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Abstract

Modern applications in engineering and data science are increasingly
based on multidimensional data of exceedingly high volume, variety,
and structural richness. However, standard machine learning algo-
rithms typically scale exponentially with data volume and complex-
ity of cross-modal couplings - the so called curse of dimensionality -
which is prohibitive to the analysis of large-scale, multi-modal and
multi-relational datasets. Given that such data are often efficiently
represented as multiway arrays or tensors, it is therefore timely and
valuable for the multidisciplinary machine learning and data analytic
communities to review low-rank tensor decompositions and tensor net-
works as emerging tools for dimensionality reduction and large scale
optimization problems. Our particular emphasis is on elucidating that,
by virtue of the underlying low-rank approximations, tensor networks
have the ability to alleviate the curse of dimensionality in a number
of applied areas. In Part 1 of this monograph we provide innovative
solutions to low-rank tensor network decompositions and easy to in-
terpret graphical representations of the mathematical operations on
tensor networks. Such a conceptual insight allows for seamless migra-
tion of ideas from the flat-view matrices to tensor network operations
and vice versa, and provides a platform for further developments, prac-
tical applications, and non-Euclidean extensions. It also permits the
introduction of various tensor network operations without an explicit
notion of mathematical expressions, which may be beneficial for many
research communities that do not directly rely on multilinear algebra.
Our focus is on the Tucker and tensor train (TT) decompositions and
their extensions, and on demonstrating the ability of tensor networks
to provide linearly or even super-linearly (e.g., logarithmically) scalable
solutions, as illustrated in detail in Part 2 of this monograph.
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in Machine Learning, vol. 9, no. 4-5, pp. 249-429, 2016.
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1

Introduction and Motivation

This monograph aims to present a coherent account of ideas and
methodologies related to tensor decompositions (TDs) and tensor net-
works models (TNs). Tensor decompositions (TDs) decompose complex
data tensors of exceedingly high dimensionality into their factor (com-
ponent) tensors and matrices, while tensor networks (TNs) decompose
higher-order tensors into sparsely interconnected small-scale factor ma-
trices and/or low-order core tensors. These low-order core tensors are
called “components”, “blocks”, “factors” or simply “cores”. In this way,
large-scale data can be approximately represented in highly compressed
and distributed formats.

In this monograph, the TDs and TNs are treated in a unified way,
by considering TDs as simple tensor networks or sub-networks; the
terms “tensor decompositions” and “tensor networks” will therefore be
used interchangeably. Tensor networks can be thought of as special
graph structures which break down high-order tensors into a set of
sparsely interconnected low-order core tensors, thus allowing for both
enhanced interpretation and computational advantages. Such an ap-
proach is valuable in many application contexts which require the com-
putation of eigenvalues and the corresponding eigenvectors of extremely
high-dimensional linear or nonlinear operators. These operators typi-
cally describe the coupling between many degrees of freedom within
real-world physical systems; such degrees of freedom are often only
weakly coupled. Indeed, quantum physics provides evidence that cou-
plings between multiple data channels usually do not exist among all
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1.1. Challenges in Big Data Processing 251

the degrees of freedom but mostly locally, whereby “relevant” infor-
mation, of relatively low-dimensionality, is embedded into very large-
dimensional measurements (Verstraete et al., 2008; Schollwock, 2013;
Orts, 2014; Murg et al., 2015).

Tensor networks offer a theoretical and computational framework
for the analysis of computationally prohibitive large volumes of data, by
“dissecting” such data into the “relevant” and “irrelevant” information,
both of lower dimensionality. In this way, tensor network representa-
tions often allow for super-compression of datasets as large as 10°°
entries, down to the affordable levels of 107 or even less entries (Os-
eledets and Tyrtyshnikov, 2009; Dolgov and Khoromskij, 2013; Kazeev
et al., 2013a, 2014; Kressner et al., 2014a; Vervliet et al., 2014; Dolgov
and Khoromskij, 2015; Liao et al., 2015; Bolten et al., 2016).

With the emergence of the big data paradigm, it is therefore both
timely and important to provide the multidisciplinary machine learning
and data analytic communities with a comprehensive overview of tensor
networks, together with an example-rich guidance on their application
in several generic optimization problems for huge-scale structured data.
Our aim is also to unify the terminology, notation, and algorithms for
tensor decompositions and tensor networks which are being developed
not only in machine learning, signal processing, numerical analysis and
scientific computing, but also in quantum physics/chemistry for the
representation of, e.g., quantum many-body systems.

1.1 Challenges in Big Data Processing

The volume and structural complexity of modern datasets are becom-
ing exceedingly high, to the extent which renders standard analysis
methods and algorithms inadequate. Apart from the huge Volume, the
other features which characterize big data include Veracity, Variety
and Velocity (see Figures 1.1(a) and (b)). Each of the “V features”
represents a research challenge in its own right. For example, high vol-
ume implies the need for algorithms that are scalable; high Velocity
requires the processing of big data streams in near real-time; high Ve-
racity calls for robust and predictive algorithms for noisy, incomplete
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and/or inconsistent data; high Variety demands the fusion of different
data types, e.g., continuous, discrete, binary, time series, images, video,
text, probabilistic or multi-view. Some applications give rise to addi-
tional “V challenges”, such as Visualization, Variability and Value. The
Value feature is particularly interesting and refers to the extraction of
high quality and consistent information, from which meaningful and
interpretable results can be obtained.

Owing to the increasingly affordable recording devices, extreme-
scale volumes and variety of data are becoming ubiquitous across the
science and engineering disciplines. In the case of multimedia (speech,
video), remote sensing and medical/biological data, the analysis also
requires a paradigm shift in order to efficiently process massive datasets
within tolerable time (velocity). Such massive datasets may have bil-
lions of entries and are typically represented in the form of huge block
matrices and/or tensors. This has spurred a renewed interest in the
development of matrix/tensor algorithms that are suitable for very
large-scale datasets. We show that tensor networks provide a natural
sparse and distributed representation for big data, and address both es-
tablished and emerging methodologies for tensor-based representations
and optimization. Our particular focus is on low-rank tensor network
representations, which allow for huge data tensors to be approximated
(compressed) by interconnected low-order core tensors.

1.2 Tensor Notations and Graphical Representations

Tensors are multi-dimensional generalizations of matrices. A matrix
(2nd-order tensor) has two modes, rows and columns, while an Nth-
order tensor has N modes (see Figures 1.2-1.7); for example, a 3rd-
order tensor (with three-modes) looks like a cube (see Figure 1.2).
Subtensors are formed when a subset of tensor indices is fixed. Of par-
ticular interest are fibers which are vectors obtained by fixing every
tensor index but one, and matriz slices which are two-dimensional sec-
tions (matrices) of a tensor, obtained by fixing all the tensor indices
but two. It should be noted that block matrices can also be represented
by tensors, as illustrated in Figure 1.3 for 4th-order tensors.
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Figure 1.1: A framework for extremely large-scale data analysis. (a) The 4V
challenges for big data. (b) A unified framework for the 4V challenges and the
potential applications based on tensor decomposition approaches.
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X3

X(,3,1)

Figure 1.2: A 3rd-order tensor X € R'*7*¥  with entries z; j» = X(i,J, k), and
its subtensors: slices (middle) and fibers (bottom). All fibers are treated as column
vectors.

We adopt the notation whereby tensors (for N > 3) are denoted by
bold underlined capital letters, e.g., X € RI*2xxIN_TFor simplicity,
we assume that all tensors are real-valued, but it is, of course, possible
to define tensors as complex-valued or over arbitrary fields. Matrices
are denoted by boldface capital letters, e.g., X € R'*/, and vectors
(1st-order tensors) by boldface lower case letters, e.g., x € R’. For
example, the columns of the matrix A = [aj,as,...,ar] € R/*F are
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Figure 1.3: A block matrix and its representation as a 4th-order tensor, created
by reshaping (or a projection) of blocks in the rows into lateral slices of 3rd-order
tensors.
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Figure 1.4: Graphical representation of multiway array (tensor) data of increasing
structural complexity and “Volume” (see (Olivieri, 2008) for more detail).

the vectors denoted by a, € R, while the elements of a matrix (scalars)
are denoted by lowercase letters, e.g., a; = A(i,7) (see Table 1.1).

A specific entry of an Nth-order tensor X € R/ */2xxIn i5 denoted
by Tiig,..iy = X(i1,%2,...,in) € R. The order of a tensor is the

number of its “

modes”, “ways” or “dimensions”, which can include
space, time, frequency, trials, classes, and dictionaries. The term “size”

stands for the number of values that an index can take in a particular
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Figure 1.5: Graphical representation of tensor manipulations. (a) Basic building
blocks for tensor network diagrams. (b) Tensor network diagrams for matrix-vector
multiplication (top), matrix by matrix multiplication (middle) and contraction of
two tensors (bottom). The order of reading of indices is anti-clockwise, from the left
position.

mode. For example, the tensor X € R11*/2xXIN j5 of order N and size
I, in all modes-n (n =1,2,...,N). Lower-case letters e.g, i, j are used
for the subscripts in running indices and capital letters I, .J denote the
upper bound of an index, ie., ¢ =1,2,...,] and j = 1,2,...,J. For
a positive integer n, the shorthand notation < n > denotes the set of
indices {1,2,...,n}.
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Table 1.1: Basic matrix/tensor notation and symbols.

257

XERIIXIZX“'XIN
Tiyig,..in = X(i1,72,...,iN)
z, x, X

g7 §7 g(n)7 X(n)

Ae RRXRX---XR
AT A-1 At
A= [al,ag,...,aR] ERIXR

A, B, C, AW B U

Xn) € RInxI1In_1lppr-IN

X cps € Rl T2 Inxlpg1IN
i ; I
X(:,42,13,...,in) € R'L

X(:y5 43, i) € RI1XT2

X(:ﬁv:vi‘lv"'vil\f)
R, (R1,...,RN)

°0,0,®
®r , (@

x = vec(X)
tr(e)

diag(e)

Nth-order tensor of size I1 X Ig X «++- X In
(i1,%2,...,in)th entry of X
scalar, vector and matrix

core tensors

Nth-order diagonal core tensor with nonzero
entries A, on the main diagonal

transpose, inverse and Moore—Penrose
pseudo-inverse of a matrix A

matrix with R column vectors a, € Rf , with
entries a;,

component (factor) matrices

mode-n matricization of X € RI1xxIn
mode-(1,...,n) matricization of X € RI1**In

mode-1 fiber of a tensor X obtained by fixing all
indices but one (a vector)

slice (matrix) of a tensor X obtained by fixing
all indices but two

subtensor of X, obtained by fixing several in-
dices

tensor rank R and multilinear rank

outer, Khatri-Rao, Kronecker products
Left Kronecker, strong Kronecker products
vectorization of X

trace of a square matrix

diagonal matrix
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Table 1.2: Terminology used for tensor networks across the machine learn-
ing/scientific computing and quantum physics/chemistry communities.

Machine Learning

Quantum Physics

Nth-order tensor

high /low-order tensor
ranks of TNs
unfolding, matricization
tensorization

core

variables

ALS Algorithm

MALS Algorithm
column vector x € R/*!
row vector x* € R/

inner product (x,x)

XTX

Tensor Train (TT)

Tensor Chain (TC)

Matrix TT
Hierarchical Tucker (HT)

rank-N tensor

tensor of high/low dimension
bond dimensions of TNs
grouping of indices
splitting of indices

site

open (physical) indices
one-site DMRG or DMRG1
two-site DMRG or DMRG2
ket |¥)

bra (V|

(W)W

Matrix Product State (MPS) (with Open
Boundary Conditions (OBC))

MPS with Periodic Boundary Conditions
(PBC)

Matrix Product Operators (with OBC)

Tree Tensor Network State (TTNS) with
rank-3 tensors
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Notations and terminology used for tensors and tensor networks
differ across the scientific communities (see Table 1.2); to this end we
employ a unifying notation particularly suitable for machine learning
and signal processing research, which is summarized in Table 1.1.

Even with the above notation conventions, a precise description of
tensors and tensor operations is often tedious and cumbersome, given
the multitude of indices involved. To this end, in this monograph, we
grossly simplify the description of tensors and their mathematical op-
erations through diagrammatic representations borrowed from physics
and quantum chemistry (see (Ortus, 2014) and references therein). In
this way, tensors are represented graphically by nodes of any geometri-
cal shapes (e.g., circles, squares, dots), while each outgoing line (“edge”,
“leg”,“arm”) from a node represents the indices of a specific mode (see
Figure 1.5(a)). In our adopted notation, each scalar (zero-order ten-
sor), vector (first-order tensor), matrix (2nd-order tensor), 3rd-order
tensor or higher-order tensor is represented by a circle (or rectangu-
lar), while the order of a tensor is determined by the number of lines
(edges) connected to it. According to this notation, an Nth-order ten-
sor X € RI1>XIN ig represented by a circle (or any shape) with N
branches each of size I,, n =1,2,..., N (see Section 2). An intercon-
nection between two circles designates a contraction of tensors, which
is a summation of products over a common index (see Figure 1.5(b)
and Section 2).

Block tensors, where each entry (e.g., of a matrix or a vector) is an
individual subtensor, can be represented in a similar graphical form,
as illustrated in Figure 1.6. Hierarchical (multilevel block) matrices are
also naturally represented by tensors and vice versa, as illustrated in
Figure 1.7 for 4th-, 5th- and 6th-order tensors. All mathematical oper-
ations on tensors can be therefore equally performed on block matrices.

In this monograph, we make extensive use of tensor network di-
agrams as an intuitive and visual way to efficiently represent tensor
decompositions. Such graphical notations are of great help in studying
and implementing sophisticated tensor operations. We highlight the
significant advantages of such diagrammatic notations in the descrip-
tion of tensor manipulations, and show that most tensor operations can
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4th-order tensor

09 0-—9

Sth-order tensors
— .
00 e ‘

6th-order tensor
T R

Figure 1.6: Graphical representations and symbols for higher-order block tensors.
Each block represents either a 3rd-order tensor or a 2nd-order tensor. The outer
circle indicates a global structure of the block tensor (e.g. a vector, a matrix, a
3rd-order block tensor), while the inner circle reflects the structure of each element
within the block tensor. For example, in the top diagram a vector of 3rd order
tensors is represented by an outer circle with one edge (a vector) which surrounds
an inner circle with three edges (a 3rd order tensor), so that the whole structure
designates a 4th-order tensor.

B

be visualized through changes in the architecture of a tensor network
diagram.

1.3 Curse of Dimensionality and Generalized Separation of
Variables for Multivariate Functions

1.3.1 Curse of Dimensionality

The term curse of dimensionality was coined by Bellman (1961) to
indicate that the number of samples needed to estimate an arbitrary
function with a given level of accuracy grows exponentially with the
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Figure 1.7: Hierarchical matrix structures and their symbolic representation as
tensors. (a) A 4th-order tensor representation for a block matrix X ¢ Rfftf1xF2l2
(a matrix of matrices), which comprises block matrices X, », € R1*2. (b) A 5th-
order tensor. (c) A 6th-order tensor.

Block matrix

(C) Matrix
/

number of variables, that is, with the dimensionality of the function.
In a general context of machine learning and the underlying optimiza-
tion problems, the “curse of dimensionality” may also refer to an ex-
ponentially increasing number of parameters required to describe the
data/system or an extremely large number of degrees of freedom. The
term “curse of dimensionality”, in the context of tensors, refers to the
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phenomenon whereby the number of elements, IV, of an Nth-order ten-
sor of size (I x I x---xI) grows exponentially with the tensor order, N.
Tensor volume can therefore easily become prohibitively big for multi-
way arrays for which the number of dimensions (“ways” or “modes”)
is very high, thus requiring enormous computational and memory re-
sources to process such data. The understanding and handling of the
inherent dependencies among the excessive degrees of freedom create
both difficult to solve problems and fascinating new opportunities, but
comes at a price of reduced accuracy, owing to the necessity to involve
various approximations.

We show that the curse of dimensionality can be alleviated or even
fully dealt with through tensor network representations; these natu-
rally cater for the excessive volume, veracity and variety of data (see
Figure 1.1) and are supported by efficient tensor decomposition algo-
rithms which involve relatively simple mathematical operations. An-
other desirable aspect of tensor networks is their relatively small-scale
and low-order core tensors, which act as “building blocks” of tensor
networks. These core tensors are relatively easy to handle and visual-
ize, and enable super-compression of the raw, incomplete, and noisy
huge-scale datasets. This also suggests a solution to a more general
quest for new technologies for processing of exceedingly large datasets
within affordable computation times.

To address the curse of dimensionality, this work mostly focuses on
approximative low-rank representations of tensors, the so-called low-
rank tensor approximations (LRTA) or low-rank tensor network de-
compositions.

1.3.2 Separation of Variables and Tensor Formats

A tensor is said to be in a full format when it is represented as an orig-
inal (raw) multidimensional array (Klus and Schiitte, 2015), however,
distributed storage and processing of high-order tensors in their full
format is infeasible due to the curse of dimensionality. The sparse for-
mat is a variant of the full tensor format which stores only the nonzero
entries of a tensor, and is used extensively in software tools such as the



1.3.  Curse of Dimensionality 263

Tensor Toolbox (Bader and Kolda, 2015) and in the sparse grid ap-
proach (Garcke et al., 2001; Bungartz and Griebel, 2004; Hackbusch,
2012).

As already mentioned, the problem of huge dimensionality can be
alleviated through various distributed and compressed tensor network
formats, achieved by low-rank tensor network approximations. The un-
derpinning idea is that by employing tensor networks formats, both
computational costs and storage requirements may be dramatically re-
duced through distributed storage and computing resources. It is im-
portant to note that, except for very special data structures, a tensor
cannot be compressed without incurring some compression error, since
a low-rank tensor representation is only an approximation of the orig-
inal tensor.

The concept of compression of multidimensional large-scale data
by tensor network decompositions can be intuitively explained as fol-
lows. Consider the approximation of an N-variate function f(x) =
f(x1,29,...,2N) by a finite sum of products of individual functions,
each depending on only one or a very few variables (Bebendorf, 2011;
Dolgov, 2014; Cho et al., 2016; Trefethen, 2017). In the simplest sce-
nario, the function f(x) can be (approximately) represented in the
following separable form

flar, o, on) = fO @) fP o) - fM (). (1.1)

In practice, when an N-variate function f(x) is discretized into an Nth-
order array, or a tensor, the approximation in (1.1) then corresponds to
the representation by rank-1 tensors, also called elementary tensors (see
Section 2). Observe that with I,,, n = 1,2,..., N denoting the size of
each mode and I = max,{[,}, the memory requirement to store such a
full tensor is nyzl I,, < IV, which grows exponentially with N. On the
other hand, the separable representation in (1.1) is completely defined
by its factors, f((z,), (n =1,2,...,N), and requires only 25:1 I, «
IV storage units. If 1, z, . . .,y are statistically independent random
variables, their joint probability density function is equal to the product
of marginal probabilities, f(x) = fM(z1)fP(x2)--- fN(zp), in an
exact analogy to outer products of elementary tensors. Unfortunately,
the form of separability in (1.1) is rather rare in practice.



264 Introduction and Motivation

The concept of tensor networks rests upon generalized (full or par-
tial) separability of the variables of a high dimensional function. This
can be achieved in different tensor formats, including:

e The Canonical Polyadic (CP) format (see Section 3.2), where

R
flan e, an) = Y [ (@) [P (@) - [N @w), (1.2)
r=1

in an exact analogy to (1.1). In a discretized form, the above CP
format can be written as an Nth-order tensor

R
E; Zf(rl)of(TQ)on_of(TN)eRllxlgx...xIN’ (13)
r=1

)

function f,(") (z5,), symbol o denotes the outer product, and R is
the tensor rank.

where f(rn e RIn denotes a discretized version of the univariate

e The Tucker format, given by

Ry Ry
flanon)= Y o D gy @) f (@),

7‘1=1 7’1\7=1

(1.4)

and its distributed tensor network variants (see Section 3.3),

e The Tensor Train (TT) format (see Section 4.1), in the form

Rl R2 RNfl
flan ez, an) = 30 3 2 [ @) £E), (@) -
’!’1=17”2=1 T‘N,1=1
SN T v SR, (), (1.5)

with the equivalent compact matrix representation
flx1,xa,. . an) =2 FO @) FO(2) . FM(zy),  (1.6)
where F((z,,) € RFn-1%Bn with Ry = Ry = 1.

e The Hierarchical Tucker (HT) format (also known as the Hierar-
chical Tensor format) can be expressed via a hierarchy of nested
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separations in the following way. Consider nested nonempty dis-
joint subsets u, v, and t = v v v < {1,2,..., N}, then for some
1< Ny < N, with ug = {1,...,No} and vog = {No +1,..., N},
the HT format can be expressed as

Ruy  Rug
f(xla"'axN) = Z Z grig,ri\g ;:(?)(Xuo)f;:())(xvo)
—1 Tog=

(t)(xt) = Zu Zﬂ gru,'rv,rt fru Xu) frv (XU)

ru=17ry=1
where x; = {z; : i € t}. See Section 2.2.1 for more detail.

Example. In a particular case for N=4, the HT format can be
expressed by

Ri2  Raq

2 Z 97"122,???4 (551»$2) qgff)(ﬂfs,m),

rie=1r34=1

12

f(x1, 22,23, 24)

Ri1 Ro

(D(@r,ze) = D) D182, FD () £ (@2),
ri=1rs=1
Rs Ry

C(@ge) = Y Y g8 D (s) £ (24).
rg=1rs=1

The Tree Tensor Network States (TTNS) format, which is an ex-
tension of the HT format, can be obtained by generalizing the two
subsets, u, v, into a larger number of disjoint subsets w1, ..., Um,
m = 2. In other words, the TTNS can be obtained by more flexi-
ble separations of variables through products of larger numbers of
functions at each hierarchical level (see Section 2.2.1 for graphical
illustrations and more detail).

All the above approximations adopt the form of “sum-of-products” of
single-dimensional functions, a procedure which plays a key role in all
tensor factorizations and decompositions.

Indeed, in many applications based on multivariate functions, very
good approximations are obtained with a surprisingly small number
of factors; this number corresponds to the tensor rank, R, or tensor
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network ranks, {R1, Ra,..., Ry} (if the representations are exact and
minimal). However, for some specific cases this approach may fail to
obtain sufficiently good low-rank TN approximations. The concept of
generalized separability has already been explored in numerical meth-
ods for high-dimensional density function equations (Liao et al., 2015;
Trefethen, 2017; Cho et al., 2016) and within a variety of huge-scale
optimization problems (see Part 2 of this monograph).

To illustrate how tensor decompositions address excessive volumes
of data, if all computations are performed on a CP tensor format in
(1.3) and not on the raw Nth-order data tensor itself, then instead of
the original, exponentially growing, data dimensionality of IV, the num-
ber of parameters in a CP representation reduces to NI R, which scales
linearly in the tensor order N and size I (see Table 4.4). For exam-
ple, the discretization of a 5-variate function over 100 sample points on
each axis would yield the difficulty to manage 100°> = 10,000, 000, 000
sample points, while a rank-2 CP representation would require only
5 x 2 x 100 = 1000 sample points.

Although the CP format in (1.2) effectively bypasses the curse of
dimensionality, the CP approximation may involve numerical problems
for very high-order tensors, which in addition to the intrinsic unclose-
ness of the CP format (i.e., difficulty to arrive at a canonical format),
the corresponding algorithms for CP decompositions are often ill-posed
(de Silva and Lim, 2008). As a remedy, greedy approaches may be
considered which, for enhanced stability, perform consecutive rank-1
corrections (Lim and Comon, 2010). On the other hand, many efficient
and stable algorithms exist for the more flexible Tucker format in (1.4),
however, this format is not practical for tensor orders N > 5 because
the number of entries of both the original data tensor and the core
tensor (expressed in (1.4) by elements gy, r, . ry) scales exponentially
in the tensor order N (curse of dimensionality).

In contrast to CP decomposition algorithms, T'T tensor network for-
mats in (1.5) exhibit both very good numerical properties and the abil-
ity to control the error of approximation, so that a desired accuracy of
approximation is obtained relatively easily. The main advantage of the
TT format over the CP decomposition is the ability to provide stable
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quasi-optimal rank reduction, achieved through, for example, truncated
singular value decompositions (tSVD) or adaptive cross-approximation
(Oseledets and Tyrtyshnikov, 2010; Bebendorf, 2011; Khoromskij and
Veit, 2016). This makes the TT format one of the most stable and
simple approaches to separate latent variables in a sophisticated way,
while the associated TT decomposition algorithms provide full control
over low-rank TN approximations'. In this monograph, we therefore
make extensive use of the TT format for low-rank TN approximations
and employ the T'T toolbox software for efficient implementations (Os-
eledets et al., 2012). The TT format will also serve as a basic prototype
for high-order tensor representations, while we also consider the Hier-
archical Tucker (HT) and the Tree Tensor Network States (TTNS) for-
mats (having more general tree-like structures) whenever advantageous
in applications.

Furthermore, we address in depth the concept of tensorization of
structured vectors and matrices to convert a wide class of huge-scale op-
timization problems into much smaller-scale interconnected optimiza-
tion sub-problems which can be solved by existing optimization meth-
ods (see Part 2 of this monograph).

The tensor network optimization framework is therefore performed
through the two main steps:

e Tensorization of data vectors and matrices into a high-order ten-
sor, followed by a distributed approximate representation of a
cost function in a specific low-rank tensor network format.

e Execution of all computations and analysis in tensor network for-
mats (i.e., using only core tensors) that scale linearly, or even
sub-linearly (quantized tensor networks), in the tensor order N.
This yields both the reduced computational complexity and dis-
tributed memory requirements.

! Although similar approaches have been known in quantum physics for a long
time, their rigorous mathematical analysis is still a work in progress (see (Oseledets,
2011; Orts, 2014) and references therein).
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1.4 Advantages of Multiway Analysis via Tensor Networks

In this monograph, we focus on two main challenges in huge-scale data
analysis which are addressed by tensor networks: (i) an approximate
representation of a specific cost (objective) function by a tensor net-
work while maintaining the desired accuracy of approximation, and (ii)
the extraction of physically meaningful latent variables from data in a
sufficiently accurate and computationally affordable way. The benefits
of multiway (tensor) analysis methods for large-scale datasets then in-
clude:

e Ability to perform all mathematical operations in tractable tensor
network formats;

e Simultaneous and flexible distributed representations of both the
structurally rich data and complex optimization tasks;

e Efficient compressed formats of large multidimensional data
achieved via tensorization and low-rank tensor decompositions
into low-order factor matrices and/or core tensors;

e Ability to operate with noisy and missing data by virtue of numer-
ical stability and robustness to noise of low-rank tensor/matrix
approximation algorithms;

e A flexible framework which naturally incorporates various diver-
sities and constraints, thus seamlessly extending the standard,
flat view, Component Analysis (2-way CA) methods to multiway
component analysis;

e Possibility to analyze linked (coupled) blocks of large-scale ma-
trices and tensors in order to separate common/correlated from
independent /uncorrelated components in the observed raw data;

e Graphical representations of tensor networks allow us to express
mathematical operations on tensors (e.g., tensor contractions and
reshaping) in a simple and intuitive way, and without the explicit
use of complex mathematical expressions.
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In that sense, this monograph both reviews current research in this
area and complements optimisation methods, such as the Alternating
Direction Method of Multipliers (ADMM) (Boyd et al., 2011).

Tensor decompositions (TDs) have been already adopted in widely
diverse disciplines, including psychometrics, chemometrics, biometric,
quantum physics/information, quantum chemistry, signal and image
processing, machine learning, and brain science (Smilde et al., 2004;
Tao et al., 2007; Kroonenberg, 2008; Kolda and Bader, 2009; Hack-
busch, 2012; Favier and de Almeida, 2014; Cichocki et al., 2009, 2015b).
This is largely due to their advantages in the analysis of data that ex-
hibit not only large volume but also very high variety (see Figure 1.1),
as in the case in bio- and neuroinformatics and in computational neu-
roscience, where various forms of data collection include sparse tabular
structures and graphs or hyper-graphs.

Moreover, tensor networks have the ability to efficiently parame-
terize, through structured compact representations, very general high-
dimensional spaces which arise in modern applications (Kressner et al.,
2014b; Cichocki, 2014; Zhang et al., 2015; Corona et al., 2015; Litsarev
and Oseledets, 2016; Khoromskij and Veit, 2016; Benner et al., 2016).
Tensor networks also naturally account for intrinsic multidimensional
and distributed patterns present in data, and thus provide the oppor-
tunity to develop very sophisticated models for capturing multiple in-
teractions and couplings in data — these are more physically insightful
and interpretable than standard pair-wise interactions.

1.5 Scope and Objectives

Review and tutorial papers (Kolda and Bader, 2009; Lu et al., 2011;
Grasedyck et al., 2013; Cichocki et al., 2015b; de Almeida et al., 2015;
Sidiropoulos et al., 2016; Papalexakis et al., 2016; Bachmayr et al.,
2016) and books (Smilde et al., 2004; Kroonenberg, 2008; Cichocki
et al., 2009; Hackbusch, 2012) dealing with TDs and TNs already exist,
however, they typically focus on standard models, with no explicit links
to very large-scale data processing topics or connections to a wide class
of optimization problems. The aim of this monograph is therefore to
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extend beyond the standard Tucker and CP tensor decompositions,
and to demonstrate the perspective of TNs in extremely large-scale
data analytics, together with their role as a mathematical backbone
in the discovery of hidden structures in prohibitively large-scale data.
Indeed, we show that TN models provide a framework for the analysis
of linked (coupled) blocks of tensors with millions and even billions of
non-zero entries.

We also demonstrate that TNs provide natural extensions of 2-
way (matrix) Component Analysis (2-way CA) methods to multi-way
component analysis (MWCA), which deals with the extraction of de-
sired components from multidimensional and multimodal data. This
paradigm shift requires new models and associated algorithms capable
of identifying core relations among the different tensor modes, while
guaranteeing linear/sub-linear scaling with the size of datasets?®.

Furthermore, we review tensor decompositions and the associated
algorithms for very large-scale linear/multilinear dimensionality reduc-
tion problems. The related optimization problems often involve struc-
tured matrices and vectors with over a billion entries (see (Grasedyck
et al., 2013; Dolgov, 2014; Garreis and Ulbrich, 2016) and references
therein). In particular, we focus on Symmetric Eigenvalue Decomposi-
tion (EVD/PCA) and Generalized Eigenvalue Decomposition (GEVD)
(Dolgov et al., 2014; Kressner et al., 2014a; Kressner and Uschmajew,
2016), SVD (Lee and Cichocki, 2015), solutions of overdetermined and
undetermined systems of linear algebraic equations (Oseledets and Dol-
gov, 2012; Dolgov and Savostyanov, 2014), the Moore—Penrose pseudo-
inverse of structured matrices (Lee and Cichocki, 2016b), and Lasso
problems (Lee and Cichocki, 2016a). Tensor networks for extremely
large-scale multi-block (multi-view) data are also discussed, especially
TN models for orthogonal Canonical Correlation Analysis (CCA) and
related Partial Least Squares (PLS) problems. For convenience, all
these problems are reformulated as constrained optimization problems

2Usually, we assume that huge-scale problems operate on at least 107 parameters.
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which are then, by virtue of low-rank tensor networks reduced to man-
ageable lower-scale optimization sub-problems. The enhanced tractabil-
ity and scalability is achieved through tensor network contractions and
other tensor network transformations.

The methods and approaches discussed in this work can be con-
sidered a both an alternative and complementary to other emerging
methods for huge-scale optimization problems like random coordinate
descent (RCD) scheme (Nesterov, 2012; Richtarik and Takac, 2016),
sub-gradient methods (Nesterov, 2014), alternating direction method
of multipliers (ADMM) (Boyd et al., 2011), and proximal gradient de-
scent methods (Parikh and Boyd, 2014) (see also (Cevher et al., 2014;
Hong et al., 2016) and references therein).

This monograph systematically introduces TN models and the as-
sociated algorithms for TNs/TDs and illustrates many potential appli-
cations of TDs/TNS. The dimensionality reduction and optimization
frameworks (see Part 2 of this monograph) are considered in detail,
and we also illustrate the use of TNs in other challenging problems
for huge-scale datasets which can be solved using the tensor network
approach, including anomaly detection, tensor completion, compressed
sensing, clustering, and classification.



2

Tensor Operations and Tensor Network
Diagrams

Tensor operations benefit from the power of multilinear algebra which
is structurally much richer than linear algebra, and even some basic
properties, such as the rank, have a more complex meaning. We next
introduce the background on fundamental mathematical operations in
multilinear algebra, a prerequisite for the understanding of higher-order
tensor decompositions. A unified account of both the definitions and
properties of tensor network operations is provided, including the outer,
multi-linear, Kronecker, and Khatri-Rao products. For clarity, graphi-
cal illustrations are provided, together with an example rich guidance
for tensor network operations and their properties. To avoid any con-
fusion that may arise given the numerous options on tensor reshap-
ing, both mathematical operations and their properties are expressed
directly in their native multilinear contexts, supported by graphical
visualizations.

2.1 Basic Multilinear Operations

The following symbols are used for most common tensor multiplica-
tions: @ for the Kronecker product, ® for the Khatri-Rao product,
® for the Hadamard (componentwise) product, o for the outer
product and x, for the mode-n product. Basic tensor operations
are summarized in Table 2.1, and illustrated in Figures 2.1-2.13.
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Table 2.1: Basic tensor/matrix operations.

C=[G;BM,...,BWMV]

Q:A;(nb
C=Ax\B=Ax'B
C=Ao-B

X:aObOCERIXJXK

Q
I
>
®
5
|

C=A0O.B

Mode-n product of a tensor A € RI1xTzxxIn
and a matrix B € R7*» yields a ten-
sor C e RIl><~~~><In_1><J><In+1><~~~><IN

)
with entries Cityoesin_1,J, ing1smnsin =

I,
Dot iyeinyein Ujyin

Multilinear (Tucker) product of a core tensor,
G, and factor matrices B("™) | which gives

C=G x; B x,B@ ... xy BM)

Mode-n product of a tensor A e RItX*In
and vector b € RI" yields a ten-
sor C e Rll XeooXTy1 XTI pqp1 X XIn

b
with entries Ciiyyonsimt yimgdsensin =

an Qi s s b
in=1 "t tn—1,tntn+1,---,tN “ln

Mode-(N, 1) contracted product of tensors
A e RIIXIQX”-XIN and B c RJliQX”-XJ]u,
with Iy = Ji, yields a tensor
C e RIvexInaaxoxexJu  with entries

Civoine s = SN by
115+t N=1,]25--5JM — in=1 715 ,tN YVIN,J25--5 )M

Outer product of tensors A e RItxTzx-xIn
and B € R/1x2XxJu vyields an (N + M)th-
order tensor C, with entries ¢, .. ixn,j1,..in =

Qiy,...in bjl,uij

Outer product of vectors a,b and c forms a
rank-1 tensor, X, with entries z;;; = a; b cx

(Left) Kronecker product of tensors A €
RIOxI2xxIn and B € RX72x XN vyields
a tensor C e RIJixxINJN = with entries

Coroingn = Qiryein Djr,ein

(Left) Khatri-Rao product of matrices A =
[ai,...,a7] € R and B = [by,...,bs] €
REX7 vyields a matrix C e RIEXJ  with
columns ¢; = a; ® b; € RIK
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% Nsorlzauon
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<&cization —Q— Vectorization
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Figure 2.1: Tensor reshaping operations: Matricization, vectorization and ten-
sorization. Matricization refers to converting a tensor into a matrix, vectorization to
converting a tensor or a matrix into a vector, while tensorization refers to converting
a vector, a matrix or a low-order tensor into a higher-order tensor.

We refer to (Kolda and Bader, 2009; Cichocki et al., 2009; Lee and
Cichocki, 2016¢) for more detail regarding the basic notations and
tensor operations. For convenience, general operations, such as vec(-)
or diag(-), are defined similarly to the MATLAB syntax.

Multi—indices: By a multi-index i = 4143 ---iy we refer to an index
which takes all possible combinations of values of indices, i1, 42, ..., 1N,
for i, = 1,2,...,1,, n =1,2,...,N and in a specific order. Multi—
indices can be defined using two different conventions (Dolgov and
Savostyanov, 2014):

1. Little-endian convention (reverse lexicographic ordering)
1199 IN = i1+(i2—1)11+(i3—1)I1[2+'"+(iN—1)Il o In_q.
2. Big-endian (colexicographic ordering)

119 iy = in + (in—1 — D) In + (in—2 — D)InINn_1 +
et (i — DIy Iy.
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The little-endian convention is used, for example, in Fortran and
MATLAB, while the big-endian convention is used in C language.
Given the complex and non-commutative nature of tensors, the basic
definitions, such as the matricization, vectorization and the Kronecker
product, should be consistent with the chosen convention'. In this
monograph, unless otherwise stated, we will use little-endian notation.

Matricization. The matricization operator, also known as the
unfolding or flattening, reorders the elements of a tensor into a matrix
(see Figure 2.2). Such a matrix is re-indexed according to the choice
of multi-index described above, and the following two fundamental
matricizations are used extensively.

The mode-n matricization. For a fixed index n € {1,2,..., N}, the
mode-n matricization of an Nth-order tensor, X € R XN is defined
as the (“short” and “wide”) matrix

X(n) c Rln><11]2"'In71]n+1"'IN7 (21)

with I, rows and I1Is--- I,_11,+1--- Iy columns, the entries of which
are

(X(n))imil“'in—lin+1"'iN = Tiy,in,...in-
Note that the columns of a mode-n matricization, X, of a tensor X
are the mode-n fibers of X.

The mode-{n} canonical matricization. For a fixed index n €
{1,2,..., N}, the mode-(1,2,...,n) matricization, or simply mode-n
canonical matricization, of a tensor X € R/ *IN ig defined as the
matrix

X_,. € lejz...jnxjnﬂ...[]\,’ (2‘2)

with Iy Iy -+ I, rows and I,41 -+ Iy columns, and the entries

(X<”>)i1i2--~in, int1 iy Litsiz,.in

! Note that using the colexicographic ordering, the vectorization of an outer
product of two vectors, a and b, yields their Kronecker product, that is, vec(aob) =
a®b, while using the reverse lexicographic ordering, for the same operation, we need
to use the Left Kronecker product, vec(aob) =b®a =a®r b.
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I ANy

177 n-1"n1"

Iy

Figure 2.2: Matricization (flattening, unfolding) used in tensor reshaping. (a)
Mode-1, mode-2, and mode-3 matricizations of a 3rd-order tensor, from the top
to the bottom panel. (b) Tensor network diagram for the mode-n matricization
of an Nth-order tensor, A € R**2* "IN "into a short and wide matrix, A, €
Rin % I dn—idnt1-In () Mode-{1,2,...,n}th (canonical) matricization of an Nth-

: : oA I IgIp x InppeIn
order tensor, A, into a matrix A<,> = A(Z.l___in ) € R .
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—’i —’M_’IM

Vector Matrix 3rd-order tensor 4th-order tensor
<R XeRK2 §3€IR2KX2X2 X461R1<x2x2x2

Figure 2.3: Tensorization of a vector into a matrix, 3rd-order tensor and 4th-order
tensor.

The matricization operator in the MATLAB notation (reverse lexico-
graphic) is given by

X<n> = reshape (X, I1 Iy - In, Iny1 -+~ IN). (2.3)
As special cases we immediately have (see Figure 2.2)
X1 = X(1)7 XcN-1> = XEFN)v X<y = vee(X). (2.4)

The tensorization of a vector or a matrix can be considered as a
reverse process to the vectorization or matricization (see Figures 2.1
and 2.3).

Kronecker, strong Kronecker, and Khatri-Rao products of
matrices and tensors. For an I x J matrix A and a K x L matrix B,
the standard (Right) Kronecker product, A®B, and the Left Kronecker
product, A ®;, B, are the following I K x JL matrices

a1,1B tee CLLJB Ab171 te Abl,L
A®B = : : , A®,B= : :

ariB -+ a; /B Abg1 -+ Abkp
Observe that A @, B = B® A, so that the Left Kronecker product

will be used in most cases in this monograph as it is consistent with
the little-endian notation.
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B C=ARB

=
Aue Byl Ape By
+A1,% By [ +A,8.By,

Au | Ap| Agp +A5®8.Bgy| +A 58 By,

A, e B Ao B
A Al A 21®.B11| Axn® DBy,
s 2z B, | Bs, +A5%Bo| +A5 % By,
+A,3® B3| +A,;% By,

- - L J

Figure 2.4: Illustration of the strong Kronecker product of two block matrices, A =
[Ar, ] € RFEUTXE2IL and B = [B,, 5] € RT22%H372 wwhich is defined as a block
matrix C = A [§] B € R"1/172 %172 "with the blocks Cyyry = Yn2 | Apy iy ®L
B’r‘z,’l‘g € RII]ZXJIJZ, for r = 1,...,Ri, m2o=1,...,Ro and r3 = 1,..., Rs.

Using Left Kronecker product, the strong Kronecker product of two
block matrices, A € REU*F2J and B € RE2EXR3L  given by

) i

Air - Ayp, Bii1 -+ Big,
A = : : ; B = : :
ARl,l T ARI:RQ BR2,1 T BR2,R3

can be defined as a block matrix (see Figure 2.4 for a graphical illus-
tration)

C=A g Be REEX R L (2.5)
with blocks C,, ,, = 27{12:1 Ay ®rL By, € RIKXJIL  where

A€ RI*7 and B, € REXL are the blocks of matrices within
A and B, respectively (de Launey and Seberry, 1994; Kazeev et al.,
2013a,b). Note that the strong Kronecker product is similar to the
standard block matrix multiplication, but performed using Kronecker
products of the blocks instead of the standard matrix-matrix prod-
ucts. The above definitions of Kronecker products can be naturally
extended to tensors (Phan et al., 2012) (see Table 2.1), as shown below.

The Kronecker product of tensors. The (Left) Kronecker product
of two Nth-order tensors, A € RI1x2x=xIN and B e RI1xJ2xxJn
yields a tensor C = A ®; B € RIJixxINJN of the same order

but enlarged in size, with entries c;— -—
1715t NJN

= Gy, iy bj1,~-~7jN as
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Ky=1,J,

Figure 2.5: The left Kronecker product of two 4th-order tensors, A and B,
yields a 4th-order tensor, C = A ®; B € RT*/1**1aTa wwith entries ciy ky ks by =
i1soria Djroo sy Where kp = injn (n = 1,2,3,4). Note that the order of tensor C is
the same as the order of A and B, but the size in every mode within C is a product
of the respective sizes of A and B.

illustrated in Figure 2.5.

The mode-n Khatri-Rao product of tensors. The Mode-n
Khatri-Rao product of two Nth-order tensors, A e RI1xf2xxInx--xIy

and B € R/X2XoXdnx=xJIN for which I, = J,, yields a tensor
Q — A@nB = RlljlX"'XInfljnflX]nX]nJrlJnJrlX"'XINJN7 with subten-
sors Gz, v tyipyyeeey:) = Al o Siny ey ) @Byt 5dn, 5y ey ).

The mode-2 and mode-1 Khatri-Rao product of matrices.
The above definition simplifies to the standard Khatri-Rao (mode-
2) product of two matrices, A = [aj,as,...,ag] € R/* and B =
[b1,ba,...,bg] € R/*E or in other words a “column-wise Kronecker
product”. Therefore, the standard Right and Left Khatri-Rao products
for matrices are respectively given by?

AGOB=[a;®bj,a2®by,...,ag @bg| e R *H, (2.6)
AGLB =[a;®; b1,a® by,...,ag ® bp] e R*H.(2.7)

2For simplicity, the mode 2 subindex is usually neglected, i.e., A®: B = A®B.
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Analogously, the mode-1 Khatri-Rao product of two matrices A €
R/*E and B € RT*9 | is defined as
A(l,:)®B(1,:)
A® B = : e RIXEQ, (2.8)

A(l,:))®B(I,:)
Direct sum of tensors. A direct sum of Nth-order tensors
A € RhvxxINn gpnd B € RAX>/N yields a tensor C = A@®B €
RUL+T) 3 xUN+IN) - with entries C(ki,....ky) = A(ky,... kyn)
ifl <k, <1, VYn, Clky,...,kn) = B(ky — I,...,kn — In) if
I, <k, < I,+ J,, Vn, and C(ki,...,kny) = 0, otherwise (see
Figure 2.6(a)).

Partial (mode-n) direct sum of tensors. A partial direct sum of
tensors A € RV xIN and B € RV %N | with I, = J,,, yields a ten-
sor C=A®;Be R(Il“!‘z]l)x"'x([nfl"ﬁ]nfl)XI’!L><([n+1+Jn+1)><"'><(IN+JN)7
where C(:,... 5000, 5h.00:) = A(, o i, ey :) @B, .oy in,:
,...y1), as illustrated in Figure 2.6(b).

Concatenation of Nth-order tensors. A concatenation along
mode-n of tensors A € ROX*IN and B e RA**INv for
which I, = Jn, Vm # n yields a tensor C = AH, B €

RO X x -1 xUntJn)xIngrxx(IN) - with  subtensors C(iy,. .., in_1,:
,in+1,...,iN) = A(i17...’in717:,in+1’...’iN) @ B(il,...,in,b:
yin+tls---,in), as illustrated in Figure 2.6(c). For a concatenation of

two tensors of suitable dimensions along mode-n, we will use equivalent
notations C=AH,B=A ~, B.

3D Convolution. For simplicity, consider two 3rd-order tensors
A e RIOxDxIs a5 B e R/1*2%Js Their 3D Convolution yields
a tensor C = A x B € RU+A-Dx(Ltla=1)xUs+J3-1) " with entries
Ck, ko, k3) = 33 2o 255 B, 2, 73) A(k1 — ji, k2 — ja, ks — J3) as
illustrated in Figure 2.7 and Figure 2.8.

Partial (mode-n) Convolution. For simplicity, consider two 3rd-
order tensors A € RIvx2xI3 ynd B € R/1*/2%J3 Their mode-2 (partial)
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(a) I /i
3 /J3
Ll A
L1 Y| B
e J2
A®B € R X(Ly+ JH) % (I3+J3)
(b) [ B
S L A Ll A
I = A 7J1 1| A
L A B ,l; Jil B
L T,-7, 1,
AS®;B AD;B A®.B
(c)
I=J,
LA L=J, B 7
13
Jl B L=, A | B Li=J A
I,=J, A 1=,
AH B AH.B AH.B

Figure 2.6: Illustration of the direct sum, partial direct sum and concatenation
operators of two 3rd-order tensors. (a) Direct sum. (b) Partial (mode-1, mode-2,
and mode-3) direct sum. (c) Concatenations along mode-1,2,3.
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Figure 2.7: Illustration of the 2D convolution operator, performed through a
sliding window operation along both the horizontal and vertical index.
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A B (ItJs1) C
J (1,+J;-1)
== SezZ 3
| = | @
* =
I J: :
2 2 Reduction
> (summation)
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‘[2]3]3 ‘To[-1T0 3]0
< [e]2]4 R EEE! 10[-4
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Figure 2.8: Illustration of the 3D convolution operator, performed through a
sliding window operation along all three indices.

convolution yields a tensor C = A [y B € RI/ix(a+2=1)xIsJs the
subtensors (vectors) of which are C(ki,:, k3) = A(i1,:13) * B(j1,:
,jg) € R12+J2_1, where kl = iljlv and kg = igjg.

Outer product. The central operator in tensor analysis is the outer
or tensor product, which for the tensors A € RI**IN and B €
R/1x>xM gives the tensor C = A o B e RV xInxJixXJu yith
entries Ciy,. iy ji,eise = Qityenin Ojteeesjing -

Note that for 1st-order tensors (vectors), the tensor product reduces
to the standard outer product of two nonzero vectors, a € R’ and
b € R’, which yields a rank-1 matrix, X = aob = ab’ ¢ R/*/,
The outer product of three nonzero vectors, a € R, b € R’ and
c € RE, gives a 3rd-order rank-1 tensor (called pure or elementary
tensor), X =aoboce RI*I*K wwith entries Tijk = ai bj cg.
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Rank-1 tensor. A tensor, X € RI1*/2%XIN s said to be of rank-1 if it
can be expressed exactly as the outer product, X = bW ob®@o...ob®V)
of nonzero vectors, b(™ € RI» with the tensor entries given by
W@ )
IN

Liy i, in = bil 2

Kruskal tensor, CP decomposition. For further discussion, it is
important to highlight that any tensor can be expressed as a finite sum
of rank-1 tensors, in the form

o
n=1

R R
X=YbVob@o.ob™ =Y (N be‘)), b e RI», (2.9)
r=1 r=1

which is exactly the form of the Kruskal tensor, illustrated in Figure
2.9, also known under the names of CANDECOMP/PARAFAC,
Canonical Polyadic Decomposition (CPD), or simply the CP decom-
position in (1.2). We will use the acronyms CP and CPD.

Tensor rank. The tensor rank, also called the CP rank, is a natural
extension of the matrix rank and is defined as a minimum number, R,
of rank-1 terms in an exact CP decomposition of the form in (2.9).

Although the CP decomposition has already found many practical
applications, its limiting theoretical property is that the best rank-R
approximation of a given data tensor may not exist (see de Silva
and Lim (2008) for more detail). However, a rank-R tensor can be
approximated arbitrarily well by a sequence of tensors for which the
CP ranks are strictly less than R. For these reasons, the concept
of border rank was proposed (Bini, 1985), which is defined as the
minimum number of rank-1 tensors which provides the approximation
of a given tensor with an arbitrary accuracy.

Symmetric tensor decomposition. A symmetric tensor (sometimes
called a super-symmetric tensor) is invariant to the permutations of its
indices. A symmetric tensor of Nth-order has equal sizes, I, = I, Vn, in
all its modes, and the same value of entries for every permutation of its
indices. For example, for vectors b(™ = b e R!, Vn, the rank-1 tensor,
constructed by N outer products, oﬁleb(”) = bobo---ob e RIXIxxI
is symmetric. Moreover, every symmetric tensor can be expressed as a
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Figure 2.9: The CP decomposition for a 4th-order tensor X of rank R. Observe
that the rank-1 subtensors are formed through the outer products of the vectors
b, ....b¥ r=1,...,R

linear combination of such symmetric rank-1 tensors through the so-
called symmetric CP decomposition, given by

R
X=> Abob.o---0ob,,  beR, (2.10)
r=1

where A, € R are the scaling parameters for the unit length vectors b,
while the symmetric tensor rank is the minimal number R of rank-1
tensors that is necessary for its exact representation.

Multilinear products. The mode-n (multilinear) product, also called
the tensor-times-matrix product (TTM), of a tensor, A € RIV*In
and a matrix, B € R/*/» gives the tensor

C = A x,, Be Rl xn—ixIxlppixxIy (2.11)

with entries
I
Cir iz 1 rins1roin = Dy Girin,ine Vi (2.12)
in=1

From (2.12) and Figure 2.10, the equivalent matrix form is
Cn) = BA(y), which allows us to employ established fast matrix-by-
vector and matrix-by-matrix multiplications when dealing with very
large-scale tensors. Efficient and optimized algorithms for TTM are,
however, still emerging (Li et al., 2015; Ballard et al., 2015a,b).

Full multilinear (Tucker) product. A full multilinear product, also
called the Tucker product, of an Nth-order tensor, G € RF1*fiax--xEy
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Ly A
Al A2 A13 |1
J J| B || BAj|BAy | - | BA;|J
Iy Cu
Cnh=B A,
(b)
A Iy B B A(n)
Il\/\". In Q J - J O I Oll nalpaIn
'2/}/
C=Ax,B Cm=BAm

Figure 2.10: Illustration of the multilinear mode-n product, also known as the
TTM (Tensor-Times-Matrix) product, performed in the tensor format (left) and
the matrix format (right). (a) Mode-1 product of a 3rd-order tensor, A € Rt *f2*Is
and a factor (component) matrix, B € R7*| yields a tensor C = A x; B ¢
R7*12%I5  This is equivalent to a simple matrix multiplication formula, Cy =
BA (). (b) Graphical representation of a mode-n product of an Nth-order tensor,
A e Rl I2xXIN and a factor matrix, B € R7*In.

and a set of N factor matrices, B € RI"*Bn for n = 1,2,... N,
performs the multiplications in all the modes and can be compactly
written as (see Figure 2.11(b))

C =G x; BY x, B@ ... xy BV (2.13)
= [[Q;B(l)7B(2)"‘ . ’B(N):I] c R11X12X“.X1N'

Observe that this format corresponds to the Tucker decomposition
(Tucker, 1964, 1966; Kolda and Bader, 2009) (see Section 3.3).

Multilinear product of a tensor and a vector (TTV). In a sim-
ilar way, the mode-n multiplication of a tensor, A € Rl *IN and a
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vector, b € R» (tensor-times-vector, TTV) yields a tensor

Q:A;nbeRllxn-xln_l><In+1><---><IN’ (2‘14)
with entries
In
Cit i 1yin s 1oein = Z iy, sin—1yinsing1ssin Din- (2.15)
in=1

Note that the mode-n multiplication of a tensor by a matrix does not
change the tensor order, while the multiplication of a tensor by vectors
reduces its order, with the mode n removed (see Figure 2.11).

Multilinear products of tensors by matrices or vectors play a
key role in deterministic methods for the reshaping of tensors and
dimensionality reduction, as well as in probabilistic methods for
randomization/sketching procedures and in random projections of
tensors into matrices or vectors. In other words, we can also perform
reshaping of a tensor through random projections that change its
entries, dimensionality or size of modes, and/or the tensor order. This
is achieved by multiplying a tensor by random matrices or vectors,
transformations which preserve its basic properties. (Sun et al., 2006;
Drineas and Mahoney, 2007; Lu et al., 2011; Li and Monga, 2012;
Pham and Pagh, 2013; Wang et al., 2015; Kuleshov et al., 2015; Sorber
et al., 2016) (see Section 3.5 for more detail).

Tensor contractions. Tensor contraction is a fundamental and the
most important operation in tensor networks, and can be considered
a higher-dimensional analogue of matrix multiplication, inner product,
and outer product.

In a way similar to the mode-n multilinear product?®, the mode- (")
product (tensor contraction) of two tensors, A € RI1>2X*IN and B €
R/ J2x I with common modes, I, = Jp,, yields an (N + M — 2)-
order tensor, C € R XX dn—1 X Tn g1 X XIN X J1 XX S 1 X Ty 1 ><---><JM’ in

the form (see Figure 2.12(a))

C-Ax"B, (2.16)

3Tn the literature, sometimes the symbol X, is replaced by e,,.
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Figure 2.11: Multilinear tensor products in a compact tensor network notation.
(a) Transforming and/or compressing a 4th-order tensor, G € Rt *F2xRsx R4 ingo 5
scalar, vector, matrix and 3rd-order tensor, by multilinear products of the tensor and
vectors. Note that a mode-n multiplication of a tensor by a matrix does not change
the order of a tensor, while a multiplication of a tensor by a vector reduces its order
by one. For example, a multilinear product of a 4th-order tensor and four vectors (top
diagram) yields a scalar. (b) Multilinear product of a tensor, G € Rf1*R2XxRs apq
five factor (component) matrices, B g RIn*Fn (n=1,2,...,5), yields the tensor
C =Gx:BMxyB@ x3B® x,BW x;B®) ¢ RI1 %127 %15 Thig corresponds to the
Tucker format. (¢) Multilinear product of a 4th-order tensor, G € Rf1*R2xRsxRa
and three vectors, b, € Rf" (n = 1,2,3), yields the vector ¢ = GX1b; Xobax3bs €
R74,
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(@) (b) Iy

Figure 2.12: Examples of contractions of two tensors. (a) Multilinear product of
two tensors is denoted by A x;' B. (b) Inner product of two 3rd-order tensors
yields a scalar ¢ = (A, B) = A xigi B=AXxB-= Zil,iz%
(c) Tensor contraction of two 4th-order tensors, along mode-3 in A and mode-
2 in B, yields a 6th-order tensor, C = A x2 B e RIt*¥[2xlaxJixJsxJa  yith
entries Ciq,i2,14,41,43,j4 — Zig Qiq,ig,i3,i4 b]'l,¢3,]'3,j4' (d) Tensor contraction of two
5th-order tensors along the modes 3,4,5 in A and 1,2,3 in B yields a 4th-order
tensor, C = A Xéig B e RItxT2xJaxJs

@iy ig,iz Dinia,is-

for which the entries are computed as

City ooy 1y g1y o iN S J1s oes S 1y Jrm 1y oy JM
In

= Z Wi yoin 1y int 1y ey i Oj1s s Gty Gmats e (2-17)
in=1
This operation is referred to as a contraction of two tensors in single
common mode.

Tensors can be contracted in several modes or even in all modes, as
illustrated in Figure 2.12. For convenience of presentation, the super-
or sub-index, e.g., m,n, will be omitted in a few special cases. For
example, the multilinear product of the tensors, A € RI1x2xxIN and
B e R/1x2xxJm  with common modes, Iy = Ji, can be written as

C=A xi B=Ax!B=AeBeRI*xxIvaxlaxxu (3718g)
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for which the entries
In
Cirizoin 1 odndsins = Dy iriziny Dixjonoinr-
in=1

In this notation, the multiplications of matrices and vectors can be
written as, A xs B= A x!B=AB, Ax3B=ABT, A xig B =
AxB =(A,B),and A x} x=A x!x = Ax.

Note that tensor contractions are, in general not associative or com-
mutative, since when contracting more than two tensors, the order has
to be precisely specified (defined), for example, A x% (B x2C) for b < c.

It is also important to note that a matrix-by-vector product,
y = Ax e RN with A e Rl INxJi=IN and x € RN | can be ex-
pressed in a tensorized form via the contraction operator as Y = AxX,
where the symbol x denotes the contraction of all modes of the tensor
X (see Section 4.5).

Unlike the matrix-by-matrix multiplications for which several
efficient parallel schemes have been developed, the number of efficient
algorithms for tensor contractions is rather limited. In practice, due to
the high computational complexity of tensor contractions, especially
for tensor networks with loops, this operation is often performed
approximately (Lubasch et al., 2014; Di Napoli et al., 2014; Pfeifer
et al., 2014; Kao et al., 2015).

Tensor trace. Consider a tensor with partial self-contraction modes,
where the outer (or open) indices represent physical modes of the ten-
sor, while the inner indices indicate its contraction modes. The Tensor
Trace operator performs the summation of all inner indices of the ten-
sor (Gu et al., 2009). For example, a tensor A of size R x I x R has
two inner indices, modes 1 and 3 of size R, and one open mode of size
1. Its tensor trace yields a vector of length I, given by

a=Tr(A) ZZA(T#J%

the elements of which are the traces of its lateral slices A; € RExF
(i =1,2,...,1I), that is, (see bottom of Figure 2.13)

a = [tr(A1),...,tr(Ay),... tr(AD]T. (2.19)
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A c=tr(A)=Ya;,
1

T
a=la,a,,.al

a,-IZA(F,i,V)

Figure 2.13: Tensor network notation for the traces of matrices (panels 1-
4 from the top), and a (partial) tensor trace (tensor self-contraction) of a 3rd-
order tensor (bottom panel). Note that graphical representations of the trace
of matrices intuitively explain the permutation property of trace operator, e.g.,
tr(A1A2A3A4) = tI‘(A3A4A1A2).

A tensor can have more than one pair of inner indices, e.g., the tensor
A of size R x I xS xS x I x R has two pairs of inner indices, modes 1
and 6, modes 3 and 4, and two open modes (2 and 5). The tensor trace
of A therefore returns a matrix of size I x I defined as

Tr(A) = ZZA(T, 8, 8,5, T) .

A variant of Tensor Trace (Lee and Cichocki, 2016¢) for the
case of the partial tensor self-contraction considers a tensor A €
RExixToxxInxE and yields a reduced-order tensor A = Tr(A) €
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MPS

Figure 2.14: Illustration of the decomposition of a 9th-order tensor, X €
RIt>T2xxlo into different forms of tensor networks (TNs). In general, the ob-
jective is to decompose a very high-order tensor into sparsely (weakly) connected
low-order and small size tensors, typically 3rd-order and 4th-order tensors called
cores. Top: The Tensor Chain (TC) model, which is equivalent to the Matrix Prod-
uct State (MPS) with periodic boundary conditions (PBC). Middle: The Projected
Entangled-Pair States (PEPS), also with PBC. Bottom: The Tree Tensor Network
State (TTNS).

RIAxI2xxIN \with entries

~

R
A(iryig, ... in) = Y Alryiryig, ... in, 1), (2.20)
r=1

Conversions of tensors to scalars, vectors, matrices or tensors with re-
shaped modes and/or reduced orders are illustrated in Figures 2.11—
2.13.

2.2 Graphical Representation of Fundamental Tensor Net-
works

Tensor networks (TNs) represent a higher-order tensor as a set of
sparsely interconnected lower-order tensors (see Figure 2.14), and
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in this way provide computational and storage benefits. The lines
(branches, edges) connecting core tensors correspond to the contracted
modes while their weights (or numbers of branches) represent the rank
of a tensor network*, whereas the lines which do not connect core ten-
sors correspond to the “external” physical variables (modes, indices)
within the data tensor. In other words, the number of free (dangling)
edges (with weights larger than one) determines the order of a data
tensor under consideration, while set of weights of internal branches
represents the TN rank.

2.2.1 Hierarchical Tucker (HT) and Tree Tensor Network State
(TTNS) Models

Hierarchical Tucker (HT) decompositions (also called hierarchical ten-
sor representation) have been introduced in (Hackbusch and Kiihn,
2009) and also independently in (Grasedyck, 2010), see also (Hack-
busch, 2012; Lubich et al., 2013; Uschmajew and Vandereycken, 2013;
Kressner and Tobler, 2014; Bachmayr et al., 2016) and references
therein®. Generally, the HT decomposition requires splitting the set
of modes of a tensor in a hierarchical way, which results in a binary
tree containing a subset of modes at each branch (called a dimension
tree); examples of binary trees are given in Figures 2.15, 2.16 and 2.17.
In tensor networks based on binary trees, all the cores are of order of
three or less. Observe that the HT model does not contain any cycles
(loops), i.e., no edges connecting a node with itself. The splitting op-
eration of the set of modes of the original data tensor by binary tree
edges is performed through a suitable matricization.

Choice of dimension tree. The dimension tree within the HT
format is chosen a priori and defines the topology of the HT decompo-
sition. Intuitively, the dimension tree specifies which groups of modes

4Strictly speaking, the minimum set of internal indices {R1, Rz, Rs, ...} is called
the rank (bond dimensions) of a specific tensor network.

5The HT model was developed independently, from a different perspective, in
the chemistry community under the name MultiLayer Multi-Configurational Time-
Dependent Hartree method (ML-MCTDH) (Wang and Thoss, 2003). Furthermore,
the PARATREE model, developed independently for signal processing applications
(Salmi et al., 2009), is quite similar to the HT model (Grasedyck, 2010).
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Figure 2.15: The standard Tucker decomposition of an 8th-order tensor into a core
tensor (red circle) and eight factor matrices (green circles), and its transformation
into an equivalent Hierarchical Tucker (HT) model using interconnected smaller size
3rd-order core tensors and the same factor matrices.

are “separated” from other groups of modes, so that a sequential HT
decomposition can be performed via a (truncated) SVD applied to a
suitably matricized tensor. One of the simplest and most straightfor-
ward choices of a dimension tree is the linear and unbalanced tree,
which gives rise to the tensor-train (TT) decomposition, discussed in
detail in Section 2.2.2 and Section 4 (Oseledets, 2011; Oseledets and
Tyrtyshnikov, 2009).

Using mathematical formalism, a dimension tree is a binary tree
Tn, N > 1, which satisfies that

(i) all nodes t € Ty are non-empty subsets of {1, 2,..., N},
(ii) the set tyoor = {1,2,..., N} is the root node of Ty, and

(iii) each non-leaf node has two children w,v € Ty such that t is a
disjoint union £ = u U v.

The HT model is illustrated through the following Example.

Example. Suppose that the dimension tree T% is given, which gives



2.2. Graphical Representation of Fundamental Tensor Networks 295

Order 3: A Order 4:

Order 5:

Paa
et % 44 g
o 44 4

Order 8:

Figure 2.16: Examples of HT/TT models (formats) for distributed Tucker de-
compositions with 3rd-order cores, for different orders of data tensors. Green circles

denote factor matrices (which can be absorbed by core tensors), while red circles
indicate cores. Observe that the representations are not unique.

B e X

the HT decomposition illustrated in Figure 2.17. The HT decomposi-
tion of a tensor X € RI1"*I7 with given set of integers { R}z can
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Figure 2.17: Example illustrating the HT decomposition for a 7th-order data
tensor.

be expressed in the tensor and vector/matrix forms as follows. Let in-
termediate tensors X with ¢t = {n1,...,n;} < {1,...,7} have the
size I, x I, x --+ x I, x Ry. Let Xg) = X(t)(:, ...,:,1¢) denote the
subtensor of X(t) and X = Xg€> € RIniInzIny Rt Jenote the corre-
sponding unfolded matrix. Let G() € Rfuw*RvxEt 116 core tensors where
u and v denote respectively the left and right children of ¢.

The HT model shown in Figure 2.17 can be then described mathe-
matically in the vector form as

vec(X) = (X(123) Q1 X(4567)) vec(G(lz“'U),

X(123) ~ (B(l) QL X(23)) GU23)  x(4567) ~ (X(45) QL X(G?)) G (4567)

<2>> <2>

X®) ~ (B® @, B®) G2) X4 ~ (BW @, B®) G149

<2> <2>9

X7 ~ (B®) @, B™) c67)

<2>
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An equivalent, more explicit form, using tensor notations becomes

Ri23  Raser

~ (12-7)  x(123) (4567)
= Z Z gT1237T4567 ==T123 OXT4567 ’

ri23=1r4567=1

%! SEE (1) o X9,
123 123 1 23
771123 Z Z grlvr237r123 1 © X
ri=1rg93=1
w1~ N (as6m) X(35) o x(67)
4567 ~ 4567 45 67
XT4567 2 2 gr4577’6777'4567 a5 © XT67 ’

ras=1regr=1

R
X ~ 22 23 42 p@ o p®

T23 — T2,73,723 T2 T3
ro=1rz=1

Ry Rs
XG0 2 D0 D) 057 BY 0B,

ra=1rs=1

R
X607 o 26 i FCINRTOINNG)

T67 76,777,767
re=1ry=1

The TT/HT decompositions lead naturally to a distributed Tucker
decomposition, where a single core tensor is replaced by interconnected
cores of lower-order, resulting in a distributed network in which only
some cores are connected directly with factor matrices, as illustrated
in Figure 2.15. Figure 2.16 illustrates exemplary HT/TT structures
for data tensors of various orders (Tobler, 2012; Kressner and Tobler,
2014). Note that for a 3rd-order tensor, there is only one HT tensor
network representation, while for a 5th-order we have 5, and for a 10th-
order tensor there are 11 possible HT architectures.

A simple approach to reduce the size of a large-scale core tensor
in the standard Tucker decomposition (typically, for N > 5) would
be to apply the concept of distributed tensor networks (DTNs). The
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Figure 2.18: The Tree Tensor Network State (TTNS) with 3rd-order and 4th-
order cores for the representation of 24th-order data tensors. The TTNS can be
considered both as a generalization of HT/TT format and as a distributed model
for the Tucker-N decomposition (see Section 3.3).

DTNs assume two kinds of cores (blocks): (i) the internal cores (nodes)
which are connected only to other cores and have no free edges and
(ii) external cores which do have free edges representing physical modes
(indices) of a given data tensor (see also Section 2.2.4). Such distributed
representations of tensors are not unique.

The tree tensor network state (TTNS) model, whereby all nodes
are of 3rd-order or higher, can be considered as a generalization of the
TT/HT decompositions, as illustrated by two examples in Figure 2.18
(Nakatani and Chan, 2013). A more detailed mathematical description
of the TTNS is given in Section 3.3.

2.2.2 Tensor Train (TT) Network

The Tensor Train (TT) format can be interpreted as a special case of
the HT format, where all nodes (TT-cores) of the underlying tensor
network are connected in cascade (or train), i.e., they are aligned while
factor matrices corresponding to the leaf modes are assumed to be iden-
tities and thus need not be stored. The TT format was first proposed
in numerical analysis and scientific computing in (Oseledets, 2011; Os-
eledets and Tyrtyshnikov, 2009). Figure 2.19 presents the concept of
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Figure 2.19: Concepts of the tensor train (TT) and tensor chain (TC) de-
compositions (MPS with OBC and PBC, respectively) for an Nth-order data
tensor, X € RI1*{2%*IN_(a) Tensor Train (TT) can be mathematically de-
scribed as iy is,...ix = GV g® ... G,(Lg), where (bottom panel) the slice
matrices of TT-cores G € REn—1%In*En are defined as GZ(,:) = G™(:,in,:)
€ RFEn—1>Fn with Ry = Ry = 1. (b) For the Tensor Chain (TC), the en-
tries of a tensor are expressed as Ti i,,..iy = tr (GS) Ggf) Ggg)) =
R1 Ra2 Ry

Z Z Z g(:])v’ih” g(fl)yi%w . -g(rNN)il,iNer, where (bottom panel) the lat-

ri=lrg=1  ry=1
eral slices of the TC-cores are defined as Gg:) = GM(, i, :) € Rfn—1%Fn gpd
g(rnjil’imrn = g(")(rn_l, in, Tn) for n = 1,2,... N, with Ry = Ry > 1. Notice
that TC/MPS is effectively a TT with a single loop connecting the first and the last
core, so that all TC-cores are of 3rd-order.
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TT decomposition for an Nth-order tensor, the entries of which can
be computed as a cascaded (multilayer) multiplication of appropriate
matrices (slices of TT-cores). The weights of internal edges (denoted by
{R1, Ra,...,Rn_1}) represent the TT-rank. In this way, the so aligned
sequence of core tensors represents a “tensor train” where the role of
“buffers” is played by T'T-core connections. It is important to highlight
that TT networks can be applied not only for the approximation of
tensorized vectors but also for scalar multivariate functions, matrices,
and even large-scale low-order tensors, as illustrated in Figure 2.20 (for
more detail see Section 4).

In the quantum physics community, the TT format is known
as the Matrix Product State (MPS) representation with the Open
Boundary Conditions (OBC) and was introduced in 1987 as the
ground state of the 1D AKLT model (Affleck et al., 1987). It was
subsequently extended by many researchers® (see (White, 1993; Vidal,
2003; Perez-Garcia et al., 2007; Verstraete et al., 2008; Schollwock,
2013; Huckle et al., 2013; Orus, 2014) and references therein).

Advantages of TT formats. An important advantage of the
TT/MPS format over the HT format is its simpler practical imple-
mentation, as no binary tree needs to be determined (see Section 4).
Another attractive property of the TT-decomposition is its simplicity
when performing basic mathematical operations on tensors directly in
the TT-format (that is, employing only core tensors). These include
matrix-by-matrix and matrix-by-vector multiplications, tensor addi-
tion, and the entry-wise (Hadamard) product of tensors. These op-
erations produce tensors, also in the TT-format, which generally ex-
hibit increased TT-ranks. A detailed description of basic operations
supported by the TT format is given in Section 4.5. Moreover, only

In fact, the TT was rediscovered several times under different names: MPS,
valence bond states, and density matrix renormalization group (DMRG) (White,
1993). The DMRG usually refers not only to a tensor network format but also the
efficient computational algorithms (see also (Schollwock, 2011; Hubig et al., 2015)
and references therein). Also, in quantum physics the ALS algorithm is called the
one-site DMRG, while the Modified ALS (MALS) is known as the two-site DMRG
(for more detail, see Part 2).
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Figure 2.20: Forms of tensor train decompositions for a vector, a € RY, matrix,
A e R™’ and 3rd-order tensor, A € R"*7*¥ (by applying a suitable tensorization).

TT-cores need to be stored and processed, which makes the number of
parameters to scale linearly in the tensor order, N, of a data tensor and
all mathematical operations are then performed only on the low-order
and relatively small size core tensors.

The TT rank is defined as an (N — 1)-tuple of the form

rankpp(X) =rpr = {R1,...,Ry-1}, Ry =rank(X.,-), (2.21)

where X_,~ € Rt InxIn-1IN {5 an nth canonical matricization of
the tensor X. Since the TT rank determines memory requirements
of a tensor train, it has a strong impact on the complexity, i.e., the
suitability of tensor train representation for a given raw data tensor.

The number of data samples to be stored scales linearly in the tensor
order, NV, and the size, I, and quadratically in the maximum TT rank
bound, R, that is

N
Z R, 1R,I, ~ O(NR?I), R:= mgx{Rn}, I:= leELLX{In}. (2.22)
n=1
This is why it is crucially important to have low-rank TT approxima-
tions’. A drawback of the TT format is that the ranks of a tensor train

“In the worst case scenario the TT ranks can grow up to J (N/2) for an Nth-order
tensor.



302 Tensor Operations and Tensor Network Architectures

MPS MPO
PEPS PEPO

Figure 2.21: Class of 1D and 2D tensor train networks with open boundary
conditions (OBC): the Matrix Product State (MPS) or (vector) Tensor Train (TT),
the Matrix Product Operator (MPO) or Matrix TT, the Projected Entangled-Pair
States (PEPS) or Tensor Product State (TPS), and the Projected Entangled-Pair
Operators (PEPO).

decomposition depend on the ordering (permutation) of the modes,
which gives different size of cores for different ordering. To solve this
challenging permutation problem, we can estimate mutual information
between individual TT cores pairwise (see (Barcza et al., 2011; Ehlers
et al., 2015)). The procedure can be arranged in the following three
steps: (i) Perform a rough (approximate) TT decomposition with rel-
ative low TT-rank and calculate mutual information between all pairs
of cores, (ii) order TT cores in such way that the mutual information
matrix is close to a diagonal matrix, and finally, (iii) perform TT de-
composition again using the so optimised order of TT cores (see also
Part 2).

2.2.3 Tensor Networks with Cycles: PEPS, MERA and Honey-
Comb Lattice (HCL)

An important issue in tensor networks is the rank-complexity trade-off
in the design. Namely, the main idea behind TNs is to dramatically
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reduce computational cost and provide distributed storage and com-
putation through low-rank TN approximation. However, the TT/HT
ranks, R,, of 3rd-order core tensors sometimes increase rapidly with
the order of a data tensor and/or increase of a desired approximation
accuracy, for any choice of a tree of tensor network. The ranks can
be often kept under control through hierarchical two-dimensional TT
models called the PEPS (Projected Entangled Pair States®) and PEPO
(Projected Entangled Pair Operators) tensor networks, which contain
cycles, as shown in Figure 2.21. In the PEPS and PEPO, the ranks are
kept considerably smaller at a cost of employing 5th- or even 6th-order
core tensors and the associated higher computational complexity with
respect to the order (Verstraete et al., 2008; Evenbly and Vidal, 2009;
Schuch et al., 2010).

Even with the PEPS/PEPO architectures, for very high-order ten-
sors, the ranks (internal size of cores) may increase rapidly with an
increase in the desired accuracy of approximation. For further control
of the ranks, alternative tensor networks can be employed, such as: (1)
the Honey-Comb Lattice (HCL) which uses 3rd-order cores, and (2)
the Multi-scale Entanglement Renormalization Ansatz (MERA) which
consist of both 3rd- and 4th-order core tensors (see Figure 2.22) (Gio-
vannetti et al., 2008; Orts, 2014; Matsueda, 2016). The ranks are often
kept considerably small through special architectures of such TNs, at
the expense of higher computational complexity with respect to tensor
contractions due to many cycles.

Compared with the PEPS and PEPO formats, the main advantage
of the MERA formats is that the order and size of each core tensor
in the internal tensor network structure is often much smaller, which
dramatically reduces the number of free parameters and provides more
efficient distributed storage of huge-scale data tensors. Moreover, TNs
with cycles, especially the MERA tensor network allow us to model
more complex functions and interactions between variables.

8 An “entangled pair state” is a tensor that cannot be represented as an elemen-
tary rank-1 tensor. The state is called “projected” because it is not a real physical
state but a projection onto some subspace. The term “pair” refers to the entan-
glement being considered only for maximally entangled state pairs (Orus, 2014;
Handschuh, 2015).
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Figure 2.22: Examples of TN architectures with loops. (a) Honey-Comb Lattice
(HCL) for a 16th-order tensor. (b) MERA for a 32th-order tensor.

2.2.4 Concatenated (Distributed) Representation of TT Networks

Complexity of algorithms for computation (contraction) on tensor net-
works typically scales polynomially with the rank, R,, or size, I, of
the core tensors, so that the computations quickly become intractable
with the increase in R,,. A step towards reducing storage and compu-
tational requirements would be therefore to reduce the size (volume) of
core tensors by increasing their number through distributed tensor net-
works (DTNs), as illustrated in Figure 2.22. The underpinning idea is
that each core tensor in an original TN is replaced by another TN (see
Figure 2.23 for TT networks), resulting in a distributed TN in which
only some core tensors are associated with physical (natural) modes of
the original data tensor (Hiibener et al., 2010). A DTN consists of two
kinds of relatively small-size cores (nodes), internal nodes which have
no free edges and external nodes which have free edges representing
natural (physical) indices of a data tensor.

The obvious advantage of DTNs is that the size of each core tensor
in the internal tensor network structure is usually much smaller than
the size of the initial core tensor; this allows for a better management
of distributed storage, and often in the reduction of the total num-
ber of network parameters through distributed computing. However,
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Table 2.2: Links between tensor networks (TNs) and graphical models used in
Machine Learning (ML) and Statistics. The corresponding categories are not exactly
the same, but have general analogies.

Tensor Networks Neural Networks and Graphical Models in

ML /Statistics
TT/MPS Hidden Markov Models (HMM)
HT/TTNS Deep Learning Neural Networks, Gaussian

Mixture Model (GMM)

PEPS Markov Random Field (MRF), Conditional
Random Field (CRF)

MERA Wavelets, Deep Belief Networks (DBN)

ALS, DMRG/MALS | Forward-Backward Algorithms, Block Non-
Algorithms linear Gauss-Seidel Methods

compared to initial tree structures, the contraction of the resulting dis-
tributed tensor network becomes much more difficult because of the
loops in the architecture.

2.2.5 Links between TNs and Machine Learning Models

Table 2.2 summarizes the conceptual connections of tensor net-
works with graphical and neural network models in machine learn-
ing and statistics (Morton, 2012; Critch, 2013; Critch and Morton,
2014; Kazeev et al., 2014; Novikov and Rodomanov, 2014; Yang and
Hospedales, 2016; Cohen et al., 2016; Cohen and Shashua, 2016; Even-
bly and White, 2016). More research is needed to establish deeper and
more precise relationships.

2.2.6 Changing the Structure of Tensor Networks

An advantage of the graphical (graph) representation of tensor net-
works is that the graphs allow us to perform complex mathematical
operations on core tensors in an intuitive and easy to understand way,
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without the need to resort to complicated mathematical expressions.
Another important advantage is the ability to modify (optimize) the
topology of a TN, while keeping the original physical modes intact. The
so optimized topologies yield simplified or more convenient graphical
representations of a higher-order data tensor and facilitate practical ap-
plications (Zhao et al., 2010; Hiibener et al., 2010; Handschuh, 2015).
In particular:

e A change in topology to a HT/TT tree structure provides re-
duced computational complexity, through sequential contractions
of core tensors and enhanced stability of the corresponding algo-
rithms;

e Topology of TNs with cycles can be modified so as to completely
eliminate the cycles or to reduce their number;

e Even for vastly diverse original data tensors, topology modifica-
tions may produce identical or similar TN structures which make
it easier to compare and jointly analyze block of interconnected
data tensors. This provides opportunity to perform joint group
(linked) analysis of tensors by decomposing them to TNs.

It is important to note that, due to the iterative way in which
tensor contractions are performed, the computational requirements
associated with tensor contractions are usually much smaller for
tree-structured networks than for tensor networks containing many
cycles. Therefore, for stable computations, it is advantageous to
transform a tensor network with cycles into a tree structure.

Tensor Network transformations. In order to modify tensor net-
work structures, we may perform sequential core contractions, followed
by the unfolding of these contracted tensors into matrices, matrix fac-
torizations (typically truncated SVD) and finally reshaping of such ma-
trices back into new core tensors, as illustrated in Figures 2.24.

The example in Figure 2.24(a) shows that, in the first step a con-
traction of two core tensors, G g RIixI2xR 3nd GO e RExIsx1a g
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Figure 2.24: Illustration of basic transformations on a tensor network. (a) Con-
traction, matricization, matrix factorization (SVD) and reshaping of matrices back
into tensors. (b) Transformation of a Honey-Comb lattice into a Tensor Chain (TC)
via tensor contractions and the SVD.

performed to give the tensor
g(l,Q) — g(l) ><1 g(Q) c Rll ><12><13><I4’ (223)
(1,2)

11,82,13,14
G2 is transformed into a matrix via matricization, followed by a low-

) (2)

with entries g = Zle i\ i Iris.is- 10 the next step, the tensor

rank matrix factorization using the SVD, to give

Gl __ ~usvT e RITixED (2.24)
i194,1213 ’ ’
In the final step, the factor matrices, USY/2 ¢ RItlaxE" gpnd VSY/2 ¢

’ . ’ ’
RE' %25 are reshaped into new core tensors, G (1) e RI1xR'xIs g4
G’(Q) c RR’X[2><I3.
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Figure 2.25: Transformation of the closed-loop Tensor Chain (TC) into the open-
loop Tensor Train (TT). This is achieved by suitable contractions, reshaping and
decompositions of core tensors.

The above tensor transformation procedure is quite general, and
is applied in Figure 2.24(b) to transform a Honey-Comb lattice into
a tensor chain (TC), while Figure 2.25 illustrates the conversion of a
tensor chain (TC) into TT/MPS with OBC.

To convert a TC into TT/MPS, in the first step, we perform a
contraction of two tensors, G ¢ RIixRaxR1 and G@ e R xRexTz
as

G(1,2) _ G(l) «1 G(Q) c Rll ><R4><R2><12’
(1,2) _ ZRI (1) 2

b
11,74,72,82 ri=19i1,ra,m1 Irirajin: In the next

for which the entries g
step, the tensor G142 is transformed into a matrix, followed by a trun-
cated SVD

GEBQ) ~ USVT c Rfl ><R4R2]2.

Finally, the matrices, U € RI%RL and VS e RE1XRaRelz gre re-
shaped back into the core tensors, G'W = UeRXIxE and G'@ €
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RE1xRaxR2xI2 The procedure is repeated all over again for different

pairs of cores, as illustrated in Figure 2.25.

2.3 Generalized Tensor Network Formats

The fundamental TNs considered so far assume that the links between
the cores are expressed by tensor contractions. In general, links between
the core tensors (or tensor sub-networks) can also be expressed via
other mathematical linear/multilinear or nonlinear operators, such as
the outer (tensor) product, Kronecker product, Hadamard product and
convolution operator. For example, the use of the outer product leads
to Block Term Decomposition (BTD) (De Lathauwer, 2008; De Lath-
auwer and Nion, 2008; De Lathauwer, 2011; Sorber et al., 2013) and
use the Kronecker products yields to the Kronecker Tensor Decom-
position (KTD) (Ragnarsson, 2012; Phan et al., 2012, 2013b). Block
term decompositions (BTD) are closely related to constrained Tucker
formats (with a sparse block Tucker core) and the Hierarchical Outer
Product Tensor Approximation (HOPTA), which be employed for very
high-order data tensors (Cichocki, 2014).

Figure 2.26 illustrates such a BTD model for a 6th-order tensor,
where the links between the components are expressed via outer prod-
ucts, while Figure 2.27 shows a more flexible Hierarchical Outer Prod-
uct Tensor Approximation (HOPTA) model suitable for very high-order
tensors.

Observe that the fundamental operator in the HOPTA generalized
tensor networks is outer (tensor) product, which for two tensors A €
RIXIN and B € R/ % *JIM | of arbitrary orders N and M, is defined
as an (N + M)th-order tensor C=AoBe RIx X I X JixxIu - with

entries ¢, . = Qjy,....ix Dji,....ja;- This standard outer product

SN JLseJ M
of two tensors can be generalized to a nonlinear outer product as follows

(A of B) =f (ai1,---7i1v7 bjh---JM) ) (2‘25)

T1yee s EN T yeems I M
where f(-,-) is a suitably designed nonlinear function with associa-
tive and commutative properties. In a similar way, we can define
other nonlinear tensor products, for example, Hadamard, Kronecker or
Khatri—-Rao products and employ them in generalized nonlinear tensor
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Figure 2.26: Block term decomposition (BTD) of a 6th-order block tensor, to yield
X = Zle A o (bg}) ob? o bf’)) (top panel), for more detail see (De Lathauwer,

2008; Sorber et al., 2013). BTD in the tensor network notation (bottom panel).
Therefore, the 6th-order tensor X is approximately represented as a sum of R terms,
each of which is an outer product of a 3rd-order tensor, A, and another a 3rd-order,

rank-1 tensor, bgl) o bg) o b&”) (in dashed circle), which itself is an outer product of
three vectors.

networks. The advantage of the HOPTA model over other TN models
is its flexibility and the ability to model more complex data structures
by approximating very high-order tensors through a relatively small
number of low-order cores.

The BTD, and KTD models can be expressed mathematically, for
example, in simple nested (hierarchical) forms, given by

R
BID:X = Y (A, 0B,), (2.26)
r=1

12
N

KTD : X (A, ®B,), (2.27)

ﬂ
Il
—

where, e.g., for BTD, each factor tensor can be represented recursively
as A, =Y (ADoB)or B, = )2 AY o BY.

Note that the 2Nth-order subtensors, A, o B, and A, ® B,, have
the same elements, just arranged differently. For example, if X = AoB
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Figure 2.27: Conceptual model of the HOPTA generalized tensor network, illus-
trated for data tensors of different orders. For simplicity, we use the standard outer
(tensor) products, but conceptually nonlinear outer products (see Eq. (2.25) and
other tensor product operators (Kronecker, Hadamard) can also be employed. Each
component (core tensor), A , B, and/or C,, can be further hierarchically decom-
posed using suitable outer products, so that the HOPTA models can be applied to
very high-order tensors.
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and X/ = A ® B, where A € R/1xJ2xxJIN and B € RKlXKZX'“XKN,
then @, jo - jn e ka,kn = Thy 4 K (r—1), b+ K (i —1)°

The definition of the tensor Kronecker product in the KTD model
assumes that both core tensors, A, and B,, have the same order. This
is not a limitation, given that vectors and matrices can also be treated
as tensors, e.g, a matrix of dimension I x .J as is also a 3rd-order tensor
of dimension I x J x 1. In fact, from the BTD/KTD models, many
existing and new TDs/TNs can be derived by changing the structure
and orders of factor tensors, A, and B,. For example:

o If A, are rank-1 tensors of size Iy x Iy x --- x Iy, and B, are
scalars, Vr, then (2.27) represents the rank-R CP decomposition;

e If A, are rank-L, tensors of size I} x Ig x --- x Ip x 1 x .-+ x 1,
in the Kruskal (CP) format, and B, are rank-1 tensors of size
1 x - x1xIgyy x---x Iy, Vr, then (2.27) expresses the
rank-(L, o 1) BTD;

o If A, and B, are expressed by K'TDs, we arrive at the Nested Kro-
necker Tensor Decomposition (NKTD), a special case of which is
the Tensor Train (TT) decomposition. Therefore, the BTD model
in (2.27) can also be used for recursive TT-decompositions.

The generalized tensor network approach caters for a large variety of
tensor decomposition models, which may find applications in scientific
computing, signal processing or deep learning (see, eg., (De Lathauwer,
2011; Cichocki, 2013b, 2014; Phan et al., 2015b; Cohen and Shashua,
2016)).

In this monograph, we will mostly focus on the more established
Tucker and TT decompositions (and some of their extensions), due to
their conceptual simplicity, availability of stable and efficient algorithms
for their computation and the possibility to naturally extend these
models to more complex tensor networks. In other words, the Tucker
and TT models are considered here as simplest prototypes, which can
then serve as building blocks for more sophisticated tensor networks.
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Constrained Tensor Decompositions: From
Two-way to Multiway Component Analysis

The component analysis (CA) framework usually refers to the applica-
tion of constrained matrix factorization techniques to observed mixed
signals in order to extract components with specific properties and/or
estimate the mixing matrix (Cichocki and Amari, 2003; Cichocki et al.,
2009; Comon and Jutten, 2010; De la Torre, 2012; Hyvérinen, 2013). In
the machine learning practice, to aid the well-posedness and uniqueness
of the problem, component analysis methods exploit prior knowledge
about the statistics and diversities of latent variables (hidden sources)
within the data. Here, by the diversities, we refer to different char-
acteristics, features or morphology of latent variables which allow us
to extract the desired components or features, for example, sparse or
statistically independent components.

3.1 Constrained Low-Rank Matrix Factorizations

Two-way Component Analysis (2-way CA), in its simplest form, can be
formulated as a constrained matrix factorization of typically low-rank,
in the form

R R
X=AAB"+E= ) Aaob.+E=) Aabl+E (31

r=1 r=1

where A = diag(\1,...,Ag) is an optional diagonal scaling matrix.
The potential constraints imposed on the factor matrices, A and/or B,

314
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include orthogonality, sparsity, statistical independence, nonnegativity
or smoothness. In the bilinear 2-way CA in (3.1), X € R’*/ is a known
matrix of observed data, E € RT*/ represents residuals or noise, A =
[a1,az,...,ap] € RI*E is the unknown mixing matrix with R basis
vectors a, € R, and depending on application, B = [by, by, ..., bg]
e R7*E is the matrix of unknown components, factors, latent variables,
or hidden sources, represented by vectors b, € R (see Figure 3.2).

It should be noted that 2-way CA has an inherent symmetry. In-
deed, Eq. (3.1) could also be written as X ~ BA™, thus interchanging
the roles of sources and mixing process.

Algorithmic approaches to 2-way (matrix) component analysis are
well established, and include Principal Component Analysis (PCA),
Robust PCA (RPCA), Independent Component Analysis (ICA), Non-
negative Matrix Factorization (NMF), Sparse Component Analysis
(SCA) and Smooth Component Analysis (SmCA) (Bach and Jordan,
2003; Cichocki et al., 2009; Bruckstein et al., 2009; Comon and Jutten,
2010; Kauppi et al., 2015; Yokota et al., 2016). These techniques have
become standard tools in blind source separation (BSS), feature extrac-
tion, and classification paradigms. The columns of the matrix B, which
represent different latent components, are then determined by specific
chosen constraints and should be, for example, (i) as statistically mu-
tually independent as possible for ICA; (ii) as sparse as possible for
SCA; (iii) as smooth as possible for SmCA; (iv) take only nonnegative
values for NMF.

Singular value decomposition (SVD) of the data matrix X e RI*/
is a special, very important, case of the factorization in Eq. (3.1), and
is given by

R R
X =USVT = Z Oy U, OV, = Z oy urvrT, (3.2)
r=1 r=1

where U € R™*% and V € R/*® are column-wise orthogonal matri-
ces and S € R*F i a diagonal matrix containing only nonnegative
singular values o, in a monotonically non-increasing order.

According to the well known Eckart—Young theorem, the truncated
SVD provides the optimal, in the least-squares (LS) sense, low-rank
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matrix approximation'. The SVD, therefore, forms the backbone of
low-rank matrix approximations (and consequently low-rank tensor ap-
proximations).

Another virtue of component analysis comes from the ability to
perform simultaneous matrix factorizations

X ~ A;BY, (k=1,2,...,K), (3.3)

on several data matrices, X}, which represent linked datasets, subject
to various constraints imposed on linked (interrelated) component (fac-
tor) matrices. In the case of orthogonality or statistical independence
constraints, the problem in (3.3) can be related to models of group
PCA/ICA through suitable pre-processing, dimensionality reduction
and post-processing procedures (Esposito et al., 2005; Groves et al.,
2011; Cichocki, 2013a; Smith et al., 2014; Zhou et al., 2016b). The
terms “group component analysis” and “joint multi-block data analy-
sis” are used interchangeably to refer to methods which aim to identify
links (correlations, similarities) between hidden components in data.
In other words, the objective of group component analysis is to analyze
the correlation, variability, and consistency of the latent components
across multi-block datasets. The field of 2-way CA is maturing and has
generated efficient algorithms for 2-way component analysis, especially
for sparse/functional PCA/SVD, ICA, NMF and SCA (Bach and Jor-
dan, 2003; Cichocki and Amari, 2003; Comon and Jutten, 2010; Zhou
et al., 2012; Hyvéarinen, 2013).

The rapidly emerging field of tensor decompositions is the next im-
portant step which naturally generalizes 2-way CA/BSS models and
algorithms. Tensors, by virtue of multilinear algebra, offer enhanced
flexibility in CA, in the sense that not all components need to be
statistically independent, and can be instead smooth, sparse, and/or
non-negative (e.g., spectral components). Furthermore, additional con-
straints can be used to reflect physical properties and/or diversities of
spatial distributions, spectral and temporal patterns. We proceed to
show how constrained matrix factorizations or 2-way CA models can

1(Mirsky7 1960) has generalized this optimality to arbitrary unitarily invariant
norms.
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be extended to multilinear models using tensor decompositions, such
as the Canonical Polyadic (CP) and the Tucker decompositions, as il-
lustrated in Figures 3.1, 3.2 and 3.3.

3.2 The CP Format

The CP decomposition (also called the CANDECOMP, PARAFAC, or
Canonical Polyadic decomposition) decomposes an Nth-order tensor,

X € RIlXIQX“'XIN, into a linear combination of terms, b7(~1) o b,(n2) o
.- 0 b&N), which are rank-1 tensors, and is given by (Hitchcock, 1927;

Harshman, 1970; Carroll and Chang, 1970)

R
Z Ar bg,l) o bg) 0--+0 ng)
=1

=Ax; BY x, B@ ... xy BW)
=[A;BW,BO .. BW)],

X

2

<

(3.4)

where A, are non-zero entries of the diagonal core tensor A €
RExExxR and B = [bgn),bg"), e ,bgL)] e RI»*E are factor ma-
trices (see Figure 3.1 and Figure 3.2).
Via the Khatri-Rao products (see Table 2.1), the CP decomposition
can be equivalently expressed in a matrix/vector form as
X (n) = BWABM@...0B" Y eBYVe...0BM)T (3.5)
= BWABY o -0 B" Ve, BV oy - o BT

and

vee(X) = [BM oBP Ve ...0BW] A (3.6)
B o, B @y -0, BM] A,

where A = [A1, Ao, ..., Ag|" and A = diag()\1,...,AR) is a diagonal
matrix.

The rank of a tensor X is defined as the smallest R for which the
CP decomposition in (3.4) holds exactly.

12

Algorithms to compute CP decomposition. In real world appli-
cations, the signals of interest are corrupted by noise, so that the CP
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(a) Standard block diagram for CP decomposition of a 3rd-order tensor
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(b) CP decomposition for a 4th-order tensor in the tensor network notation

Figure 3.1: Representations of the CP decomposition. The objective of the CP
decomposition is to estimate the factor matrices B e R!»*% and scaling coef-
ficients {A1,A1,...,Ar}. (a) The CP decomposition of a 3rd-order tensor in the
form, X ~ A x; A x2B x3C = Zle)\r arobr,oc, = G, x1 A x2 B, with
G, = A x3 C. (b) The CP decomposition for a 4th-order tensor in the form

X = Ax; BY xa B x3 B® 5, BO =3 A, b 0 b® 0 b® o b,
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Figure 3.2: Analogy between a low-rank matrix factorization, X =~ AABT =
Zil Ar ar 0 by (top), and a simple low-rank tensor factorization (CP decomposi-
tion), X = A x1 A x2 B x3C = Zle Ar ar 0 by 0 ¢, (bottom).

decomposition is rarely exact and has to be estimated by minimizing
a suitable cost function. Such cost functions are typically of the Least-
Squares (LS) type, in the form of the Frobenius norm

J(BW, B, ... . BW) = |X — [A;BW,B®,... . BM |, (3.7)
or Least Absolute Error (LAE) criteria (Vorobyov et al., 2005)
J(BY, B . BM)) = X -[A;BD,B® . BM]|;.  (3.8)

The Alternating Least Squares (ALS) based algorithms minimize
the cost function iteratively by individually optimizing each component
(factor matrix, B()), while keeping the other component matrices
fixed (Harshman, 1970; Kolda and Bader, 2009).

To illustrate the ALS principle, assume that the diagonal matrix A
has been absorbed into one of the component matrices; then, by taking
advantage of the Khatri-Rao structure in Eq. (3.5), the component
matrices, B(™, can be updated sequentially as

f
B « X, (@ B(k)> (@(B(k) TB(k))> . (3.9)

k#n k#n

The main challenge (or bottleneck) in implementing ALS and Gra-
dient Decent (GD) techniques for CP decomposition lies therefore in
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Algorithm 1: Basic ALS for the CP decomposition of a
3rd-order tensor
Input: Data tensor X € R/*/*K and rank R
Output: Factor matrices A € RT’*F B e R7*F C e RE*E and scaling
vector A € RE
1: Initialize A, B, C
2: while not converged or iteration limit is not reached do
3 A« X(l)(C@B)(CTC@BTB)Jr
4:  Normalize column vectors of A to unit length (by computing the
norm of each column vector and dividing each element of a
vector by its norm)
B « X(g) (C ® A)(CTC ® ATA)T
Normalize column vectors of B to unit length
C—X;3(BO A)(BTB®CTC)f
Normalize column vectors of C to unit length,
store the norms in vector A
9: end while
10: return A B, C and A.

multiplying a matricized tensor and Khatri-Rao product (of factor
matrices) (Phan et al., 2013a; Choi and Vishwanathan, 2014) and in
the computation of the pseudo-inverse of (R x R) matrices (for the
basic ALS see Algorithm 1).

The ALS approach is attractive for its simplicity, and often provides
satisfactory performance for well defined problems with high SNRs
and well separated and non-collinear components. For ill-conditioned
problems, advanced algorithms are required which typically exploit
the rank-1 structure of the terms within CP decomposition to perform
efficient computation and storage of the Jacobian and Hessian of the
cost function (Phan et al., 2013c; Sorber et al., 2013; Phan et al.,
2015a). Implementation of parallel ALS algorithm over distributed
memory for very large-scale tensors was proposed in (Choi and
Vishwanathan, 2014; Karlsson et al., 2016).

Multiple random projections, tensor sketching and Giga-
Tensor. Most of the existing algorithms for the computation of CP
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decomposition are based on the ALS or GD approaches, however,
these can be too computationally expensive for huge tensors. Indeed,
algorithms for tensor decompositions have generally not yet reached
the level of maturity and efficiency of low-rank matrix factorization
(LRMF) methods. In order to employ efficient LRMF algorithms to
tensors, we need to either: (i) reshape the tensor at hand into a set
of matrices using traditional matricizations, (ii) employ reduced ran-
domized unfolding matrices, or (iii) perform suitable random multi-
ple projections of a data tensor onto lower-dimensional subspaces. The
principles of the approaches (i) and (ii) are self-evident, while the ap-
proach (iii) employs a multilinear product of an Nth-order tensor and
(N —2) random vectors, which are either chosen uniformly from a unit
sphere or assumed to be i.i.d. Gaussian vectors (Kuleshov et al., 2015).

For example, for a 3rd-order tensor, X € R1*12x%s we can use the
set of random projections, Xz = X X3 w3 € RV 2 X5 = X x5 wy €
RIxIs gand X; =X X; wy € R2%13  where the vectors w, € R,
n = 1,2, 3, are suitably chosen random vectors. Note that random pro-
jections in such a case are non-typical — instead of using projections for
dimensionality reduction, they are used to reduce a tensor of any order
to matrices and consequently transform the CP decomposition prob-
lem to constrained matrix factorizations problem, which can be solved
via simultaneous (joint) matrix diagonalization (De Lathauwer, 2006;
Chabriel et al., 2014). It was shown that even a small number of ran-
dom projections, such as O(log R) is sufficient to preserve the spectral
information in a tensor. This mitigates the problem of the dependence
on the eigen-gap? that plagued earlier tensor-to-matrix reductions. Al-
though a uniform random sampling may experience problems for ten-
sors with spiky elements, it often outperforms the standard CP-ALS
decomposition algorithms.

Alternative algorithms for the CP decomposition of huge-scale
tensors include tensor sketching — a random mapping technique, which
exploits kernel methods and regression (Pham and Pagh, 2013; Wang
et al., 2015), and the class of distributed algorithms such as the

2In linear algebra, the eigen-gap of a linear operator is the difference between
two successive eigenvalues, where the eigenvalues are sorted in an ascending order.
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DFacTo (Choi and Vishwanathan, 2014) and the GigaTensor which is
based on Hadoop / MapReduce paradigm (Kang et al., 2012).

Constraints. Under rather mild conditions, the CP decomposition
is generally unique by itself (Kruskal, 1977; Sidiropoulos and Bro,
2000). It does not require additional constraints on the factor matrices
to achieve uniqueness, which makes it a powerful and useful tool for
tensor factroization. Of course, if the components in one or more
modes are known to possess some properties, e.g., they are known
to be nonnegative, orthogonal, statistically independent or sparse,
such prior knowledge may be incorporated into the algorithms to
compute CPD and at the same time relax uniqueness conditions.
More importantly, such constraints may enhance the accuracy and
stability of CP decomposition algorithms and also facilitate better
physical interpretability of the extracted components (Sidiropoulos,
2004; Dhillon, 2009; Sgrensen et al., 2012; Kim et al., 2014; Zhou and
Cichocki, 2012b; Liavas and Sidiropoulos, 2015).

Applications. The CP decomposition has already been established as
an advanced tool for blind signal separation in vastly diverse branches
of signal processing and machine learning (Acar and Yener, 2009; Kolda
and Bader, 2009; Mgrup, 2011; Anandkumar et al., 2014; Wang et al.,
2015; Tresp et al., 2015; Sidiropoulos et al., 2016). It is also routinely
used in exploratory data analysis, where the rank-1 terms capture es-
sential properties of dynamically complex datasets, while in wireless
communication systems, signals transmitted by different users corre-
spond to rank-1 terms in the case of line-of-sight propagation and there-
fore admit analysis in the CP format. Another potential application is
in harmonic retrieval and direction of arrival problems, where real or
complex exponentials have rank-1 structures, for which the use of CP
decomposition is quite natural (Sidiropoulos et al., 2000; Sidiropoulos,
2001; Sgrensen and De Lathauwer, 2013).
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3.3 The Tucker Tensor Format

Compared to the CP decomposition, the Tucker decomposition pro-
vides a more general factorization of an Nth-order tensor into a rela-
tively small size core tensor and factor matrices, and can be expressed
as follows:

Z Grirg-ry < bg) © bq("z) 00 bq(“];;[))

ry=1
XlB(l) ><2B(2)...><NB(N)
B, B® . BW], (3.10)

||?
PR i MEJ

where X € RI1*2xXIN ig the given data tensor, G € RF1>*f2x- xRy
is the core tensor, and B(™ = [bgn),bgn), .. ,bgfg] € RIn*EBn gre the
mode-n factor (component) matrices, n = 1,2,..., N (see Figure 3.3).
The core tensor (typically, R, << I,,) models a potentially complex
pattern of mutual interaction between the vectors in different modes.
The model in (3.10) is often referred to as the Tucker-N model.

The CP and Tucker decompositions have long history. For recent
surveys and more detailed information we refer to (Kolda and Bader,
2009; Grasedyck et al., 2013; Comon, 2014; Cichocki et al., 2015b;
Sidiropoulos et al., 2016).

Using the properties of the Kronecker tensor product, the Tucker- N
decomposition in (3.10) can be expressed in an equivalent matrix and
vector form as

Xy = B(”)G(n)(B(l) QL+ B L B+ QL QL B(N))T
= B(")G(n)(B(N) ®R --B"Y B Vg...® B(l))T7
(3.11)
Xops = (B(l) QL+ B(n)) G<n>(B(n+1) QL B(N))T
BM@...@BY) G_,- (B @BV Vg...oBO+)T
(3.12)

vee(X) = [BY @, B @y - - - @1 BM] vece(G)
BV @BN D g...9 B1] vec(G), (3.13)
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where the multi-indices are ordered in a reverse lexicographic order
(little-endian).

Table 3.1 and Table 3.2 summarize fundamental mathematical rep-
resentations of CP and Tucker decompositions for 3rd-order and Nth-
order tensors.

The Tucker decomposition is said to be in an independent Tucker
format if all the factor matrices, B™) are full column rank, while a
Tucker format is termed an orthonormal format, if in addition, all the
factor matrices, B = U® are orthogonal. The standard Tucker
model often has orthogonal factor matrices.

Multilinear rank. The multilinear rank of an Nth-order tensor X €
R I2xxIN corresponds to the N-tuple (Ry, Ra, ..., Ry) consisting of
the dimensions of the different subspaces. If the Tucker decomposition
(3.10) holds exactly it is mathematically defined as

rank s, (X) = {rank(X(y)), rank(X(g)), . . ., rank(X )}, (3.14)

with X,y € R I Inalni1iIN for p = 1,2, ..., N. Rank of the Tucker
decompositions can be determined using information criteria (Yokota
et al., 2017), or through the number of dominant eigenvalues when an
approximation accuracy of the decomposition or a noise level is given
(see Algorithm 8).

The independent Tucker format has the following important prop-
erties if the equality in (3.10) holds exactly (see, e.g., (Jiang et al.,
2016) and references therein):

1. The tensor (CP) rank of any tensor, X =
[G;BM, B® ... BW] e ROx2xxIN  and the rank of
its core tensor, G € Rff1xE2x xRN “are exactly the same, i.e.,

rankcp(X) = rankop(G). (3.15)
2. If a tensor, X e RIOxPkx-xIv — [G.BM B® . BV

admits an independent Tucker format with multilinear rank
{Rl, Ro,... ,RN}, then

N
R,<][R, vn. (3.16)
pFn
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(a) Standard block diagrams of Tucker (top) and Tucker-CP (bottom) de-

compositions for a 3rd-order tensor

By 7 KR B

Iy -
— S m Zgh% b<2>

1

7Fyly

(IxR) (R1><R2><R3) (R,xJ)

B(3) (K ><R3)

¢ /CR
= . (2)
B(l) I:b]| + + l:le
Hal HaR

(b) The TN diagram for the Tucker and Tucker/CP decompositions of a 4th-

order tensor

Figure 3.3: Illustration of the Tucker and Tucker-CP decompositions, where the
objective is to compute the factor matrices, B™, and the core tensor, G. (a)
Tucker decomposition of a 3rd-order tensor, X =~ G X1 BW X9 B® X3 B® . In
some applications, the core tensor can be further approximately factorized using
the CP decomposition as G =~ Zle a, o b, o ¢, (bottom diagram), or alterna-
tively using TT/HT decompositions. (b) Graphical representation of the Tucker-CP
decomposition for a 4th-order tensor, X =~ G X B® x, B® x; B® x, BW =
IG; BM B® B® B(4)]] ~ (A X, A(l) X o A(Q) x5 A®) ><4A(4)) x1 BM x5 B@ x4

B® », BW = [A; BOAD), B(z)A<2> B<3>A(3> BWAMXY,
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Moreover, without loss of generality, under the assumption R <
Ry < --- < Ry, we have

R < l"ankcp(X) < RyR3--- Rpy. (3.17)

3. If a data tensor is symmetric and admits an independent Tucker
format, X = [G;B,B,...,B] € R/*/>xIthen its core ten-
sor, G € REXEx-xE i a]lso symmetric, with rankcp(X) =
rankcp(G).

4. For the orthonormal Tucker format, that is, X =
[G; UM UG . UM e ROxxxIv  with UMTy®)
I, Vn, the Frobenius norms and the Schatten p-norms® of the
data tensor, X , and its core tensor, 3, are equal, i.e.,

| XlF = |Gl
| Xls, = [Gls,, 1<p<co.

Thus, the computation of the Frobenius norms can be performed
with an O(RY) complexity (R = max{R1,..., Ry}), instead of
the usual order O(I") complexity (typically R « I).

Note that the CP decomposition can be considered as a special case
of the Tucker decomposition, whereby the cube core tensor has nonzero
elements only on the main diagonal (see Figure 3.1). In contrast to
the CP decomposition, the unconstrained Tucker decomposition is not
unique. However, constraints imposed on all factor matrices and /or core
tensor can reduce the indeterminacies inherent in CA to only column-
wise permutation and scaling, thus yielding a unique core tensor and
factor matrices (Zhou and Cichocki, 2012a).

The Tucker-N model, in which (N — K) factor matrices are identity
matrices is called the Tucker-(K, N) model. In the simplest scenario,

3The Schatten p-norm of an Nth-order tensor X is defined as the average of
the Schatten norms of mode-n unfoldings, i.e., |X|s, = (1/N) 3N X |s, and
IX[s, = (3, o2)/?, where o, is the rth singular value of the matrix X. For p = 1,
the Schatten norm of a matrix X is called the nuclear norm or the trace norm,
while for p = 0 the Schatten norm is the rank of X, which can be replaced by the
surrogate function log det(XX™ + ¢I), & > 0.
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Table 3.1: Different forms of CP and Tucker representations of a 3rd-order tensor
X e R7*7K where A = [A1,A2,...,Ar]", and A = diag{\i, Xa,..., AR}

CP Decomposition Tucker Decomposition

Scalar representation

R Ri1 Ry Rs
Tijk = Z )\r A r bjr Cir Tijk = Z Z Z Grirers Qiry bjTQ Ckrg
r=1 ri=1lro=1rz=1

Tensor representation, outer products

R Ry Rz Rs
X:Z)\rarobrocr X: Z Z Z gr1r2r3arlobr20cr3
r=1 ri=lro=1rz=1

Tensor representation, multilinear products

XZAXlAXQBX3C XZQX1AX2BX3C

Matrix representations

X1 =AABOLCO)T Xy =A G (B®, C)T
X =BA (A, C)T X(3) =B G) (A®; C)T
X3 =CA(AQLB)T X3 = C G (A®. B)T

Vector representation

vec(X) = (AL BOL C)A vec(X) = (A ®r B®y C) vec(Q)

Matrix slices X = X(:,:, k)

R
X, = Adiag(M k1, -, AR CrR) BT X,=A < f CkrgG(Z,Z,T?,)) BT

rg=1
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Table 3.2: Different forms of CP and Tucker representations of an Nth-order tensor

X e Rllxlgx---xIN.

CP

Tucker

Scalar product

R Ry Ry
_ (1) (N) _ (1) (N)
Liy,...iy = Z Ar bil,r"'biN,r Tiy,...in = Z Z 9ri,...,rN bil,rl "'biN,rN
r=1 r1=1 ry=1
Outer product
R Ry Ry
X:Z)\rb(l)o ong) X:Z Zg” 7777 rNbgi)O"'Obg,\?
r=1 ry=1 ry=1

Multilinear product
X:AX1B(1) XQB(2)"' XNB(N)

X = [[A;B(l),B(Q), . .,B“V)]]

X=Q><1B(1) ><2B(2)~--><NB(N)

X = [[G;B<1),B(2), . .,B<N>]]

Vectorization

vec(X) = (é B(”)> A

vec(X) = <® B(")> vec(Q)

n=N

Matricization

T
1
X = B™A < @ B(m)>
m=N, m#n

1 n+1
Xans = (O B™)A(G B™)T,
m=N

X(n) =BG <

m=N, m#n

1 T
® B(m)>

1 n+1
Xps = (® B(m))G<n>( ® B(m))T

m=n m=n m=N
Slice representation
X(;, 5, ks) = BYD,,B® T X(:,1ks) = BYGr,BP T, ks =isig---in
ﬁkB = diag(di1, .. .,drr) € R™*F with entries dy, = ,\Tbg,, e bgg)T

RAC))
INSTN

N p®)
3,73

Gy =3

73 TN

G. . rs,...ry is the sum of frontal slices.
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for a 3rd-order tensor X € R/*/*K the Tucker-(2,3) or simply Tucker-2
model, can be described as*

ngxlAXQBx;),I:gxlezB, (318)
or in an equivalent matrix form
X, = AG;BT, (k=1,2,...,K), (3.19)

where X5, = X(:,5,k) € R’ and G, = G(:,:, k) € RFvX2 are re-
spectively the frontal slices of the data tensor X and the core tensor
G e RfuxRaxRs and A e RI*f B e R/* M2,

Generalized Tucker format and its links to TTNS model. For
high-order tensors, X € RIt1X X1k xf2.1XXIN.Ky  the Tucker-N for-
mat can be naturally generalized by replacing the factor matrices,
B € RI"*En Yy higher-order tensors B e RIn1xIn2xxIn g xBn

to give
X = [G;BY,B@,...,BM], (3.20)

where the entries of the data tensor are computed as

R Ry
X(ir,. . in) = Y oo D1 Gy, ) B () - BN iy, ry),
ri=1 ry=1

and ip, = (in,10n2 ... in,k,) (Lee and Cichocki, 2016c¢).

Furthermore, the nested (hierarchical) form of such a generalized
Tucker decomposition leads to the Tree Tensor Networks State (TTNS)
model (Nakatani and Chan, 2013) (see Figure 2.15 and Figure 2.18),
with possibly a varying order of cores, which can be formulated as

X = [Gy; B, B® ... BM]
G, =[Gy; AL AGD A2

Gp =[Gp.y; AGPID AGPHD AWNPeLPHD] - (301)

4For a 3rd-order tensor, the Tucker-2 model is equivalent to the TT model. The
case where the factor matrices and the core tensor are non-negative is referred to as
the NTD-2 (Nonnegative Tucker-2 decomposition).
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(p) (p) (p) (r—1) .., p—1) (p)
Ry xR, X'"XRNP and A(nzup) c RRl"p X XRm”p XR”P7

where Qp e R
withp=2,...,P+ 1.

Note that some factor tensors, A1 and/or A"»P) can be identity
tensors which yield an irregular structure, possibly with a varying order
of tensors. This follows from the simple observation that a mode-n

product may have, e.g., the following form
X x, B = [X;Ly,...,1;, ,,B™ 1, ... 1]

The efficiency of this representation strongly relies on an appropriate
choice of the tree structure. It is usually assumed that the tree
structure of TTNS is given or assumed a priori, and recent efforts aim
to find an optimal tree structure from a subset of tensor entries and
without any a priori knowledge of the tree structure. This is achieved
using so-called rank-adaptive cross-approximation techniques which
approximate a tensor by hierarchical tensor formats (Ballani and
Grasedyck, 2014; Ballani et al., 2014).

Operations in the Tucker format. If large-scale data tensors admit
an exact or approximate representation in their Tucker formats, then
most mathematical operations can be performed more efficiently using
the so obtained much smaller core tensors and factor matrices. Consider
the Nth-order tensors X and Y in the Tucker format, given by

X=[Gx; XD .. XM] and Y =[Gy; YD, ..., Y] (3.22)

for which the respective multilinear ranks are {Ri, Ra,..., Ry} and
{Q1,Q2,...,Qn}, then the following mathematical operations can be
performed directly in the Tucker format®, which admits a significant
reduction in computational costs (Phan et al., 2013b, 2015b; Lee and
Cichocki, 2016c¢):

e The addition of two Tucker tensors of the same order and sizes
X+Y =[Gy ®Gy; [XD, YO [Xx™) y™]] - (3.23)

where @ denotes a direct sum of two tensors, and [X(™ Y] e
RI’VLX(R’VL+QTL)’ X(n) c RInXRn and Y(n) € R-[n XQn’ VTL

5Similar operations can be performed in the CP format, assuming that the core
tensors are diagonal.
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The Kronecker product of two Tucker tensors of arbitrary
orders and sizes

XQY = [Gx ®Gy; XD @YD, ... XM @Y™ (3.24)

The Hadamard or element-wise product of two Tucker tensors
of the same order and the same sizes

X®Y =[Gy ®Gy; XW o, YV, . XM o, Y] (3.25)
where (91 denotes the mode-1 Khatri-Rao product, also called the

transposed Khatri-Rao product or row-wise Kronecker product.

The inner product of two Tucker tensors of the same order and
sizes can be reduced to the inner product of two smaller tensors
by exploiting the Kronecker product structure in the vectorized
form, as follows

(X,Y) = vec(X)T vec(Y) (3.26)

vec(Gy)T (@X ) (é Y(")> vec(Gy )

n=1

= vec(Gy)T (@X ) vec(Gy )
—([Gx; XDT YD) (XMT YN Gy

The Frobenius norm can be computed in a particularly simple
way if the factor matrices are orthogonal, since then all products
XM T XM n, become the identity matrices, so that

X = (X, X)

T
= vec ([[QX; (X(l)T X(l))v B (X(N)T X(N))]]> VGC(QX)

= vec(Gx)" vee(Gx) = |Gx | (3.27)

The N-D discrete convolution of tensors X € R11* >IN and
Y € R/ %N in their Tucker formats can be expressed as
Z=X=xY [[GZ, zM 2] (3.28)
c R(11+J1 1) (IN+JN l).
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If {Ri,Ra,...,RN} is the multilinear rank of X and
{Q1,Q2,...,Qn} the multilinear rank Y, then the core tensor
G, =G ®Gy € RE1Q1xxBNQN and the factor matrices

7 = X [, Y ¢ RUntIn-1)xRnQn (3.29)

where ZM(:,s,) = XM, r,) « YO(:,q,) € RUntIn=1) for
Sn =TnGn = 1,2,..., RnQn.

Super Fast discrete Fourier transform (MATLAB functions
fitn(X) and fit(X(),[],1)) of a tensor in the Tucker format

F(X) = [Gx; FXDY, ..., F(XIN. (3.30)

Note that if the data tensor admits low multilinear rank approxi-
mation, then performing the FFT on factor matrices of relatively
small size X e RI»*Bn ingtead of a large-scale data tensor, de-
creases considerably computational complexity. This approach is
referred to as the super fast Fourier transform in Tucker format.

3.4 Higher Order SVD (HOSVD) for Large-Scale Problems

The MultiLinear Singular Value Decomposition (MLSVD), also called
the higher-order SVD (HOSVD), can be considered as a special form of
the constrained Tucker decomposition (De Lathauwer et al., 2000a,b),
in which all factor matrices, B(") = U™ e RI»*/» are orthogonal and
the core tensor, G = S € RIt>*2XXIN "ig all-orthogonal (see Figure

3.4).
The orthogonality properties of the core tensor are defined through

the following conditions:

1. All orthogonality. The slices in each mode are mutually orthogo-

nal, e.g., for a 3rd-order tensor and its lateral slices

<S:7k7:S:,l,:> = Oa for k # l7 (331)

2. Pseudo-diagonality. The Frobenius norms of slices in each mode

are decreasing with the increase in the running index, e.g., for a
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3rd-order tensor and its lateral slices
Hsz,k,:HF = HS:,Z,:HFa k=1 (3.32)

These norms play a role similar to singular values in standard
matrix SVD.

In practice, the orthogonal matrices U e R"*fn with R, < I,,,
can be computed by applying both the randomized and standard trun-
cated SVD to the unfolded mode-n matrices, X,y = Uums, vl ¢
RInxIrIn—1lnt1IN - After obtaining the orthogonal matrices U™ of
left singular vectors of X, for each n, the core tensor G = S can be
computed as

S=Xx; UDT s, UAT...xy UMT, (3.33)
so that
X =8x; UD x, U® ... xy U, (3.34)

Due to the orthogonality of the core tensor S, its slices are also mutually
orthogonal.

Analogous to the standard truncated SVD, a large-scale data ten-
sor, X, can be approximated by discarding the multilinear singular
vectors and slices of the core tensor corresponding to small multilin-
ear singular values. Figure 3.4 and Algorithm 2 outline the truncated
HOSVD, for which any optimized matrix SVD procedure can be ap-
plied.

For large-scale tensors, the unfolding matrices, X, € R Ma ([ =
I -+ I, 141 - - - Iy) may become prohibitively large (with I » I,,), eas-
ily exceeding the memory of standard computers. Using a direct and
simple divide-and-conquer approach, the truncated SVD of an unfold-
ing matrix, X, = U™S, VT can be partitioned into Q slices, as
Xy = [Xin: Xom, -, Xgal = UMWS, VT, VI, ..., V] ] Next,
the orthogonal matrices U™ and the diagonal matrices S,, can be ob-
tained from the eigenvalue decompositions X(n)X(j;l) = U(")S%U(”)T =
hI XgnXg, € RI*In allowing for the terms Vg, = X;HU(")S;1 to
be computed separately. This enables us to optimize the size of the gth
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(a‘) Eigenvect0r¢of xx' Rank of XX Eigenvector of xX'x
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Figure 3.4: Graphical illustration of the truncated SVD and HOSVD. (a) The ex-
act and truncated standard matrix SVD, X = USVT. (b) The truncated (approxi-
mative) HOSVD for a 3rd-order tensor calculated as X =~ S, x1 u® ><2U(2) ><3U(3).
(c) Tensor network notation for the HOSVD of a 4th-order tensor X = S, x1 UD x,
U® %3 UG x, UMW All the factor matrices, U™ € RI»*fin and the core tensor,
S, = G € RF1**AN are orthogonal.
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slice X, ,, € RI*(n/Q) 50 as to match the available computer memory.
Such a simple approach to compute matrices U™ and/or V™ does
not require loading the entire unfolding matrices at once into computer
memory; instead the access to the datasets is sequential. For current
standard sizes of computer memory, the dimension I, is typically less
than 10,000, while there is no limit on the dimension I; = Hk;én 1.

For very large-scale and low-rank matrices, instead of the standard
truncated SVD approach, we can alternatively apply the randomized
SVD algorithm, which reduces the original data matrix X to a relatively
small matrix by random sketching, i.e. through multiplication with a
random sampling matrix Q (see Algorithm 3). Note that we explicitly
allow the rank of the data matrix X to be overestimated (that is, R =
R+ P, where R is a true but unknown rank and P is the over-sampling
parameter) because it is easier to obtain more accurate approximation
of this form. Performance of randomized SVD can be further improved
by integrating multiple random sketches, that is, by multiplying a data
matrix X by a set of random matrices €2, for p = 1,2,..., P and
integrating leading low-dimensional subspaces by applying a Monte
Carlo integration method (Chen et al., 2016).

Using special random sampling matrices, for instance, a sub-
sampled random Fourier transform, substantial gain in the execution
time can be achieved, together with the asymptotic complexity of
O(1Jlog(R)). Unfortunately, this approach is not accurate enough for
matrices for which the singular values decay slowly (Halko et al., 2011).

The truncated HOSVD can be optimized and implemented in sev-
eral alternative ways. For example, if R, « I,, the truncated tensor
Z — X x; UWT yields a smaller unfolding matrix Zy € RIzxFils-In
so that the multiplication Z(Q)Z(TQ) can be faster in the next iterations
(Vannieuwenhoven et al., 2012; Austin et al., 2015).

Furthermore, since the unfolding matrices Y(Tn) are typically very
“tall and skinny”, a huge-scale truncated SVD and other constrained
low-rank matrix factorizations can be computed efficiently based on the
Hadoop / MapReduce paradigm (Constantine et al., 2014; Constantine
and Gleich, 2011; Benson et al., 2014).
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Algorithm 2: Sequentially Truncated HOSVD (Van-
nieuwenhoven et al., 2012)

Input: Nth-order tensor X € RI1*/2XXIN and approximation

accuracy €

Output: HOSVD in the Tucker format X = [S; UM, ... ,Q(N)ﬂ,

such that ||X—X||F <e
S« X
for n=1to N do

[UM, S V] = truncated_svd(S ), ﬁ)
S < VS
end for

S < reshape(S, [Ry, ..., Rn])
return Core tensor S and orthogonal factor matrices
UM g RInxFfn,

Algorithm 3: Randomized SVD (rSVD) for large-scale
and low-rank matrices with single sketch (Halko et al.,
2011)

Input: A matrix X € R’/ desired or estimated rank R, and

oversampling parameter P or overestimated rank R=R+ p,
exponent of the power method ¢ (¢ =0 or ¢ =1)

Output: An approximate rank-R SVD, X =~ USVT, ie., orthogonal

matrices U e RT*® V e R/*® and diagonal matrix S € RF*# with
singular values -

Draw a random Gaussian matrix € € R7*, R

Form the sample matrix Y = (XXT)? X2 € RI*F

Compute a QR decomposition Y = QR

Form the matrix A = QTX e REX/ R

Compute the SVD of the small matrix A as A = UsSvT

Form the matrix U = QU.

Low multilinear rank approximation is always well-posed, however,
in contrast to the standard truncated SVD for matrices, the truncated
HOSVD does not yield the best multilinear rank approzimation, but

satisfies the quasi-best approximation property (De Lathauwer et al.,

2000a)

X —[$; UW,..., UM < VN|X - Xpegt s (3.35)
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Algorithm 4: Higher Order Orthogonal Iteration (HOOTI)
(De Lathauwer et al., 2000b; Austin et al., 2015)

Input: Nth-order tensor X € Rf1*f2xxIn (ysually in Tucker/HOSVD
format)
Output: Improved Tucker approximation using ALS approach, with
orthogonal factor matrices U™
1: Initialization via the standard HOSVD (see Algorithm 2)
2: repeat
3: forn=1to N do

4 Z—X Xp#n {U(p)T}

5 C « Z(n)Z’(Tn) e REXE

6: U™ « leading R,, eigenvectors of C
7 end for

G —ZxyUMmT
9: until the cost function (|X|% — |G|3%) ceases to decrease
10: return [G; UM UR . UW)]

where Xpagt is the best multilinear rank approximation of X, for a
specific tensor norm || - |.

When it comes to the problem of finding the best approximation,
the ALS type algorithm called the Higher Order Orthogonal Iteration
(HOOI) exhibits both the advantages and drawbacks of ALS algorithms
for CP decomposition. For the HOOI algorithms, see Algorithm 4 and
Algorithm 5. For more sophisticated algorithms for Tucker decompo-
sitions with orthogonality and nonnegativity constraints, suitable for
large-scale data tensors, see (Phan and Cichocki, 2011; Zhou et al.,
2012; Constantine et al., 2014; Jeon et al., 2016).

When a data tensor X is very large and cannot be stored in com-
puter memory, another challenge is to compute a core tensor G = S
directly, using the formula (3.33). Such computation is performed se-
quentially by fast matrix-by-matrix multiplications®, as illustrated in
Figure 3.5(a) and (b).

We have shown that for very large-scale problems, it is useful to
divide a data tensor X into small blocks X, 1, . ky]- In & similar way,

SEfficient and parallel (state of the art) algorithms for multiplications of such
very large-scale matrices are proposed in (Li et al., 2015; Ballard et al., 2015a).
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Table 3.3: Basic multiway component analysis (MWCA)/Low-Rank Tensor Ap-
proximations (LRTA) and related multiway dimensionality reduction models. The
symbol X € RI1*2%*IN denotes a noisy data tensor, while Y = G x; BM x5
B®@ ... xy B®™ is the general constrained Tucker model with the latent factor
matrices B™ e R *%Fn and the core tensor G € RF1* 12X BN I the special
case of a CP decomposition, the core tensor is diagonal, G = A € RF* >R 5o that
Y=3" A®mYobP o obM).

Cost Function Constraints
Multilinear (sparse) PCA (MPCA) u£")T u£") =1, Y(n,r)
max (n) XxuPxou® k™ 4 YN Hu§.") Ihi| u™T ugn) =0 for r #¢q
HOSVD/HOOI
umTu =1, , ¥n
mingn |X - G x1 UD x, U .ox U(N)H%
Multilinear ICA Vectors of B(™) statistically
mingn) [X—G x1 B® xa B@ ... xy B2, as independent as possible
Nonnegative CP/Tucker decomposition
(NTF/NTD) (Cichocki et al., 2009) Entries of G and B(™), vn
ming ) |X -G %1 B ... xy B 2 are nonnegative
Ry
7 Znms Xy b1 s
Sparse CP/Tucker decomposition
Sparsity constraints
ming () [X—G x1 B ... xy B2
N R (n) imposed on B(")
n n

Y Xn=1 2= [P [
Smooth CP/Tucker decomposition Smoothness imposed
(SmCP/SmTD) (Yokota et al., 2016) on vectors bsﬁn)
mingn) [X—A x1 BO ... xy B2, of B g RInxE yn
+ N R (n) . .

YD me1 2ret ILbr |2 via a difference operator L

we can partition the orthogonal factor matrices U™T into the cor-

responding blocks of matrices UEZT);”], as illustrated in Figure 3.5(c)

for 3rd-order tensors (Wang et al., 2005; Suter et al., 2013). For ex-
ample, the blocks within the resulting tensor G™ can be computed
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Algorithm 5: HOOI using randomization for large-scale
data (Zhou et al., 2015)

Input: Nth-order tensor X € Rt */2xxIN and multilinear rank
{Rl,RQ, ceey RN}
Output: Approximative representation of a tensor in Tucker format,
with orthogonal factor matrices U{™ g RIn*fin
1: Initialize factor matrices U™ as random Gaussian matrices
Repeat steps (2)-(6) only two times:
2: forn=1to N do
3 Z=X %y (UOT)
Compute Z(™ = Z(,L)Q(") e R B wwhere QM) e Rllpzn o> fin
is a random matrix drawn from Gaussian distribution
5. Compute U™ as an orthonormal basis of Z(™, e.g., by using QR
decomposition
6: end for
7: Construct the core tensor as
G=Xx; UDT x, g@T... x,UMT
8 return X ~ [G;UW U UWM)]

Algorithm 6: Tucker decomposition with constrained fac-
tor matrices via 2-way CA /LRMF

Input: Nth-order tensor X € RI1x/2xxIn ‘myltilinear rank
{Ry,..., Ry} and desired constraints imposed on factor matrices
B(n) € RInxRn
Output: Tucker decomposition with constrained factor matrices B{(™)
using LRMF and a simple unfolding approach
1: Initialize randomly or via standard HOSVD (see Algorithm 2)
2: forn=1to N do
3:  Compute specific LRMF or 2-way CA (e.g., RPCA, ICA, NMF) of
unfolding X)) = AWBM T or X, = BMAM T
4: end for
5: Compute core tensor G = X x; [BM]F x5 [BP]T--- xy [B(N)]T
6: return Constrained Tucker decomposition X = [G, B, ... ,E(N)ﬂ

sequentially or in parallel, as follows:

Knp
(n) _ (n) T
g[k1,k2,...,qn,...,k1\7] - kz X[k17k2a-~~7kn»~~-ykN] Xn U[k‘n,qn]' (336)
n=1
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(a) Sequential computation

I,

G=((Xx, U(l)T)x2 U(Z)T)X3 ueT

(b) Fast matrix-by-matrix approach

I -[3
X1 1,
T (1)
ki u G R,
I,
(¢) Divide-and-conquer approach
X
X[m,z X[l.Z,Z
X[l,l,l] X[1,2,1] U T Z:Qm
Z Z
K11 Xpay U U U nigZuaz
~ pa| “iu| SEal - ) /.
x - £p1,11 | £p21 W
X X 1 U U U
i e & 221 [32] Zpa Zp2a)
(|1><|2><|3) (Rlx |1) (R1><|2><|3)

Figure 3.5: Computation of a multilinear (Tucker) product for large-scale HOSVD.
(a) Standard sequential computing of multilinear products (TTM) G = S = (((X x1
UWDT) %, UAT) 53 UGT). (b) Distributed implementation through fast matrix-
by-matrix multiplications. (¢) An alternative method for large-scale problems using
the “divide and conquer” approach, whereby a data tensor, X, and factor matrices,
U(")T, are partitioned into suitable small blocks: Subtensors X[kl,kz,kﬂ and block

matrices UEIQTm]' The blocks of a tensor, Z = G =X x; U(I)T, are computed as

Ziy koks] = 21?:1 Xk ko ks] X1 UEIQ,qu] (see Eq. (3.36) for a general case).
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Applications. We have shown that the Tucker/HOSVD decomposi-
tion may be considered as a multilinear extension of PCA (Kroonen-
berg, 2008); it therefore generalizes signal subspace techniques and finds
application in areas including multilinear blind source separation, clas-
sification, feature extraction, and subspace-based harmonic retrieval
(Vasilescu and Terzopoulos, 2002; Haardt et al., 2008; Phan and Ci-
chocki, 2010; Lu et al., 2011). In this way, a low multilinear rank ap-
proximation achieved through Tucker decomposition may yield higher
Signal-to-Noise Ratio (SNR) than the SNR for the original raw data
tensor, which also makes Tucker decomposition a natural tool for signal
compression and enhancement.

It was recently shown that HOSVD can also perform simultane-
ous subspace selection (data compression) and K-means clustering,
both unsupervised learning tasks (Huang et al., 2008; Papalexakis
et al., 2013). This is important, as a combination of these meth-
ods can both identify and classify “relevant” data, and in this way
not only reveal desired information but also simplify feature extraction.

Anomaly detection using HOSVD. Anomaly detection refers to
the discrimination of some specific patterns, signals, outliers or features
that do not conform to certain expected behaviors, trends or properties
(Chandola et al., 2009; Fanaee-T and Gama, 2016). While such analy-
sis can be performed in different domains, it is most frequently based
on spectral methods such as PCA, whereby high dimensional data are
projected onto a lower-dimensional subspace in which the anomalies
may be identified more easier. The main assumption within such ap-
proaches is that the normal and abnormal patterns, which may be dif-
ficult to distinguish in the original space, appear significantly different
in the projected subspace. When considering very large datasets, since
the basic Tucker decomposition model generalizes PCA and SVD, it
offers a natural framework for anomaly detection via HOSVD, as illus-
trated in Figure 3.6. To handle the exceedingly large dimensionality,
we may first compute tensor decompositions for sampled (pre-selected)
small blocks of the original large-scale 3rd-order tensor, followed by
the analysis of changes in specific factor matrices U . A simpler form
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Figure 3.6: Conceptual model for performing the HOSVD for a very large-scale
3rd-order data tensor. This is achieved by dividing the tensor into blocks X, =~ G x1
u ><2U,(€2) x3U® (k=1,2..., K). It assumed that the data tensor X € Rt *12x13
is sampled by sliding the block X, from left to right (with an overlapping sliding
window). The model can be used for anomaly detection by fixing the core tensor
and some factor matrices while monitoring the changes along one or more specific
modes (in our case mode two). Tensor decomposition is then first performed for a
sampled (pre-selected) small block, followed by the analysis of changes in specific
smaller—dimensional factor matrices U™,

is straightforwardly obtained by fixing the core tensor and some fac-
tor matrices while monitoring the changes along one or more specific
modes, as the block tensor moves from left to right as shown in Figure
3.6.

3.5 Tensor Sketching Using Tucker Model

The notion of sketches refers to replacing the original huge matrix
or tensor by a new matrix or tensor of a significantly smaller size or
compactness, but which approximates well the original matrix/tensor.
Finding such sketches in an efficient way is important for the analysis
of big data, as a computer processor (and memory) is often incapable
of handling the whole data-set in a feasible amount of time. For these
reasons, the computation is often spread among a set of processors
which for standard “all-in-one” SVD algorithms, are unfeasible.

Given a very large-scale tensor X , a useful approach is to compute
a sketch tensor Z or set of sketch tensors Z, that are of significantly
smaller sizes than the original one.

There exist several matrix and tensor sketching approaches: sparsi-
fication, random projections, fiber subset selections, iterative sketching
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techniques and distributed sketching. We review the main sketching
approaches which are promising for tensors.

1. Sparsification generates a sparser version of the tensor which, in
general, can be stored more efficiently and admit faster multiplications
by factor matrices. This is achieved by decreasing the number on non-
zero entries and quantizing or rounding up entries. A simple technique
is element-wise sparsification which zeroes out all sufficiently small el-
ements (below some threshold) of a data tensor, keeps all sufficiently
large elements, and randomly samples the remaining elements of the
tensor with sample probabilities proportional to the square of their
magnitudes (Nguyen et al., 2015).

2. Random Projection based sketching randomly combines fibers of
a data tensor in all or selected modes, and is related to the concept
of a randomized subspace embedding, which is used to solve a vari-
ety of numerical linear algebra problems (see (Tropp et al., 2016) and
references therein).

3. Fiber subset selection, also called tensor cross approximation
(TCA), finds a small subset of fibers which approximates the entire data
tensor. For the matrix case, this problem is known as the Column/Row
Subset Selection or CUR Problem which has been thoroughly investi-
gated and for which there exist several algorithms with almost match-
ing lower bounds (Mahoney, 2011; Desai et al., 2016; Ghashami et al.,
2016).

3.6.1 Tensor Sketching via Multiple Random Projections

The random projection framework has been developed for computing
structured low-rank approximations of a data tensor from (random)
linear projections of much lower dimensions than the data tensor itself
(Caiafa and Cichocki, 2015; Tropp et al., 2016). Such techniques have
many potential applications in large-scale numerical multilinear algebra
and optimization problems.

Notice that for an Nth-order tensor X € RI1*2x*IN we can com-

pute the following sketches

Z:XX191X292"'XNQN (337)
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Figure 3.7: Ilustration of tensor sketching using random projections of a data
tensor. (a) Sketches of a 3rd-order tensor X € R 2x13 given by Z, =X X282 x3
Q3 € RIVF2xBs 7 = X x1 @ x3 Q3 € RO 7. = X x1 Q1 x2 Qs €
RF1>*F2xTs and Z = X x1 Q1 X2 Qo x3 Q3 € RFXF2XHs (b)) Sketches for an
Nth-order tensor X € Rt X *In
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and
anle Ql---xn_l Qn—l Xn+1 Qn—i—l"' XNQN, (338)

for n =,1,2,..., N, where ©,, € Rf»*In are statistically independent
random matrices with R,, « I, usually called test (or sensing) matri-
ces.

A sketch can be implemented using test matrices drawn from var-
ious distributions. The choice of a distribution leads to some tradeoffs
(Tropp et al., 2016), especially regarding (i) the costs of randomization,
computation, and communication to generate the test matrices; (ii) the
storage costs for the test matrices and the sketch; (iii) the arithmetic
costs for sketching and updates; (iv) the numerical stability of recon-
struction algorithms; and (v) the quality of a priori error bounds. The
most important distributions of random test matrices include:

e Gaussian random projections which generate random ma-
trices with standard normal distribution. Such matrices usually
provide excellent performance in practical scenarios and accurate
a priori error bounds.

¢ Random matrices with orthonormal columns that span
uniformly distributed random subspaces of dimensions R,,. Such
matrices behave similar to Gaussian case, but usually exhibit even
better numerical stability, especially when R,, are large.

¢ Rademacher and super-sparse Rademacher random pro-
jections that have independent Rademacher entries which take
the values +£1 with equal probability. Their properties are similar
to standard normal test matrices, but exhibit some improvements
in the cost of storage and computational complexity. In a special
case, we may use ultra sparse Rademacher test matrices, whereby
in each column of a test matrix independent Rademacher random
variables are placed only in very few uniformly random locations
determined by a sampling parameter s; the remaining entries are
set to zero. In an extreme case of maximum sparsity, s = 1, and
each column of a test matrix has exactly only one nonzero entry.



346 Multiway Component Analysis and Tensor Decompositions

e Subsampled randomized Fourier transforms based on test
matrices take the following form

Q, = P,F,D,, (3.39)

where D,, are diagonal square matrices with independent
Rademacher entries, F,, are discrete cosine transform (DCT) or
discrete Fourier transform (DFT) matrices, and entries of the
matrix P,, are drawn at random from a uniform distribution.

Example. The concept of tensor sketching via random projections is
illustrated in Figure 3.7 for a 3rd-order tensor and for a general case
of Nth-order tensors. For a 3rd-order tensor with volume (number of
entries) ;1213 we have four possible sketches which are subtensors of
much smaller sizes, e.g., 11 RoR3, with R, « I, if the sketching is
performed along mode-2 and mode-3, or RjRsR3, if the sketching is
performed along all three modes (Figure 3.7(a) bottom right). From
these subtensors we can reconstruct any huge tensor if it has low a
multilinear rank (lower than {Ri, Ra,..., Ry}).

In more general scenario, it can be shown (Caiafa and Cichocki,
2015) that the Nth order tensor data tensor X with sufficiently low-
multilinear rank can be reconstructed perfectly from the sketch tensors
Z,, forn=1,2,...,N, as follows

X =2Zx; BY x; B@ ... 5y BW), (3.40)

where B = [Zn](n)Zgn) forn = 1,2,..., N (for more detail see the
next section).

3.5.2 Matrix/Tensor Cross-Approximation (MCA/TCA)

Huge-scale matrices can be factorized using the Matrix Cross-
Approximation (MCA) method, which is also known under the names
of Pseudo-Skeleton or CUR matrix decompositions (Goreinov et al.,
1997b,a; Mahoney et al., 2008; Mahoney and Drineas, 2009; Oseledets
and Tyrtyshnikov, 2010; Bebendorf, 2011; Bebendorf et al., 2015;
Khoromskij and Veit, 2016). The main idea behind the MCA is to
provide reduced dimensionality of data through a linear combination
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Figure 3.8: Principle of the matrix cross-approximation which decomposes a huge
matrix X into a product of three matrices, whereby only a small-size core matrix U
needs to be computed.

of only a few “meaningful” components, which are exact replicas of
columns and rows of the original data matrix. Such an approach is
based on the fundamental assumption that large datasets are highly
redundant and can therefore be approximated by low-rank matrices,
which significantly reduces computational complexity at the cost of a
marginal loss of information.

The MCA method factorizes a data matrix X € R/*7 as (Goreinov
et al., 1997a,b) (see Figure 3.8)

X = CUR +E, (3.41)

where C € R™*C is a matrix constructed from C' suitably selected

RE*J consists of R appro-

columns of the data matrix X, matrix R €
priately selected rows of X, and matrix U € RC*% is calculated so as
to minimize the norm of the error E € RI*7,

A simple modification of this formula, whereby the matrix U is ab-
sorbed into either C or R, yields the so-called CR matrix factorization

or Column/Row Subset selection:
X = CR =CR (3.42)

for which the bases can be either the columns, C, or rows, R, while
R =UR and C = CU.

For dimensionality reduction, C' « J and R « I, and the columns
and rows of X should be chosen optimally, in the sense of providing a
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Figure 3.9: The principle of the tensor cross-approximation (TCA) algo-
rithm, illustrated for a large-scale 3rd-order tensor X =~ U x; C xo R x3 T =

. _ 1 i T . T i T
[U; C, R, T, where U = W x1 W}, x2 Wi, xs Wi, = [W; W] W, W/ ]e

RP2PsxPiPsxPiPy g W e RPVP2xPs | For simplicity of illustration, we assume
that the selected fibers are permuted, so as to become clustered as subtensors,
ge R11XP2XP3’ EE RP1X12XP3 and Ie RPlXP2X13.

high “statistical leverage” and the best low-rank fit to the data matrix,
while at the same time minimizing the cost function ||E|%. For a given
set of columns, C, and rows, R, the optimal choice for the core matrix
is U = C'X(R"T. This requires access to all the entries of X and
is not practical or feasible for large-scale data. In such cases, a prag-
matic choice for the core matrix would be U = W, where the matrix
W e RE*C g composed from the intersections of the selected rows
and columns. It should be noted that for rank(X) < min{C, R} the
cross-approximation is exact. For the general case, it has been proven
that when the intersection submatrix W is of maximum volume’, the
matrix cross-approximation is close to the optimal SVD solution. The
problem of finding a submatrix with maximum volume has exponen-
tial complexity, however, suboptimal matrices can be found using fast
greedy algorithms (Wang and Zhang, 2013; Mikhalev and Oseledets,
2015; Rakhuba and Oseledets, 2015; Anderson et al., 2015).

The concept of MCA can be generalized to tensor cross-
approximation (TCA) (see Figure 3.9) through several approaches, in-
cluding:

"The volume of a square submatrix W is defined as | det(W)].
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Figure 3.10: The Tucker decomposition of a low multilinear rank 3rd-order
tensor using the cross-approximation approach. (a) Standard block diagram. (b)
Transformation from the TCA in the Tucker format, X =~ U x; C x2 R x3 T,
into a standard Tucker representation, X =~ W x; BW X9 B® X3 B® =

[W; CWIU’ RWIQ), TWIs)]], with a prescribed core tensor W.
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e Applying the MCA decomposition to a matricized version of the
tensor data (Mahoney et al., 2008);

e Operating directly on fibers of a data tensor which admits a low-
rank Tucker approximation, an approach termed the Fiber Sam-
pling Tucker Decomposition (FSTD) (Caiafa and Cichocki, 2010,
2013, 2015).

Real-life structured data often admit good low-multilinear rank ap-
proximations, and the FSTD provides such a low-rank Tucker decom-
position which is practical as it is directly expressed in terms of a
relatively small number of fibers of the data tensor.

For example, for a 3rd-order tensor, X e RI1*/2x13 for which an
exact rank-(R, Ry, R3) Tucker representation exists, the FSTD selects
P, > R,, n = 1,2,3, indices in each mode; this determines an inter-
section subtensor, W € RP1xP2xPs g6 that the following exact Tucker
representation can be obtained (see Figure 3.10)

where the core tensor is computed as U = G = [W; Wzl), WZQ), W&)]],
while the factor matrices, C € RI\xP2l3 R e RI2xP1Ps e RIsxP1P2
contain the fibers which are the respective subsets of the columns C,
rows R and tubes T. An equivalent Tucker representation is then given

by

- . i i i
X =[W; CW(l),RW(Q),TW(3)]]. (3.44)
Observe that for N = 2, the TCA model simplifies into the MCA
for a matrix case, X = CUR, for which the core matrix is U =

[W; W}l), W&)]] = WIwWwT = wi.

For a general case of an Nth-order tensor, we can show (Caiafa and
Cichocki, 2010) that a tensor, X € RI1>*2XXIN with a low multilinear
rank {R1, Ry, ..., Ry}, where R, < I,,, Vn, can be fully reconstructed
via the TCA FSTD, X = [U; C, Cc®, ..., C™M)], using only N factor
matrices C(™ e RI»*P» (n = 1,2,..., N), built up from the fibers of the
data and core tensors, U = G = [W; Wzl),W&), e ,WIN)]], under
the condition that the subtensor W € RP1xXP2xxPx with P, > R,,, Vn,
has the multilinear rank {Ry, Ro, ..., Ry}
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The selection of a minimum number of suitable fibers depends upon
a chosen optimization criterion. A strategy which requires access to
only a small subset of entries of a data tensor, achieved by selecting
the entries with maximum modulus within each single fiber, is given
in (Caiafa and Cichocki, 2010). These entries are selected sequentially
using a deflation approach, thus making the tensor cross-approximation
FSTD algorithm suitable for the approximation of very large-scale but
relatively low-order tensors (including tensors with missing fibers or
entries).

It should be noted that an alternative efficient way to estimate
subtensors W, C, R and T is to apply random projections as follows

W =7Z=X x18; x28 ><3f23eRPl><PZ><P37
gzzl :XXQ 92 X3 Q3 6R11><P2><P3’
:ZQ =X x1 Q7 x3 Q3 ERP1X12><P37

=Z3=XX1 Ql X9 QQERPIXPQXIS, (345)

=~

where Q,, € RP»*In with P, > R, for n = 1,2,3 are indepen-
dent random matrices. We explicitly assume that the multilinear rank
{P1, Pa,..., Py} of approximated tensor to be somewhat larger than a
true multilinear rank {Rj, R, ..., Ry} of target tensor, because it is
easier to obtain an accurate approximation in this form.

3.6 Multiway Component Analysis (MWCA)

3.6.1 Multilinear Component Analysis Using Constrained Tucker
Decomposition

The great success of 2-way component analyses (PCA, ICA, NMF,
SCA) is largely due to the existence of very efficient algorithms for
their computation and the possibility to extract components with a
desired physical meaning, provided by the various flexible constraints
exploited in these methods. Without these constraints, matrix factor-
izations would be less useful in practice, as the components would have
only mathematical but not physical meaning.

Similarly, to exploit the full potential of tensor factoriza-
tion/decompositions, it is a prerequisite to impose suitable constraints
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on the desired components. In fact, there is much more flexibility for
tensors, since different constraints can be imposed on the matrix fac-
torizations in every mode n a matricized tensor X, (see Algorithm 6
and Figure 3.11).

Such physically meaningful representation through flexible mode-
wise constraints underpins the concept of multiway component analysis
(MWCA). The Tucker representation of MWCA naturally accommo-
dates such diversities in different modes. Besides the orthogonality,
alternative constraints in the Tucker format include statistical inde-
pendence, sparsity, smoothness and nonnegativity (Vasilescu and Ter-
zopoulos, 2002; Cichocki et al., 2009; Zhou and Cichocki, 2012a; Ci-
chocki et al., 2015b) (see Table 3.3).

The multiway component analysis (MWCA) based on the Tucker-N
model can be computed directly in two or three steps:

1. For each mode n (n = 1,2,..., N) perform model reduction and
matricization of data tensors sequentially, then apply a suitable
set of 2-way CA/BSS algorithms to the so reduced unfolding ma-
trices, X(n). In each mode, we can apply different constraints and
a different 2-way CA algorithms.

2. Compute the core tensor using, e.g., the inversion formula, G =
X x1 BOT xo BOT. .. x y BT, This step is quite important
because core tensors often model the complex links among the
multiple components in different modes.

3. Optionally, perform fine tuning of factor matrices and the core
tensor by the ALS minimization of a suitable cost function,
e.g., |X-[G;BW, ..., BM]|2, subject to specific imposed con-
straints.

3.6.2 Analysis of Coupled Multi-block Matrix/Tensors — Linked
Multiway Component Analysis (LMWCA)

We have shown that TDs provide natural extensions of blind source
separation (BSS) and 2-way (matrix) Component Analysis to multi-
way component analysis (MWCA) methods.
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Figure 3.11: Multiway Component Analysis (MWCA) for a third-order tensor via
constrained matrix factorizations, assuming that the components are: orthogonal in
the first mode, statistically independent in the second mode and sparse in the third
mode.

In addition, TDs are suitable for the coupled multiway analysis of
multi-block datasets, possibly with missing values and corrupted by
noise. To illustrate the simplest scenario for multi-block analysis, con-
sider the block matrices, X(*) € R/*7 which need to be approximately
jointly factorized as

X® ~ AGHBT, (K =1,2,...,K), (3.46)

where A € R*F1 and B € R7*%2 are common factor matrices and
GK®) e RE1xE2 gre reduced-size matrices, while the number of data
matrices K can be huge (hundreds of millions or more matrices). Such
a simple model is referred to as the Population Value Decomposition
(PVD) (Crainiceanu et al., 2011). Note that the PVD is equivalent
to the unconstrained or constrained Tucker-2 model, as illustrated in
Figure 3.12. In a special case with square diagonal matrices, G*) the
model is equivalent to the CP decomposition and is related to joint
matrix diagonalization (De Lathauwer, 2006; Tichavsky and Yeredor,
2009; Chabriel et al., 2014). Furthermore, if A = B then the PVD
model is equivalent to the RESCAL model (Nickel et al., 2016).
Observe that the PVD /Tucker-2 model is quite general and flexible,
since any high-order tensor, X € RIt*2X*IN (with N > 3), can be
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Algorithm 7: Population Value Decomposition (PVD)
with orthogonality constraints

Input: A set of matrices X;, € R’/ for k = 1,..., K (typically,
K » max{I, J})
Output: Factor matrices A € RI*F1 B e R7*F2 and G, € Rt xRz
with orthogonality constraints ATA = I, and BTB = Iy,
1: for k =1 to K do
2:  Perform truncated SVD, X = U;S; V], using R largest singular
values
3: end for
4: Construct short and wide matrices:
U= [I,Tlsl7 - 7-U—KSK] € RIXKR and
V = [Vlsl, e ,VKSK] € RJXKR
5: Perform SVD (or QR) for the matrices U and V
Obtain common orthogonal matrices A and B as left-singular
matrices of U and V, respectively
6: for k =1to K do
7 Compute G, = ATX,;B
8: end for

reshaped and optionally permuted into a “skinny and tall” 3rd-order
tensor, X € RV ¥/ K witheg., I =1, J =1, and K = I3, - Ix,
for which PVD/Tucker-2 Algorithm 8 can be applied.

As previously mentioned, various constraints, including sparsity,
nonnegativity or smoothness can be imposed on the factor matrices, A
and B, to obtain physically meaningful and unique components.

A simple SVD/QR based algorithm for the PVD with orthogonality
constraints is presented in Algorithm 7 (Crainiceanu et al., 2011; Con-
stantine et al., 2014; Wang et al., 2016). However, it should be noted
that this algorithm does not provide an optimal solution in the sense
of the absolute minimum of the cost function, Z,le X, — AG,BY|%,
and for data corrupted by Gaussian noise, better performance can be
achieved using the HOOI-2 given in Algorithm 4, for N = 3. An im-
proved PVD algorithm referred to as Tucker-2 algorithm is given in
Algorithm 8 (Phan et al., 2016).

Linked MWCA. Consider the analysis of multi-modal high-
dimensional data collected under the same or very similar conditions,
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Figure 3.12: Concept of the Population Value Decomposition (PVD). (a) Principle
of simultaneous multi-block matrix factorizations. (b) Equivalent representation of
the PVD as the constrained or unconstrained Tucker-2 decomposition, X =~ G X1
A x2 B. The objective is to find the common factor matrices, A, B and the core
tensor, G € RF1*F2x K

for example, a set of EEG and MEG or EEG and fMRI signals recorded
for different subjects over many trials and under the same experimental
configurations and mental tasks. Such data share some common latent
(hidden) components but can also have their own independent fea-
tures. As a result, it is advantageous and natural to analyze such data
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Algorithm 8: Orthogonal Tucker-2 decomposition with a
prescribed approximation accuracy (Phan et al., 2016)

Input: A 3rd-order tensor X € R!*/*K (typically, K » max{I, J})
and estimation accuracy €

Output: A set of orthogonal matrices A € RT*F1 B € R7*F2 and core
tensor G € RF1 xR XK which satisfies the constraint
|IX -G x; A xB|% <e?,st, ATA =1p, and BTB = I,.

1: Initialize A =I; e R™>* Ry =1
2: while not converged or iteration limit is not reached do
3:  Compute the tensor Z(l) =X x; AT e RFaxJxK
4:  Compute EVD of a small matrix Q; = 7 ;Zgg TeRrRI* 4
Q; = B diag (A1, - - )‘Rz) BT, such that
RQ R2 1
Yot A = | XE - 2 300 Ay
Compute tensor Z(?) = X x, BT € RIxR2xK
Compute EVD of a small matrix Qo = E ;Zgg e RIXT a5
Q2 = A diag (A1, ... )\Rl) AT, such that
R Ri=1
Zrll 1A HXH2 - > 27’11 1 Ar
7: end whlle
8: Compute the core tensor G = X x; AT x, BT

9: return A,B and G.

in a linked way instead of treating them independently. In such a sce-
nario, the PVD model can be generalized to multi-block matrix/tensor
datasets (Cichocki, 2013a; Zhou et al., 2016a,b).

The linked multiway component analysis (LMWCA) for multi-block
tensor data can therefore be formulated as a set of approximate simul-
taneous (joint) Tucker-(1, N) decompositions of a set of data tensors,

X*) e RIEk)XIék)X"'XIJ(\P, with Ifk) =1 for k=1,2,..., K, in the form
(see Figure 3.13)

X® = G® »; BOR (K =1,2,...K) (3.47)
where each factor (component) matrix, B(LF) = [Bg), Bgl’k)] €

RI*Fr - comprises two sets of components: (1) Components Bg) €
RO*C (with 0 < C' < Ry), Vk, which are common for all the avail-
able blocks and correspond to identical or maximally correlated com-
ponents, and (2) components Bgl’k) e RIV<(Bx=C)  which are different
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Figure 3.13: Linked Multiway Component Analysis (LMWCA) for coupled 3rd-
order data tensors X, ..., X¥): these can have different dimensions in every
mode, except for the mode-1 for which the size is I for all X*). Linked Tucker-1 de-
compositions are then performed in the form X®* >~ G®*) x; BAF)  where partially
correlated factor matrices are B(*) = [B(Cl),Bgl’k)] e RIV*EBr (k=1,2,...,K).
The objective is to find the common components, Bg) e RI'*¢ and individual
components, Bgl’k) e RIV¥E=) where ¢ < min{Ri,..., Rik} is the number of
common components in mode-1.

independent processes for each block, k, these can be, for example,
latent variables independent of excitations or stimuli/tasks. The ob-
jective is therefore to estimate the common (strongly correlated) com-
ponents, Bg), and statistically independent (individual) components,

B{"*) (Cichocki, 2013a).
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Figure 3.14: Conceptual models of generalized Linked Multiway Component Anal-
ysis (LMWCA) applied to the cores of high-order TNs. The objective is to find a
suitable tensor decomposition which yields the maximum number of cores that are
as much correlated as possible. (a) Linked Tensor Train (TT) networks. (b) Linked
Hierarchical Tucker (HT) networks with the correlated cores indicated by ellipses in
broken lines.
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If B(mk) = B(gf) € R En for a specific mode n (in our case n = 1),
and under the additional assumption that the block tensors are of the
same order and size, the problem simplifies into generalized Common
Component Analysis or tensor Population Value Decomposition (PVD)
and can be solved by concatenating all data tensors along one mode,
followed by constrained Tucker or CP decompositions (Phan and Ci-
chocki, 2010).

In a more general scenario, when C,, < R, we can unfold each data
tensor X in the common mode, and perform a set of simultaneous
matrix factorizations, e.g., XEIB = B(l) (1 k) Bgl’k)Agl’k), through
solving the constrained optimization problems

k) 1,k 1,k) A (L,k
min ZHXED FAGY - BIYAM| .

+ P(B(C)), s.t. BW B = 0 vk,

where the symbol P denotes the penalty terms which impose addi-
tional constraints on the common components, B(l), in order to ex-
tract as many common components as possible. In the special case of
orthogonality constraints, the problem can be transformed into a gen-
eralized eigenvalue problem. The key point is to assume that common
1), are present in all data blocks and hence re-
flect structurally complex latent (hidden) and intrinsic links between

factor submatrices, B!

the data blocks. In practice, the number of common components, C, is
unknown and should be estimated (Zhou et al., 2016a).

The linked multiway component analysis (LMWCA) model com-
plements currently available techniques for group component analysis
and feature extraction from multi-block datasets, and is a natural ex-
tension of group ICA, PVD, and CCA/PLS methods (see (Cichocki,
2013a; Zhao et al., 2013a; Zhou et al., 2016a,b) and references therein).
Moreover, the concept of LMWCA can be generalized to tensor net-
works, as illustrated in Figure 3.14.
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3.7 Nonlinear Tensor Decompositions — Infinite Tucker

The Infinite Tucker model and its modification, the Distributed Infi-
nite Tucker (DinTucker), generalize the standard Tucker decomposition
to infinitely dimensional feature spaces using kernel and Bayesian ap-
proaches (Tang et al., 2013; Xu et al., 2012; Zhe et al., 2016).

Consider the classic Tucker-IN model of an Nth-order tensor X €
RIxxIN given by

X =G x; BY x,B@ ... xy BIY
= [G;:BW B® .. BNV (3.49)

in its vectorized version
vee(X) = (BY @y, - @ BM)) vec(G).
Furthermore, assume that the noisy data tensor is modeled as
Y=X+E, (3.50)

where E represents the tensor of additive Gaussian noise. Using the
Bayesian framework and tensor-variate Gaussian processes (TGP) for
Tucker decomposition, a standard normal prior can be assigned over
each entry, g, r,,...ry, of an Nth-order core tensor, G € RE1x xRy i
order to marginalize out G and express the probability density function
of tensor X (Chu and Ghahramani, 2009; Xu et al., 2012; Zhe et al.,
2016) in the form

P (X| B, ... ,B(N)> =N (vec(X); 0,CV @, - @ C(N)>

_exp (= [Xs (€M) 12 ()7 (3.50)
B (2m) /2T [CO0[=1/20) |

where I =[], I, and C(™ = B BT ¢ RInxIn for n = 1,2,..., N.

In order to model unknown, complex, and potentially nonlinear in-
teractions between the latent factors, each row, Bg:) e RY>Fn  within
B is replaced by a nonlinear feature transformation @(Bg:)) using

the kernel trick (Zhao et al., 2013b), whereby the nonlinear covari-
ance matrix C(™ = k(B™  B®) replaces the standard covariance
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matrix, BB T Using such a nonlinear feature mapping, the origi-
nal Tucker factorization is performed in an infinite feature space, while
Eq. (3.51) defines a Gaussian process (GP) on a tensor, called the
Tensor-variate GP (TGP), where the inputs come from a set of factor
matrices {BM, ... B} = (B}

For a noisy data tensor Y, the joint probability density function is
given by

p(Y, X, {B™}) = p({B™}) p(X | {B™}) p(Y|X).  (3.52)

To improve scalability, the observed noisy tensor Y can be split
into K subtensors {Y;,...,Y g}, whereby each subtensor Y, is sam-
pled from its own GP based model with factor matrices, {B,(gn)} =
{B;ﬁl), e ,E,E:N)}. The factor matrices can then be merged via a prior
distribution

N
p({Bé">}|{B<“>}>=H (B B™)

ﬁ N (vee(B)|[vec(BM)), \T),  (3.53)

where A > 0 is a variance parameter which controls the similarity
between the corresponding factor matrices. The above model is referred
to as DinTucker (Zhe et al., 2016).

The full covariance matrix, C) @ --- @ CN) ¢ RIIn InxIln In 1nay
have a prohibitively large size and can be extremely sparse. For such
cases, an alternative nonlinear tensor decomposition model has been
recently developed, which does not, either explicitly or implicitly, ex-
ploit the Kronecker structure of covariance matrices (Cichocki et al.,
2015a). Within this model, for each tensor entry, x;, . i, = xj, with
i=(i1,i2,...,iN), an input vector by is constructed by concatenating
the corresponding row vectors of factor (latent) matrices, B(", for all

N modes, as

by = [b,..., BN € RV Xn= P, (3.54)

TIEEREE

We can formalize an (unknown) nonlinear transformation as

i = f(by) = f([BLY,..., b)) (3.55)
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for which a zero-mean multivariate Gaussian distribution is determined
by Bs = {bi,,...,bi,, } and fs = {f(by,),..., f(bi,,)}. This allows us
to construct the following probability function

p(EsH{B™}) = N (£]0. k(Bs, Bs)). (3.56)

where k(-,-) is a nonlinear covariance function which can be ex-
pressed as k(bi, by) = k(([bY, ..., b)), ([b{Y, ..., b)) and S =
[i1,...,1inm]

In order to assign a standard normal prior over the factor matrices,
{B(™}, we assume that for selected entries, x = [zi,,...,xi,,], of &
tensor X, the noisy entries, y = [yi,,...,¥i,, ], of the observed tensor
Y, are sampled from the following joint probability model

p(y,x, {B"}) (3.57)

N
= [V (vee(B™)[0,1) N(x]0, k(Bs, Bs)) N(ylx, 5 'T),
n=1

where [ represents noise variance.

These nonlinear and probabilistic models can be potentially applied
for data tensors or function-related tensors comprising large number of
entries, typically with millions of non-zero entries and billions of zero
entries. Even if only nonzero entries are used, exact inference of the
above nonlinear tensor decomposition models may still be intractable.
To alleviate this problem, a distributed variational inference algorithm
has been developed, which is based on sparse GP, together with an effi-
cient MapReduce framework which uses a small set of inducing points
to break up the dependencies between random function values (Zhe
et al., 2016; Titsias, 2009).
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Tensor Train Decompositions: Graphical
Interpretations and Algorithms

Efficient implementation of the various operations in tensor train (TT)
formats requires compact and easy-to-understand mathematical and
graphical representations (Cichocki, 2013b, 2014). To this end, we
next present mathematical formulations of the TT decompositions and
demonstrate their advantages in both theoretical and practical scenar-
ios.

4.1 Tensor Train Decomposition — Matrix Product State

The tensor train (TT/MPS) representation of an Nth-order data ten-
sor, X € RI1x12>xIN can be described in several equivalent forms (see
Figures 4.1, 4.2 and Table 4.1) listed below:

1. The entry-wise scalar form, given by

R1,Ra,...,RN—1
o @ ()

Ty jig,ein = 91i1,m1 Iriyio,re " Irn a1
T1,72,..,FN—1=1
(4.1)
2. The slice representation (see Figure 2.19) in the form
1) ~(2 N
Tigigyein = Ggl) Gz('g) S GgN), (4.2)

where the slice matrices are defined as

G = GM (i, 1) e REn1Fn g =121,

363
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Figure 4.1: TT decomposition of a 4th-order tensor, X, for which the TT
rank is Ri = 3, R: = 4, Rs = 5. (a) (Upper panel) Representation of the
TT via a multilinear product of the cores, X = G x! G? x! GO x!
GW = ¢(GM G G® GWY, and (lower panel) an equivalent representation
via the outer product of mode-2 fibers (sum of rank-1 tensors) in the form,
X~ ¥ s ovfs s (gl o g, o g o gly). (b) TT de-

composition in :12 Véctg?izéd fglrnll represented via strong Kronecker products of block
matrices, x = GV |g] G®@ 8| G® g G € R!112/314 where the block matrices are
defined as G e REn—11nxBn ith block vectors g&ﬂl,m eRI"*Y pn=1,....4
and Ro = R4 =1.
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Figure 4.2: TT/MPS decomposition of an Nth-order data tensor, X, for which
the TT rank is {R1, R, ..., Rn—1}. (a) Tensorization of a huge-scale vector, x € R,
into an Nth-order tensor, X € Rt *72%*I~ (1) The data tensor can be represented
exactly or approximately via a tensor train (T'T/MPS), consisting of 3rd-order cores
in the foom X ~ GM x' G® x! ... xt g™V = <<g(1>,g(2), . ,Q(N)>>, where
G g REn—1XInxBn for n = 1,2,..., N with Ry = Ry = 1. (¢) Equivalently, using
the strong Kronecker products, the T'T tensor can be expressed in a vectorized form,
x = GV RGP Q- [®GW) e R12IN  where the block matrices are defined

as GV g Rfn=11nxRn with blocks g™ | ,, € RI*!,
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Table 4.1: Equivalent representations of the Tensor Train decomposition (MPS
with open boundary conditions) approximating an Nth-order tensor X €
RIv*I2xXIN Tt is assumed that the TT rank is rrr = {R1,R2,...,Rn—1}, with
Ry =Ry = 1.

Tensor representation: Multilinear products of TT-cores
X = G 1 @@ w1 ... w1 V) ¢ RIaxTex-xIn

with the 3rd-order cores G(™ € REn—1xInxRn (n=1,2,...,N)

Tensor representation: Outer products

Ri,R2,...,RN—1 () )
— 1 (2) (N—-1) N
X = 1 © 8, 0% Bry_airner © By, 1
1,72, TN—1=1

(n)

where gy | . = Gc™ (n_1,:,7n) € RI» are fiber vectors.

Vector representation: Strong Kronecker products
x=GW g G® g g GW) e RIiL2In  where

G € RRa—11nxRu are block matrices with blocks gﬁﬁlhrn e R

Scalar representation

R1,Ra2,...,RN—1

T o (1) (2) oL (N1 (N)
11,0250 00N T 91i1,m1 9r1,ia,re Irn_avin—1,rn—19ry_1,in,1

71,72, TN—1=1

where g(n) _ are entries of a 3rd-order core G g RRn-1xInxRn

Tn—1,%n,T

Slice (MPS) representation
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Table 4.2: Equivalent representations of the Tensor Chain (TC) decomposition
(MPS with periodic boundary conditions) approximating an Nth-order tensor X €
RIv>IzxxIN Tt js assumed that the TC rank is rro = {R1, Ra,...,Ry—1, Rn}.

Tensor representation: Trace of multilinear products of cores
X = Tr (G(l) x1 @2 1 ... 1 G(N)) e RIixIzx-xIn

with the 3rd-order cores G™ € REn—1xInxRn Ry~ Ry n=1,2,...,N

Tensor/Vector representation: Outer/Kronecker products

Ri1,R2,....RN
_ 1 2 N IlXIQX"-XIN
X = Z g(m)v,h °© g(n).,rz ©---0 g(rN)_l,rN eR
T1, T2, TN=1
R1,R2,...,RN
_ 1 2 N IsIn
X = 2 g(ﬁ)\hrl ®L g(”’l),m ®L e ®L g(""N)—la"‘N eR

T1, 7‘2,...,7“]\]:1

where g)_, . € RI" are fiber vectors within G™ (r,_1, 1, r,,) € R

Vector representation: Strong Kronecker products

Ry
x= > (GY & G? @&l GN VRl GIY)) e RN E-IN - where

TN:1
G € RRa—1TnxRu are block matrices with blocks g(&)flml € Rin,
(N}(Tlll € R g a matrix with blocks (columns) g(rll)\mal e R,

CN-‘:(T]X,) € REN-1Inx1 i 3 block vector with blocks g(ﬁ,)_hm e RI¥

Scalar representations

R
Py =GP GG = N T @ e g )

TN, U1, 42 IN—1 LINSTN

where g(l) = Q(l)(rN, i1, :) € RF1 g o Q(N)(:, in, ry) € REN—1

TN, 1,:
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with GZ(»:) being the i,th lateral slice of the core G ¢
REn-1xInxFn ' — 192 . N and Ry = Ry = 1.

The (global) tensor form, based on multilinear products (contrac-
tion) of cores (see Figure 4.1(a)) given by
X ~ g(l) « 1 g@) 1., XIQ(N*U w1 Q(N)
=¢aM.6®....,.¢". ™y, (43)

where the 3rd-order cores' G ¢ REn-1xInxBn =19 N
and Rgp = Ry = 1 (see also Figure 4.2(b)).

The tensor form, expressed as a sum of rank-1 tensors (see Figure
4.1(a))

R1,R2,....,RN 1 ) )
1 2 N-1 N
Z 81 © g(h)ﬂ“z © o g(T'N—2?TN—1 © Bry_q,10

71,72, TN—1=1

X

12

(4.4)
(n)

where gy, .. = G (r_1, 1, 1) € R are mode-2 fibers, n =
1,2,...,N and R() = RN =1.

. A vector form, expressed by Kronecker products of the fibers

Ry,Ra2,..,RN 1 W
~ 2
X~ 2 g1 OL g(rl),r2 ®L

N
QL 8y iy BL g(TN)—lvl’ (4.5)

where x = vec(X) € Rz I

. An alternative vector form, produced by strong Kronecker prod-

ucts of block matrices (see Figure 4.1(b)) and Figure 4.2(c)),
given by

x>~ G ) G® - Q) G, (4.6)
where the block matrices G(™ e REn-1InxBn forpn =12 ... N,
consist of blocks g,(nz)_wn e RIn*l n =1,2,... N, with Ry =

INote that the cores G and G®Y) are now two-dimensional arrays (matrices),
but for a uniform representation, we assume that these matrices are treated as 3rd-
order cores of sizes 1 X I; X R and Ry_1 X Iy X 1, respectively.
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Ry =1, and the symbol |®| denotes the strong Kronecker prod-
uct.

Analogous relationships can be established for Tensor Chain (i.e.,
MPS with PBC (see Figure 2.19(b)) and summarized in Table 4.2.

4.2 Matrix TT Decomposition — Matrix Product Operator

The matrix tensor train, also called the Matrix Product Operator
(MPO) with open boundary conditions (TT/MPO), is an impor-
tant TN model which first represents huge-scale structured matrices,
X e R!*7 as 2Nth-order tensors, X € RI1xJixlaxJoxInxJIN where
I = LIy --Iy and J = J1Jy---Jy (see Figures 4.3, 4.4 and Table
4.3). Then, the matrix TT/MPO converts such a 2Nth-order tensor
into a chain (train) of 4th-order cores®. It should be noted that the
matrix TT decomposition is equivalent to the vector TT, created by
merging all index pairs (i,,j,) into a single index ranging from 1 to
I, Jy, in a reverse lexicographic order.

Similarly to the vector TT decomposition, a large scale 2/Nth-order
tensor, X € RI1xJixlaxJox-xInxJIN “can be represented in a TT/MPO
format via the following mathematical representations:

1. The scalar (entry-wise) form

Rl R2 RNfl

o (1) 2)
11,015 iNHIN = 91,i1,51,m1 971z, jo, o

7"1=17“2=1 T‘N71=1

(q«JJY,iQI,)z‘N,l,jN,l,rN,l ggnjjvv),l,iN,jN,r (4.7)

2. The slice representation
Zir gy = G GG, (4.8)
where GE:?jn = Q(”)(:, in,y Jny :) € REn-12Bn are glices of the
cores G g REn—1XInxJnxBn 1,2,...,N and Ry = Ry =

1.

2The cores G and G are in fact three-dimensional arrays, however for uni-
form representation, we treat them as 4th-order cores of sizes 1 x I; X J1 X Ry and
Ry 1 X In x Jn x 1.
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3. The compact tensor form based on multilinear products (Figure
4.4(b))
Kgg(l) Xl g(2) Xl Xl Q(N)
= ¢, G%,...,.aMy, (4.9)

where the TT-cores are defined as Q(”) € REn—1xInxJnxRn

1,2,...,N and Ry = Ry = 1.

, =

4. A matrix form, based on strong Kronecker products of block ma-
trices (Figures 4.3(b) and 4.4(c))

X =GO gl G? g)---[g] GV e RIIn xiIn - (4.10)

where G € REn—1InxBun are plock matrices with blocks
G&Z)_W e R»*Jn and the number of blocks is R,—1 x R,. In
a special case, when the TT ranks R, = 1, Vn, the strong Kro-
necker products simplify into standard (left) Kronecker products.

The strong Kronecker product representation of a TT is probably

the most comprehensive and useful form for displaying tensor trains in
their vector/matrix form, since it allows us to perform many operations
using relatively small block matrices.
Example. For two matrices (in the TT format) expressed via the
strong Kronecker products, A = AN | A® &) ... || AN and B =
BW g B® ) - -8 BY), their Kronecker product can be efficiently
computed as A®., B = AW |g)---|g] ANV |g| B 8] - - - [®| BN Fur-
thermore, if the matrices A and B have the same mode sizes®, then
their linear combination, C = oA + B can be compactly expressed
as (Oseledets, 2011; Kazeev et al., 2013a,b)

o A® o AV-D g QA
C =AM BY] [ 0 B(z)] & { 0 B(Nl)} ® [ﬁB(N)} :

Consider its reshaped tensor C = <<Q(1),Q(2), . ,Q(N)>> in the TT
format; then its cores cm ¢ REtn—1xInxJnxBn g — 1 9 N can be

3Note that, wile original matrices A € RIUINXJiIN apnd B ¢ RIv-In*JiJn

must have the same mode sizes, the corresponding core tenors, A(") =€

RA_ | xInxJnxRA RE__ xI,xJ,xRE . .
RFn—1%In X Inx B and BM =g Rffn—1* 0> n xR’ gy have arbitrary mode sizes.
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J%g(l) R, HG? g, HG® g, J%.Q@)
I nl g I

(IxIx JxRy) (RyxIx J;xR5) (RyxI3x J3xR3) (RyxIgx Jyx1)
(b)

~(2 ~(3 ~ (4
G() G() (4)

~(1
G()

® () &
(I4xJy)
(< Jp)
(I]>< RlJl ) (Rll2 X R2J2) (R213 X R3J3) (R3I4>< J4)

Figure 4.3: TT/MPO decomposition of a matrix, X € R'*”/ reshaped as an
8th-order tensor, X € RI1*/1xxlaxJs 'where [ = I1Io1314 and J = J1JoJsJs. ()
Basic TT representation via multilinear products (tensor contractions) of cores X =
GY x? G? x' GO x' GW | with G € RFEn—1*In>*En for Ry =3 Ry =4,Rs =
5, Ro = R4 = 1. (b) Representation of a matrix or a matricized tensor via strong Kro-

necker products of block matrices, in the form X = GM g G? Q| G®) || G? €
RI1l2I31a x J1J2J3Ja
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1) @ (1) )
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C B o R R Ryt 2
]1,@J1 12)>g<\_]2 In)&Jn ]N/@JN
R
J R, J, n
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o e »
I <! : R oxlxd R xoxl
F ‘ " Ry
,2m4..g ’n[U U
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(11 ><R1J1) (R1]2 XR2J2) (Rn—lln xR, J,) (RN—IIN XJN)

Figure 4.4: Representations of huge matrices by “linked” block matrices. (a)
Tensorization of a huge-scale matrix, X € R*7, into a 2Nth-order tensor X €
RIt*J2xxINXIN (1) The TT/MPO decomposition of a huge matrix, X, expressed
by 4th-order cores, G(™ g Rftn—1>InxJnxRn (¢} Alternative graphical representa-
tion of a matrix, X € RItf2In x J1J2IN g strong Kronecker products of block
matrices G g Rfn—11n X BnJn for p — 1,2,...,N with Ry = Ry = 1.
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Table 4.3: Equivalent forms of the matrix Tensor Train decomposition (MPO with
open boundary conditions) for a 2Nth-order tensor X € Rt * 1> 2xJzx-xInxJn Tt
is assumed that the TT rank is {Ri, Ra,..., Rn—1}, with Ry = Ry = 1.

Tensor representation: Multilinear products (tensor contractions)
X=GWx! G? xl...x1 gD x1 gV

with 4th-order cores G(™ € RRn—1xInXJnxRn (n=1,2,...,N)

Tensor representation: Outer products

Ri,Ra,....Rn_1
X= ) GD oG? o...oql-D g™

1,7r 1,72 TN—2,TN—1 TN—1,
1,72, TN—1=1

where G(;‘j,l,rn € RIn*7n are blocks of G € REn-11nxRnJn

Matrix representation: Strong Kronecker products
X =GW g G® |g|--- [g] G g R~ In x Ji-Jn

where G{") € REn—11nxRnJn are block matrices with blocks

g(n)(rnfla 5 :17'71)

Scalar representation

R1,R2,...,RN—1

o W @) W)
91,J1,22,72,-,ININ T 911, g1,m1 9 iy ia, ja, o 9rnoiin,in,l
7‘1,7‘2,...,7‘]\1_1:1

(n)

Tn—1,%n,Jn:Tn

G ¢ RBn—1xInXJnx Ry

where g are entries of a 4th-order core

Slice (MPS) representation

G(2) - G(N) where

Tiy,j1,i2,2, 0NN = Gil,jl i2,]2 IN,IN

g™ = Q(")(:,in, Jn,:) € REn—1XEn are slices of G ¢ RRa—1xInxJux Ry

in,Jn
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expressed through their unfolding matrices, C@L> € Rftn-1InxRndn oy

equivalently by the lateral slices, CEZ)Jn € Rfn—1xFn 55 follows

(n)
) _ [Aigg. O _ B
G = [ i m ] n=23,...,N—-1,  (411)

in,Jn

while for the border cores

) m 5O v _ [aall)
Civin = [Az’m Bn,jl] » Ciyin = MY (412)
forin =1,2,...,1n, jn=1,2,...,Jy, n=1,2,...,N.

Note that the various mathematical and graphical representations
of TT/MPS and TT/MPO can be used interchangeably for different
purposes or applications. With these representations, all basic mathe-
matical operations in TT format can be performed on the constitutive
block matrices, even without the need to explicitly construct core
tensors (Oseledets, 2011; Dolgov, 2014).

Remark. In the TT/MPO paradigm, compression of large matrices is
not performed by global (standard) low-rank matrix approximations,
but by low-rank approximations of block-matrices (submatrices) ar-
ranged in a hierarchical (linked) fashion. However, to achieve a low-rank
TT and consequently a good compression ratio, ranks of all the corre-
sponding unfolding matrices of a specific structured data tensor must
be low, i.e., their singular values must rapidly decrease to zero. While
this is true for many structured matrices, unfortunately in general, this
assumption does not hold.

4.3 Links Between CP, BTD Formats and TT/TC Formats

It is important to note that any specific TN format can be converted
into the T'T format. This very useful property is next illustrated for
two simple but important cases which establish links between the CP
and TT and the BTD and TT formats.
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Figure 4.5: Links between the TT format and other tensor network formats. (a)
Representation of the CP decomposition for an Nth-order tensor, X = I x; A® x5
A® .oy A™ in the TT format. (b) Representation of the BTD model given by
Egs. (4.15) and (4.16) in the TT/MPO format. Observe that the T'T-cores are very
sparse and the TT ranks are {R, R, ..., R}. Similar relationships can be established
straightforwardly for the TC format.
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1. A tensor in the CP format, given by

R
X = Zaﬁl)oag)o---oaﬁm, (4.13)

r=1

can be straightforwardly converted into the TT/MPS format as
follows. Since each of the R rank-1 tensors can be represented in
the TT format of TT rank (1,1,...,1), using formulas (4.11) and
(4.12), we have

2<<a<1 a®T | ATy (4.14)
_(G0,GO,. g0, gy,

where the TT-cores G e RE*In*E have diagonal lateral slices
GM (2 iy, ) = Gz(n) = diag(ai, 1,ai, 2, - -, ai, r) € RIE for n =

2,3,...,N—1and GO = AM ¢ RIXR apd GWV) = AMT ¢
RE*IN (see Figure 4.5(a)).

A more general Block Term Decomposition (BTD) for a 2Nth-
order data tensor

R
X =Y (AN o AP 0. 0 ANy g RIS xIvx i (4 15)
=1

n)

with full rank matrices, A7(~ e RI»*Jn ¥ can be converted into
a matrix TT/MPO format, as illustrated in Figure 4.5(b).

Note that (4.15) can be expressed in a matricized (unfolding)
form via strong Kronecker products of block diagonal matrices
(see formulas (4.11)), given by

R
Z AV, AY L@ AM) (4.16)

— G(l ) G® Q- I8 GN) ¢ phIn % Ty
with the TT rank, R,, = Rforn = 1,2,... N—1, and the block di-
agonal matrices, G = diag(Aﬁ"),Aé”), e ,Ag)) e REInxRJn,
for n = 2,3,..., N — 1, while ac) — [A§1)7Ag1)’ B ,Ag%l)] .



4.4. Quantized Tensor Train (QTT) — Blessing of Dimensionality — 377

AN
1
R g a row block matrix, and GOV) = : € REIN*JN
A
a column block matrix (see Figure 4.5(b)).

Several algorithms exist for decompositions in the form (4.15) and
(4.16) (Salmi et al., 2009; Batselier et al., 2015; Batselier and Wong,
2015). In this way, TT/MPO decompositions for huge-scale structured
matrices can be constructed indirectly.

4.4 Quantized Tensor Train (QTT) — Blessing of Dimension-
ality

The procedure of creating a higher-order tensor from lower-order orig-
inal data is referred to as tensorization, while in a special case where
each mode has a very small size 2, 3 or 4, it is referred to as quan-
tization. In addition to vectors and matrices, lower-order tensors can
also be reshaped into higher-order tensors. By virtue of quantization,
low-rank TN approximations with high compression ratios can be ob-
tained, which is not possible to achieve with original raw data formats.
(Oseledets, 2010; Khoromskij, 2011a).

Therefore, the quantization can be considered as a special form of
tensorization where size of each mode is very small, typically 2 or 3.
The concept of quantized tensor networks (QTN) was first proposed
in (Oseledets, 2010) and (Khoromskij, 201la), whereby low-size
3rd-order cores are sparsely interconnected via tensor contractions.
The so obtained model often provides an efficient, highly compressed,
and low-rank representation of a data tensor and helps to mitigate the
curse of dimensionality, as illustrated below.

Example. The quantization of a huge vector, x € R, I = 2K can
be achieved through reshaping to give a (2 x 2 x --- x 2) tensor X
of order K, as illustrated in Figure 4.6. For structured data such a
quantized tensor, X, often admits low-rank TN approximation, so that
a good compression of a huge vector x can be achieved by enforcing
the maximum possible low-rank structure on the tensor network. Even
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(2x2x2x2x2x2)

(64x1)

Figure 4.6: Concept of tensorization/quantization of a large-scale vector into a
higher-order quantized tensor. In order to achieve a good compression ratio, we
need to apply a suitable tensor decomposition such as the quantized TT (QTT)
using 3rd-order cores, X = G x! G® x!... x? GO,

more generally, an Nth-order tensor, X € RV *IN with I, = ¢%»,
can be quantized in all modes simultaneously to yield a (g x ¢ x - -+ x q)
quantized tensor of higher-order and with small value of q.

Example. Since large-scale tensors (even of low-order) cannot be
loaded directly into the computer memory, our approach to this prob-
lem is to represent the huge-scale data by tensor networks in a dis-
tributed and compressed T'T format, so as to avoid the explicit re-
quirement for unfeasible large computer memory.

In the example shown in Figure 4.7, the tensor train of a huge
3rd-order tensor is expressed by the strong Kronecker products of
block tensors with relatively small 3rd-order tensor blocks. The
QTT is mathematically represented in a distributed form via strong
Kronecker products of block 5th-order tensors. Recall that the strong

Kronecker product of two block core tensors, G(n) € REn—1InxBnJnx Kn

and Q(nﬂ) € REnInt1xBni1Jni1xKnt1 i defined as the block tensor,
~ ~ (n+1

C - g(n) = g(n+ )

order tensor blocks, C, . = = Zi " Qq(nz),l,rn &L Q&Ztﬂl €

RInInt1xInniixKnKns1  where a™ c RInxJnxKn  and

~ATn—1,Tn

REn—1InInt1xRnt1Jndnt1 X KnKnt1 , with 3rd-
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(n)

1 ~
Q&:;n)ﬂ € RI+1Xns1XKni1i are the block tensors of G
~ (n+1

and

) , respectively.

In practice, a fine (¢ = 2,3,4 ) quantization is desirable to cre-
ate as many virtual (additional) modes as possible, thus allowing for
the implementation of efficient low-rank tensor approximations. For
example, the binary encoding (¢ = 2) reshapes an Nth-order ten-
sor with (251 x 2K2 x ... x 2KN) clements into a tensor of order
(K1 + Ky + -+ + Ky), with the same number of elements. In other
words, the idea is to quantize each of the n “physical” modes (dimen-
sions) by replacing them with K, “virtual” modes, provided that the
corresponding mode sizes, I, are factorized as I,, = I, 11,2+ I K, -
This, in turn, corresponds to reshaping the nth mode of size I, into
K,, modes of sizes Ip,1,1n2,...,InK,-

The TT decomposition applied to quantized tensors is referred to
as the QTT, Quantics-TT or Quantized-TT, and was first introduced
as a compression scheme for large-scale matrices (Oseledets, 2010), and
also independently for more general settings.

The attractive properties of QTT are:

1. Not only QTT ranks are typically small (usually, below 20) but
they are also almost independent® of the data size (even for
I = 2°9), thus providing a logarithmic (sub-linear) reduction of
storage requirements from O(IV) to O(N R? log,(I)) which is re-
ferred to as super-compression (Khoromskij, 2011a; Kazeev and
Khoromskij, 2012; Kazeev et al., 2013a; Dolgov and Khoromskij,
2013; Dolgov et al., 2014). Comparisons of the storage complexity
of various tensor formats are given in Table 4.4.

2. Compared to the TT decomposition (without quantization), the
QTT format often represents deep structures in the data by in-
troducing “virtual” dimensions or modes. For data which exhibit
high degrees of structure, the high compressibility of the QTT ap-
proximation is a consequence of the better separability properties
of the quantized tensor.

1At least uniformly bounded.
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Figure 4.7: Tensorization/quantization of a huge-scale 3rd-order tensor into
a higher order temsor and its TT representation. (a) Example of tensoriza-
tion/quantization of a 3rd-order tensor, X € R™*7*¥ into a 3Nth-order tensor,
assuming that the mode sizes can be factorized as, I = [1I2---In, J = J1J2- -+ JIN
and K = K1K»--- Kn. (b) Decomposition of the high-order tensor via a general-
ized Tensor Train and its representation by the strong Kronecker product of block

~ (1 ~ (2 ~ (N
tensors as X =~ Q( ) (] Q( ) - Q( ‘e RIvIn < Jue I < KK where each

block Q(") € RFtn-1InxBnJnxKn i 5156 a 3rd-order tensor of size (In x Jn X Ky),
forn =1,2,...,N with Rp = Ry = 1. In the special case when J = K = 1, the
model simplifies into the standard TT/MPS model.
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Table 4.4: Storage complexities of tensor decomposition models for an Nth-order
tensor, X € R 2> >IN ' for which the original storage complexity is O(I"),
where I = max{li,l2,...,In}, while R is the upper bound on the ranks of
tensor decompositions considered, that is, R = max{Ri, R2,...,Rn—_1} or R =
maX{Rl, RQ, ey RN}

1. Full (raw) tensor format o)

2. CP O(NIR)

3. Tucker O(NIR + RN)

4. TT/MPS O(NIR?)

5. TT/MPO O(NI?R?)

6. Quantized TT/MPS (QTT) O(NR?log, (1))

7. QTT+Tucker O(NR?log,(I) + NR?)
8. Hierarchical Tucker (HT) O(NIR + NR?)

3. The fact that the QTT ranks are often moderate or even low®
offers unique advantages in the context of big data analyt-
ics (see (Khoromskij, 2011a,b; Kazeev et al., 2013a) and refer-
ences therein), together with high efficiency of multilinear alge-
bra within the TT/QTT algorithms which rests upon the well-
posedness of the low-rank TT approximations.

The ranks of the QTT format often grow dramatically with data size,
but with a linear increase in the approximation accuracy. To overcome
this problem, Dolgov and Khoromskij proposed the QTT-Tucker for-
mat (Dolgov and Khoromskij, 2013) (see Figure 4.8), which exploits
the TT approximation not only for the Tucker core tensor, but also
for the factor matrices. This model naturally admits distributed com-
putation, and often yields bounded ranks, thus avoiding the curse of
dimensionality.

5The TT/QTT ranks are constant or growing linearly with respect to the tensor
order N and are constant or growing logarithmically with respect to the dimension
of tensor modes I.
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Figure 4.8: The QTT-Tucker or alternatively QTC-Tucker (Quantized Tensor-

Chain-Tucker) format. (a) Distributed representation of a matrix A, € RIn*fn
with a very large value of I,, via QTT, by tensorization to a high-order quantized
tensor, followed by QTT decomposition. (b) Distributed representation of a large-
scale Tucker-N model, X = G x1 A1 X As--- Xy An, via a quantized TC model
in which the core tensor G € Rf1*f2xxEN 3nq optionally all large-scale factor
matrices A, (n =1,2,...,N) are represented by MPS models (for more detail see
(Dolgov and Khoromskij, 2013)).
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The TT/QTT tensor networks have already found application in
very large-scale problems in scientific computing, such as in eigenanal-
ysis, super-fast Fourier transforms, and in solving huge systems of large
linear equations (see (Dolgov and Khoromskij, 2013; Huckle et al., 2013;
Dolgov et al., 2014; Wahls et al., 2014; Kressner et al., 2014a; Kressner
and Uschmajew, 2016) and references therein).

4.5 Basic Operations in TT Formats

For big tensors in their TT formats, basic mathematical operations,
such as the addition, inner product, computation of tensor norms,
Hadamard and Kronecker product, and matrix-by-vector and matrix-
by-matrix multiplications can be very efficiently performed using block
(slice) matrices of individual (relatively small size) core tensors.

Consider two Nth-order tensors in the TT format

X = <<X(1),X(2), .. 7X(N)>> e RIIXIQX...X[N
Y= <<X(1)7X(2), o 7X(N)>> c RIlXI?X"'XIN,

for which the TT ranks are rx = {Rj,Ro,...,Ry_1} and
ry = {Rl,ﬁfg,...,RN,l}. The following operations can then be
performed directly in the TT formats.

Tensor addition. The sum of two tensors
Z — X + X — <<Z(1)7Z(2)7 o ’Z(N)>> c RIIXIQwalN (417)

has the TT rank rz = rx + ry and can be expressed via lateral slices
of the cores Z € REtn—1xInxEn ag

70 _ [XEZ) 0

in

For the border cores, we have

20 _ [x®y0] g _ [ XY n
i1 _[ i1 i1:|’ iN YN) (9)

IN
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fori, =1,2,...,1,, n=1,2,...,N.

Hadamard product. The computation of the Hadamard (element-
wise) product, Z = X®Y, of two tensors, X and Y, of the same order
and the same size can be performed very efficiently in the TT format
by expressing the slices of the cores, Z € REn—1XInxEn ag

ZW = XM oY n=1,...N, in=1,....L,. (4.20)
This increases the TT ranks for the tensor Z to at most R,R,,
n =1,2,..., N, but the associated computational complexity can be
reduced from being exponential in N, O(IV), to being linear in both
I and N, O(IN(RR)?)).

Super fast Fourier transform of a tensor in the TT format (MAT-
LAB functions: fftn(X) and fit(X™, [],2)) can be computed as

F(X) = ¢FEXWD), 7X@, .., FXM)y
= F(XW) x! FX®) b 7). (4.21)

It should be emphasized that performing computation of the FFT on
relatively small core tensors X e REn-1%InxBn redyces dramatically
computational complexity under condition that a data tensor admits
low-rank TT approximation. This approach is referred to as the super
fast Fourier transform (SFFT) in TT format. Wavelets, DCT, and other
linear integral transformations admit a similar form to the SFEFT in
(4.21), for example, for the wavelet transform in the TT format, we
have

W(X) = WEWD), WD), ..., wEM))
= WEXDY xIWX@Y oMY, (4.22)
The N-D discrete convolution in a TT format of tensors X €
RIv¢>IN with TT rank {R1, Ra,..., Ry 1} and Y € R/1XIN with
TT rank {Q1,Q2,...,QnN_1} can be computed as

Z-Xx+Y (4.23)
— <<Z(1)7Z(2)7 o ;Z(N)>> c R(Il*f’Jl*l)X(IQJFJQ*].)X"'X(INJFJN*].)’
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with the TT-cores given by
7 = XM 7, Y ¢ REBn1@no)x(TntJn=1)x(Rn@n) (4 94)

or, equivalently, using the standard convolution Z(”)(sn_l, L Sp) =
X(n)(rnfla ) TTL) *X(n) (anla 5 qn) € R(InJrJnil) for Sp = 17 27 s >RnQn
andn=1,2,...,N, Rp =Ry = 1.

Inner product. The computation of the inner (scalar, dot) product
of two Nth-order tensors, X = ¢X1 X® . XNy ¢ RIxlaxxly
and Y = <<X(1),X(2), e ,X(N)>> e RIvxlaxxIN ig oiven by

(X, Y) = (vec(X), vec(Y)) (4.25)
I Iy
11=1 iny=1

and has the complexity of O(I"V) in the raw tensor format. In TT for-
mats, the inner product can be computed with the reduced complexity
of only O(NI(R?R + RR?)) when the inner product is calculated by
moving TT-cores from left to right and performing calculations on
relatively small matrices, S,, = X (m) xig (X(”) x1 S, 1) € REnxFn for
n = 1,2,...,N. The results are then sequentially multiplied by the
next core Y"*1) (see Algorithm 9).

Computation of the Frobenius norm. In a similar way, we can
efficiently compute the Frobenius norm of a tensor, | X||r = 1/(X, X),
in the TT format. For the so-called n-orthogonal® TT format, it is easy
to show that

X = X p. (4.26)

Matrix-by-vector multiplication. Consider a huge-scale matrix
equation (see Figure 4.9 and Figure 4.10)

Ax =y, (4.27)

6An Nth-order tensor X = ¢X® X®  XMY in the TT format is called
n-orthogonal if all the cores to the left of the core X(™ are left-orthogonalized and
all the cores to the right of the core X(™ are right-orthogonalized (see Part 2 for
more detail).
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Algorithm 9: Inner product of two large-scale tensors in
the TT Format (Oseledets, 2011; Dolgov, 2014)

Input: Nth-order tensors, X = (X(l),X(Q), . ,X(N)>> € RIrxI2xxIn
and Y = QYW Y@y e RIvxl2xxIN iy TT formats, with
TT-cores X € RR" 1“ XR" and Y € REn—1xInxEn and
Ry=Ry=Ry=Ry=1

Output: Inner product (X,Y) = vec(X)Tvec(Y)

end for ~ N
return Scalar (X,Y) =Sy € REN*EN = R with Ry = Ry =1

1: Initialization Sg = 1
2:f0rn—1toNd0 ~
3 2 =S, 1 Y(}) € REn-1xnftn
48, =X 7 e REnxRx

5:

6:

where A e R™*/ x e R’ and y € R! are represented approximately in
the TT format, with [ = I1Is---Iy and J = J1Jo -+ Jy. As shown in
Figure 4.9(a), the cores are defined as A € RPn—1xInxJnxPn X (1) ¢
REn—1xJnxRn o114 Y(n) € ROn-1xInXQn

Upon representing the entries of the matrix A and vectors x and y
in their tensorized forms, given by

P1,Ps,....PN_1

= 1) 2 (N)
A= Alp, © A(pl),pzo"'o Ay
p17p27"’7pN—1:].
R1,R2,....RN_1
1 2 N
X - Z X(n) © X(rl),rg o- (TN)_ (4.28)
1,72,...,TN—1=1
Q1,Q2,--,QN_1
1 2 N
X == Z y(ql) O y(q1)7q2 [e 3N e) y(qN),17

q1,92,--,qN—1=1
we arrive at a simple formula for the tubes of the tensor Y, in the form

o) (n) A xRl

qn—1,9n yrn 1Pn—1,Tn Pn Pn—1,Pn " Tn—1,Tn

with @, = P, R, forn=1,2,..., N.



4.5. Basic Operations in TT Formats 387

Jy Jy Jy Jy
A{ AD 770 PR JY7%) I Y
P Py P P,

I I, 1, Iy

1N [N

Figure 4.9: Linear systems represented by arbitrary tensor networks (left) and
TT networks (right) for (a) Ax =@y and (b) AX =Y.
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Figure 4.10: Representation of typical cost functions by arbitrary TNs and by
TT networks: (a) Ji(x) = yTAx and (b) Ja(x) = xTAT Ax. Note that tensors A,
X and Y can be, in general, approximated by any TNs that provide good low-rank
representations.

Furthermore, by representing the matrix A and vectors x, y via the
strong Kronecker products

A=AV QAP g .. |g A
x = XD ig)X@|g| - jg XV (4.29)
y=YD g Y?|g .- g Y,

with A e RPr-1lnxdnPa X)) ¢ RAn-1JnxBn apnd Y ¢
ROn—11nX@n e can establish a simple relationship

Y™ = A o] XM g REn-1 Pt loxBabu =y — 1 N (4.30)
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_ C=Al-|B —
B
A = = A B |A B, |A;LBA;B),
_ _ B, | By A;By| A By[A;By | ABy
A Ap A B; | A Byp[A;Bs | A)By
el By | By =
Ay | Ay A2Bi| A Bp| AyB | AyB),
B;, B,, Ay By | Ay By | AgyBy | AyBy,
= = A 1B Ay B3| AyBy | A,Bs,
(IxJ) (JxK) (IxK)
(PIxPJ) (R x RyK) (AR xPRyK)

Figure 4.11: Graphical illustration of the C product of two block matrices.

where the operator |e| represents the C (Core) product of two block
matrices.

The C product of a block matrix A" e RPr-1InxPatn with blocks
A" e RI"*n and a block matrix B e REn-1/nxBakn  with
blocks B&ZZW e R/7"*Kn is defined as C™ = A |o] B ¢
R@n-1InxQnKn = the blocks of which are given by Cg:)_l,qn =
Aéz)q,pnB&Z)a,rn e RIn*En where ¢, = pn7n, as illustrated in Fig-
ure 4.11.

Note that, equivalently to Eq. (4.30), for Ax = y, we can use a
slice representation, given by

JIn
YV =S Al e, xiM), (4.31)
jn=1

which can be implemented by fast matrix-by matrix multiplication al-
gorithms (see Algorithm 10). In practice, for very large scale data, we
usually perform TT core contractions (MPO-MPS product) approxi-
mately, with reduced TT ranks, e.g., via the “zip-up” method proposed
by (Stoudenmire and White, 2010).

In a similar way, the matrix equation
Y = AX, (4.32)

where A € R™*/ X e R/*K | Y ¢ RI*K with I = L Ih--- Iy,
J = JiJy---Jy and K = K{Ks--- Ky, can be represented in TT
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Table 4.5: Basic operations on tensors in TT formats, where X = XD xt X %1
XIX(N) eRIlXIQX---xIN7 X:X(l) XIX@) 1. x1 X(N) eleszx...xJN7 and
7 — 7D 172 1. (1gN) o gKi1xKaxxKyn

Operation TT-cores

Z-X+Y — (XD @ YV ) ! (XO @ Y ) xT o x! (XM @, YV)

Z™ = X" @, Y() | with TT core slices ZZ(.:) = XE:) (—DYE:), (In = Jn = Ky, Yn)

z

XPY = (X“) @X“)) %1 (X@ @X@)) 1. xl (gm @X(N))

Z-X®Y - (X(n On X“)) %1 (§<2> o) X(2>) w1 ... x1 (Kuv) On X“V))

2" = XM ©y Y™ with TT core slices ZE:) = XE:) @YE:), (In = Jn = Kn, Vn)

Z-XQY = (X(n @X(n) %1 (5(2) ®X(2)) NEDU (EN) ®X(N))

Z™ = X" @Y™, with TT core slices ZI(;;) =x™ ®Y(-n) (kn = injn)

in In

Z=XxY = (E(l) IleX(l)) w1, x1 (E(N) |I|2x(N))

Z = XM [, Y € RBn—1Qn—1) % (In+Jn=1)x(RnQn)  with vectors
ZM) (sp1,1,80) = X (1, 5,m0) % XY (g1, 1, gn) € RUnFIn—1)
for s, =1,2,...,RnQnr and n=1,2,...,N, Rp = Ry = 1.

Z:XXnA:X(l) w1... ><1K(n71) «1 (X(n) ><2A) ><1X(n+1) x1l... XlK(N)

2 =(X,Y) = Z(1) 1 7(2) w1 ... x17N) = 7z1)z(2)...7()

7(n) — <X(n) 2 X(n)) Xolp, =3,

in

XM@Y (In=Jn, ¥n)
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Table 4.6: Basic operations in the TT format expressed via the strong Kro-
necker and C products of block matrices, where A = AM R A® |g) - - [g] AWV,
B = BUEBYR @BV, x = XV@XUE pXY y -
YO R Y® |®| "®IY™ and the block matrlces A g RRA-1Inx/nR ,B™M ¢
REn—17n < EKnRyl K (n) ¢ REL_1In xR §(n) ¢ REL_Tn xRy

Operation Block matrices of TT-cores
Z=A+B
©) AN-1D g AN
1 g
-[Am B h@[o B@]M kj[ o Bov-u | B

Z=A®B=AYR - RAMQBY - g BW

z=x"y ={x,y) = (f((l) o] {f(l)) Q- Q) ()”((N) o] ?(M)

Z = XM o] Y™ € Rn-1 71 < R R , with core slices Z(™ =Y.

in

X(ﬁ) ® Y(")

z=Ax = (K(l) |of )N((1)> Q- (A(N) o] f((N))

Z = A x1 X" with blocks (vectors)

(n) (") (”) _ A
Zsp_1,5n = A AXpe (Sn=riTs)
Th—1"n n—1’

Z=AB = (A" |o| BV )fg]-- g (AN |o| BY)

Z™ = A™ |o| B™), with blocks

Z(")

Sn—1,%n

= A(") B(”) 5 (sp=rirD)

Th—1 i Tn—1"n

z =xTAx = (x, Ax)
= (X0 [o] A o] XD )] ] (X o] AV o] X))

~ ~ ~ ~ x A x T pA px
Z = XM o] A Jo| XM g RFn—1Fn—a R AnFn Bnwith blocks (entries)

ZE:) 1,Sn — <X£Z) T ASZ) Ax(n) y> (sn=71% i T:/L)

n—1'""m n—1'"n TH 17
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Algorithm 10: Computation of a Matrix-by-Vector Prod-
uct in the TT Format
Input: Matrix A € R’/ and vector x € R’ in their respective
TT format
A = <<A(1)7A(2), o ,A(N)>> e RiixJ1 ><Ig><J2><~-.><IN><JN’
and X = <<X(1)7X(2)7 cee 7X(N)>> € RJlXJQXMXJNv
with TT-cores
X( n) RR" 1 X Jn X Rp, and A( )ERR 1><In><1n><R

Output Matrix by vector product y = Ax in the TT format
= <<X(1),X(2), S 40 % e RIxI2xxIN " with cores
Y(n) c RRZ—l x Jpx RY

1: forn =1to N do

2: forinzltol do
Y=yl (Agf?jn ®r ng))
4: end for

5: end for

6:

return Vector y € RI12IN in the TT format
Y =YW, y®, .. YWy

formats. This is illustrated in Figure 4.9(b) for the corresponding TT-
cores defined as

A(n) c RP"_I X I X Jp X Py
X(n) c RR”_l X In X KnxRn

Y(n) c Ranl XIn X KnXQn .

It is straightforward to show that when the matrices, A e RI*/
and X e R7*K are represented in their TT formats, they can
be expressed via a strong Kronecker product of block matrices as
A=ADRAO . |G AM and X = XD g X® g - [@ XM
where the factor matrices are AW e RFPn-1InxdnPn gpd XM ¢
Rftn-1JnxEnBn  Then, the matrix Y = AX can also be expressed
via the strong Kronecker products, Y = |®| |®| YN, where
Y™ = A o] X g ROn-1InxEnQn (p .., ), with blocks

Yg:)—lyfbl = Az(?z,)—l,ang“Z)—l,Tm where @, npm Gn = PnTn, Yn.
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Similarly, a quadratic form, z = xT Ax, for a huge symmetric matrix
A, can be computed by first computing (in TT formats), a vector
y = Ax, followed by the inner product x'y.

Basic operations in the T'T format are summarized in Table 4.5,
while Table 4.6 presents these operations expressed via strong Kro-
necker and C products of block matrices of TT-cores. For more ad-
vanced and sophisticated operations in TT/QTT formats, see (Kazeev
et al., 2013a,b; Lee and Cichocki, 2016¢).

4.6 Algorithms for TT Decompositions

We have shown that a major advantage of the TT decomposition
is the existence of efficient algorithms for an exact representation
of higher-order tensors and/or their low-rank approximate represen-
tations with a prescribed accuracy. Similarly to the quasi-best ap-
proxunatlon property of the HOSVD, the TT approximation )A( =

N
<<X ) (2) . ( )>> RIvf2xxIN (with core tensors denoted by
X = Q( )), Obtalned by the TT-SVD algorithm, satisfies the follow-
ing inequality

N— In
Z D o (Xens), (4.33)

n= j:Rn+1

H><>

where the fs-norm of a tensor is defined via its vectorization and
0j(X<pn>) denotes the jth largest singular value of the unfolding matrix
X pn> (Oseledets, 2011).

The two basic approaches to perform efficiently TT decompositions
are based on: (1) low-rank matrix factorizations (LRMF), and (2) con-
strained Tucker-2 decompositions.

4.6.1 Sequential SVD/LRMF Algorithms

The most important algorithm for the TT decomposition is the TT-
SVD algorithm (see Algorithm 11) (Vidal, 2003; Oseledets and Tyr-
tyshnikov, 2009), which applies the truncated SVD sequentially to the
unfolding matrices, as illustrated in Figure 4.12. Instead of SVD, alter-
native and efficient LRMF algorithms can be used (Corona et al., 2015),
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M
Reshape X R R LI
_P> 1 12 31415
I
M U SV,
tSVD X R R, 2Ry RyZ22LI,Is

) @ ®
tSVD X2 R X R Ry X Ry Ry, 4R,

R4S‘MT Is
gl LGl
1, 13 U i
)

4) (5)
Reshape X R X R X R X R X
P LA M 5 B 5 M
I S G

Figure 4.12: The TT-SVD algorithm for a 5th-order data tensor using truncated
SVD. Instead of the SVD, any alternative LRMF algorithm can be employed, such
as randomized SVD, RPCA, CUR/CA, NMF, SCA, ICA. Top panel: A 6th-order
tensor X of size I1 x Iz X --- x I5 is first reshaped into a long matrix M; of size
Iy X Is---1I5s. Second panel: The tSVD is performed to produce low-rank matrix
factorization, with I3 x R; factor matrix U; and the Ry X I ---I5 matrix 81V?,
so that M; =~ U;S; VY. Third panel: the matrix U; becomes the first core core
XM e RN *B1 while the matrix S;1VT is reshaped into the Rils x I3, I5 matrix
M. Remaining panels: Perform tSVD to yield M2 =~ Us SQV;F, reshape Uy into an
Ri1 x I X Ry core X® and repeat the procedure until all the five cores are extracted
(bottom panel). The same procedure applies to higher order tensors of any order.

see also Algorithm 12). For example, in (Oseledets and Tyrtyshnikov,
2010) a new approximate formula for TT decomposition is proposed,
where an Nth-order data tensor X is interpolated using a special form
of cross-approximation. In fact, the TT-Cross-Approximation is analo-
gous to the TT-SVD algorithm, but uses adaptive cross-approximation
instead of the computationally more expensive SVD. The complexity
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Algorithm 11: TT-SVD Decomposition using truncated
SVD (tSVD) or randomized SVD (rSVD) (Vidal, 2003;
Oseledets, 2011)

Input: Nth-order tensor X € RIt*f2X*IN and approximation accuracy e
Output: Approximative representation of a tensor in the T'T format
S S &(2) S (N) S
X=(X ,X,...,X "» such that [ X —X|r <
Unfolding of tensor X in mode-1 M; = X(y)
Initialization Ry = 1
forn=1to N —1do

Perform tSVD [U,,S,, V,] = tSVD(M,,e/+/N — 1)

Estimate nth TT rank R, = size(U,, 2)

Reshape orthogonal matrix U,, into a 3rd-order core

X(") = reshape(Uy, [Rn-1, In, Rx])
7 Reshape the matrix V,, into a matrix

M,+1 = reshape (anE, [RoTnsr, 112 I,,])

8: end for ()
9: Construct the last core as X = reshape(My, [Ry—1, In,1])

10: return <<X<1>,X(2), . ,X(N)>>.

of the cross-approximation algorithms scales linearly with the order N
of a data tensor.

4.6.2 Tucker-2/PVD Algorithms for Large-scale TT Decomposi-
tions

The key idea in this approach is to reshape any Nth-order data tensor,
X e RIvxl2xxIN with N > 3, into a suitable 3rd-order tensor, e.g.,

X e RIv*In x 2= In-1 ip order to apply the Tucker-2 decomposition
as follows (see Algorithm 8 and Figure 4.13(a))

X = GEND )XW 5, XV = XM 11 N1 1 xX(N) - (4.34)

which, by using frontal slices of the involved tensors, can also be ex-
pressed in the matrix form

Xp, = XWG, XM k=12, Iy (4.35)

Such representations allow us to compute the tensor, GEN 71), the
first TT-core, X, and the last TT-core, XN). The procedure can
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Algorithm 12: TT Decomposition using any efficient
LRMF

Input: Tensor X € RT1*2%*IN 3nd the approximation accuracy &
Output: Approximate tensor representation in the TT format

X=x", X" XYy

1: Initialization Ry =1

2: Unfolding of tensor X in mode-1 as M1 = Xy

3: forn=1to N—1do

4: Perform LRMF, e.g., CUR, RPCA, ...
[A.,B,] = LRMF(M,,¢), i.e., M, ~ A,B}

5: Estimate nth TT rank, R, = size(Anr,2)

6: Reshape matrix A, into a 3rd-order core, as

)A((n) = reshape (A, [Rn-1, In, Rx])

T Eeshape the matrix B, into the (n + 1)th unfolding matrix
M,, ;1 = reshape (BI7 [Rnlnt1, ]_[N I ])

p=n+2 P
8: end for )
9: Construct the last core as X' * = reshape(Mn, [Rn-1,In,1])
(1) 5(2) S ()
10: return TT-cores: X ", X 7,...,. X" ")

be repeated sequentially for reshaped tensors Qn = G TLN=) {4
n =1,2,...,in order to extract subsequent TT-cores in their matricized
forms, as illustrated in Figure 4.13(b). See also the detailed step-by-step
procedure shown in Figure 4.13(c).

Such a simple recursive procedure for TT decomposition can be
used in conjunction with any efficient algorithm for Tucker-2/PVD de-
compositions or the nonnegative Tucker-2 decomposition (NTD-2) (see
also Section 3).

4.6.3 Tensor Train Rounding — TT Recompression

Mathematical operations in TT format produce core tensors with ranks
which are not guaranteed to be optimal with respect to the desired
approzimation accuracy. For example, matrix-by-vector or matrix-by-
matrix products considerably increase the TT ranks, which quickly
become computationally prohibitive, so that a truncation or low-rank
TT approximations are necessary for mathematical tractability. To this
end, the TT-rounding (also called truncation or recompression) may be
used as a post-processing procedure to reduce the TT ranks. The TT
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Figure 4.13: TT decomposition based on the Tucker-2/PVD model. (a) Extraction
of the first and the last core. (b) The procedure can be repeated sequentially for

reshaped 3rd-order tensors G, (for n = 2,3,... and p = N —1,N —

2,..). (¢)

Tllustration of a TT decomposition for a 5th-order data tensor, using an algorithm

based on sequential Tucker-2/PVD decompositions.
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Algorithm 13: TT Rounding (Recompression) (Oseledets,
2011)

Input: Nth-order tensor X = (X(l),x(z), . ,X(N)>> e R 2xxIn
in a TT format with an overestimated TT rank,
rrr = {R1,Ry,...,Rx_1}, and TT-cores X € REn-1xInxRn
absolute tolerance ¢, and maximum rank Rpax

Output: Nth-order tensor X with a reduced TT rank; the cores are
rounded (reduced) according to the - input tolerance & and/or ranks
bounded by Rmax, such that [X — XHF e |X|r

1: Initialization X = X and § = ¢/x/N

2. forn=1to N —-1do

3 QR decomposmon X(<2)> Q.R, with X(<2)> € REn-1lnxRn
4:  Replace cores x <2> = Q, and X(<7'1+>1) RX(<7'1+>1), with

X(<”1+>1) € REn*Int1Rut1

5: end for

6: for n = N to 2 do

7:  Perform é-truncated SVD X(<n1)> = Udiag{o}VT

8  Determine minimum rank R, _; such that Yor, 0 <0P|o|?
9:  Replace cores X2 « X" VU diag{s} and X(<"1)> VT
10: end for
11: I‘AeturnA (Jl\)f thA—?Qr)der tegs((J)\l;)

XZ«X ’X ’_“’X >>GR11XI2X"'X1N,

. S (n) A A
with reduced cores X'~ € REn—1xInxMn

rounding algorithms are typically implemented via QR/SVD with the
aim to approximate, with a desired prescribed accuracy, the TT core
tensors, G = X, by other core tensors with minimum possible
TT-ranks (see Algorithm 13). Note that TT rounding is mathemati-
cally the same as the TT-SVD, but is more efficient owing to the to
use of TT format.

The complexity of TT-rounding procedures is only O(NIR?), since
all operations are performed in TT format which requires the SVD to
be computed only for a relatively small matricized core tensor at each
iteration. A similar approach has been developed for the HT format
(Grasedyck, 2010; Grasedyck et al., 2013; Kressner and Tobler, 2014;
Espig et al., 2012).
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4.6.4 Orthogonalization of Tensor Train Network

The orthogonalization of core tensors is an essential procedure in many
algorithms for the TT formats (Oseledets, 2011; Holtz et al., 2012;
Dolgov et al., 2014; Dolgov, 2014; Kressner et al., 2014a; Steinlechner,
2015, 2016).

For convenience, we divide a TT network, which represents a ten-
sor X = <<X(1),X(2),...,X(N)>> e RIvxI2x=xIN " into sub-trains. In
this way, a large-scale task is replaced by easier-to-handle sub-tasks,
whereby the aim is to extract a specific TT core or its slices from the
whole TT network. For this purpose, the TT sub-trains can be defined

as follows
X7 = XXXy e midee oty (436)
X>n _ <<X(n+1)’X(n+2)’ . 7X(N)>> e REnxInt1xxIy (4.37)

while the corresponding unfolding matrices, also called interface matri-
ces, are defined by

)’\an e R.hIQWInXRn 5\(>n e RRnXIn+1"'IN. (438)
The left and right unfolding of the cores are defined as

ﬁ-(Ln) — X(n) c RRn—lln xRp, and )z(él) — X(n) c RRn—l xIn Ry .

- <2> <1>

The n-orthogonality of tensors. An Nth-order tensor in a TT
format X = <<X(1), e ,X(N)>>, is called n-orthogonal with 1 <n < N,
if

XNTK — 15 m=1,...,n—1 (4.39)
XV XENT =1g, ,, m=n+1,..N. (4.40)

The tensor is called left-orthogonal if n = N and right-orthogonal if
n=1.

When considering the nth TT core, it is usually assumed that
all cores to the left are left-orthogonalized, and all cores to the



400 Tensor Train Decompositions

Algorithm 14: Left-orthogonalization, right-orthog-
onalization and n-orthogonalization of a tensor in the
TT format

~ ~(1) & ~ (N
Input: Nth-order tensor X = (X(l),l e ,X( )>> e RIvxlax-xIn

with TT cores X(n) € REn—1xInxBn and Ry = Ry =1

Output: Cores X(l), e ,X(n_l) become left-orthogonal, while the

(n)

remaining cores are right-orthogonal, except for the core X "
1: form=1ton—1do

(2)

)

2:  Perform the QR decomposition [Q,R] < qr(f(%m)) for the

unfolding cores }A(gn) € Rftm—1lmxFm
& (m) o (m+1) S (m+1)

3:  Replace the cores X} « Q and X — X x1 R

4: end for

5. for m= N ton+1 do R

6:  Perform QR decomposition [Q,R] « qr((Xg%m))T) for the
unfolding cores ()A(%m)) € REm—1xImBm_

7 Replace the cores: ng) «— QT and X(mil) - X(mil) x5 RT

8: end for R R

9: return Left-orthogonal TT cores with (X(Lm))TX(Lm) =1g,, for

m=1,2,...,n — 1 and right-orthogonal cores )A(%n)(ﬁg%m))T =1z, .

form=N,N—-1,...,n+1.

right are right-orthogonalized. Notice that if a TT tensor’, X, is n-
orthogonal then the “left” and “right” interface matrices have orthonor-
mal columns and rows, that is

(5\(<n)T 5\(<n —1Ig,_,, 5\(>n (5\(>n)T = 1Ip, . (4.41)

A tensor in a TT format can be orthogonalized efficiently using recur-
sive QR and LQ decompositions (see Algorithm 14). From the above
definition, for n = N the algorithms perform left-orthogonalization and
for n = 1 right-orthogonalization of the whole T'T network.

"By a TT-tensor we refer to as a tensor represented in the TT format.
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4.6.5 Improved TT Decomposition Algorithm — Alternating Single
Core Update (ASCU)

Finally, we next present an efficient algorithm for TT decomposition,
referred to as the Alternating Single Core Update (ASCU), which se-
quentially optimizes a single TT-core tensor while keeping the other
TT-cores fixed in a manner similar to the modified ALS (Phan et al.,
2016).

Assume that the TT-tensor X = <<X(1),X
(n)

@ &MY s teft-
(k)

and right-orthogonalized up to X , i.e., the unfolding matrices X<2>

for k = 1,...,n — 1 have orthonormal columns, and XETS) for m =
n + 1,..., N have orthonormal rows. Then, the Frobenius norm of

(™

the TT-tensor X is equivalent to the Frobenius norm of X", that

is, HXH% = HX(n)H%, so that the Frobenius norm of the approximation
error between a data tensor X and its approximate representation in
the TT format X can be written as

J(XM) = |X - X[ (4.42)
= X% + X3 - 2(X, X)
= |XJ% + X3 - 2(C™, X
— X]E - €W+ e - XE, =1, N,

(n)
)

where Q(") € Rftn—1xInxRnyepresents a tensor contraction of X and X
along all modes but the mode-n, as illustrated in Figure 4.14. The c
can be efficiently computed through left contractions along the first
(n — 1)-modes and right contractions along the last (N — m)-modes,
expressed as

L<n = X<n Xn—1 Xa Q(n) = L<n AN-—n X>n- (443)

The symbols x,, and x,, stand for the tensor contractions between two
Nth-order tensors along their first n modes and last m = N —n modes,
respectively.

The optimization problem in (4.42) is usually performed subject to
the following constraint

X - X[} <&’ (4.44)
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such that the TT-rank of X is minimum.
Observe that the constraint in (4.44) for left- and right-
orthogonalized TT-cores is equivalent to the set of sub-constraints

e -X"k <2 m=1...N, (4.45)

whereby the nth core X" € Rfn-1%InxEn ghoyld have minimum ranks
R,_1 and R,. Furthermore, €2 = 2 — |X|% + |[C™|% is assumed
to be non-negative. Finally, we can formulate the following sequential

optimization problem
min (R,1 - Ry),
st e XM <2 n=1,2,...,N (4.46)
)

By expressing the TT-core tensor X(n as a TT-tensor of three

factors, i.e., in a Tucker-2 format given by

(n)

X :An XIX(n) Xana

the above optimization problem with the constraint (4.45) reduces to
performing a Tucker-2 decomposition (see Algorithm 8). The aim is to

compute A,, B, (orthogonal factor matrices) and a core tensor X(n)
which approximates tensor C with a minimum TT-rank-(R,—1, Ry,),
such that

™ — A, x' X" 1B, |3 <2,

where A,, € REn-1%Fn-1 and B, € RR”XR", with R,_1 < R,_1 and

R, <« R,.

Note that the new estimate of X is still of Nth-order because the
factor matrices A, and B,, can be embedded into X(nfl) and X("H)
as follows

o1 XIX(N).
In this way, the three T'T-cores X(n_l), X(n) and X(HH) are updated.

Since A,, and BE have respectively orthonormal columns and rows,
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Figure 4.14: Illustration of the contraction of tensors in the Alternating Single
Core Update (ASCU) algorithm (see Algorithm 15). All the cores to the left of X ™
are left-orthogonal and all cores to its right are right-orthogonal.

n—1) (n+1)

the newly adjusted cores (X( x1A,) and (B, x' X ) obey the
left- and right-orthogonality conditions. Algorithm 15 outlines such a
single-core update algorithm based on the Tucker-2 decomposition. In
the pseudo-code, the left contracted tensor L=" is computed efficiently
through a progressive contraction in the form (Schollwock, 2011; Hubig
et al., 2015)

(nil) Xo L<(7’L—1)

L<n:X L ,

(4.47)

where L<! = X.

Alternatively, instead of adjusting the two TT ranks, R, 1 and R,
of X(n), we can update only one rank, either R,,_; or R,, corresponding
to the right-to-left or left-to-right update order procedure. Assuming
that the core tensors are updated in the left-to-right order, we need to

find X(n) which has a minimum rank-R,, and satisfies the constraints

(n)

|Ic™ - X" <! B,|3 < &2 n=1,...,N.

n’

This problem reduces to the truncated SVD of the mode-{1, 2} matri-

cization of C™ with an accuracy €2, that is

[C™]oe » U, BV,
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Algorithm 15: The Alternating Single-Core Update
Algorithm (two-sides rank adjustment) (Phan et al.,
2016)

Input: Data tensor X € R/1>*/2%XIN and approximation accuracy e

s o 1@ 1 o) ..
Output: TT-tensor X = X X X "xt e xt X of minimum
TT-rank such that |[X — X||% < €2

1: Initialize X = <<X(1) X(Q) .7X(N)>>

2: repeat

3: forn=1,2,...,N—1do

4: Compute contracted tensor Q(”) =L" xn_p X>n
5 Solve a Tucker-2 decomposition

(n)

IC™ — A, x! X <! B, |2 <2 — X% + |C™)3

6: Adjust adjacent cores
X(nfl) - X(nfl) o1 An’ X(nJrl) < B, 1 X(n+1)
7 Perform left-orthogonalization of X( ")
8: Update left-side contracted tensors
L<" - AE ><1 L<n7 L<(n+1) - X(") Ko L<n
9: end for
10: forn=N,N — ,2 do
a>n
11: Compute Contracted tensor Q(”) =L"" xy_, X
12: Solve a constrained Tucker-2 decomposition
n <™ n
ek )1— Ay x! 1X <! B, ;<& " X3 + €' )H%l
13: X("— ) - X(n— ) <LA,,. X(Wr ) < B, x! X(n+ )
14: Perform right-orthogonalization of X(n)
15:  end for
16: until a stopping criterion is met
~(1) ~(2 A (N
17: return (X( ),X( ),...,X( )>>.
where ¥ = diag(oy,1,. . .,0n R ). Here, for the new optimized rank R,
the following holds
R;—1
Z o, > |X|% %> Z o2 (4.48)
r=1

The core tensor )A((n) is then updated by reshaping U,, to an order-3
& (n+1)

tensor of size R,,_1 x I, x R}, while the core X needs to be adjusted
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Algorithm 16: The Alternating Single-Core Update
Algorithm (one-side rank adjustment) (Phan et al., 2016)

Input: Data tensor X € RI1*/2xXIn and approximation accuracy &

~ (1 ~ (2 ~ (N
Output: TT-tensor X = M x® X( ) of minimum

TT-rank such that HXi XH% < e?
1: Initialize TT-cores X(n), vn

2: repeat

3: forn=12,.... N—1do

4: Compute the contracted tensor c =< X N—n X>n
5 Truncated SVD:

€™ ]c2n —US VT3 < — X[ + [C™|%
Update X(n) = reshape(U, R,,_1 x I,, x R,,)

6:
7: Adjust adjacent core X(nH) — (ZVT) x! X("H)
8: Update left-side contracted tensors

L<(n+1) )’\((") Ko L<"
9: end for
10: forn=N,N—1,...,2do
11: Compute contracted tensor Q(”) =L%" xn_p X>n
12: Truncated SVD:

I[C™ ) ~USVT} <& — [X[E + [C™)[3
13: X(n) = reshape(VY R,_1 x I, x R,)
1 XV oz oy

15:  end for
16: until a stopping criterion is met

17: return «X(l),X@), . ,X(N)>>.

accordingly as

_ eV g (4.49)

When the algorithm updates the core tensors in the right-to-left order,

we update X(n) by using the R} leading right singular vectors of the
)

mode-1 matricization of Q(”), and adjust the core X(n_ accordingly,
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that is,
[Q(n)](l) ~U,ZV,}

X(n)* = reshape(V?l, [R)_1,In, Ry])

n—1>
X(n—l)* _ X(n—l)

x1 (U, %). (4.50)

To summarise, the ASCU method performs a sequential update of one
core and adjusts (or rotates) another core. Hence, it updates two cores
at a time (for detail see Algorithm 16).

The ASCU algorithm can be implemented in an even more efficient
way, if the data tensor X is already given in a TT format (with a
non-optimal TT ranks for the prescribed accuracy). Detailed MATLAB
implementations and other variants of the T'T decomposition algorithm
are provided in (Phan et al., 2016).



5

Discussion and Conclusions

In Part 1 of this monograph, we have provided a systematic and
example-rich guide to the basic properties and applications of ten-
sor network methodologies, and have demonstrated their promise as
a tool for the analysis of extreme-scale multidimensional data. Our
main aim has been to illustrate that, owing to the intrinsic compres-
sion ability that stems from the distributed way in which they rep-
resent data and process information, TNs can be naturally employed
for linear/multilinear dimensionality reduction. Indeed, current appli-
cations of TNs include generalized multivariate regression, compressed
sensing, multi-way blind source separation, sparse representation and
coding, feature extraction, classification, clustering and data fusion.

With multilinear algebra as their mathematical backbone, TNs have
been shown to have intrinsic advantages over the flat two-dimensional
view provided by matrices, including the ability to model both strong
and weak couplings among multiple variables, and to cater for multi-
modal, incomplete and noisy data.

In Part 2 of this monograph we introduce a scalable framework
for distributed implementation of optimization algorithms, in order to
transform huge-scale optimization problems into linked small-scale op-
timization sub-problems of the same type. In that sense, TNs can be
seen as a natural bridge between small-scale and very large-scale opti-
mization paradigms, which allows for any efficient standard numerical
algorithm to be applied to such local optimization sub-problems.

407



408 Discussion and Conclusions

Although research on tensor networks for dimensionality reduction
and optimization problems is only emerging, given that in many mod-
ern applications, multiway arrays (tensors) arise, either explicitly or
indirectly, through the tensorization of vectors and matrices, we fore-
see this material serving as a useful foundation for further studies on a
variety of machine learning problems for data of otherwise prohibitively
large volume, variety, or veracity. We also hope that the readers will
find the approaches presented in this monograph helpful in advanc-
ing seamlessly from numerical linear algebra to numerical multilinear
algebra.
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