nH(P;) < (C,P*) — nH(P*). Thus,

d
(C,Py) = (C,P*) <nH(P;) —nH(P*) < 0y log(ny), (5.14)
/=1

where we use that 0 < H(X) < 37 log(ng) for any tensor X € R with || X1 =
1 [81, Theorem 2.6.4].

Note that the marginals of P are, in general, not equal to r1,...,r4. In order to compare
P and Py, we construct Q € B(r1(P),...,rq(P)) by applying Algorithm 12 to Py

with marginals 71(P),...,r4(P). Since Py € B(r1,...,74), Lemma 5.1 implies that
[|Q = Pyll1 < 2est0p. Hence,

(C,Q) - <C>P;> < [ICllllQ — P;”l < 2[|C|scEstop- (5.15)

The tensor P is the unique scaling of K with marginals 71 (P), ..., rq(P) [26]. It is thus the
unique minimizer [127] of arg minPeB(rl(ﬁ),...,rd(ﬁ))<C~7 P) —nH(P), where C = —nlog(K).
Following the same argument as in (5.14), we obtain

d
(C,P) = (C,Q) <nH(P) —nH(Q) < 1) _log(ny). (5.16)
(=1

We further obtain

(C,Q) — (€, Q) <IC ~CllclQllt = IIC€ = Clloc < Metog (5.17)
(€,P) = (C,P) <|IC = CllollPlls = I€ = Clloo < Me10g, (5.18)

where we use that |P|; = ||Q]1 = 1. Additionally, Lemma 5.1 yields
(€, P) = (C,P) < IClloclIP = Pll1 < 2/IC | cestop. (5.19)

By adding the inequalities (5.14)—(5.19) we obtain

d

<C, 73> - <C, P*> < 2775|og +2n Z log(né) + 4”C||oogstop~
(=1

O

Remark 5.1. Note that the nejog only converges to zero in the limit 1 — 0 when the
approzimation K is equal to the true Gibbs kernel K.
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Remark 5.2. Note that for any ¢ > 0, we can find suitable 1, €/og, €stop sSuch that
combining Algorithm 13 and Algorithm 12 yields an e-accurate solution for the multi-
marginal optimal transport problem (5.1).  Analogously, we can find 1, €jog, Estop sSUCh
that (5.9) is satisfied for any given evy > 0. In particular, we can first select €j5g and
Estop based on ||Cllw. Afterwards, we can set n sufficiently small.

Remark 5.3. It might seem counter-intuitive that €jog and estop needs to be chosen in-
versely proportional to ||Cllso in the previous remark. This is caused by the chosen objective
function in (5.2). Let c = ||C||3L. Note that optimal solution of the reqularized (5.2) and
the set of optimal solutions of the original optimal transport problem (5.1) do not change
when we replace both C by ¢C and n by cn. This normalization changes the optimal value
of the objective functions in (5.2) and (5.1) by ¢, but it does not change the Gibbs kernel
K. Thus, we can transform the error bounds in Theorem 5.2 and 5.8 into bounds for this
normalized problem, by multiplying vy and € by c. To obtain a certain eV respectively
ce, we can select €jog and estop independently from ||Cllo before determining a suitable 1.

5.3 Tensor networks and graphical models

In applications, the cost tensor C € ]R:L}X'"X"d usually carries additional structure. A
broad class of structures leads to transport plans defined via graphical models [150]. In
this case, the entries of C take the form

Cr= ZC?Q for every I = (i1,...,4q), t¢=1,...,ng, £=1,...,d, (5.20)
ack
where the summation index tuples o« = (v, ..., aps) are contained in a fixed subset F' of
d
U {(al,...,aM) ENM‘l <ap <---<apy Sd},
M=1
Io = (iay, - -sia, ) and C* € Rial *7Meat  The corresponding Gibbs kernel is given by

Kr=[] K forevery I =(ir,....iq), i¢=1,....,ns, £=1,....d,  (5:21)
a€EF

where K% = exp(—C%/n). This Gibbs kernel can be represented in terms of a tensor
network [247]. In general, a tensor network represents a high-order tensor that is
constructed by contracting several low-order tensors. By contraction we refer to the sum
over a joint index in two low-order tensors. A graph is used to describe precisely how the
low-order tensors should to be contracted. Its vertices correspond to the low-order tensors.
Each edge corresponds to a contraction of the two low-order tensors corresponding to the
vertices connected by the edge.
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5.3. Tensor networks and graphical models

In the following, we describe how to construct the particular network for /. First, we
add each tensor K% as a vertex. For every £ = 1,...,d, we add an additional tensor
DO as vertex. For every £ =1,...,d and o € F, we add edges from K to D if ¢ is
contained in . We then add one open edge to each DO that corresponds to the index in
the ¢th mode of K. The order dy of the tensors DY e R™* "7 ig equal to the number
of connected edges. Their entries are given by Dz(f?---,id[ = 0i1,i20iniz - 0i dg—15dy>
denotes the Kronecker delta. Each edge in the tensor network corresponds to the sum

where §

over the corresponding index in the connected vertices. See Figure 5.1 for an example.

D) D)
VRN VRN
x(1:2) JC(1:4) x(1.2) KC(1:4)
. / . /
D )\ @ D! )\ DA
RN RN
xC(2:3,4) JC(4:5) xC(2:3,4) K (4:5)
/ AN
3) (5) / \
(a) Direct construction (b) After simplification

Figure 5.1 — Tensor network representation of I for a cost tensor of the form (5.20)
constructed from C(12), c(LA (234 c(45) 1 (b), we slightly simplified the network by
contracting the identity matrices D), D) with their connected open edges. Summing
over all internal edges yields the elementwise representation

Ki17i2,i3,i47i5 =

i i i i i i i P @ @ (1214 284) (45)
11,J1,J2 7 12,73,J4 " %4,J5,J6,J7" J1,33" T J2,95" T J4,83,06" " J7si5

J1=1j2=1ja=1js=1 js=1 je=1 jr=1

Remark 5.4. We want to emphasize that this tensor network is closely related to the
dual tensor network of the graphical model representing the transport plan [273]. In
the context of graphical models, the cost tensors C is given in the form of (5.20). The
resulting transport plan Pnt) defined in (5.3) can be represented as tensor network by
attaching the matrices diag(exp(5¢)) to the corresponding open modes of the tensor network
representation of K. At the same time, Pr(]t) represents a discrete probability distribution,
which can be represented by a graphical model [150]. This graphical model and the tensor
network of Pét) are duals of each other [275].

We can compute K from the tensor network by contracting each of the internal edges
sequentially. The contraction of one internal edge corresponds to the merging the

7



Chapter 5: Multi-marginal optimal transport

connected vertices by evaluating of the sum over the index corresponding to the edge [247].
When the tensor network contains circles, multi-edges will occur, which can be contracted
by summing over all the corresponding indices simultaneously. The order of contracting
the internal edges determines the degree of the occurring intermediate vertices and the
computational complexity. In our constructed tensor network, we can exploit the special
structure of D to contract all connected edges simultaneously. The book [272] discusses
several heuristics to optimize the order of contractions. Note that the optimal contraction
sequence might still incur a large computational cost.

(t)

In Algorithm 11, we need to evaluate the marginals of P,” in each iteration. Let
fy(t) = exp(ﬁét)) for £ =1,...,d. Given a tensor network representation of IC, the mode-¢
marginals can be written as a contraction of the network after connecting the matrix
diag(vét)) to the open edge corresponding to mode ¢, and the vectors ’ylgt) for ¢ #{ to
their respective open edges. By contracting all inner edges of the resulting network, we
obtain rg(P,(]t)). We refer to Figure 5.2 for examples. The depicted networks will again be

used in the numerical experiments in Section 5.5.

(t)

T
}C(1’4)
(t) |
K(12) - p@) - ((2.3) - P3) - ((B:4) T
N N
]C(3’4) IC(274)
7" 7 diag(73”) % P ~ o
| diag(v3") T2

-~

(a) (b)

Figure 5.2 — Examples for the tensor network diagram representation of r3 (Pq(f)) based
on different tensor network structures for the Gibbs kernel (5.21).

We give a brief example on how to efficiently contract the network depicted in Figure 5.2(a).

For the complexity analysis we assume m = no = ng3 = ng = n. We first compute
the vectors v§l) = Z?:l(fygt)) IC,Elj2) and v’ = Y 1IC (3.4) ( (t)) for j =1,...,nin
n(2n — 1) operations each, where operatlons refers to the requlred number of additions
and multiplications. This corresponds to contracting the edge between 7( ) and K£(12) as

well as the edge between K34 and %E )

. In the next step, we contract the edges from
D@ to U(l),fyét) and K23) simultaneously. This corresponds to computing the vector
U](-2) = Z?zl(v(l) * yét))ilej’g) for j =1,...,n in n +n(2n — 1) = 2n? operations, where
we first compute the elementwise product before evaluating the matrix vector product.
Finally, we contract the remaining edges around D) to compute r3(73( )) =0® *,Y(t) v®
in 2n operations. In total, we need 6n? operations to compute the marginal 7"3(77( )).

Note that this contraction strategy corresponds to the following reordering of the sums in
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the definition of the marginal

-

i1=112
n

< Z 12,1,3 < t ‘2 ( Z ICEiL:Z‘QQ) (,}ét))“) )) ( Z Kfjj,i) (’74(1t))14> .

i1=1 i4=1

i

.

Z S () ()i ()ia ()i,
23

We can reuse the intermediate terms v(),v® v®) in the computation of the other
marginals. This allows us to compute all four marginals in 12n2 +4n operations, whereas
computing the marginals based on the full tensor requires O(n*) operations.

Remark 5.5. Instead of the tensor network based on an ordinary graph with special
tensors DO, we could consider a tensor network based on a hypergraph as in [273]. The
structure of DY can be modeled by a single hyperedge containing all vertices connected to
DO The contraction of these hypergraph based networks is studied in [174).

Remark 5.6. Note that the structure of K can also be exploited to compute marginals
when applying Algorithm 12 to 737(,'5). Storing the rank-1 update in line 6 separately in
terms of its factors offers the potential to avoid storing the transport plan explicitly as a
full tensor.

5.4 Low-rank approximations in tensor networks

Assuming that the Gibbs kernel is represented as in Equation (5.21), we obtain a tensor
network containing the coefficient tensors K. The following lemma bounds the impact
on the Gibbs kernel when replacing each K% by an approximation K.

Lemma 5.2. Let K be defined based on tensors K¢ € ]Rnal KR for € Foas in (5.21).
Let K € Rnalx TNeM for € F. We define K € Rmx XM elementwise as

ICI:HIC?Q for every I = (i1,...,iq), tr=1,...,ng £=1,...,d. (5.22)

acF

Then

log(KC) — log(K)los < D log(K®) — log(K®)l|oc-
acF
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Proof.

J10g(K) ~ 10g(K) e = max | 3" log(KF,) — 3 log(K?, )|
T acF

aclF
< max Y |log(K¢,) —log(K%,)]

114.-452d
T aeFR

< ) [log(K) — log(K®)||s.

acF

O

Combining Lemma 5.2 and Theorem 5.2 implies that Algorithm 13 with K defined as
in (5.22) yields an accurate approximation of the optimal transport plan when ||log(®) —
1og(K®)||oo is sufficiently small for all & € F. This allows one to replace each K* by a
low-rank approximation K@, which in turn accelerates the computation of tensor network
contractions. For the example at the end of Section 5.3, the number of operations reduces
from O(n?) to O(nr) when every K¢ is approximated by a rank-r matrix of the form
Ko =U¥(VYT with U*, V™ € R™" as depicted in Figure 5.3(a).

5.5 Numerical experiments

All numerical experiments® in this section were performed in MATLAB R2018b on
a Lenovo Thinkpad T480s with Intel Core i7-8650U CPU and 15.4 GiB RAM. In
Algorithms 11 and 13 we select the next index to be updated using index selection (5.7)
and we stop using stopping criterion (5.8) with egtop = 1074,

5.5.1 Proof of concept

In the following, we study the impact of approximating the Gibbs kernel on the transport
cost. We define a multi-marginal optimal transport problem, whose cost tensor is of
the form studied in [110, Section 5.2|. Let n = 420. For ¢ = 1,...,4, we generate
random point sets X ©) = {xge) Z@) € R? independently
randomly from the uniform distribution on [0,1]% for i = 1,...,n. We define n x n
matrices C(12), C23) ¢34 with entries

Ve ,ng)} by sampling the points x

1,2 1 2 2,3 2 3 3,4 3 4 ..
¢ = at =2l |3, B = |2l 213, Y = a2V} for 1< gkl <n.
We construct the cost tensor

Cijra =Ci? + €3 1Y for 1 <ijik, 1 <n.

*The MATLAB code to reproduce these results is available from https://github.com/cstroessner/
Optimal-Transport.git.
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5.5. Numerical experiments

Let K¢ = exp(—C*%) for a € {(1,2),(2,3),(3,4)}. The Gibbs kernel £ = exp(—C) is
represented by the tensor network shown in Figure 5.2(a).

Let r < n. We compare two different approximations of . For the first one, we replace
the matrices K¢ by their rank-r best approximations K¢ using truncated singular value

decompositions and define
=(1,2) =(2,3) (34 .
(Ksvps)ijki = /CZ(J ) -IC;k ) -K;}l ) for1< i,7,k, 1 < n.

For the second approximation KT, we compute a T'T approximation 2.6 of I with
TT rank (r,r,r) using the TT-DMRG-cross algorithm [281] ignoring the underlying
graph structure. The tensor network representation of Kgyps and Kyt is depicted in
Figure 5.3. All four marginals can be computed in O(nr) operations for Ksyps and in
O(nr?) operations for K11 by contracting the tensor networks. In contrast, exploiting
the graph structure in K without low-rank approximations requires O(n?) operations.

’— U2 P2) - p) - 74(2,3) . 1(23) - pB) - 7434) - )(3,4) —‘

A 74 diag(;

) )

(a) Based on Ksvps

G1 G Gs Ga

7 W diag(hy)) A

(b) Based on K1

Figure 5.3 — Tensor networks for the computation of 7“3(737(7t)) for the example in
Section 5.5.1. We express the truncated SVDs in Ksyps as K* = UO‘(VO‘)T with
ve,v* € R"™", The TT cores in K11 are denoted by G € R"*", Gy,Gg € R"™*"*"
and G4 € R™™,

Based on the tensors IC, Ksvps, 1T, we compute transport plans P, Psvps, Pt by first
applying Algorithm 13 with marginals r, = % -1, and then rounding the resulting tensor
using Algorithm 12. In Figure 5.4, we compare the different transport plans. Note that we
can efficiently evaluate the transport cost (C,P) using tensor network contractions of C
and P without evaluating the full tensors. We observe that the difference in transport cost
of Psvps, PtT and P is much smaller than the norm of the difference of the logarithms of
Ksvps, 11 and K. The approximation Psyps that exploits the graph structure leads to
slightly better approximations compared to Prt. We want to emphasize that computing
Psvps with r = 25 is faster than using the graph structure of IC directly and only leads
to a difference in transport cost in the order of machine precision. Computing Pt is
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faster than computing P for very small ranks. The different scaling in the number of
operations required to compute marginals leads to larger computation times for Pyt
compared to Psyps for increasing values of r. We want to emphasize that storing a tensor
in RP*7xXnX7 axplicitly would require more than 240GB of memory. Thus, it would not
be feasible to solve this problem without exploiting either the underlying structure of C
or the structure of the T'T approximation.

x10°8

100 ‘ ‘ 7
[(C,Prp) —(C,P)| -——-P
(€, Psypg — (C.P)]
[[og(Kp 1) —log(K)l |
|| log(Ksyp o) —log(K)ll~
10°® ' "
e)
c
o
O
Q
1]
C
[0]
10710 ¢ =
10 -15 |
5 10 15 20 25 10 20 30 40
T T
(a) Error analysis (b) Computation time

Figure 5.4 — Difference in transport cost for the example in Section 5.5.1 for various
ranks r. Left: We depict the difference in transport cost for Psyps, PtT and P and an
estimation of the norm of the difference of the logarithms of Ksyps, 11 and I based
on 1000 sample points. Right: Measured computation times for applying Algorithm 13
and 12 to compute the transport plans exploiting the structures of I, Ksyps, X11. Note
that this time does not include the computation of K%, Ksvps, K7T.

Remark 5.7. Figure 5.4 shows that larger ranks lead to smaller approzimation errors, but
at the same time larger ranks increase the computation time. This needs to be balanced in
practice. In particular, the rank needs to be sufficiently large such that the approxzimation
K of the Gibbs kernel is strictly positive, which implies that |[log(K)—1og(K)||se is bounded.
This can be achieved by choosing an approzimation such that |K — K||s is smaller than
the smallest entry of K.

Remark 5.8. The difference of the entropic cost for the tensors Psvps, PrT and the
optimal transport plan Py is bounded by Theorem 5.2. We can assume that P is a good
approzimation of Py. This would allow us to study the sharpness of the bound numerically.
However, the evaluation of the entropic cost requires the explicit computation of the full
tensors, which is not feasible for n = 420 without a Monte Carlo approximation. Instead,
we repeat the experiment in Section 5.5.1 with a smaller n. The results are depicted in
Figure 5.5. We find that the theoretical bound is much larger than the error observed in
practice.

82



5.5. Numerical experiments

100 T

Ve (Psyp ) = Ve (P)

Ve (Prp) = Ve (P

[[Tog(K ) —log(K)llx

HIOE(KSVD s) —log(K)|[

—— -y with Epg = [[log(Kgyp o) — 10g(K)||
— — —e&y with Epg = [[log(K 1) — log(K)|

10—10 L

10718 . .
2 4 6 8 10

Figure 5.5 — We repeat the experiment described in Section 5.5.1 with n = 10 for various
ranks 7. We depict the difference in the entropic transport cost (5.2) of Psyps, PtT and P.
Further, we depict the norm of the difference of the elementwise logarithm of Ksyps, K11
and K. Based on these values we compute the value of eyy as defined in (5.9).

5.5.2 Application: Color transfer from color barycenters

In the following, we apply our algorithms for color transfer as in [150]. We consider d = 4
images containing n = 100% pixels each. Let 0 < A1, Ao, A3 such that \{ + X + X3 =1. In
a first step, we compute an approximation of the Wasserstein barycenter [2] with weights
A = (A1, A2, A3) of the color of the first three images by solving the multi-marginal optimal
transport problem in [37, Section 4.2]. We then transfer the color from the approximation
of the barycenter onto the fourth image by solving a two-marginal optimal transport
problem [267].

Let xz(»z) € [0,1]® denote the color of pixel i in image ¢, where we treat the RGB
(B) _ )\11‘(1) + /\2961(2) + )\3x§3) for

values as element in R® and rescale to [0,1]%. Let z; )
i=1,...,n. We choose these points to define a reference template [335] for computing
an approximation of the barycenter as in [37]. Let C%’Al) = Hxl@ - m§B)H§ for 1 <i,j<n
and K44 = exp(—CEY /n) for 1 < £ < 3. We define the cost tensor

Cigia = MCY ™Y + 2CEY + 0503V for 1 <iji ki <,

and the Gibbs kernel tensor K = exp(—C/n) for a given regularization parameter n > 0.

Following the ideas in [110, 150], we compute rp = 74(P; ), where

P, = K x1 diag(exp(1)) x2 diag(exp(B2)) x3 diag(exp(f3)) x4 diag(1,),  (5.23)

with scaling parameters (31, B2, 83 € R™ chosen such that r,(P;) = 1 for 1 < £ < 3.
To compute an approximation P, of Py we run Algorithm 11 with cost tensor C and

marginals 7 = ro = r3 = 1,, and index selection (5.7), which we modify to use arg max
£e{1,2,3}
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instead of argmax . This modification ensures that we only update the first three scaling
0€{1,2,3,4}

parameters, which leads to an approximation of the form (5.23) [151, Theorem 3.5]. The

Gibbs kernel corresponds to a star shaped graph structure as in Figure 5.2(b). The

B)

approximation of the color barycenter is now given by the points 2(5) with masses 7.

Remark 5.9. Proposition 3.4 in [151] states that multi-marginal optimal transport
problems with star shaped graph structures can be decomposed into several independent
two-marginal problems when all marginals are prescribed. This does not apply for the

computation of (5.23), since r4(Py) is unknown.

We now want to transfer the color from the approximation of the barycenter to the fourth
image. We define the cost matrix C; ; = \|x§B) — x§-4)H% for 1 <i,j < n and Gibbs kernel
matrix K = exp(—C/n). Let the matrix P denote the approximate solution obtained
from Algorithm 11 with cost matrix C' and marginals r; = rg and ro = 1,,. The co(lgg

vector of the target image with transferred colors is now given by 2} = Yo P
for 1 < 5 < n. Note that we can transfer the color to several target images without

recomputing the barycenter approximation.

To accelerate the computation of marginals, we replace the Gibbs kernel tensor X by
an approximation K obtained by replacing JSSON CON GC by rank-r approximations
using the randomized SVD [156]. We also replace the Gibbs kernel matrix K by a rank-r
approximation K. Marginals and the target color vector x* can now be computed in
O(nr) operations.

In the following numerical experiments, we set 7 = 1/10 and compute approximate
transport plans P, P by applying Algorithm 13 to £ and K. In Figure 5.6, we study
the impact of A and r onto the color transferred image for example images from the
COCO data set [218]. We observe that small values of r suffice to accurately approximate
the desired image. The computation including the assembling of the matrices and the
randomized SVD takes 0.25 seconds for » = 50, whereas using the full matrices in
R10000x10000 {irectly in the tensor network takes 7.65 seconds, i.e. our low-rank approach
reduces the computation time by over 96%.

Remark 5.10. When we are only interested in transferring the color onto a single
target image, we can alternatively solve the following multi-marginal optimal transport
problem without computing an approrimation of the Barycenter. Based on the matrices
CAi(ﬁ-’ZL) = Hxl@ — a:§-4)\|% for £ =1,2,3, we define the cost tensor

CA@j’k’l = )\1CAZ.(,}’4) + )\QCAﬁA) + AgCA,(le) for1<4,5, k1 <n.

Let P denote the transport plan obtained by solving the corresponding optimal transport
problem with marginals ry = 1, for £ = 1,...,4. To accelerate the solution of this
problem, we can again replace the matrices exp(—C MY /n), exp(—C3Y /n), exp(—CGH /n)
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10°
3
=102
iy
I
ER
-6
10 0 50
r
(b) Error decay (¢) Impact of A

Figure 5.6 — Given the images displayed in the top row of (c¢), we use the method
described in Section 5.5.2 to transfer their color to the bottom right image in (c¢). For
fixed A = (1/3,1/3,1/3), we plot the resulting images for ranks r = 3,7 = 5,r = 10,r = 50
from left to right in (a). The rightmost picture is obtained by using the full matrices
K and K directly. In (b), we plot ||Z" — Z*||cc Where " denotes the resulting image
vector for a given rank r and Z* is computed using the full matrices. Moreover, we
display the resulting image for different values of A in (c): middle row left to right
A=(1,0,0), A=(0,1,0), A = (0,0,1), bottom row left A = (1/3,2/3,0), bottom row
middle A = (1/5,1/5,3/5).

by rank-r approximations. Note that it would also be possible to decompose the problem
into several independent two-marginal problems using Proposition 3.4 in [151]. The
color vector of the target image with transferred colors can now be defined as v} =
D1 D1 D ket Pi’jykyl()\la:l(-l) + )\21‘;2) + )xgﬂc;f)) for 1 <1 < n. In Figure 5.7, it is
shown that the resulting target image seems to be similar to the image obtained after
solving the Barycenter problem (see Figure 5.6). However, we actually solve different
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problems yielding different solutions. This is demonstrated in our experiments, where the
mazimum norm of the difference of the color vector obtained using this approach to the
color vector obtained using the barycenter approach described in Section 5.5.2 is around 94.
Also note that the error introduced by using rank-r approximations using this alternative
approach is much smaller compared to using rank-r approzimations using the barycenter
approach.

10°
_8
=
o108
=]

-10

10 0 50
r 1y
(b) Error decay (c) Impact of A

Figure 5.7 — We repeat the experiments used to generate Figure 5.6 using the alternative
approach described in Remark 5.10.

5.5.3 A tensor network with circles

In the following, we describe an optimal transport problem arising in the context of
Schrodinger bridges [96, 151]. Let m = 5 and n = 402. We denote by () for 1 <i <n
the ith grid point on the grid {1,...,40}2. Let C;; = ||2() — 20)|]3 for 1 <4,j < n and
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K = exp(—C/n). We consider the Gibbs kernel

Ki17i27i37i47i5 = H KIQ fOI' 1 S i17i27i37i47i5 S na (524)
acF

where F' = {(1,2),(2,3),(3,4), (4,5)}. Note that this corresponds to a tensor network
structure similar to Figure 5.2(a). Given ry,r5 € A™ we now consider the problem of
finding scaling parameters 51, 85 € R™ such that

P, = K x1 diag(exp(B1)) x2 diag(1) x5 diag(1) x4 diag(1) x5 diag(exp(f5)) (5.25)

satisfies 71 (P;) = r1 and r5(P,) = r5. In the context of Schrodinger bridges the marginals
r¢(Py) for £ = 2,3,4 describe how the initial distribution 71 most likely evolved into
75 [151]. As in Section 5.5.2, we can again compute approximations of Py by modifying
Algorithm 13 such that only 1 and 85 are updated based on the prescribed marginals

r1,75; see [150, Section IIT.A].

K K K

Pl — K—p@ — K—pB — K— p4 — K — pb)

Figure 5.8 — Tensor network diagram representation of K as defined in (5.24).
The black network is obtained for F' = {(1,2),(2,3),(3,4),(4,5)}. The blue
part depicts the additional nodes and vertices introduced by setting F =

{(1,2),(1,3),(2,3),(2,4),(3,4), (3,5), (4,5)}-

The Schrodinger bridge problem is based on a Markov chain model, in the sense that
each distribution only depends on the previous distribution. We now introduce ad-
ditional dependencies by setting F' = {(1,2),(1,3),(2,3),(2,4),(3,4),(3,5),(4,5)} in
Equation (5.24). The tensor network structure of K is depicted in Figure 5.8. Note that
this results in a graphical model for P;; with window graph structure as in [7, Figure 2|. In
Figure 5.9, we depict the corresponding tensor network after replacing each matrix K by a
rank-r approximation. Marginals of this network can be computed in O(nr?) operations.
For instance, to compute r3(7>,§t)) we first evaluate the colored tensors TH, ... 71 in
O(nr*) operations by contracting the colored edges simultaneously using the structure of
D®) . We then compute 712 € R™"™" in O(r*) operations by contracting 71 and 712
along their common edge. Analogously we compute 745, We then contract 712 and
TH5] along their common edge in O(r®) operations before contracting all edges of the
resulting tensor simultaneously with 75 in O(nr*) operations. We want to emphasize
that contracting the network without replacing K by low-rank approximations would not
be feasible due to the required memory for storing the intermediate tensors.

In Figure 5.10, we study the impact of introducing these additional dependencies on the
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/U—><J_></_V\ @ 7l
(2]

) —y—VvV—9p0 —y—v—p8 — ) —V—p& —(y — VvV — DB .T
| | | | | e
NO) 0 diag(+(") 0 (0 ® 7
1 12 bl '3 4 5 . T[S]

Figure 5.9 — Tensor network diagram representation of r3 (Pf,t) ) corresponding to the graph

structure (5.24) with F' = {(1,2), (1,3),(2,3),(2,4), (3,4),(3,5), (4,5)}. Here, we replace
cach matrix K by UVT with U,V € R™". The colors mark subtensors 71, .. 71!
computed during the contraction.

1 ro(P) r3(P) r4(P) 5
%103
2
1
0
71 T2 ('P) T3 (7)) T4 (P) T5

Figure 5.10 — We consider the scaling problem (5.25) for n = 0.1. We obtain an approxima-
tion K of the Gibbs kernel by replacing K in (5.24) by a rank-10 approximation computed
via the randomized SVD. We apply Algorithm 13 with index selection (5.7), where we take
arg max only over the set {1,5}. Let P denote the resulting transport plan. In each row,
we depict the prescribed 71,75 as well as ro(P), r3(P), 74(P) reshaped into R40*40 The
top row is obtained using F' = {(1,2), (2,3),(3,4), (4,5)} as in the Schrodinger bridge set-
ting. The bottom row is obtained using F' = {(1, 2), (1, 3),(2,3), (2,4),(3,4),(3,5), (4,5)}
with additional dependencies.

marginals 7,(P), where P denotes the computed approximation of (5.25). We observe
that the additional dependencies lead to a more concentrated r3(P), in the sense that the
mass is less spread out. Moreover, the additional dependencies lead to ro(P) and r4(P)
being concentrated slightly closer to the center of the images.

Remark 5.11. In this experiment, the graphical model of the transport plan contains
circles. Hence, we can not apply the belief propagation algorithm directly [118, 150]. There
exist generalizations such as the loopy belief propagation algorithm [181], which does not
always converge, and the junction tree algorithm [173], which applies the belief propagation
on a so-called junction tree. This junction tree encodes the connection structure of the
vertices. It can be used to determine the contraction order for the corresponding tensor
network representation of the Gibbs kernel [273, Section 4.2]. In particular, the minimal
cost to contract the tensor network is bounded from above by the cost of the junction tree
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algorithm.
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Self-diffusion matrix

This chapter is concerned with the computation of the self-diffusion matrix of a tagged
particle process on a grid. In contrast to classical methods based on estimating long-time
averages of empirical means of deviations of some stochastic processes on a finite-size
supercell, we propose a novel numerical method based on solving the equivalent high-
dimensional optimization problem formulated in [42, 210, 266| using an alternating linear
scheme [39, 171, 274]. Once we obtained an approximation of the optimal solution, we
use a carefully tuned variance reduction method to evaluate the desired entries of the
self-diffusion matrix. To illustrate the method, we compute the self-diffusion matrix of
a two-dimensional tagged particle process defined on a Cartesian grid. Our numerical
experiments demonstrate that our novel low-rank approach is much less subject to
statistical noise and that it yields a very accurate approximation of the self-diffusion
matrix.

In addition, we present so-called cross-diffusion systems [49, 51, 182, 183| as example
for applications, in which self-diffusion matrices play an important role. These systems
appear in various fields such as population dynamics [290|, tumor growth in medical
biology [176], the modeling of biological systems [313] and lattice gases [13, 14, 111,
288|, and the simulation of diffusion processes within mixtures of chemical compounds in
materials science [23, 225]. When these systems are derived as hydrodynamic limits of
lattice-based stochastic hopping models at the microscopic level [111, 266], they involve
self-diffusion matrices as coefficients. Computing these self-diffusion coeflicients is a
major challenge that needs to be overcome before we can solve the cross-diffusion system
numerically using for instance finite volume [116] or finite element methods [48].

This chapter is based on the articles [84, 85]. Its remainder is structured as follows. In
Section 6.1, we recall the two equivalent definitions of the self-diffusion matrix of the
tagged particle process. In Section 6.2, we construct finite-dimensional approximations of
both definitions. The low-rank approach we propose here in order to compute a numerical
approximation is presented in Section 6.3. The efficiency of our approach is illustrated
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through several numerical experiments presented in Section 6.4. Finally, in Section 6.5,
we develop a cell-centered finite volume method to simulate a cross-diffusion system
involving self-diffusion matrices as coefficients.

6.1 Infinite-dimensional definition

Let d = 1,2, 3 denote the physical dimension of the problem. We consider a symmetric
tagged particle process [276] defined on the infinite grid Z?. Let K € N denote the
number of possible jump directions for the particles. Let (vy)1<r<rx C Z%\ {0} denote
the set of possible jump directions. For all 1 < k < K, the probability of jumping in the
direction vy is denoted by py € ]0,1]. This jumping scheme is assumed to be symmetric
in the sense that if the jump in the direction v occurs with probability pg, then the jump
in the direction —v; occurs with the same probability.

The self-diffusion matrix application

D 0,1 — Rxd
° P = Dg(p) = (Ds,ij(p)hgi,jgd

can be defined in the following two ways.

6.1.1 Definition as optimization problem

Let us first introduce some notation. Let S := Z¢\ {0}. For all so-called environments
n:= (ns)ses € {0,1}% and all y # z € S, we define by 7% := (n"*)ses the element of
{0,1}° such that

Ns if s 7é Y,z
ny =9 n, ifs=z,
n, ifs=uy.

Furthermore, for all w € S, we define by %% := (n2"),cg the element of {0,1}° such
that

ow ._ Nsyw if 5 # —w,
s 0 if s = —w.

For a mean particle density p € [0, 1], we denote by p® the Bernoulli product measure on
{0,1}° with constant marginals equal to p in each mode. Let us also define the set of

functions H, := L§® ({0, 1}5 ), where L?@ denotes the L? Lebesgue space with measure

p®.

For a drift direction v € R? and mean particle density p € [0,1], the self-diffusion
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coefficient u” Dy (p) u is given by:

K
UTDS(p)u =2 inf E,e [Zpk ((1 — Moy ) (u cvg + \IJ(nO,fuk) _ \11(77))2

VEH, —
b Y @ —ew)?)], 6
yfligm

where the notation E,e refers to the fact that the expectation is taken over the product
measure p® [200, 266|, i.e. we need to consider the expectation over all possible environ-
ments 7. Problem (6.1) thus reads as an infinite-dimensional optimization problem over
the set H,.

Remark 6.1. Naturally, for all p € [0, 1], since Ds(p) is a symmetric matriz, one can
easily deduce the full matriz Ds(p) from the knowledge of u Dy(p)u for three vectors
u € RY,

6.1.2 Definition as long time mean square deviation

The quantity u” Ds(p)u can be equivalently expressed as the long time limit of the
following expectation [266, Theorem 2.3]. Let us assume that, at time ¢ = 0, the tagged
particle is located at position 0 and all other sites are occupied with probability p following
a Bernoulli distribution. The duration between two consecutive jumping events follows
an exponential law with parameter 1. The jumping directions (respectively rates) are
given by {vy,...,vk} (respectively pi,...,pr). Jumps are not allowed if the final site
of the jumping particle is already occupied. Let w(t) denote the position of the tagged
particle at time ¢ > 0. It then holds that, for a drift direction u € R? and mean particle
density p € [0,1], the quantity u” D4(p)u can be equivalently formulated as the long-time
limit mean square deviation of the tagged particle in the direction u € RY, i.e.

ul' Dy(p)u = 2 lim M.

t—00 t

(6.2)

Remark 6.2. Starting from a Bernoulli-product measure and symmetric transition rates,
it is a classical problem in probability theory to study the motion of a tagged particle on
7% [192, 215, 276] and more recently also on trees [68, 132]. For d > 2 and symmetric
nearest neighbor transition rates, the tagged particle is known to satisfy a central limit
theorem with non-degenerate limiting variance. However, to our best knowledge, a general
closed formula for the limiting variance is not available.

Notice that when starting from a Bernoulli-product measure with a tagged particle in the
origin, the resulting environment process is stationary with respect to the Bernoulli-product
measure conditioned to contain a particle in the origin, usually called the Palm measure.
This suggests that the limiting variance for the tagged particle can be described in terms of
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the sum of separable functions, i.e. in terms of a low-rank function. In turn, this indicates
that the equivalent characterization of the limiting variance as in Equation (6.1) is also
related to low-rank functions.

6.2 Finite-dimensional approximation

The quantity u” Ds(p)u can not be computed exactly in practice, neither using expression
(6.1) nor expression (6.2). On the one hand, (6.1) reads as an infinite-dimensional
optimization problem and has to be approximated by a finite-dimensional optimization
problem in practice [178, 210]. On the other hand, (6.2) requires the computation of
the long-time average of the stochastic process defined on the infinite lattice grid Z¢.
Equivalently, it has to be approximated in a finite-dimensional setting, as long-time average
of the mean-square deviation of the tagged particle associated to a stochastic process
defined on a finite-size grid with periodic boundary conditions. Both finite-dimensional
approximations are presented in detail in the following.

6.2.1 Discretized minimization problems

Let M € N denote a discretization parameter and introduce the finite grid Sy; :=
{—M,---, M}*\{0}. For the sake of simplicity, we assume that M > maXpe(1,.. i} ||[Vkl1-
For any 7 € {0,1}°™ | we can construct by periodicity an extension 77 := (7j;)ses € {0,1}°
by assuming with a slight abuse of notation that the site 0 is occupied, i.e. s = 1 for
s € (2M +1) - 2%\ {0}. Using this notation, for all n € {0,1}°™ and all y, z,w € S, we
define n¥* € {0,1}°™ and %% € {0,1}°™ as

0,w

Ny = (ﬁg’Z)SESM and % .= (775 )seSM‘
Figure 6.1 shows an illustration of n¥* and n%v.

Let N := (2M + 1)? — 1 = Card(Sp). For all £ € {0,...,N}, let Cprp == {n €
{0,1}5m |3 . sy, Ms = £} denote the set of all possible configurations of the particles on
S so that the total number of occupied sites is equal to £.

Let us define Hy := {0 :{0,1}¥ — R}. For every u € R? and [ € {0,...,N}, we
introduce the quadratic functional Afj, , : Hyy — R defined by

u e 1 sUk 2
by Y (@ —wm)?] (63)
y‘ﬁiﬁo
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[ [ [
e o o o o o
L o o
70(-1.0) n L1+(=1,0),(1,1)

Figure 6.1 — Middle: Visualization of one particular n € S; for d = 2 with three occupied
sites marked in blue, cyan and magenta. Additionally, we mark the tagged particle 0 in
red. Left: Visualization of the occupied sites of 170’(*1’0). This can be seen as a jump
of the imaginary red particle one step to the left, followed by immediately relabeling of
the sites such that red particle remains at 0. By exploiting the periodicity, we obtain
n%(=1.0) ¢ §;. Right: Visualization of the occupied sites of n1D+(=10).(11) " Thig can be
seen as jump of the cyan particle one step to the left.

Then, for some £ € {0,..., N}, one can define [42] for all u € R?,

/
T M o i AU
u Dy ( > u: 2@%111}}»[ A o(V). (6.4)

4
For any p € [0, 1], it is proved in [210] that lim ul DM () u=u’ Ds(p)u.
M — 400

YA —
NP

6.2.2 Combined minimization problem

The collection of sets Chsp,...,Cy,n forms a partition of the set {0, 1}° . Observe
for a given ¥ € H),, A}(/M(\Il) only depends on the values of W(n) for n € Cpy, since

n € Cyr implies that also nOvk € Cure and V1Y € Cpyp for all k € {1,...,K}. As a
M

opt € Hys is a minimizer of

consequence, if W

goin Ap (), (6.5)

where

K
A (@)= 3 S| (1= (e v+ W) — W)
ne{0,1}5M k=1

5 (e —wm)’], (6.6)

2
yESM
y+vp#0
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then it holds that A}\L/M(\IIM’U) = mingemn,, Ay, (V) forall £ € {0,..., N}. The knowledge

opt

of \Ifé\glcu then allows us to compute u” DM (£)u for all £ = 0,..., N as 2A}(M(\I’£§3cu).
Note that the minimization problem (6.5) is independent of ¢, in contrast to (6.4). Also
note that the minimization problem (6.5) has 2%V degrees of freedom and is thus intractable

for large values of N.

Our main contribution is to propose the low-rank tensor approximation algorithm to
compute an approximation of \Ilop’t in order to mitigate this issue.

6.2.3 Estimation of long-time mean square deviation

The quantity uTDéw (%) u can be equivalently approximated by discretizing the defini-
tion (6.2). This leads to the problem of computing the long-time mean square deviation
of a tagged particle evolving in the periodic environment Sy, [210]. The Monte Carlo

algorithm is the standard method of choice to compute an approximation of u? DM ( f,) U

by means of empirical averages. The quality of the obtained approximations then depends
on the choice of two numerical parameters, namely the number of Monte Carlo samples
(i.e. stochastic realizations of the periodized tagged particle process) and the value of the

chosen final time.

We want to compare the low-rank tensor approximation algorithm we propose in this
chapter with Monte Carlo estimations of the long-time mean square deviation. To this
aim, we detail our Monte Carlo algorithm in the following. Let £ € {1,...,N}. An
initial environment 7 is obtained by sampling uniformly from Cjs,. We sample from
exponential distributions to determine the next time a particle in the environment or
the tagged particle performs a jump. Whenever a jump is performed the environment
n is updated accordingly. Let w = 0 € Z? denote the initial position of the tagged
particle. Throughout the simulation, we track the position of the tagged particle in Z¢,
i.e. whenever the tagged particle successfully jumps in direction vy, we set w = w + vg.
To approximate the expectation of w, we repeat this simulation Ny times with different
samples. Each of these simulations is stopped at the same stopping time 7" at which we
compute the approximation of u? Ds(p)u. This approach is formalized in Algorithm 14.

Remark 6.3. In Algorithm 14, we set Ny = [Ns/(€+ 1)], where Ny is a given input
parameter. This ensures that the expected runtime is approximately equal for all choices of
L. Additionally Figure 6.5 shows that the variance of the output is comparable independently
of £. If we were to use the same Ny for all £, we would observe a much larger variance
for smaller £ and the runtime would increase for larger £.
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Algorithm 14 Long-term Monte Carlo estimation
1: Input: M € N, u € R%, number of occupied sites 1 < £ < N with N = (2M +1)¢ -1,
final time 7" > 0, N; € N
2: Qutput: approximation o &~ %uTDéw (%) u= A}(/[’Z(\Ilé\g’tu)
3 w=0,a=0,Ny=[Ny/({+1)]
4 for i=1,2,3,...,N,
5: randomly initialize n € Cy e and set trorar, = 0,

6: while true

7 sample tygw from an exponential distribution with mean 64%1

8: set trorar = troraL + Inew

9: if tropar, > T

10: break

11: uniformly select either one occupied site y € Sy with n, = 1 or the tagged
particle y = 0

12: select a jump direction vy with probability pg

13: if 7y4v, = 0, i.e. the target location is not occupied

14: when y # 0 = set n = n¥tveY

15: when y = 0 = set n = %% and update w = w + vy,

16: update o = a + (u, w)?

17 a = -5

TNs

6.3 Low-rank solutions for the optimization problem

The aim of this section is to present our novel low-rank method for the numerical resolution
of the high-dimensional optimization problem (6.5). Instead of solving the problem for
all functions in Hps, we restrict the solution space to functions of rank at most r defined
analogous to (2.4), i.e. to functions of the form ¥ = R + ... 4+ R with

R(n)(k) = HsesnfRs(nS>(k)7 VU = (778)865M € {07 1}SM7

for some ng) :{0,1} > Rfor s € Spr, k=1,...,r. We denote by H}, C Hy the set of
all rank at most r functions. For all r € N, it holds

min A% (¥) = min A% (¥)< min A% (¥) < min A% (D).
i, AR(0) = min, AG(0) < min A3(0) < i Ay ()

In the next sections, we derive an algorithm to approximate arg ming Hr, A (0). We
first introduce a fast and stable algorithm for the evaluation of A}, for functions in H7j,.
We then develop a successive minimization scheme to compute low-rank solutions of (6.5).
Each minimization step is performed using an alternating linear scheme, which relies on
the fast and stable evaluations of AY,. Lastly, we discuss the evaluation of A"M o for the
computation of the self-diffusion coefficient (6.4).
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6.3.1 Fast and stable evaluation

In this section, we introduce a fast and stable method to evaluate A%}, (¥) for ¥ € Hy,.
The naive direct evaluation would require to sum over 2V terms, which is intractable
for large values of N. In principle, the order of summation can be exchanged leading
to terms of the form }_, g 1350 W(n)?2, which can be evaluated efficiently for ¥ € HY,.
However, subtracting these terms leads to a lot of numerical cancellation for M > 1. We
circumvent these issues by treating the evaluation of A};(¥) as the computation of the
Frobenius norms of certain tensors. These Frobenius norms can then be evaluated in a
fast and stable way.

Reformulation as tensor norm

For U € H);, we consider the order N tensor 7(¥) € R2**2 with entries 7;5‘1’)”\[ = U(n),
where ) = (15, - . . , sy ) for some enumeration sy, ..., s of the sites in Sy; and 7, = i;—1
for 1 < 5 < N. Note that ¥ € H},, as defined in Section 6.3, can be represented by a
rank-r tensor in CP-format (2.4) of the form

T ZHG(]k7 (6.7)

k=1j7=1
where a(%F) € R? is defined as a\%F) = (R(k)( 0), R(k)( 1)).

For v,y € Sy, we analogously define the order N tensor TOD) o R2xX2 wigh
0,v)
) = U(n°%?). When y + v # 0 we additionally define the order N tensor

SIN
WD) ¢ R2X-X2 with entries T U(nytv¥). We observe that these again
are rank-r tensors when ¥ € Hj, Lastly7 we define the order N, rank-1 tensor 7(#?) ¢

R2% %2 with entries 7;( U)ZN =u-0.

. w(
entries T(
\p(u-!—u u))

For an order N tensor 7 € R?X"*2 and a site s we define the projection operators
P, : R2><~~~><2 — R2><~~><2 as

7;1,...,1']\; is =1

forl <iq,...,iy <2
0 otherwise =b N =5

(Pl irsin = {

where i5 denotes to the index assigned to site s. We can now rewrite (6.6) as

At Zpk[||ka(T<“k>+T”’<°” ~ T [
k=1
1 (y+vg,v)
3 2 T T (6:5)
yESM
y+u#0
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Efficient evaluation of Frobenius norms for sums of low-rank tensors

Let k € {1,..., K} and y € Sy such that y + v # 0 be fixed. We derive an algorithm
inspired by TT orthogonalization [249] to evaluate ||7(¥) — T(‘I’(Hvk’y))HQF.

We start by rewriting Equation (6.7) in T'T format (2.6) as

T

T
(v 2 : 1 2 3 N
Til,~~~,iN - s 2 : Cl,il,klckhimkzck‘mis,k?, o .Ckal»iNJ’ (6'9>

k=1  ky_1=1

with tensors Ct € RP2x7 N ¢ Rm*2x1 and €7 € R™2*" for 1 < j < N, whose entries
are given by

. j:kl k _k

¢l o= % TR g << N, 1<i<2 1<k, ky <N,
ki ke {O otherwise J - = = P82 =
Clip=a;" for1<i<2, 1<k<N,
ey =a;" for1<i<?2 1<k<N.

The representation (6.9) can be generalized to other low-rank tensors. Let TErte)

be analogously represented by tensors DJ. The tensor 7(¥) — TR 4 at most
rank-2r. It’s representation in the form of (2.6) with tensors £ can be constructed from
the tensors C7, D7, i.e. the tensors E! € RIX2x2r  gN ¢ R2rx2x1 and £ ¢ R2¥2X2r for
1 < j < N are defined as 8117:’” =Cl, 5117:7”1:2,“ = -D!, Sf\fml =CcN, 57{\_11:2,"7:71 =DV
and 5{mz’1:r =0, 57{“:27”’:”,“:274 = DJ. Note that for 1 < j < N these tensors are sparse
by construction.

‘I’<y+%'y))]]% directly form the tensors £/ in a

We can compute the norm [|7(¥) — 7
fast and stable way using TT orthogonalization [249] as defined in Algorithm 15. We
want to emphasize that the sparsity structure of £/ is preserved in Algorithm 15. The

evaluation of |||, in line 13 requires summing up 47 terms, whereas a naive evaluation
(y+vp,y) .
of [|[T(¥) — T 12 inyolves 2V terms.

Remark 6.4. The sum of several low-rank tensors can be represented in the format (2.6).
The representation of the sum can again be constructed from the representations of the
individual low-rank tensors. This allows us to apply T'T orthogonalization to evaluate all
Frobenius-norms in Equation (6.8) in a fast and stable way.

6.3.2 Swuccessive minimization

Let r € N. In order to approximate argmin A%, (¥), we decompose the problem into
VEHT,
a sequence of successive minimization problems following the idea of Remark 2.3. We

assume that ¥ € Hj, is of the form ¥ = RW ...+ R with rank-1 functions R ¢ H}M
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Algorithm 15 Frobenius norm evaluation

1: Input: tensors &1 € RIX2x2r gN ¢ R2rx2x1 and £ € RZ7*2X2 for 1 < j < N
N .
2: Output: |Tl%, where T € R? has entries T;,,
r T 1 2 N
Zklil T ZkN—lzl 517i17k18k17i27k2 o '5kN—1,iN,1
3: Compute QR decomposition of £! reshaped as element in R?*?".
4: Set E! to Q reshaped as element in R!*2X2",

5. Update £2: reshape to R?"*22" multiply with R from the left, reshape back to
R2TX2X2T.

N

6: for 7=2,....N—1
7: Compute QR decomposition of &7 reshaped as element in R?"2%2",

8: Set &7 to Q reshaped as element in R?">2%2r,

9: if j<N-1

10: Update E7F!: reshape to R?*22" multiply with R from the left, reshape back
to RQTX2X2T.

11: else

12: Update EV: reshape to R?"*2, multiply with R from the left, reshape back to
R2TX2X1.

13: | Tl = 1M1

We first determine R as solution of min RWeH!, Aﬂ(R(l)). In a successive step R is

determined as solution of minge) Hl, A}Q(R(l) + R®). This is continued successively
until ¥ is determined. The idea is formalized in Algorithm 16.

Algorithm 16 Successive minimization

1: Input: rank r

2: Output: approximation ¥ ~ argmingc AL (D)
3 U=0

4: for k=1,...,r

5 R®) =argmingey A (Y + R)

6 v =", RO

6.3.3 Alternating least squares

In Algorithm 16, we need to solve minimization problems of the form

min Ajy (¥ + R) (6.10)
ReH},
for given ¥ € Hj,. In the following, we introduce an ALS algorithm (see Section 2.1.2) to
solve such minimization problems. The main idea is to approximate the solution of (6.10)
by an iterative scheme which amounts to solving a sequence of small-dimensional linear
problems. We start from an initial R(n) := seg,, Rs(ns). We first minimize A*(¥ + R)
only with respect to a selected Ry, : {0,1} — R for some sy € Sy, leaving the other Ry,
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6.3. Low-rank solutions for the optimization problem

s # so fixed. By partially evaluating A%(¥ + R) for all terms not depending on Ry,
we obtain that ming, e(013-ry A"(¥ + R) with R(n) := Rs,(Nso)Lses,,\ {501 Fs(7s) 18
equivalent to a quadratic optimization problem

min  aj R (1)2+aaRs, (0)2+a3Rs, (1) Rsy (0)+ Ry, (1) +asRs, (0)+ag, (6.11)
Rs,€{{0,1} >R}
with constants aq,...,ag € R depending on the fixed Ry, s # sg and W. This quadratic
optimization problem always admits a unique optimal R, which is given by R, (1) = a
and Rs,(0) = b, where a,b € R are the solution of the linear system

2 « a —0y
() () - ()

This allows us to optimize A%, (¥ + R) with respect to individual Rs,. By alternating the
selected sy € Sy, we obtain the alternating least squares algorithm, which is formalized
in Algorithm 17.

Algorithm 17 Alternating least squares

1: Input: initial functions R? : {0,1} — R for s € Sy, function ¥ € H},, vector u,
tolerance e

2: Output: approximation Ropt(n) = Hses,, Rs(ns) of arg minReH}V[ AL (T + R)

3: Vold = OQ, Unew = A}LW(\II + RO) with RO(U) = HSGSMRg(nS)

4: Vs € Sy, Rg := Rg

5. while |vold — Vnew| > €|Vnew|-

6: Vold = Unew

7 for sg € Sy B B B

8: R, = arg nainésoz{()’l}HR A (¥ + R) where R(n) = R, (0s0)Mses,,\{s0) Fs(ns)

for all n = (ns)seSM
9: Unew = quf/[(\ll + R)

Remark 6.5. To compute the constants o, we can either explicitly implement the partial
evaluations of A%, (V+R). Alternatively, we can treat A% (¥+R) as a function in R? — R
depending on the values Rs,(0) and Rs,(1). We know that this function is a multivariate-
polynomial of the form aq Rs,(1)?+aaRs,(0)2+a3Rs, (1) R;(0) +auRs, (1) + a5 Ry (0) + 6.
The constants can be computed using multivariate-polynomial interpolation (2.16) in
six points. This interpolation has the advantages that it is non-intrusive and that the
evaluations of A (¥ + R) can be performed efficiently using the ideas of Section 6.3.1.

Remark 6.6. Throughout this chapter, we use approximations in the CP-format. Note
that alternating algorithms can also be applied to TT tensors [145, 171, 312].
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6.3.4 Monte Carlo methods

Let ¥ € Hj, denote an approximation of the solution of (6.5). In the following, we
discuss how to evaluate Aj; ,(¥). In the definition (6.3) of A}, the function

K

Fm) =>"p {(1 — ) (- + U (%) — () +
k=1
é > (mrtee) - W(n))® (6.13)
yes\{0}
y+ur#0

is evaluated for all n € Cpy . For larger N and most choices of ¢, evaluating |Cys | = (]X )

terms is intractable. We thus propose to use a Monte Carlo method [227] to approximate
u
e (Y).

In a naive Monte Carlo method, we compute N, samples () € Cuyypfori=1,...,N;
1 - 1
and replace tevm| ZneCM,g in (6.3) by 5= 2, cfn,..yNe)}-

In Algorithm 18, we describe a Monte Carlo method with additional variance reduc-
tion [158], which as demonstrated in Section 6.4 reduces the number of samples needed
to obtain a given approximation accuracy. The main idea is to observe that the sites
v1,...,VK play a special role since they are the most relevant for jumps of the tagged
particle. Instead of sampling the n uniformly in Cj; ¢, we now ensure that all possible
states of the sites v, ..., vk are occurring equally often in the set of sample points. We
obtain the environments used to approximate AﬁM(\I/) using the following construction.
We first sample the states of all sites other than vy, ..., vx randomly. We then combine
these states with all possible states of the sites vy, ..., vx to obtain 2¥ different envi-
ronments. After evaluating f for each of these environments, we obtain the next set of
environments by randomly sampling the states of all sites other than v1,...,vg. This
procedure is repeated until desired the total number of evaluations of f has been reached.

Remark 6.7. In line 9 of Algorithm 18, we sample form the set set
{117(2) e {0, 1}SM\{'017---7UI€}’ Hu—;@)”l =ny}

which contains (Nn_QK) elements. When the number of elements in this set is smaller than

]Vs, we can compute S based on all possible WP instead of sampling N, times. This
decreases the variance of the approximation further and reduces the number of required
evaluations of f.

6.3.5 Limitations of the approach

In this section, we briefly discuss the limitations of the proposed algorithm. These are
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Algorithm 18 Monte Carlo method with variance reduction

1: Input: function f : Cyry — R, parameter N,
2: Output: approximation S of \CTlul > neCa . L)

3:95=0
4: for @M € {0,1}%
5: ni 2:||ﬁ5||1,n2 =0—-m
6: if 0<ny<N-—{
T S=0 _
8: for i=1,...,N;
9: Sample w(?) € {0, 1}5m M2k} guch that |[@®)||; = ng.
dY s = Vg,
10: Construct n € Cjr e such that 7(s) = ’(“2)
Wy otherwise
11: S=S+f(n)
N-K\ &/~
12: S=8+ (") S/N;
13: S = %
(2)
primarily related to the following observation. Since Af, z(\l}ﬂﬁf) defines the entries of

the self-diffusion coefficient (6.4), we know that A}(/M(\I/é\g’tu) € [0,1]. Note that Aj,,

contains the normalization constant |Cpse|~'. The objective function A%, (6.6) does not
include a normalization factor. This implies that the A%(\I/f,‘ﬁ;“) is of order 2V. Trying
to minimize this objective function numerically using floating point arithmetic leads to
issues caused by rounding errors for large N.

For larger values of the objective function, it becomes increasingly challenging to solve the
individual minimization problems in line 8 of Algorithm 17. In particular, our approach
of using polynomial interpolation to find the location of the minimum might encounter
numerical rounding issues. We find that the positive eigenvalues of the 2 x 2 matrix
in (6.12) tend to be many orders of magnitude smaller than the norm of the right hand side.
This implies that small rounding errors in the constants a;, ..., ag might lead to vastly
different solutions. For M > 2, we even find that rounding errors can lead to negative
eigenvalues in the system, i.e. we can not find the minimum of the polynomial (6.11)
at all. It might be necessary to use a different approach to solve the individual ALS
minimization problems for larger M. Alternatively, one could develop an algorithm to
minimize the function log(AY,).

Moreover, the number of ALS iterations needed to find a good rank-1 minimizer tends to
increase when increasing the size of the domain. This is especially true when a random
initialization is used in Algorithm 17. Note that it might be possible to circumvent this
issue by initializing Algorithm 17 based on the solution computed for a smaller value of
M. Overcoming these limitations will then require further investigation. A possible path
could be to combine domain decomposition approaches together with the tensor-based
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optimization algorithm we propose here, in order to obtain a global optimization procedure
where only independent parallel local optimization problems on medium-sized cells are
solved.

6.4 Numerical Experiments

In the following numerical experiments*, we consider a tagged particle process with K =4
displacement vectors v; = (1,0), v = (=1,0), v3 = (0,1), and v4 = (0,—1) and with
associated probability pp = 1/4 for k = 1,2,3,4. All computing times are measured
without parallelization in MATLAB R2018b on a Lenovo Thinkpad T480s with Intel
Core i7-8650U CPU and 15.4 GiB RAM. Note that both the sampling Algorithm 14 and
Algorithm 18 as well as the evaluation of the different Frobenius-norms in Equation (6.8)
can be parallelized to speed up computations.

6.4.1 Solving the optimization problem

In the following, we analyze the numerical approximation of the self-diffusion coefficient
by solving the optimization problem (6.4).

Low-rank approximation error First, we study how the rank r affects the value of
mingegr, A} (V) for u = (1,0). Let Uy's € Hy; denote the function obtained by using
Algorithm 16 with rank r, where the minimization problem in each iteration is solved
using Algorithm 17. The initial functions RY in Algorithm 17 are selected randomly by
assigning random values drawn form the uniform distribution on [0, 1] to R2(0) and R?(1).
In Algorithm 17, we set ¢ = 1072 and additionally stop after line 8 has been executed
420 times.

We depict the error [|A¥(WRL's) — AY(WAE)|| /| AL(WAL)]], evaluated using the ideas of
Section 6.3.1, of W} |'s for various r in Figure 6.2. The computation with r = 10 takes 4
minutes for M =1 and 82 minutes for M = 2. We observe that the error decays quickly
with increasing rank. In particular, for M = 1 an approximation with » = 1 is less than

0.1% away from a direct least squares solution of the minimization problem (6.5) (see
Remark 6.8).

Remark 6.8. Given the tensor T™Y) as defined in (6.7), we can equivalently write the
evaluation of A%, (¥) as sum of @ = NK - 2N=1 quadratic terms, which can be expressed

as || Bvec(T™)) +b|3 for some matriz B € R@*2Y and vector b € RQ. Thus, (6.5) boils
down to solving the least squares problem

min || Bvec(T™)) + 3. (6.14)
VeH

*The code to reproduce these results is available from https://github.com/cstroessner/SelfDiffusion
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= 1072t = 102}
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=~ =~
= =
“”10-3, *‘”10-3,
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il =
1074 1074 : : : :
2 4 6 8
rank-r rank-r

Figure 6.2 — Algorithm 16 yields successive approximations Wy € Hj,. For r €
{1,...,9}, we plot the relative error of \Iliffs compared to \If}ﬁ_’g . We repeat this experiment
12 times with different random initial functions in Algorithm 17. The resulting relative

errors are displayed in different colors. Left: M = 1. Right: M = 2.

In our setting of d =2, M =1 and K = 4, it holds that N = 8 so that 2V = 256 and
Q = 4096. This is small enough to solve (6.14) up to a very high precision using lsqr
m MATLAB. For larger values of M it is no longer tractable to solve this least squares
problem.

Sampling-based evaluation Let M = 2 and u = (1,0). For a given approximate
solution Wit's, we want to evaluate A;Z(\Ilif_‘s). A single evaluation of (6.13) with ¥
replaced by \Ili’fs requires on average around 5.1 - 10~# seconds. Computing Al Z(\I/i’f_‘s) for
0 < ¢ < N directly would require 224 a2 1.6-107 evaluations of (6.13), i.e. around 2.4 hours.
In Section 6.3.4, we proposed two Monte Carlo algorithms to obtain approximations of

5 g(‘lli’ffs). We visualize the variance in the approximation obtained by these algorithms
in Figure 6.3. The studied quantity NLH Zévzo uTDs(%)u approximates fol Tr(Ds(p))dp,
where Tr denotes the trace operator. Algorithm 18 clearly leads to a variance reduction.
With only 10° samples, which can be evaluated in about one minute, we can already

reach a variance of 1076,

6.4.2 Estimation of long-time mean square deviation
In the following, we study estimating the long-term limit using Algorithm 14.

Figure 6.4 motivates our choice of T'= 300 and N, = 30000 for the following numerical
experiments. The error caused by stopping with 7" = 300 is negligible compared to the
stochastic variance when stopping with N, = 30000.

In Figure 6.5 we analyze how the parameter N affects the approximation of the quantity
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naive Monte Carlo

with variance reduction

naive Monte Carlo
with variance reduction | |

variance
-
o
F

10* 10° 104 105

number of evaluations number of evaluations
Figure 6.3 — For M =2 and u = (1,0) we compute A aLs using Algorithm 16. We then
approximate u? Dy(£)u = 244 (\I/iﬁs) for 0 < ¢ < N using sampling as in Section 6.3.4.
We sample n € C)yy ¢ using two different approaches; from the uniform distribution (naive
Monte Carlo) and using Algorithm 18 (with variance reduction). We use a total of
460800 evaluations of (6.13) for both sampling methods. After every 3072 evaluations,
we evaluate N g Zz o ul Dy ( )u based on the already computed samples. The whole

experiment is repeated 250 times. Left: Evolution of 12+ +1 SN oul Dy ( )u with increasing
number of samples. The shaded areas mark one standard dev1at10n from the mean for
the respective algorithm. Right: Evolution of the variance of 2 H Ze o ul Dy ( Ju with
increasing number of samples.

1.02

* : : : : 0.88 ‘ ‘ : ‘
0 2000 4000 6000 8000 10000 0 200 400 600 800 1000

time time

Figure 6.4 — We run Algorithm 14 with M = 2, v = (1,0), £ = 0 and different values
for T and N,. For each setting, we plot how the approximation of the value u” D(0)u,
which is known to be equal to 1, evolves over time for 12 random initializations visualized
in different colors. Left: Ny = 10 000, T'=100000. Right: N, =100 000, T" = 1000.

N ) ZZ 0 uT D, ( Ju. We observe that the quantity of interest converges to the same
value around 0.84 as in Figure 6.3. Note that a single run with N, = 30000 requires
33 minutes and reaches a variance of 1074, Compared to the results in Figure 6.3 the
computation time needed to achieve the same variance with Algorithm 14 compared to
Algorithm 18 is much higher. This is visualized in Figure 6.6.
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Figure 6.5 — We run Algorithm 14 with 7" = 300, v = (1,0) for ¢ = 0,...,24 to
approximate Ds(%). We use Ny = 30000 and store intermediate values for Ny =
100, 200, 300, . . .. Based on these approximations we compute NLH Zévzo uTDS(%)u. This
procedure is repeated 50 times with different random initializations. Left: Evolution of
Niﬂ Zévzo u? Dy( %)u with increasing values of N;. The shaded area marks one standard
deviation from the mean. Right: Evolution of the variance of NL-H Zé\]:o uTDS(%)u

with increasing values of N,. We additionally display the evolution of the variance of
uTDs(%)u for individual values of /.
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Figure 6.6 — We plot the variances displayed on the right of Figure 6.3 and Figure 6.5.
Instead of the number of samples, we display the computation time for evaluating the
corresponding number of samples on the x-axis. Left: Computation times only for
Algorithm 14, the naive Monte Carlo method and Algorithm 18. Right: We additionally

include the computation time of 736 seconds for computing \Ififs using Algorithm 16.

6.4.3 Comparison of algorithms

We now compare the two approaches of approximating the self-diffusion coefficient. We
evaluate u’ Dy(¢/N)u for u € {(1,0),(0,1),(1,1)} to recover all entries of the symmetric
matrix Dg(¢/N). Interpolation of the entries yields an approximation of Dg(p) for
p € [0,1]. Alternatively, interpolation in the space of symmetric positive definite matrices
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Chapter 6: Self-diffusion matrix

could be used [232].

For the following experiments, we use Algorithm 14 with a slight modification to approxi-
mate u’ Dy(p)u for different values of u simultaneously. This is achieved by keeping track
of different « for different u in lines 16 and 17. The optimization problem (6.5) needs
to be solved for every wu separately, but the solution can be evaluated for different ¢. In
contrast, the sampling in Algorithm 14 needs to be recomputed from scratch for every £.

In Figure 6.7, we display the trace of D4(p) computed using different approaches. Com-
puting the whole matrix Ds(¢/N) for all 0 < ¢ < N took 3 minutes (37 minutes) for the
approach based on solving the minimization problem, whereas using Algorithm 14 took 15
minutes (45 minutes) for M =1 (M = 2). The much higher variance of Algorithm 14 for
approximating the long-term limit leads to clearly visible changes in the graph of trace at
the values p = %. The figure also contains results using a 6 x 6 grid (N = 35) for which
the minimization based approach took 5 hours and 40 and the sampling of the long-term
limit took 9 hours and 24 minutes. The sampled solution of the minimization problem
changes less due to a smaller sampling variance in Algorithm 18. The variance for both
approaches is depicted in Figure 6.8 and listed in Table 6.1. We want to emphasize that
the approach based on solving the minimization problem is faster and simultaneously
yields a lower variance in the entries of the self-diffusion compared to the estimation of
the long-term limit.

2.5 1
- }ong-term l}m%t Nisr — — —long-term limit N=8
ong-term limit N=15 N1
- 0.95 + long-term limit N=15 | 4
2 — — —long-term limit N=24 | q 1 P
L — — — long-term limit N=24
- 101'1gfte‘r%n _hm]t §:35 09 f — — —long-term limit N=35| |
= mfnfm?é&tfon N=8 minimization N=8
=< 1.5 minimization N=15 ~ minimization N=15
- N m%n%m?zat%on N=24 Ef 0.85 minimization N—=24
\Q/ minimization N=35 Q X minimization N=35
~— ~
E‘H 1 HH 0.8 BN N I RN >
NN ~
~ ~ ~
0.75 NN ~
~ ~
0.7 NS
NN
X
0 L L L L 065 L
0 0.2 0.4 0.6 0.8 1 0.45 0.5 0.55
P P

Figure 6.7 — For M =1 (N = 8) and M = 2 (N = 24) we solve the minimization
problem (6.5) using Algorithm 16 with » = 3. We evaluate A}(LZ directly for M = 1,
whereas for M = 2 we use Algorithm 18 with N, = 50. We compare to Algorithm 14
with Ny = 30000 and T = 300 for M = 1 and M = 2. Repeating this for v €
{(1,0),(1,1),(0,1)} yields Ds(¢/N). Element-wise linear interpolation allows us to
evaluate Ds(p) for p € [0,1]. We plot the trace of Ds(p). In addition, we run both
algorithms on a 4 x 4 and 6 x 6 periodic grid (N =15 and N = 35). For N = 15 we
use the same parameters as for N = 24. For N = 35 we use rank 10, N, = 150 and
N, = 80000, T = 600. Note that the 4 x 4 grid lies in between the 3 x 3 grid for M =1
and the 5 x 5 grid for M = 2. Right: Zoom on part of the graphs.
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long-term limit N=8 long-term limit N=24
0.85 inimization N=8 long-term limit N=15 0.85 minimization N=24
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~ 08 ~ 08}
= = z %%
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p p p

Figure 6.8 — We repeat the experiment presented in Figure 6.7 100 times for N = §,
N =15 and N = 24. We plot a zoom on a part of the graphs. The shaded areas mark
one standard deviation from the mean for each of the methods.

max _ Var(Tr(Ds(¢/N))) ﬁZﬁoVar(Tr(Ds(é/N)))

£e{0,...,N}
N _ g long-term limit 2.313-107% 1.072-107%
minimization 8.791-107° 4.231-107°
N — 15 long-term limit 3.433-1074 1.410-107*
a minimization 2.548 - 1074 6.835- 1075
N_94 long-term limit 4.377-1074 1.989-10~*
minimization 3.262-10~* 8.001-10-°

Table 6.1 — We display the mean and maximum of the variance for the 100 approximations
of the self-diffusion coefficient computed in Figure 6.8. Note that we do not need to
sample to evaluate A}, , for N = 8. The variance for minimization with N = 8 is solely

caused by the random initializations of R? in Algorithm 17.

6.5 Application: Cross-diffusion system

In this section, we recall how self-diffusion matrices arise in the context of cross-diffusion
systems. We then use our novel low-rank approach described in Section 6.3 to approximate
the self-diffusion matrices needed to resolve a slightly simplified cross-diffusion system

with a cell-centered finite volume method.

6.5.1 Hydrodynamic limit of a lattice-based stochastic hopping model

Lattice-based stochastic hopping models [214, 266, 301| describe the evolution of a mixture
of multi-species particles, the positions of which are clamped on a (periodic) lattice T, :=
{0,..., ”T_l}d, d=1,2,3. After a certain amount of time, a single particle jumps to a
nearby node according to a given Markovian random walk. Let vg:= ((vg);)1<i<a € Z%\{0}
for k =1,..., K be the displacement vectors for all possible jumps that one particle can
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([ [ J [ [
o o ([ [ J e o [ o o
- ° -
particle at (é %) particle at (éé
[ ] [ ] [ ] jumps with [ ] [ ] o jumps with [ ] [ ]
v=(1,0) v=(0,-2)
(] [ J ([

initial state after first jump after second jump

Figure 6.9 — The evolution of state of the particles on a lattice with n = 5,d = 2. Left:

Initial state. Middle: After the blue particle at s = (£, 2) jumped with v = (1,0) to

s+ %v. Right: After the red particle at position (%, %) jumped with v = (0, —2). Since
the lattice is periodic the particle ends up in position (%, %)

make, i.e. a particle at position x € T, lands at position = + %vk € T,,. The rate of
jumping in the direction %vk is given by px € |0, 1]. We assume that the particles can be
of two possible species, either species blue or species red. We study how the distribution
of the particles belonging to each species evolves over time in the limit when the number
of lattice points and particles tends to infinity. See Figure 6.9 for a schematic illustration
of this lattice-hopping process.

We are interested in simulating the hydrodynamic limit of this lattice-based hopping
model, which was identified in [266]. In the limit n — 400, this hydrodynamic limit
reads as a cross-diffusion system defined on the d-dimensional torus 7%:= (R/Z)%. At this
scale, we consider densities preq : T% x Ry — [0,1] and pp1ue : T% x Ry — [0, 1], where
prea(x,t) (respectively ppiye(z,t)) denotes the local volumic fraction of red (respectively
blue) particles at point x € T% and time t > 0. The local volumic fractions Preq and
Poiue are shown to be solutions to the following cross-diffusion system [266]

Polue Pred Pred
D D D—-D
Q Pred _ lv . p S(p) T P P ( S(p)) Vpred
ot \ porwe ) 2 Pl p_Dyp)) =Dy (p) + 22D | \ Voot | |
P P P
(6.15)

in 7% x R, where p := prea + Poive. The matrix D € R4 ig defined such that
D;j = Zszl pr(vg)i(vg); for all 4,5 = 1,...,d. The matrix Dy(p) denotes the self-
diffusion matrix application (6.1) of the tagged particle process with jump directions vy,
and jump probabilities p; for k =1,..., K.

We complement system (6.15) by the initial conditions prea(0, ) = p%4(2), Po1ue(0,2) =
P e (), where p2 4, 090 € L°(T9) satisfy 0 < p% 4 + pdi,c < 1 almost everywhere in
T?. In this case, it can be shown [266] that there exists a unique solution (preq, Poiue) €
L®(T? xR, )? to system (6.15). In addition, it holds that for almost all ¢ > 0 and x € T4,
0 < prea(z,t), 0 < poive(w,t) and prea(w,t) + pprue(®,t) < 1.
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6.5.2 Deterministic resolution of a simplified cross-diffusion system

Since, the design and numerical analysis of a numerical scheme for the resolution of the
cross-diffusion system (6.15) is still subject to future research, we present a numerical
scheme to resolve a simplified system. In this section, we develop a cell-centred finite
volume method [115, 116] to simulate this simplified cross-diffusion system, assuming
that a numerical approximation of the self-diffusion matrix Ds(p) can be computed for

any p € [0,1].

Simplified cross-diffusion system

Let © C R? be a polyhedric bounded domain of R?. The local volumic fractions of red and
blue particles are now given by functions preq : @ XR4 — [0, 1] and pp1ye : QxR — [0, 1].
These functions are assumed to satisfy the following simplified cross-diffusion system:

g pred _
ot Poblue
Poblue Pred Pred
T Dy D T D — Dy
lg. r[ , D+, } r[ b (p))] (Vpred>

r]:\r |:pb;ue (D _ Ds(p)):| Tl“ |:p1:d DS(IO) + pb;ueD vpb]_ue

(6.16)

in Q x Ry, where p := pred + pPoiue. We complement system (6.15) by the initial condi-
ti0n prea(0,2) = Plua(@)s Porue(0,2) = Py (x), Where pls, e € L¥() satistying
0 < P94+ pYiue < 1 almost everywhere in . We also assume that system (6.16) is com-
plemented with Neumann boundary conditions instead of periodic boundary conditions.

Time discretization

Let Ty > 0 denote some final time. For the time discretization, we introduce a division
of the interval [0, Ty] into subintervals I, := [tp—1,%p], 1 < p < P; for some P; € N such
that 0 = tg < t; < --- < tp, = Ty. The time steps are denoted by At, = t, — t,_1,
p=1,..., P, For a given sequence of real numbers (v”),cy, we define the approximation
of the first-order time derivative thanks to the backward Euler scheme as follows:

P — p—1

P i = —— V1<p<P.
tv Atp Sp> Iy
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Space discretization

For the space discretization, we consider a conforming simplicial mesh 7 of the domain
Q, i.e. Ty is a set of elements K verifying U K = Q, where the intersection of the

KeTy,
closure of two elements of 7 is either an empty set, a vertex, or an [-dimensional

face, 0 <[ < d — 1. Denote by hi the diameter of the generic element K € T and
h = maxgeT, hix. We denote by &, the set of mesh faces. Boundary faces are collected in
the set &' = {0 € &,;0 C 0N} and internal faces are collected in the set £ = &, \EF.
To each face o € &,, we associate a unit normal vector ny; for o € E™ 0= KNL, n,
points from K towards L and for o € Sﬁ’“ it coincides with the outward unit normal vector
ng of Q. We also denote by N, the number of elements in the mesh 7;. Furthermore,
the notation ng , stands for the outward unit normal vector to the element K on o. We
also assume that the family 7} is superadmissible in the sense that for all cells K € Tj,
there exists a point zx € K (the cell center) and for all edges o € &, there exists a
point z, € OK (the edge center) such that, for all edges o € £, the line segment joining
z ) with z, is orthogonal to o (see [116]). For an interior edge o € ™ shared by two
elements K and L (denoted in the sequel by o = K N L), we define the distance between
these elements dg, := dist(zx,z). Figure 6.10 provides a schematic illustration.

Figure 6.10 — Ilustration of the notation for a mesh with two elements.

The cell-centered finite volume method

In the context of the cell-centered finite volume method, the unknowns of the model are
discretized using one value per cell: V1 < p < P, we let

UP = (UIP;')KETh € RQNC? with U[% = (pfed,K7pr)1ue,K) € R2

where p?_, - and p}, _ .- are respectively the discrete elementwise unknowns approx-
imating the values of prea(tp) and ppiue(tp) in the element K € 7Tp,. More precisely,

1
pﬁe %/pre t,xdxandppue z/
KR g atp:7) Plue KK Jie

over the element K € Tp, using next the Green formula and the Neumann boundary

Poiue(tp, ) dz. Integrating (6.15)

conditions, the cell-centered finite volume scheme we solve is the following: for a given
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fixed value of UP~!, find UP € R?Ne such that

1
Hi i (U”) = K| oo = 5 Y Fike.UP)=0 VK €T,

o€EK

1
Hy e (U?) = |K|Oiphyesc = 5 D Forco(U”) =0 VK €T

o€

(6.17)

The numerical fluxes F1 g »(UP) and Fy i »(U?) are respectively approximations of

Fiko(UP) ~ (Sll(Up)foed + SIQ(UP)Vpglue) ‘NK o
F2,K,U(Up) ~ (SZl(Up)foed + SZQ(UP)Vpglue) *NMK,o)

where S1H(UP) := (SIl(l(Up))KeTh’ S2(Ur) .= (Sll(z(Up))KeTh’ S2HUP) = (SF(UP)) ke
S2(UP) = (S%(Q(Up))KeTh are collections of real numbers defined on each cell of the
mesh as follows. For all K € Ty,

_plb)lueK p{")edK
11 P\ . T ) )
SH(UP) =T N Dy(ph) + - D],

p]:zed,K

e

S (UP) :=Tr

(0 D)

Pﬁ’;%jK (D - Ds(p%))]

pfed,K p{;lue,K D] 7

S UP) :=Tr

22 D\ . T
SZ(UP):=T _ 7 Dy(ph) + s

e p . . . . .
where pfl’( = p}r’ ed, K T Poiye K+ Now we are interested in computing an approximation of

<Sij(Up)Vp§)> ‘nky forall 1 <i,j7 <2 and § € {red,blue}.

int

For any edge o € &£, denoting by K, L € T}, the two cells sharing the edge o, we employ
the following harmonic averaging formula for all 1 <4, 5 < 2,

SUUSIUT) ()
dicoSP(UP) +dp S (UP) VFE - TEE

(Sij (Up)vpg) Mo ~ o]

We refer to [1, 113, 114| for more details. This averaging formula enables then to obtain
the expression of the fluxes F1 k »(U?) and F g »(UP).

At each time step p, we thus have to solve the nonlinear problem: find UP € R2Me such
that HP(U?) = 0, where HP(UP) := (H1,x (U?), Ho,k (U?)) ger, € R2Ne where H; g (UP)
and Hj i (UP) are defined by (6.17).

113



Chapter 6: Self-diffusion matrix

Resolution of the nonlinear problem by a Newton method

In this section, we present a Newton procedure for computing the approximate solution
UP at each time step p. For 1 < p < P, and UP? € R?Ne fixed (typically UPY = UP~1),
the Newton algorithm generates a sequence (UP¥)>1, with UPF € R?Ve given by the
system of linear algebraic equations:

APkl — ppk—1 (6.18)

Here, the Jacobian matrix AP*~1 € R2Ne:2Ne and the right-hand side vector BPF~1 ¢ R2Ne

are defined by
APFL = L (UPRYY and  BPETL .= Jp (UPF-HUPE—L — P (UPkh).

Note that Jye(UP*71) is the Jacobian matrix of the function H? at point UPF~1. A
classical stopping criterion for system (6.18) is for instance

[ e, < e (619

where e}, > 0 is small enough. We refer to the book [185] for large descriptions on
linearization techniques.

6.5.3 Numerical Experiment

In the following numerical experiment!, we solve the PDE system (6.16) using the finite
volume scheme described in this section. A approximation of the self-diffusion coefficient
D(p) is obtained from \I'}A’lzfs as in Section 6.4. We set the domain Q := [0,1] x [0, 1]
and consider a uniform spatial mesh (N, = 312 elements). We use a constant time step
At, = At = 1073 seconds V1 < p < P,. The final time of simulation is 7' 't = 10 seconds.
We employ at each time step 1 < p < P, a Newton solver as described in Section 6.5.2
with ey, = 1078, The initial values are defined by

pged(x,y) :=0.2540.25 cos(mx) cos(my) and pglue(as,y) :=0.5—0.5 cos(mx) cos(my).

Figure 6.11 displays the shape of the numerical solutions preq and pp1ye for several time
steps. We observe that the local volumic fractions evolve over time to reach constant
profiles (around 0.25 for pyeq and 0.5 for pp1ye) in the long time limit. This indicates, that
our scheme is stable in the sense that the densities lie in their physical ranges. In every
time step, only 2 or 3 Newton iterations are required to reach the stopping criterion (6.19).

"The code to reproduce these results is available from https://github.com/cstroessner/
SelfDiffusionCoefficent.git
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4 Fast global spectral method

Global spectral methods [122, 143, 319, 326] offer the potential to solve PDEs to very
high accuracy. These methods are based on studying the impact of the differential
operator when applied to a finite set of basis functions such as tensorized Chebyshev
polynomials with bounded degree (2.16). We then compute a linear combination of these
basis functions that (approximately) satisfies the PDE. For one- and two-dimensional
rectangular domains this approach led to the development of the solvers Chebop [102, 103,
246] and Chebop2 [319] contained in the Chebfun package [104]. Extensions to triangular
domains and to disks have been derived in 244, 245, 338|. In the three-dimensional
setting only specialised solvers for the Poissons’s equation have been developed so far [125,
321, 346|.

This, chapter is concerned with the numerical solution of general linear PDEs on cubes of
the form

Lu=f on[-1,1], (7.1)

complemented with linear boundary conditions. Note that even though the domains of
three-dimensional PDEs arising in medicine [166, 219, 311|, engineering |28, 107, 263| and
geosciences [175, 226, 347] are rarely cubes, they can often be mapped onto cubes [124].
Following the idea of global spectral methods, we approximate both the solution u and
the right-hand side f by multivariate polynomials of the form (1.3). We approximate
the operator £ by a mapping mimicking the impact of applying £ on the level of the
coefficient tensors. In order to define this mapping, we express the three-dimensional
differential operator as a combination of one-dimensional linear differential operators,
which we determine using a CP decomposition (2.4). By representing u in a Chebyshev
basis (2.16) and f in an ultraspherical basis, we can express the action of each of these
one-dimensional operators on the coefficients in terms of sparse and well-conditioned
differentiation and multiplication matrices [246]. The combination of applying these
matrices yields the desired mapping. Solving the PDE corresponds to inverting this

117



Chapter 7: Fast global spectral method

mapping, which can be seen as solving a tensor-valued linear system. Discretizing the
boundary conditions provides additional linear constraints under which inverting the
linear system has a unique solution. Using substitution we obtain an unconstrained
tensor-valued linear system uniquely determining a subtensor, from which we recover the
full coefficient tensor of the solution. We would like to point out that our discretization
approach can be applied to a wide variety of PDEs, but it does not necessarily preserve
certain desirable properties of the differential operator.

It turns out that our discretization of the PDE (7.1) has a Kronecker structure that
can often be exploited. For instance, Poisson’s equation with homogeneous Dirichlet
boundary conditions leads to a Laplace-like equation [24, 70, 206, 236]. Laplace-like
equations can be solved efficiently using the blocked recursive algorithm in [69]. This
algorithm is asymptotically slower than the nested alternating direction implicit method
in [125], but our numerical experiments in Section 7.4 demonstrate that the recursive
blocked algorithm is significantly faster in practice. Even if the PDE of interest does
not immediately lead to a structure suitable for the fast solver, we can often apply the
blocked recursive algorithm as a preconditioner for GMRES.

The algorithmic ideas presented in this chapter, can be extended from solving stationary
linear PDEs, such as the Helmholtz equation and (convection) diffusion problems, to
solving time-dependent PDEs and PDE eigenvalue problems of the form

Qu =Lu and Lu= \u,

ot
which we solve using implicit Euler and inverse iteration methods, respectively. We expect
to obtain accurate approximations of the solution, when both the PDE coefficients and
the solution are sufficiently smooth to be well approximated by truncated expansions
with tensorized polynomial basis functions. For non-smooth solutions, our global spectral
method might lead to inaccurate approximations.

Remark 7.1. Our global spectral method can be used to compute solutions numerically to
very high accuracy. It is not to be confused with so-called spectral element methods [124,
164, 184] and p- and hp-finite element methods [18, 244, 342]. In those methods, u is not
approximated globally by a truncated series expansion. Instead, u is written as sum of
(locally supported) functions, each of which is approximated individually by a truncated
series expansion. There also exist solvers relying on using domain decompositions in
combination with truncated series expansions [160, 259]. We want to emphasize that the
methods presented in this work can be used as local solver, when the elements/subdomains
can be mapped to cubes.

This chapter is based on the article [304]. Its remainder is structured as follows. In
Section 7.1, we define the linear differential operator and the approximation format. In
Section 7.2, we derive the mapping on the level of the coefficient tensor. The discretization
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of PDEs and the efficient solution of the resulting tensor-valued linear system is discussed
in Section 7.3. In Section 7.4, we apply our global spectral method to solve stationary
PDEs, parabolic PDEs and PDE eigenvalue problems numerically to very high accuracy.

7.1 Problem setting

7.1.1 Structure of a linear differential operator

A linear partial differential operator £ on the domain [—1,1] x [-1,1] x [—1, 1] maps a
sufficiently smooth function u : [~1,1]> — R to

Ny Ny N, gatbe
,C’U/(l’,y,Z) = Zzzaabc(xaya Z)Wybazcu(xay7z)? (72)
a=0 b=0 c=0

where N, Ny, N, are called differential order and ape(, y, 2) : [—1,1]> — R are coefficient
functions for 0 <a < N, 0 <b < Ny, 0<c¢ < N,. For the differential operator £ we
consider the linear PDE

Lu=f (7.3)

with right hand side f : [~1,1]*> — R. The PDE can be solved uniquely when the system
is complemented with sufficient boundary conditions.

7.1.2 Approximation format

We approximate the solution u : [-1,1]> — R of the PDE (7.3) in the space Py, n,.ns 0f
trivariate polynomials of degree at most (n1,na,n3). We express u in terms of a tensorized
basis of Chebyshev polynomials (see Section 2.3), which leads to a representation of the
form

niy n2 n3

i=0 j=0 k=0

with coefficient tensor U € R(n1+1)x(n2+1)x(nz+1)

7.2 Operator discretization

In the following, we discretize the differential operator £ for fixed coefficient functions
agpe by approximating £ as mapping from Py, 15 ns t0 Py nong. This is particularly easy
for constant coefficients in the differential operator L, i.e., agpe(x,y,2) = Qgpe € R in
Equation (7.2). Applying a linear differential operator with constant coefficients to a
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polynomial does not increase the polynomial degree. For non-constant coefficients an
additional truncation is needed to obtain a polynomial in Py, , n,. Thus, it is natural
to see the application of the operator as a transformation of the coefficient tensor. We
discuss the discretization for the constant case first before generalizing to the non-constant
case in Section 7.2.3.

7.2.1 One-dimensional differential operators

We briefly recapitulate how to obtain the mapping describing the transformation of
coefficients in a one-dimensional setting before returning to the three-dimensional setting.
Let w : [-1,1] — R be a polynomial of degree n represented in the Chebyshev basis
by u(z) = >} _,urTk(x), with coefficients uy € R. Applying a one-dimensional linear
differential operator £ of order N with constant coefficients to u can be written as

N g
Lu(zx) = g aa@u(m’), (7.5)
a=0

with coefficients o, € R. This is a linear combination of (higher order) derivatives of w.
For every derivative of the polynomial u, there exists a so-called differentiation matrix
which maps the coefficient vector u = (ug, ..., uy) to the coefficients of the derivative.
The remainder of this section follows the ideas of [246] to represent the derivative using
an ultraspherical basis instead of a Chebyshev basis, which leads to better conditioned
and sparse differentiation matrices.

For the parameter A> 0 and k = 0,1, ..., ultraspherical polynomials follow the recurrence
relation
A1
ANE+ A+ 1)(1 — 22O (@) =
— (k+ 1)k +2)C0, (@) + (k + 20) (k + 2 + 1)CV (2),

where C,gl)(a:) = (sin(k + 1) cos™(x))/ sin(cos ™ (z)) [240]. Let v(z) = Y1_, UkCIE)‘) ()
denote the Ath derivative of u represented in C'™) basis, then the coefficient vector v =

(vo, .. .,vy,) satisfies v. = Dyu, where the sparse differentiation matrix Dy € R(H+1)x(n+1)
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7.2. Operator discretization

is defined as

A times
—~N
0...0 A
A+1
— A—1 . |
Dy =221\ — 1) ;
0
0

Note that the ultraspherical basis is different for different X\. The sparse transformation ma-
trices So € RHD*(+1) mapping Chebyshev to O coefficients, and S, € R x(n+1),
mapping C™ to CAHD) | are defined as

1 0 —3
1 1
2 ? A
z 0 =3
So = ;
1 1
2 ? -3
5 0
1
2
A
1 0 T2
A9 A
A+1 A3
A
2 o+
Sy= ‘
A 0 A
A+n—2 \ An
An—1 0
A
An

Let Lu(z) =5, wkC,gN) () be represented in C™Y) ultraspherical basis with coefficient
vector w = (wy, . .., wy,), then

w = (anDn +an-1SN-1Dn-1+ - +a1Sy—1---S1D1 + apSn—1---Sp)u. (7.6)

=L

The matrix L € RO HDX(+1) degeribes how the one-dimensional differential operator £
acts on Chebyshev coefficients of the solution.
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7.2.2 Three-dimensional differential operators

In Chebop2 [319] it is suggested to split two-dimensional differential operators via an
SVD into a sum of one-dimensional operators, for which the matrices L can be computed
as in Section 7.2.1. Such splittings can be generalized to higher dimensional settings via
CP decompositions (2.4).

Let A € RWeFD)X(Ny+1D)x(N=+1) denote the tensor with entries A, . given by the coef-
ficients agp. in Equation (7.2) for 0 <a < N, 0 <b < N,, 0 <c¢ < N,. Given a CP
decompositon (2.4) of the form A = Z a(T ob( oc), we can rewrite the application
of £ to u as

R N Ny

DRI S SN

r=1a=0
:[:5‘1) :,C&y) =£'(rz)

u(z,y, z), (7.7)

in terms of one-dimensional differential operators .C?(«x), .C7(«y), ,cﬁ?).

Let L& ¢ Rm+Dx(m+1)  [W) ¢ RlztDx(ne+1) 1) ¢ Rs+1)x(n3+1) denote the
matrices L associated with the operators E,(ﬂx), E,(ny) , [’7(;) as defined in Equation (7.6). Let u
be a polynomial with coefficient tensor I € R("1+1)x(n2+1)x(n3+1) gatisfying Equation (7.4)
with equality. Then

ny n2 N3

u(z,y,2) = 33> VinC ™ @) o () o (),

i=0 j=0 k=0

with coefficient tensor

R
V= Uxi L xy LY x5 L. (7.8)
r=1

7.2.3 Generalization to non-constant coefficients

One-dimensional differential operators

We now consider the one-dimensional differential operator (7.5) with non-constant coeffi-
cients aq : [—1,1] — R. In this section, we define multiplication matrices to incorporate
these coefficients in the discretization.

Let u(x) be a polynomial of the form u(x) = > _, urBg(z), with basis functions By(x)
)

chosen as Chebyshev polynomials 7}, or ultraspherical polynomials C;,™. To multiply u(x)
by a function v : [—1,1] — R, we approximate v(z) ~ 0(z) = > ;_, vgBx(z) by a polyno-

mial in the same basis using Chebyshev interpolation [322] (and basis transformations).
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7.2. Operator discretization

Further, we also approximate the product o(z)u(z) = z(x) = Y, _, 2xBk(z) by a polyno-
mial in the same basis. There exist so-called multiplication matrices [124, 246| depending
on the coefficients v = (vy, ..., v,), which map the coefficients u = (ug, ..., u,) to the
coefficients z = (zp, . .., z,) such that z(z) approximates 0(x)u(x). In the following, we
summarize how these matrices are defined in [318] for both Chebyshev and ultraspherical

bases. For the Chebyshev basis, we define z = M|[v]u and the multiplication matrix
M[v] € RHDX(+1) given by

2v9 U1 V2 ... Up—1 Up
U1 2vg V1 ... Un_9 Up_i
1 ) U1 200 ... Up_3 Up_o9
M][v] 9
Un—1 Up—2 Unpn—3 ... 20 U1
Un  Un_1 Un—9 ... U1 209
0 0O 0 ... 0 0 0
V1] Vg V3 ... Up_1 Up O
V2 U3 V4 ... Uy 0 0
+ —
Up—1 Un 0 ... 0 0 O
Un 0O 0 ... 0 0 0

For the CY) ultraspherical basis, we define z = M [v]u and the multiplication matrix
MM v] € ROFDX0HD a5 MV [v] = S0 viMZ-(A). The matrices Mi()\) € R(r+Dx(n+1)
are defined recursively for ¢ = 0,1,... by

(i +2)M2), = 2 + M 1)NOMDY, — (i + 20 MDY,

with MM = I, M® = 2AN® and NO ¢ Re+Dx(+1) defined as

2)

0 2(0+1)
1 0 20 +1
2X 2(0+2)
0 2 0 2)2+2
200+1) 2(\+3)
2 2043
N = 20+2) 0 2(>i4)
# 0. 22+n—1
200 4n—2) 2(A+n)
2 0

200 +n—1)

We now incorporate the non-constant coefficients aq(z) into the coefficient mapping. Let
a, € R denote coefficients of polynomial approximations of aq(z) in the Cheby-
shev basis for a = 0 and in C(® ultraspherical basis for @ = 1,2,.... Analogous to

123



Chapter 7: Fast global spectral method

Equation (7.6), we approximate Lu ~ Y ,_,wiTi(x) by computing the coefficients
w = (wp, ..., w,) defined as

w = Lu :=(MWN[ay]Dy + Sy 1MV Vay 1]Dy_1+...
+Sn_1--- S1M(1)[a1]D1 +Sn_1--- S()M[ao])u.

Remark 7.2. The interpolation of v and the approzimation of the product vu introduce
truncation errors. For sufficiently large n, these errors are close to machine precision.

Three-dimensional differential operators

We now consider the three-dimensional differential operator £ as defined in Equation (7.2)
with non-constant coefficients. We proceed by splitting this operator into one-dimensional
operators with non-constant coeflicients.

Let the polynomial degree (n1,n2,mn3) be chosen sufficiently large to accurately approxi-
mate the coefficient functions agpe(z,y, z) using tensorized Chebyshev interpolation in
the form of Equation (7.4). Let B ¢ R(m+D)x(n24+1)x(n3+1) denote the coefficient

tensors corresponding to agpe(z,y, z) for each multi-index abc. We define the tensor
A€ RWNVz+1)x(n1+1)x (Ny+1) x (n2+1) x (N2 +1) x (n3+1) with entries

(abe)

Aaibjck = Bijk

for0<a <N, 0<b<N, 0<c<N,, 0<i<ng, 0<j<ng, 0<k<ng This
approximates the differential operator in the sense that

Lu(z,y,z) ~ Lu(z,y,z) =

Nz m Ny ng N ng aa+b+c

D033 3> Ak (@) ) Tk(2) o (v, 2)-

a=0 i=0 b=0 j=0 c=0 k=0

We now reshape A into a tensor of order 3 in R(WNa+1)(na+1)x(Ny+1)(na+1)x(N-+1)(ns+1)

and compute a CP decomposition of the form

R
A= Z a(r) o b(T) o c("')’

r=1

where a(” € RWatD(m+1) () ¢ RWy+)(n2+l) = (1) ¢ RIN=41)(n3+1) - We reshape the
vectors a,, by, ¢, back into matrices in A" ¢ RW=t)x(m+1)  B(r) ¢ R(Ny+1)x(n2+1)
and C(") ¢ RIN=+1x(n3+1) yegpectively. Analogously to Equation (7.7), we now define
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7.3. A spectral method for three-dimensional linear PDEs

one-dimensional differential operators

L@y _;)<ZA );:au(x),

(0 o
£0u) =3 (L BT ) st
b=0 ®j=0
= (X2 ) o°
() =3 (Y CWne) ) 5ot
c=0 k=0
which satisfy by construction
. R
Luz,y,z) = ) (LPRLY@LEu(x,y, 2), (7.9)
r=1

where ® denotes the tensor product for linear operators. Note that the terms of the form
Yoty AE;)Tz(x) are univaritate functions. So, each of the one-dimensional differential
operators fits into the setting of Section 7.2.3 and we can obtain matrices L,(ﬂx), Lgy), L1(nz)
as in Equation (7.8).

Remark 7.3. In our numerical experiments we use using tensorlab [332] to obtain the
CP decomposition from the full tensor A. Since A is potentially very large, it might
sometimes be necessary to rely on heuristic algorithms that do not explicitly require the
full tensor.

7.3 A spectral method for three-dimensional linear PDEs

In this section, we present how to compute approximate solutions for PDEs of the
form (7.3). We again discretize the differential operator £ as in Section 7.2. Additionally,
we discretize the right hand side f using a truncated expansion with ultraspherical basis
functions of the form

ny n2 n3

fay2) = 33> Fp M @)™ ) (2),

=0 j7=0 k=0

with coefficient tensor Fe R(m1+1)x(n2+1)x(n3+1)  The tensor F can be computed by
applying suitable basis transformations to the coefficient tensor obtained from tensorized
Chebyshev interpolation. The discretized PDE reads as tensor-valued linear system of

the form
R

> Uy L) %o LY x3 L) = F. (7.10)
r=1
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Chapter 7: Fast global spectral method

It remains to incorporate the boundary conditions.

7.3.1 Boundary condition discretization

Following the ideas of [319], we can discretize commonly used boundary conditions for
three-dimensional PDEs on cubes as constraints of the form

Ux1B1=G1, UXyBy=0s, UX3Bs=0s, (7.11)

where the matrices By € RNex(m+l) By ¢ RNyx(n2t+1) Bo ¢ RN=x(ns+1) have lin-
carly independent rows and G € RNex(nathx(ns+l) g, o ROut+)xNyx(ns+l) Go
R+ x(2+1)xN= - YWe present two examples of how constraints of the form (7.11)
can be derived. We want to emphasize that the discretized boundary conditions need to
satisfy compatibility constraints as in [318, Section 6.4].

Dirichlet conditions

We consider the Dirichlet boundary condition u(1,y,2) = h(y, z) for a given function
h:[-1,1] — R. We approximate the function h using bivariate Chebyshev interpolation
in (ng+1) x (n3+1) points. Let H € RM2T1)x(3+1) denote the corresponding coefficient
matrix of h. We can enforce that the solution u given in Chebyshev basis (7.4) coincides
with the interpolant of h by demanding that

w(ly,2) =Y Y Y UpTi(WTi()Te(z) = D> HTy(y)Ti(2). (7.12)
i=0 j=0 k=0 =0 k=0

This can be equivalently written as U x; By = G; with By = (Tp(1),...,T,,(1)) and
(G1)0,0:n2,0m5 = H.

We now consider an additional Dirichlet boundary condition u(—1,y,z2) = h. Again, we
compute the coefficient matrix H corresponding to h. Analogously to Equation (7.12),
we enforce that u(—1,y, z) coincides with the interpolant of h. We can express both
conditions simultaneously in the form of (7.11) by defining

B — (To(=1) Ti(=1) ... Tu(=1)
"oy no ... T )

and (GI)O,O:nQ,O:ng = ﬁa (Gl)l,O:nQ,O:ng = H.
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7.3. A spectral method for three-dimensional linear PDEs

Mixed Dirchlet and Neumann conditions

We consider one example of mixed boundary conditions with Neumann boundary
conditions on the right side of the cube [~1,1]* and Dirichlet boundary conditions on
all other sides. The Neumann boundary condition is given by %u(l7 y,z) = h(y, z) for
a given function h and u € Py, p,ny represented in Chebyshev basis (7.4). As in the
Dirichlet case, we use bivariate Chebyshev interpolation h to obtain the coefficient matrix
H e R2+Dx(m3+1)  We now demand that

np na2 n3 na2 n3

u(ly,2) =Y DN U T ()T (0)Tk(z) = Y > HipTi()Th(2),  (7.13)

i=0 j=0 k=0 =0 k=0

where T!(1) = i? for i = 0,...,n [322]. Equation (7.13) can be expressed in the form
of (7.11) with

By = (T3(1),...,Tp (1))  and  (G1)0,0:np,0ms = H.

) ni

The Dirichlet boundary conditions on the left side can be included in Bi,G; as in
Section 7.3.1.

7.3.2 Incorporating the boundary conditions

We need to incorporate the discretized boundary conditions (7.11) into the discretized
PDE (7.10) to obtain the unique solution . Following the ideas of [319, Section 6], we
compute U by substituting (7.11) into (7.10).

Since B1, Ba, Bs have linearly independent rows, we can assume without loss of generality
that

(B1)o:(No—1),0:(No—1) = I, (B2)oy(vy—1),0:N,—1) = I, (B3)0:(N.—1),0:(v.—1) = L. (7.14)

For r =1,..., R, we rewrite the boundary conditions as

—U x1 (LX) 0 {(No—1)B1= —G1 X1 (Lgx))o:m,o:(sz—u,
—U X3 (L(y))O:ng,O:(Ny—l)BQZ =02 X2 (Lry))():nQ,OI(Ny—l)a

—U X3 (ng))O:ng,O:(Nz—l)B?): —03 X3 (LTZ))O:ng,O:(NZ—l)'
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L y2 | e
u22 | 222
ny +1 = _ //
u wd | g | gt - i1
3+ a1 Ny u2r | 22t e
np+1

Ny np+1 — Ny

Figure 7.1 — Visualization of the block decomposition of ¢ € R(m+Dx(n2+1)x(ns+1) with
block Y111 € RNzxNyxN-

Substituting these modified boundary conditions into the discretized PDE (7.10) leads to

R
ZU X1 (Lgx) - (Lgx))():m,():(szl)Bl) X2 (Lﬁy) - (Ls«y))O:ng,O:(Nyq)Bﬂ
- i —L®
x5 (L) = (L) gy 0:(N.—1) B3) =
L

R
F =" G151 (L) iy 0w, —1) X2 LY x3 L)
r=1
R
- 292 X1 (Lg«x) - (Lv("x))O:nl,O:(szl)Bl) X2 (Lgy))om,o; (Ny—1) X3 Lﬁz)
r=1

R
- ng x1 (L) — (Lq(ﬂm))():m,():(]\/x—l)Bl) X (LY — (Lg"y))OITLg,O:(Ny—l)BQ)
r=1

%3 (L) 0y 0:(Na— 1)

where we denote the right hand side by F. Observe that the first N, Ny, N, columns
of E?’), Eﬁy), Eﬁz) are zero due to assumption (7.14). Let U be decomposed into tensor
blocks as described in Figure 7.1. The system after substitution uniquely determines the
block U?%? = UN,:n1,N,ns,N.:ng, Which can be written as

R
Zu222 X1 (Lgx))OZ(n1—Nx),inn1 X2 (Lg’y))O:(ng—Ny),Ny:ng X3 (L$Z))O:(n3—Nz),Nz:n3
=t i@ _iw i@
- fO:(nl—NI)70:(n2—Ny),O:(n3—Nz) . (715)
_F
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7.3. A spectral method for three-dimensional linear PDEs

The remaining blocks can be reconstructed from the discretized boundary conditions (7.11)

as
u122 — gl o u222 X1 Bla u212 — g2 o u222 X9 sz
u221 — g3 _ u222 X3 B37 u112 — gl _u212 X1 Bla
u121 — gl _u221 X1 Bla u211 — g3 _u212 X3 BS,

ulll — gl _u211 X1 Bl-

7.3.3 Solving tensor-valued linear systems

The computation of U requires the solution of the unconstrained tensor-valued linear
system (7.15) of the form

R
ZU222 X1 I:gam) X9 f/,s,y) X3 I:gz) = ]:— (716)

r=1

This system can be solved by reshaping the tensor-valued linear system into a vector-valued
linear system of the form

R
(Z P9 ive zgw) vec(U?2) = vec(F). (7.17)
r=1

For certain PDEs we can transform the system (7.16) into a Laplace-like equation
U2 5 U+ U 5o VU xg W = F, (7.18)

with matrices U € RH=No)x(m+1=Na) 17 o Rnatl=Ny)x(nat1=Ny) = 17 ¢
R +1-Nz)x(ns+1-N2) anq tensor F € RuH1=Na)x(na+1=Ny)x(ns+1-Nz) - For instance

this can be achieved for N, = N, = N., n1 = na = n3 and By = By = B3, when
there exists a CP decomposition of the tensor A defined in Section 7.2 with symmetry
constraints [61] of the form

A=aovow+uobow+uovoc. (7.19)
Then Equation (7.16) is equivalent to the Laplace-like equation (7.18) with

U= (L)LY, V= (@)Y, W= ()Y,

F=Fxi (DY) xo (B5) ™ i (L57)1 (7.20)

To solve Laplace-like equations (7.18), we apply the recursive blocked algorithm developed
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in [69]. It transforms the matrices U, V, W into quasi-triangular form by computing
Schur decompositions. Block decompositions for the quasi-triangular matrices reveal
an equivalent system of Laplace-like equations with smaller matrices. We apply this
observation recursively, until we can solve the small Laplace-like equations efficiently
by reshaping. This yields the blocked recursive algorithm. For n = n; = ng = ng this
approach has a theoretical runtime of O(n?) operations. In Section 7.4.1, we demonstrate
that this recursive blocked algorithm is much faster than directly reshaping the tensor-

valued linear system.

Remark 7.4. For general PDEs with the same type of boundary conditions in each mode,
we can obtain a CP decomposition of the form (7.19) if the differential operator does
not contain mized derivatives and if all coefficients agpe. only depend on the wvariable
corresponding to the mode in which their corresponding derivative acts. This includes, for
instance, differential operators of the form

0 0* 0 ok 0 0?
a(z) + ag(x)% + 043(3”)@ + 044(9)87/ + 045(3/)87y2 + @6(3)% + 047(2)@’
with univariate coefficient functions «; : [—1,1] — R.

Remark 7.5. So far, we introduced the global spectral method for fized polynomial degrees
(n1,n2,n3). In order to heuristically determine if the solution is accurate, we can analyze
the residual of (7.10) and the decay of the coefficients in U [16]. This can be used to
adaptively increase (ni,n2,ng) until the solution is accurate.

Remark 7.6. In general, it is not recommended to explicitly invert the matrices in (7.20).
The inversion can be avoided completely by extending the recursive solver in [69] similar to
how recursive solvers for Sylvester equations can be extended to solve generalized Sylvester

equations.

7.4 Numerical results

All numerical experiments® in this section were performed in MATLAB R2018b on a
Lenovo Thinkpad T480s with Intel Core i7-8650U CPU and 15.4 GiB RAM.

7.4.1 Runtime comparison

We consider Poissons’s equation Au = f with homogeneous zero Dirichlet boundary
conditions. In Table 7.1, we compare our global spectral method to the nested alternating
direction implicit method (NADIM) proposed in [125, Section 5|. NADIM relies on
solving two-dimensional Sylvester equations recursively on three levels. On each level an

iterative algorithm is used, which leads to a large total number of iterations.

*The MATLAB code to reproduce these results is available from https://github.com/cstroessner/
SpectralMethod3D.
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7.4. Numerical results

n =10 n = 30 n = 50 n = 150

Time Error | Time Error | Time Error | Time Error

NADIM 21.8 | 1.47-107° 742 | 2.80-1078 - -
reshape | 0.019 | 1.55-107° | 2.40 | 1.22.107% 102 | 1.22-107% - -
recursive | 0.054 | 1.55-107° | 0.10 | 3.12-107** | 041 | 820-107* | 109 | 1.15-1071°

Table 7.1 — Comparison of algorithms to solve Poisson’s equation with known solution
u*(z,y,z) = sin(nx) sin(7y) sin(7z), from which the right hand side f is explicitly com-
puted. To compute solutions u € P, 5, , with our global spectral method, we compare
reshaping (7.15) and solving (7.17) with backslash in MATLAB (reshape) to transform-
ing (7.15) into a Laplace-like equation (7.18) and solving with the blocked recursive
solver [69] (recursive). Additionally, we compare to NADIM [125]. For various n, we
measure the runtime in seconds and we estimate ||u — u*||s by sampling 1000 random
points.

We observe that even though NADIM has an asymptotic runtime of O(n3(log(n))3) [125],
it is the slowest algorithm in our setting and can not handle n > 30 in a reasonable
amount of time. The asymptotic runtime of the recursive algorithm is slower with O(n?),
but in our experiments it is the fastest method and it can handle values of up to n = 150
in less than 11 seconds. For n = 50 solving the reshaped system (7.17) with backslash
leads to an error of order 10715, whereas the recursive algorithm only achieves an error
of order 10713, While the recursive approach is able to solve much larger systems, it is

slightly more sensitive to numerical rounding errors.

7.4.2 Stationary problems

Helmholtz problems

We consider the Helmholtz equation on [—1, 1] with non-homogeneous Dirichlet boundary
conditions as in [160, 319], which arises for instance in the context of three-dimensional
wave equations in acoustics [336] and seismic-imaging [261]. It is defined as

Au(z,y, 2) + K*u(z,y, 2) = f(z,9,2),

with coefficient k € R. For this differential operator, we define the tensor A as in
Section 7.2.2. We observe that a CP decomposition in the form (7.19) is given by

K2 1 1 1 0 1 1 1 0
A=10]ol0|o|O0]l+|O0fo]O]ofO]+]O|o|O]o|O]. (7.21)
1 0 0 0 1 0 0 0 1

Hence, we can derive a Laplace-like structure (7.18) for Equation (7.15) and employ the

recursive solver.
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In the following, we employ the global spectral method for the Helmholtz equation in [56,
Section 5.3] given by

Au(z,y, 2) + K(x)u(z,y, 2) = f(z,9y, 2), (7.22)

with function k(x) = 1 — 2 cos(mysxz/2) and scalar coefficients 71, 2,73 € R. The right
hand side f and the Dirichlet boundary conditions are computed explicitly from the
solution

u*(z,y, z) = exp(—r(x)/v3) cos(my1y/2) cos(my22/2). (7.23)

In order to incorporate the coefficient function x(z), we compute one-dimensional dif-
ferential operators as in Equation (7.7) from the CP-decomposition (7.21). We then set
ng)u(aj) = r(z)?u(z) + aa—;zu(x) and discretize this operator as described in Section 7.2.3.
The resulting equation (7.15) can still be transformed into a Laplace-like equation (7.18)
by setting U, V, W, F as defined in (7.20).

In Figure 7.2, we depict how well the solution u € P, ,,, of our global spectral method
approximates u*. We compare to the trivariate Chebyshev interpolant @ of u* that is close
to the best approximation of v in Py, ,, , and converges quickly [100, 322]. For n < 80,
the solution u and the interpolant % almost coincide. For n > 80, the error ||u — u*||
stagnates, whilst the interpolation error ||i — u*||~ continues to decrease further before
reaching a plateau close to machine precision. This discrepancy is caused by the recursive
blocked solver.

10°

[[u =]
& = ufl

error

10710 +

10-15

Figure 7.2 — Left: We plot u*(z,y, z) as defined in (7.23) for (v1,72,73) = (5,3,5) and
fixed z = 1/4. Right: We solve the Helmholtz equation (7.22) for (y1,72,73) = (5,3,5)
with known solution w* (7.23) via our global spectral method to obtain the solution
u € Py, for various n. Further, we compute the trivariate Chebyshev interpolant
@ € Py pn of u*. For each n, we estimate ||u — u*||o and ||& — u*||o using 1000 sample
points (evaluation error).
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Remark 7.7. The derivation of the Laplace-like system from the CP decomposition can
be extended from the Helmholtz equation to convection diffusion problems of the form

—vAu+Egu=f,

with v € R and € € R® as studied in [24, 70, 340]. For these problems we define the
CP-decomposition

0 1 1 1 0 1 1 1 0
A=1& |o|0]o |0+ ]|O0]o| & |o|O]+]|O0|o|O]o] &
—v 0 0 0 —v 0 0 0 —v
Diffusion problems with separable coefficient
Diffusion problems of the form
_v'<a(x7yaz)vu(xayaz)) :f(.fC,y,Z), (724>

with a separable coefficient a(z,y, z) = ai(x)a2(y)as(z) defined by univariate functions
ai,az,as: [—1,1] — R, are not directly given as linear partial differential operator of the
form (7.2). We can, however, decompose the three-dimensional differential operator into
a sum of three differential operators similar to (7.7) as

\V4 ‘(a(x,y, Z) \Y U(.’L’,y,Z)) =
0 0 0 0 0 0
(ax(a(]"7y7 Z)%) + @(a(xaya Z)aiy) + &(CL(%,ZU,Z)@) >u(w,y,z).
=2 —FW) 0

Applying the differential operator ng) to a polynomial u € PP, , , can be written analo-
gously to (7.8) as

v=U X1 S1D1S0_1M(1)[a1]D1 X9 M(Z)[ag]slso X3 M(Z)[ag]slso

where a; € RMT! ay € R™+! a3 € R™*! denote the coefficients for univariate Cheby-
shev interpolation of aj,as,as as in Section 7.2.3. The multiplication matrices M|a],
differentiation matrices D and transformation matrices Sy, S1 are defined as in Section 7.2.
We obtain analogous discretizations for Eéy) and ﬁgz). Observe that the discretization
has the same symmetric structure as the CP decomposition (7.19). Thus, we can trans-
form (7.15) to a Laplace-like equation (7.18) by defining U, V, W, F as in (7.20) and use
the recursive solver.
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Diffusion problems with higher rank coefficient

Most diffusion problems (7.24) arising in the study of groundwater flow and uncertainty
quantification [75, 133, 220, 287, 316, 328] do not have a rank-1 coefficient a(x,y, z). The
coeflicient is often given by a truncated expansion as a sum of separable functions of the

form
R,
a(z,y.2) =Y o) (2)ay” (y)al” (=),
r=1

with R, > 1 and univariate functions agr),ag),ag) : [-1,1] — R. The PDE (7.24) can
now be written as

R,
N v (@ (@)ad” (W)l (2) 7 ulz,y, 2) = flx,y,2). (7.25)
r=1

Following the ideas in Section 7.4.2, we can discretize (7.24) for each separable function
agr) (x)ag) (y)a:(,f) (z). Adding these discretizations yields a discretization of the form (7.10)
with R = 3R,. Since R > 3, we can not find a Laplace-like formulation of (7.15) and we

can not use the recursive solver.

We can, however, use preconditioned GMRES [137] to compute solutions of (7.16) seen
as tensor-valued linear system. Throughout this work, we restart GMRES every 15
iterations. As preconditoner we employ the recursive solver to solve Equation (7.15) for a
discretization of the same diffusion problem (7.25) with the coefficient a(z,y, z) replaced
by a separable coefficient b(x,y, z). This can be seen as effectively solving the system

3 1, R
(Z LAD @ LW @ L& [b]> (Z L& © LW |[a] @ L& [a]>vec(l/{222) _

where I, [a], LY [a], A2 [a] and A bl A [b], i [b] denote the matrices in (7.16) based
on discretizations of the PDE with coefficient a and b respectively. The application of
the inverse of S2°_, i b ® LW [b] ® £ [b] can be computed by solving a Laplace-like
equation (7.18).

From now on, we consider the rank-2 coefficient a(z,y, z) = (1 + 22)(1 + y?)(1 + 22) +
exp(z + y + z). We use our global spectral method with n = n; = ny = n3 = 30 to solve
the diffusion problem (7.25) with known solution u*(z,y, z) = sin(wz) sin(7y) sin(7z),
from which we explicitly compute the right hand side f and Dirichlet boundary conditions.
In Figure 7.3, we display the convergence rates for GMRES with preconditioners based
on the constant coefficient by (x,y, z) = ||al|z2 and the separable coefficient by(z,y, z) =
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Figure 7.3 — Convergence rate of preconditioned GMRES for solving Equation (7.15) for the
Diffusion problem (7.25) with coefficient a(z, y, z) = (1+22)(1+y?)(1+2%) +exp(z+y+2).
We compare no preconditioning and preconditioning with a separable coefficient b(z,y, z)
as described in Section 7.4.2.

(1 + 22)(1 + »?)(1 + 2?). Both preconditioners yield solutions u such that the error
||lu — u*||oo is close to machine precision. Solving with b; takes 4.87 seconds. For the
separable coefficient by, fewer iterations are necessary and the computation only takes
2.14 seconds. For comparison, reshaping as in Section 7.4.1 would take 107 seconds.

Helmholtz equation with non-constant coefficients

Next, we study a variable coefficient Helmholtz equation as in [319, Example 2]. We
consider the PDE

Au(z,y, z) + k(x,y, 2)u(z,y, 2) = f(z,y, 2), (7.26)

with function k(z,y,2) = V/x +y + 2z + 42. For n = ny = ny = ng = 30, we compute a
discretization (7.10) by computing an approximate CP decomposition of A with R = 10
as defined as in Section 7.2.3 using tensorlab [332]. In 2.08 seconds, we obtain a CP
decomposition with error 2.04 - 107 in the uniform norm. This leads to a discretized
PDE, for which we solve Equation (7.15) with preconditioned GMRES with restarting
as in Section (7.4.2). In the preconditioner we solve Equation (7.15) for the Helmholtz
equation (7.22) with constant coefficient ||x|| 2.

When the right hand side and the Dirichlet boundary conditions are chosen to match the
known solution u*(z,y, ) = sin(nz) sin(my) sin(rz), solving with preconditioned GMRES
takes 1.04 seconds. The computed solution u satisfies ||u — u*||oo &~ 2.38 - 10719, where
we estimate the uniform norm using 1000 sample points.

Remark 7.8. To obtain very high accuracy in the PDE solution, we would need a very
accurate CP decomposition. The efficient computation of accurate CP decompositions is
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Figure 7.4 — Left: Let u[n] € Py, denote the solution computed for the Helmholtz
equation described in Section 7.4.2. We plot u[45](z,y, 1/4). Right: For various n we plot
[|u[rn] — u[45]||co estimated at 1000 sample points. Additionally, we plot the combined
residual defined as maximum of the residual of (7.10) and the residuals of (7.11) in the
uniform norm. Further, we plot the error of the CP approximation of A in the uniform
norm.

still subject to research [293]. Here, we could avoid computing a CP decompositoin of
A € RI3*93X93 by instead approzimating the operators A and r(z,y, 2)I separately, where
T denotes the identity operator. Discretizing k(x,y, z)Z only involves a CP decomposition
of a tensor in R3V3X3L “which can be computed for R = 7 in only 0.09 seconds with error
1.93 - 107 4n the uniform norm. The two resulting discretizations in the form of (7.9)
can be added to obtain a discretization of A + k(x,y, z)Z.

Helmholtz equation with unknown solution

As a final stationary problem, we consider the Helmholtz equation (7.26) with non-
constant coefficient k(z,y,2) = Vx+y+2+42 and f(z,y,2) = 1. We use mixed
boundary conditions with zero Neumann boundary conditions on the right and zero
Dirichlet boundary conditions on all other sides as in Section 7.3.1. As in Section 7.4.2, we
compute a CP decomposition of A and solve using preconditioned GMRES. In Figure 7.4,
we display the computed solution and the error decay for different polynomial degrees.
We observe that the residual decays when the polynomial degree is increased, which
indicates that the solutions become more accurate.
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7.4.3 Time-dependent problems

In this section, we introduce an implicit Euler scheme to solve parabolic PDEs of the
form

gtu(ac,y, z,t) + Lu(x,y, z,t) =0,

where L is a linear partial differential operator acting only on the spatial variables x,y, z.
The system is complemented with boundary conditions. We are interested in the time
evolution starting from a given initial function u(x,y, z,0) = up(x,y, z). We discretize
the equation in time using the uniform step length h. For each 7 =1,2,..., we compute
ur(z,y, z) ~ u(x,y, z, 7h) as solution of the stationary linear PDE

(Z — hL)ury1 = ur, (7.27)

We approximate each function u, by a polynomial of the form (7.4) represented by the
coefficient tensor U;. The initial Uy is computed via tensorized Chebyshev interpolation.
For 7 =1,2,..., we obtain U, by applying our spectral method to solve Equation (7.27).
We discretize the operator (Z — hL) directly like the Helmholtz equation in Section 7.4.2.
This allows us to employ the recursive solver. Note that the right hand side is represented
in terms of an ultraspherical basis. Hence, the computation of U, requires multiplying
U,_1 with appropriate basis transformation matrices.

We demonstrate this implicit Euler scheme for the parabolic PDE studied in [257,
Section 6.1]. The function u*(z,y, 2,t) = exp(—372t) sin(nz) sin(my) sin(72) satisfies the
parabolic PDE

%u + Au =0,

on the domain [—1,1]* with homogeneous Dirichlet boundary conditions. We use an
implicit Euler scheme for wy(x,y, z) = sin(nz) sin(ny) sin(7rz) and compare our global
spectral method to a finite difference method [303]. In each timestep of the finite difference
method, we solve a linear system with a sparse Kronecker-structured finite difference
matrix using the backslash operator in MATLAB.

The time evolution of the errors is displayed in Figure 7.5. We observe that for n = 20
and h = 1072 both approximations lead to very similar errors, but the computation time
for 50 implicit Euler steps decreases from 6.22 seconds for the finite difference method to
0.93 seconds for our global spectral method. In this case the error is dominated by the
implicit Euler scheme for both methods. In contrast, for n = 30 and h = 10~%, the errors
for the spectral method are smaller. For large 7 the error of both approaches is dominated
by the time discretization via the implicit Euler scheme. However, in the initial 750 time
steps the error of the spatial discretization dominates for the finite difference scheme,
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whereas the global spectral method is able to represent u, accurately.

estimated error
estimated error

absolute error (FD) 10° absolute error (FD)
105 relative error (FD) ] relative error (FD)
absolute error (GSM) absolute error (GSM)
relative error (GSM) relative error (GSM)
10 -6 L L L L 10 -6 L L L
0 10 20 30 40 50 0 500 1000 1500 2000
time step 7 time step 7
(a) Results for n = 20 and h = 1072, (b) Results for n = 20 and h = 10™%.

Figure 7.5 — Error plots for the parabolic PDE example in Section 7.4.3. We apply an
implicit Euler scheme to compute approximations u,(z,y, z) ~ u(z,y, z, Th) and compare
the solutions for the global spectral method (GSM) with solutions in Py, ,, , and a finite
difference discretization (FD) on a regular (n+1) x (n+1) x (n+1) grid. The absolute
error ||u*(-, -, -, 7h) — ur (-, -, )||co is estimated in each timestep from evaluations at 100
sample points. The relative error is computed from the estimation of the absolute error.

Remark 7.9. Instead of using the implicit FEuler scheme, we could generalize the ideas
from [83] to derive a tensor-oriented exponential Euler scheme.

Remark 7.10. The methods presented in this work can also be used to solve two-dimen-
stonal parabolic PDEs on rectangles by treating time as third space variable in the dis-
cretization of the operator. We refer to [319] for more details on this approach.

7.4.4 Eigenvalue problems

The methods presented in this work can be extended to solve PDE eigenvalue problems,
in which we search eigenvalues A\ and eigenfunctions wu satisfying the equation Lu = Au
complemented with homogeneous Dirichlet boundary conditions. We are particularly
interested in finding the eigenvalue with minimal absolute value. For this purpose we
employ the inverse iteration algorithm [137]|. Starting from an initial function ug we
iteratively compute an approximation of the eigenfunction. For s = 1,2,..., we compute
ug as solution of the PDE

Us—

Lug=—""1 (7.28)
[lus—1]] 2

We approximate the eigenvalue using the Rayleigh quotient % ~ %, where (-, )

denotes the standard £? scalar product. We again proceed by discretizing the differential
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operator and the function u to solve Equation (7.28) using the spectral method introduced
in Section 7.3.

Let the functions w,v € Py, n, ny be given in the form of (7.4). We evaluate the norm
as ||u||%; = (u,u) and the scalar product (u,v) by interpolating the function uv using
tensorized Chebyshev polynomial basis functions as in [100, 224]. In a second step, we
integrate the approximation of uv using the exact values for the integrals of the basis
functions [322, Theorem 19.2].

We test our method for the elliptic PDE eigenvalue problem
—Au(z,y, 2) +v(x,y, 2)u(x,y, 2) = Au(zx,y, 2), (7.29)

with potential v(x,y,z) = sin(n/2(x + 1)) sin(7/2(y + 1)) sin(7/2(z + 1)) as in [154,
208|. Due to the potential v(z,y,z) the inverse iteration steps (7.28) are Helmholtz
equations (7.22) with non-constant separable coefficients. We discretize these by adding a
discretization of v(z,y, 2)Z with R = 1 to a discretization of the Laplacian. The resulting
discretized PDE (7.10) has R = 4 and we apply preconditioned GMRES with restarting
using a Helmholtz equation with constant coefficient ||v||,2 to compute solutions as in
Section 7.4.2. We compare our global spectral method to a finite difference scheme on a
regular grid for solving (7.28). In Figure 7.6 we observe that the eigenvalues computed as
Rayleigh coefficients converge at a faster rate for the global spectral method than the
finite difference approach. Already for n = 20 the global spectral method reaches an error
close to machine precision.

10°
\\
—
105 ¢
o
=
~< finite differences
L global spectral method
=
=
10 -10 |
10 -15 |

5 16 15 26 2‘5 36 35 46
Figure 7.6 — Eigenvalue convergence rate for the PDE eigenvalue problem (7.29) computed
as Rayleigh coefficients from wusg in the inverse iteration method, where the solutions
us are computed via the global spectral method with u, € P, ., and a finite difference
method on a regular (n+1) x (n+1) x (n+1) grid. We denote the eigenvalue obtained
for n by A[n]. Since the exact A is not known, we plot |A[n] — A[45]| for both algorithms,
where A[45] is computed with the respective algorithm.

Remark 7.11. We would like to point out that our approach can be used to compute a
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basis for the (continuous) Krylov subspace, which is used in the Arnoldi method [15, 137]
and in the Least-squares spectral method in [162].
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In this thesis, we demonstrated that three very different high-dimensional problems can
be solved efficiently by identifying and exploiting underlying low-rank tensor structures

to overcome the curse of dimensionality.

Functional low-rank approximation In Chapters 3 and 4, we developed two novel
algorithms to compute functional low-rank approximations of multivariate functions based
on selected function evaluations. The key point in deriving these algorithms has been
that low-rank approximations of the evaluation tensor for tensorized interpolation lead to
particular types of functional low-rank approximations. Compared to previously existing
algorithms, we managed to significantly reduce the number of function evaluations needed
to obtain an approximation with prescribed accuracy for most functions.

Throughout this thesis, our approximation algorithms have been derived based on expan-
sions in terms of tensorized polynomials. Extensions to other basis functions are possible
and might offer certain advantages. For example, Ballfun [43| avoids the introduction of
artificial boundaries when approximating functions on the ball by combining a mix of
Chebyshev and Fourier basis functions with additional symmetry constraints. So far, we
have focused on approximations in the functional Tucker or the (extended) functional TT
format. While we have demonstrated that many functions can be well approximated in
these formats, it might be possible to compress certain functions even more when using
other functional low-rank approximation formats [21|. To obtain such approximations
efficiently, we will need to develop specialized approximation algorithms. Those algo-
rithms potentially could reuse parts of the algorithms presented in this work, such as
first computing a Tucker approximation using Algorithm 9 before approximating the
core tensor in the desired format. Future work could additionally cover how to compute
numerically with functions [323] once they are compressed in functional low-rank formats.
For arithmetic operations, one could perform certain operations by directly manipulating
the low-rank approximation of the evaluation and the coefficient tensor. For instance,
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the multiplication of functions could be seen as Hadamard product of the corresponding
low-rank approximations of the evaluation tensor [204].

In Chapter 7, we derived a global spectral method for solving three-dimensional linear
PDEs on cubes with very high accuracy. Our numerical experiments demonstrated that
using the blocked recursive solver [69] to either solve the resulting equations directly or as
a preconditioner when the equations are not Laplace-like vastly outperforms all existing
methods. We additionally presented the versatility of our method by the extension to
eigenvalue and time-dependent problems.

In future work, additional features included in Chebop2 [319] such as adaptivity and input
parsing could be incorporated into the current implementation of our global spectral
method. Currently, the computational complexity of our approach is heavily influenced
by the storage needed to store the full coefficient tensors U, F and Gy for representing
the solution, the right-hand side and the boundary conditions, respectively. Under the
assumption that both the solution of the PDE and the right-hand side can be well
approximated in functional low-rank formats, also these coefficient tensors can be well
approximated in the corresponding low-rank tensor formats. Such approximations have
the potential to drastically reduce the storage complexity. Exploiting this potential
requires determining suitable approximation formats and using a specialized solver for
the chosen formats. For instance, when choosing the Tucker or the TT format, we
can use the ideas from [289] to solve Laplace-like equations directly in these low-rank
formats. Alternatively, one could add the boundary conditions as penalty terms to
the discretized PDE as in [162] and apply standard techniques such as Riemannian
optimization [264] or alternating linear schemes [171] to solve the resulting system in the
TT format. The computational complexity of time-dependent problems could be reduced
using rank-adaptive dynamical low-rank approximations [62, 64, 90]. We also would like
to point out that extending our global spectral method to higher dimensional PDEs on
hypercubes is straightforward, but it might no longer be feasible to solve the resulting
system numerically without exploiting additional low-rank structure of the coefficient
tensors.

Multi-marginal optimal transport In Chapter 5, we analyzed the impact of approx-
imating the Gibbs kernel on the Sinkhorn algorithm for solving entropically regularized
multi-marginal optimal transport problems. We demonstrated that the introduction of
low-rank approximations offers the potential to reduce the computational complexity of
evaluating marginals by orders of magnitude. For transport plans defined via graphical
models, we showed that constructing the low-rank approximation based on the dual
graphical model can be faster and more accurate than the direct approximation of the
Gibbs kernel. An application of our method is presented by the drastic reduction of the
computation time for transferring colors from several images onto one target image.

142



Chapter 8: Conclusions and outlook

So far, we computed the approximation K of the Gibbs kernel K using classical low-
rank approximation algorithms, which are designed to minimize || — K||s with respect
to the uniform or the Frobenius norm. However, our error bounds indicate that we
are actually interested in finding potentially very different approximations for which
[log(K) — log(K)||eo is minimized. Efficient algorithms to compute such approximations
are still subject to future work. The design of these algorithms can potentially be
inspired by [172, 330|, where approximations in the CP format are computed such that
non-standard objective functions are minimized. In [112], the related problem of finding
low-rank approximations of elementwise exponentials is studied in the context of log-
normal random fields. For multi-marginal optimal transport problems arising in the
context of density functional theory [35], several obstacles need to be overcome before
our approach can be put into practice. The Coulomb cost leads to zero entries on the
diagonal of the Gibbs kernel. Any suitable approximation of the Gibbs kernel would
need to approximate these entries exactly, which is usually not feasible without either
adding sparse correction terms to the low-rank approximation as for instance in [213,
275] or generalizing the idea of using hierarchical matrices [234] to tensors. Moreover, the
underlying graphical model leads to a fully connected tensor network that can not be
contracted efficiently.

Self-diffusion matrix In Chapter 6, we introduced a novel approach to compute
the self-diffusion matrix of a tagged particle process. We exploited the fact that the
latter quantity can be expressed via the solution of a high-dimensional deterministic
minimization problem to develop an alternating optimization scheme to build a low-rank
approximation of this solution. Our numerical experiments showed that the variance in the
computed self-diffusion matrix is much smaller when using our novel approach compared
to using standard sampling based methods with the same amount of computational
resources.

There still remain several interesting open questions that need to be investigated in
future work. As already described in Section 6.3.5, the current implementation of our
low-rank algorithm is limited in terms of the size of the computational domain for which
the algorithm can be run due to round-off errors. We still believe that our approach is
promising since the error linked to the truncation of the computational domain is small in
comparison to statistical errors. In this thesis, all our experiments have been concerned
with two-dimensional tagged particle systems. Extensions to higher dimensional-systems
are possible, but the rounding issues become more and more pressing. So far, we only
derived a finite volume scheme to solve a simplified cross-diffusion system involving
the computed self-diffusion matrices. It still remains to develop a convergent entropy
diminishing finite volume scheme for hydrodynamic limits of multi-species exclusion

processes.
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