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Résumé

On étudie la décomposition de matrice de Hankel H, comme une somme
des matrices de Hankel de rang faible en corrélation avec la décomposition de
son symbole o comme une somme des séries exponentielles polynomiales. On
présente un nouvel algorithme qui calcule la décomposition d’un opérateur
de Hankel de petit rang et sa décomposition de son symbole en exploitant les
propriétés de 'algebre quotient de Gorenstein A,. La base de A, est calculée
a partir la décomposition en valeurs singuliers d’'une sous-matrice de matrice
de Hankel H,. Les fréquences et les poids se déduisent des vecteurs propres
généralisés des sous matrices de Hankel déplacés de H,. On présente une for-
mule pour calculer les poids en fonction des vecteurs propres généralisés au
lieu de résoudre un systeme de Vandermonde. Cette nouvelle méthode est une
généralisation de Pencil méthode déja utilisée pour résoudre un probleme de
décomposition de type de Prony. On analyse son comportement numérique
en présence des moments contaminés et on décrit une technique de redimen-
sionnement qui améliore la qualité numérique des fréquences d’une grande
amplitude. On présente une nouvelle technique de Newton qui converge lo-
calement vers la matrice de Hankel de rang faible la plus proche au matrice
initiale et on montre son effet a corriger les erreurs sur les moments.

On étudie la décomposition d'un tenseur multi-symétrique 7' comme une
somme des puissances de produit des formes linéaires en corrélation avec la
décomposition de son dual 7™ comme une somme pondérée des évaluations.
On utilise les propriétés de I'algebre de Gorenstein associée A, pour calculer
la décomposition de son dual T™* qui est définie a partir d’une série formelle
7. On utilise la décomposition d’un opérateur de Hankel de rang faible H.
associé au symbole 7 comme une somme des opérateurs indécomposables de
rang faible. La base d’A, est choisie de facon que la multiplication par cer-
tains variables soit possible. On calcule les coordonnées des points et leurs
poids correspondants a partir la structure propre des matrices de multipli-
cation. Ce nouvel algorithme qu’on propose marche bien pour les matrices
de Hankel de rang faible. On propose une approche théorique de la méthode
dans un espace de dimension n. On donne un exemple numérique de la
décomposition d’un tenseur multilinéaire de rang 3 en dimension 3 et un
autre exemple de la décomposition d'un tenseur multi-symétrique de rang 3



en dimension 3. On étudie le probleme de complétion de matrice de Hankel
comme un probléeme de minimisation. On utilise la relaxation du probleme
basé sur la minimisation de la norme nucléaire de la matrice de Hankel.

On adapte le SVT algorithme pour le cas d’'une matrice de Hankel et on
calcule 'operateur linéaire qui décrit les contraintes du probleme de minimi-
sation de norme nucléaire.

On montre 'utilité du probleme de décomposition a dissocier un modele
statistique ou biologique.

Mots-clés

Hankel, polynome, série exponentielle, décomposition de rang faible, valeurs
propres, vecteurs propres, décomposition en valeurs singuliers,

tenseur symétrique, tenseur multi-symétrique..



Abstract

We study the decomposition of a multivariate Hankel matrix H, as a sum
of Hankel matrices of small rank in correlation with the decomposition of
its symbol o as a sum of polynomial-exponential series. We present a new
algorithm to compute the low rank decomposition of the Hankel operator and
the decomposition of its symbol exploiting the properties of the associated
Artinian Gorenstein quotient algebra A,. A basis of A, is computed from the
Singular Value Decomposition of a sub-matrix of the Hankel matrix H,. The
frequencies and the weights are deduced from the generalized eigenvectors
of pencils of shifted sub-matrices of H,. Explicit formula for the weights
in terms of the eigenvectors avoid us to solve a Vandermonde system. This
new method is a multivariate generalization of the so-called Pencil method
for solving Prony-type decomposition problems. We analyse its numerical
behaviour in the presence of noisy input moments, and describe a rescaling
technique which improves the numerical quality of the reconstruction for
frequencies of high amplitudes. We also present a new Newton iteration,
which converges locally to the closest multivariate Hankel matrix of low rank
and show its impact for correcting errors on input moments.

We study the decomposition of a multi-symmetric tensor 7" as a sum of
powers of product of linear forms in correlation with the decomposition of its
dual T as a weighted sum of evaluations. We use the properties of the asso-
ciated Artinian Gorenstein Algebra A, to compute the decomposition of its
dual T™ which is defined via a formal power series 7. We use the low rank de-
composition of the Hankel operator H, associated to the symbol 7 into a sum
of indecomposable operators of low rank. A basis of A, is chosen such that the
multiplication by some variables is possible. We compute the sub-coordinates
of the evaluation points and their weights using the eigen-structure of multi-
plication matrices. The new algorithm that we propose works for small rank.
We give a theoretical generalized approach of the method in n dimensional
space. We show a numerical example of the decomposition of a multi-linear
tensor of rank 3 in 3 dimensional space.

We show a numerical example of the decomposition of a multi-symmetric
tensor of rank 3 in 3 dimensional space.

We study the completion problem of the low rank Hankel matrix as a



minimization problem. We use the relaxation of it as a minimization problem
of the nuclear norm of Hankel matrix. We adapt the SVT algorithm to the
case of Hankel matrix and we compute the linear operator which describes
the constraints of the problem and its adjoint.

We try to show the utility of the decomposition algorithm in some appli-
cations such that the LDA model and the ODF model.

Keywords

Hankel, polynomial, exponential series, low rank decomposition, eigen-
vector, Singular Value Decomposition, symmetric tensor, multi-symmetric
tensor.
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Chapter 1

Introduction

1.1 Context and Literature Review

The problem of decomposition of Hankel matrices into sum of low rank ma-
trices of the same structure appears in some problems such as the reconstruc-
tion of signals from Fourier Coefficients, the recovery of a sparse polynomial
by interpolation or the reconstruction from moments. An algebraic or statis-
tical model provide the coefficients of Hankel matrix which helps to describe
the phenomenon. An efficient way to analyze the structure of the underlying
model is to decompose the Hankel matrix associated to the coefficients of the
model into sum of Hankel matrices of low rank.

Natural questions arise. What are the indecomposable Hankel matrices?
Are they necessarily of rank 17 How to compute a decomposition of a Hankel
matrix as a sum of indecomposable Hankel matrices? Is the structured low
rank decomposition of a Hankel matrix unique? These questions have sim-
ple answers for non-structured or dense matrices: The indecomposable dense
matrices are the matrices of rank one, which are the tensor product of two
vectors. The Singular Value Decomposition of a dense matrix yields a de-
composition as a minimal sum of rank one matrices, but this decomposition
is not unique. It turns out that for the Hankel structure, the answers to these
questions are not so direct and involve the analysis of the so-called symbol
associated to the Hankel matrix. The symbol is a formal power series defined
from the coefficients of the Hankel matrix. As we will see, the structured
decomposition of an Hankel matrix is closely related to the decomposition of
the symbol as a sum of polynomial-exponential series.
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Our research focus is to extend the Prony method [PT14] to more general
Hankel matrices and tensors. An important goal is to overcome the numerical
instability of the algebraic decomposition method [Moul6] which comes from
the sensitivity of eigenvalues of Hankel matrix. We apply the Singular Value
Thresholding process on the Hankel matrix in that purpose. We show the
efficiency of the method by linking it to some real statistical and biological
models. In decomposition problems, it is sometimes required to complete the
associated Hankel matrix with the missing elements in order to obtain the
desired reconstruction results. In that objective, we propose an optimization
algorithms to minimize the nuclear norm of Hankel matrix.

Several works have been developed in one dimensional case such as Prony
method which constructs sum of exponentials from equally spaced values by
computing a polynomial in the kernel of a Hankel matrix and by deducing
the decomposition from the roots of the polynomial [PT14]. Another type of
methods which is called Pencil method computes the generalized eigenvalues
of a pencil of Hankel matrices instead of computing a recurrence relation
[PS10]. Other optimization techniques which implement a variable projection
algorithm have been proposed such as MUSIC [SK92] and ESPRIT [RK90].
The decomposition problem has also been studied in the multivariate case
[PT13], [KPRv16]. These methods are applicable when the dimension of
Hankel matrices is high enough to recover the multivariate solutions from
some projections in one dimension.

In [Saul7], Sauer extends Prony method for interpolation polynomial prob-
lem to the multivariate case by constructing an H-basis and a graded homo-
geneous basis for an inverse system N of normal forms based on multivariate
Hankel matrices. He computes multiplication matrices with respect to the
graded basis and he uses the eigenvectors of these matrices to compute the
points of the decomposition which are the coefficient vectors of interpolation
polynomials. He finally uses a Vandermonde system to compute the weights.
In [Saul8], he uses the concept of universal interpolation as a weak gener-
alization of univariate Chebychev systems to estimate the rank of Hankel
operator associated to the interpolation polynomial needed to solve Prony’s
problem.

In [BCL17], Cuyt adapts the Prony method in one and more variables to
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the reconstruction of sparse signals from Fourier Coefficients where she uses
a smaller number of moments and which is of low computational cost. It has
been recently shown in [CL18] that the minimal number of moments sufficient
to recover the multivariate exponential or the sparse interpolation is equal to
(n+1)*r where r is the rank of Hankel operator and n is the dimension of the
problem. In [CTVLIS], they compute the multivariate exponential decom-
position of noisy moments by viewing it as a Padé Approximation problem
when it is difficult to detect the origin of noise. They model separately the
noise and the signal instead of removing the noise at an initial step and return
a low order approximation.

In [Moul6], Mourrain uses a projection process, similar to Gram-Schmidt
orthogonalization process in order to compute the orthogonal basis.

The problem of decomposition of symmetric and multi-symmetric tensors
into sum of tensors of low enough rank appears in many domains such as
statistics [SGBO00], neuroscience [MKBD14], phylogenetic trees model, signal
processing [DLCOT] and so on. .. For example, the study of symmetric tensor
gives us an idea about the geometric structure of intersecting fibers in human
brain [MKBD14]. It helps to analyze the content of a corpus of web pages as
a mixture of several topics.

A symmetric tensor is a tensor whose components stay invariant by any
permutation of indices. A non symmetric tensor is in correspondence with a
multi-linear map from a product of vector spaces to the coefficient field.

Important efforts have been developed over the last decades to better un-
derstand the theoretical and algorithmic aspects of the symmetric and non
symmetric tensor decomposition problem. Some of them use local optimiza-
tion techniques such as Alternative Least Squares [DLDMVO04] which fixes
all factor matrices but one at each time and its convergence relies on the
initial choices. Other like Simultaneous Eigenvalue Decomposition method
relies on the diagonalization of a collection of similar matrices obtained from
the given tensor [DLDMVO04] and Robust Tensor Power method computes a
sequence of vectors which converges to the eigenvector which corresponds to
the largest eigenvalue [AGH*15]. Gradient Descent and Quazi-Newton are ei-
ther used to minimize the distance between the tensor and its decomposition
[XY13][CGT90]. Homotopy techniques have been either developed recently

12



to compute this decomposition [BDHM17].

To decompose a tensor associated to a real mathematical model, we some-
times do not have enough number of moments to apply the direct method
of decomposition. In some applications of tensor decomposition problem
[KB09], we compute the missing data in order to satisfy the constraints of
the direct decomposition. The problem of recovering of an unknown Hankel
matrix from a small number of entries appears in many applications such that
the LDA model where the rank of the matrix is bigger than the dimension
[HA15]. The completion problem is a rank minimization problem which is
NP hard and hard to solve [Faz02].

1.2 Approach and Methodology

The thesis extends some algebraic tools, mostly developed in [Moul6], to
obtain multiplication matrices using some shifted submatrices of the Hankel
matrix H, and to use their eigenvalues connected by joint eigenvectors to
compute the decomposition of the symbol ¢ associated to H,. We analyze the
algebraic, geometric and algorithmic aspects of the decomposition problems.
We apply numerically stable linear algebra tools on the submatrices of Hankel
matrix like the singular value decomposition process in order to obtain better
decompositions.

We define the Hankel matrix H, associated to the formal power series o
and we recall Kronecker theorem [Kro81] which establishes a correspondence
between the decomposition of H, as a sum of Hankel matrices of small rank
and the decomposition of its symbol ¢ as a sum polynomial-exponential series.
In [Ped99] [OPO1] [HT04] and [Moul6], it has been shown that the dual of the
ring of polynomials K[x] = K[z1,...,x,] is isomorphic to the set of formal
power series K[y] = K[y, ..., ¥,], then a formal power series o can be seen as
a linear form on polynomials p(x) € K[x]. Using the properties of the inner
product (, ), defined on K[x] associated to o, we see that the polynomial p(x)
can be used as a differential operator p(0)(o) on series ¢ which allows us to
solve a system of differential equations. Following [Moul6], we show that if
1, is the kernel of H, then the elements in the dual of finite dimensional quo-
tient Algebra A, = K[x]/I, are computed in terms of polynomial-exponential

13



functions associated to the inverse system of a characteristic variety V(1) of
roots of polynomials in I,. The decomposition of H, is also related to the
decomposition of the quotient algebra A, in terms of sub-algebras A, associ-
ated to the finite number of roots &; in V,. We recall techniques exploiting the
eigenstructure properties of multiplication operators M, by the variables z;
for solving polynomial systems and we show how they can be used in particu-
lar for the resolution of decomposition problem. The multiplication matrices
M, by the variables x; in an orthogonal basis of A, are computed using some
shifted sub-matrices H,. ., called pencils of the Hankel matrix. An orthogonal
basis of A, can be extracted from any maximal non-zero minor of the matrix
of H,. We show how to compute an orthogonal basis of A, using the Singu-
lar Value Decomposition of a sub-matrix of H,. We describe precisely how
to compute the roots & of polynomial-exponential decomposition of o from
the generalized eigenvectors of multiplication matrices M,, in the fixed basis.
We also show that the weights w; of the decomposition can be recovered di-
rectly from the eigenvectors of M,, without the resolution of a Vandermonde
system. This process is a multivariate generalization of the so-called Pencil
method for solving Prony-type decomposition problems. The Pencil method
has been used before to decompose series as a sum of polynomial-exponential
functions from a fixed number of moments o = (0,),. We also analyze the
numerical behavior of the decomposition method in presence of noisy input
moments for different dimensions, different degrees of exponential terms in
the decomposition and different amplitudes of roots. We present a rescaling
technique, which improves the numerical quality of the reconstruction of fre-
quencies with high amplitudes. We present a new Newton iteration, which
converges locally to the multivariate Hankel matrix of a given rank the clos-
est to a given input Hankel matrix. Numerical experimentations show that
the Newton iteration combined the decomposition method allows to compute
accurately and efficiently the polynomial-exponential decomposition of the
symbol, even for noisy input moments.

We recall definitions of symmetric, non-symmetric and multi symmetric
tensors of low rank [BBCM13] and we give some basic operations on them
like "how to convert a tensor to a matrix and how to convert a matrix to
a vector”. We describe the projective variety of rank one tensors for each
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family of them. We recall approximation techniques which minimize the dis-
tance between the tensor 17" and its decomposition as a finite weighted sum of
product of powers of linear forms such as Robust Tensor Power method and
Alternative Least Square algorithm and Simultaneous Eigenvalue Decompo-
sition technique. Because of the dual of the tensor T can be defined as a
formal power series 7 using the so-called apolar product [BBCM13], we show
that the decomposition of multi-symmetric tensor 1" as a finite sum of prod-
uct of powers of linear forms coincides with the decomposition of its dual T
as a finite weighted sum of evaluations e¢,. We recast the low rank decompo-
sition method of Hankel operator into a sum of indecomposable operators of
low rank to the case of non-symmetric tensor decomposition problem. Our
direct method extends the techniques of [SK90] to more general tensors and
to tensors of higher rank. It is closely connected to the multivariate Prony
method investigated in [Moul6]. We recover the points and weights from
eigenvectors of multiplication operators of the quotient algebra associated to
the decomposition. The algorithm does not require the solution of polyno-
mial equations. We split the coordinates of each variable x = (z1, %, ..., 2,)
into three bunches of sub-variables x,y and z and we exploit the structure of
quotient algebra A, of the three dimensional space K[x,y,z] by I, to solve
the non-symmetric tensor decomposition problem. We choose two bases A;
and As of monomials such that all given moments of the tensor 7" appear in
the matrix H, associated to T in the bases A; and A, and we substitute x
by one. We compute the Singular Value Decomposition of the Hankel matrix
H, in order to extract an orthogonal basis By in which the multiplication
matrices M£2 by one collection of variables y; are well defined. We exploit
the eigen-structure properties of multiplication matrices M£2 to compute
each bunch of coordinates (a;,), (big), (cig) of each point & = (aip, big, cit)
associated to x,y and z separately and their corresponding weights w;. We
show the constraints which arise from the computation of all multiplication
matrices in higher dimension spaces.

We recall the definition of Multivariate Gaussian Distribution and Dirich-
let Distribution. We recall the definition of Exchangeable single topic model
which describes the web pages content of a corpus as a mixture of topics and
shows the usage of the symmetric tensor decomposition problem through the
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model [AGH*15]. We recall the Latent Dirichlet Allocation model where
the topic mixture in the corpus follows a Dirichlet Distribution and proved
theoretically how to compute the symmetric tensor decomposition using the
cross moments M; = P(xy), My = P(x; ® x9) and M3 = P(x1 ® 5 ® x3) which
describe the model. We give a numerical example applied on a big corpus of
documents and passes trough a whitening step using Julia and we analyze the
result. Each point & of the decomposition represent the probability vector
of each topic, and each weight w; represents the mass of each topic in the
corpus.

In order to describe the geometric structure of intersecting fibers in human
brain, we recall a method which extracts the coefficients of the so called
ODF tensor [MKBD14]. We use the symmetric tensor decomposition method
to compute the weights w; and the directions &; of fibers in a voxel. All
fibers separated with an angle bigger than 30° are reconstructed using the
decomposition algorithm.

Using Semi Definite programming, a relaxation of the Rank minimization
problem is presented to minimize the trace of the matrix when it is semi
definite positive or the nuclear norm when it is not semi definite positive
neither symmetric. We adapt these two heuristics to the case of Hankel ma-
trix with some known entries. We propose another relaxation of the problem
which minimizes the nuclear norm of the matrix. We adapt the singular value
thresholding SVT algorithm which is a type of Lagrangian algorithm to min-
imize the nuclear norm of the matrix when it is Hankel with small number
of entries. This algorithm converges if the threshold is big enough even when
the matrix is of big dimensions [CCS10]. We adapt the singular value thresh-
olding SVT algorithm to minimize the nuclear norm of the Hankel matrix
with few number of known entries. This iterative algorithm produces a se-
quence of matrices (X*,Y*) and at each step performs a soft thresholding
algorithm operation on the singular values of the matrix Y* which consists
only of keeping the singular values which are bigger than threshold and mov-
ing them towards zero. The choice of a big threshold reduces the storage
space at each iteration and the computational cost. It is proved that the iter-
ates of the algorithm converge under the condition of big threshold. We adapt
the nuclear norm minimization problem to the Hankel case. We compute the
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linear operator A(X) which describes the constraints of the low nuclear norm
minimization problem in the case of Hankel matrix with a fixed number of
known entries and its transpose A7(y). In some cases the completion does
not provide a Hankel matrix, we call the newton iteration to minimize the
distance between the matrix and its representation as a Hankel matrix. We
use Julia to do the implementations.

We propose a new Newton iteration which helps to remove noise on the
moments of input series along with the multivariate Hankel decomposition
method. We give numerical examples with MAPLE which shows the effi-
ciency of Newton method to reduce the maximum absolute error between
input frequencies and output frequencies and the maximum error between
input weights and output weights. We give another detailed numerical ex-
ample with Julia which minimizes the distance between a Hankel matrix after
SV'T step and its direct decomposition where the last one does not give the
desired weights and frequencies.

1.3 Contributions

The main contributions of this thesis can be resumed as follows:

e Low rank multivariate Hankel matrix decomposition algorithm where
the computation of multiplication matrices is done through a singular
value decomposition of the Hankel matrix. The minimal number of terms
in the decomposition is the same of the numerical rank of the Hankel
matrix.

e The combination of new Newton iteration with the decomposition step
to compute accurately and efficiently the polynomial-exponential decom-
position of the symbol, even for noisy input moments.

Thesis work leads to the publication of two papers:

e Linear Algebra and Applications:

Publication of Special Issue entitled with: Structured low rank decompo-
sitton of multivariate Hankel matrices. J. Harmouch, B. Mourrain, H.
Khalil, volume: 542, pages: 162-185, 1 April 2018.
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e MACIS 2017: International Conference on Mathematical Aspects of
Computer and Information Sciences.

Presentation and publication in the proceedings of the conference of a pa-
per entitled with: Decomposition of Low Rank Multi-Symmetric Tensor.
Jouhayna Harmouch, Bernard Mourrain, Houssam Khalil. Publisher:
Springer, pages: 51-66, 15 November 2017.

1.4 Thesis Structure

The thesis is developed through the following chapters:

e Chapter 2. We introduce the notion of multivariate Hankel operator and
we describe the decomposition algorithm of it in presence of noisy input
moments and high amplitude frequencies.

e Chapter 3. We recall the definitions of symmetric and multi-symmetric
tensors and we describe the existing decomposition methods of them.
We propose a new algorithm to decompose a non-symmetric tensor.

e Chapter 4. We introduce the statistical model which describes the web
pages content of a corpus of documents. We extract the symmetric tensor
structure from the moments which model the statistical phenomenon.

e Chapter 5. We recall the algorithm which gives the coefficients of bio-
logical model which describes the geometric structure of fibers in human
brain. We analyze the symmetric tensor structure behind the model.

e Chapter 6. We introduce the SDP’s to solve RMP if the objective ma-
trix is Hankel. We recast the Singular Value Thresholding algorithm to
predict the missing elements of a Hankel matrix of low nuclear norm.

e Chapter 7. We propose a Newton iteration which helps to remove noise
on moments of series. We adapt this method to minimize the distance
between the Hankel matrix after SV'T step and its decomposition.

e Chapter 8. We recast the main results of the thesis.
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Chapter 2

Hankel Decomposition Problem

In this chapter we set the identification among the set of sequences, the ring of
formal power series and the dual of the ring of polynomials. We first recall the
definition of polynomial-exponential series. We show how series acts as dif-
ferential operators on polynomials. In the opposite, a polynomial can be seen
as a differential operator on series. We review definitions of Z-transform and
Borel transform which relate a formal power series in variables y to a power
series in z. We show that a variable z; acts as a shift operators on a series in
z. We define a Hankel operator (resp. Hankel) matrix in univariate case and
multivariate case. We give the definition of truncated Hankel operator (resp.
truncated Hankel operator) associated to a formal power series in a basis of
quotient algebra and its dual basis. We propose a method which decomposes
a Hankel operator as a sum of indecomposable polynomial exponential series
which reduces to the solution of polynomial equations. Using Kronecker The-
orem, we establish a correspondence between Artinian Gorenstein Algebra,
a Hankel operator of low rank and polynomial exponential series. We recall
techniques for solving equations by eigenvalue and eigenvector computation
of multiplication matrices and we apply them to the Hankel case. We use
the first right and left singular vectors of a truncated Hankel matrix to define
an orthogonal base of all multiplication operators which guarantee a better
numerical computation of weights and points of the decomposition. We give
a simple formula which computes weights in the orthogonal basis. We pro-
pose an efficient algorithm which shows the decomposition of a formal power
series of low rank into weighted sum of evaluations in all steps. We analyse
its numerical behaviour in the presence of noisy input moments, for different
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numbers of variables, of exponential terms of the symbol and different ampli-
tudes of the frequencies. We present a rescaling technique, which improves
the numerical quality of the reconstruction for frequencies of high amplitudes.

2.1 Duality and Hankel Operators

We consider a field K of characteristic 0. In applications K = R ou C. We
are going to use the following notations: R = K[x] = K[z1,...,2,] is the
ring of polynomials in the variables zq,...,x, with coefficients in the field
K, K[[y¥]] =K[[v1,---,yn]] is the ring of formal power series in the variables
Y1, ..., Yyp with coefficients in the field K. For a, § € N” multi-index exponents
we say that a < S if oy < B; fori=1,...,n.

2.1.1 Duality

The natural isomorphism between the set of linear forms on the ring of poly-
nomials (K[x])* = Homg (K[x],K) and K[[y]] is defined via the pairing:

K[[y]] xK[x] - K (2.1)

I ifa=p.
,X7) - 2.2
N ) {O otherwise. (2.2)
where a! = [T ;! for a = (aq,...,a,) e N
If o € (K[x])* is a linear form, it can be represented by the series

«
o(y)= Y o(x") eK[[y]]
aeN" :
In the opposite, any series o(y) = ¥ qenmn Ja%; € K[[y]] can be interpreted as
a linear form such that (o|p) = ¥ jcacnn PaOa Where p(X) = Y cacym PaX®. The
linear form o is uniquely identified by its coefficients o, = (o|x®) for o € N7,
which are called the moments of o.

The set of multi-index sequences KN" can be identified with the ring of
formal power series K[[y1,...,yn]] = K[[y]]. A sequence o = (04)q € KN" is
identified with the series

«
o(¥)= Y outr eK[[y]]

aeN?
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where y@ = y{"-yn", ol = [T, oy! for a = (av,..., ;) e N

For an ideal I c K[x], we denote by It the space of linear forms orthogonal
to all polynomials of I via the scalar product.

For a vector space D c K[y], we denote by D* the space of polynomials
orthogonal to all power linear forms of D via the scalar product.

The truncation of an element o(y) in degree d € N* is obtained by taking all
moments with associated monomials of degree lower than d. It is denoted by
o(y)((y))**! which is the class of o modulo the ideal (y1,...,y,)*" e K[[y]].

For an ideal I c K[x] of polynomials, we have [++ =1,

For a vector space D c K[[y]] of formal power series, if D is closed for the
y—adic topology than D+ = D.

The dual space K[x]* = K[[y]] has a natural structure of K[x]-module,
defined as follows:

Vo(y) eK[[y]], Vp(x),q(x) e K[x], (p(x) » o(y) | ¢(x)) = (a(¥) | p(x)q(x)).

We check that Vo(y) € K[[y]], Vp(x),q(x) € K[x], (pg) * () = p* (g * o).
For more details, see [Ems78] and [Mou97].

For a polynomial p = Y o pax® with p, = 0 for a € N*, we have the
expansion series

ye
p*xo = Z ( Z pa0a+6)_'-
BeNn qeNn a!

The sequence associated to this series (Y enn PaCa+)aenn is called the cross-
correlation sequence of p and o.
We also identify K[x] with the set of sequences with a finite support
Lo(KN") i.e. the set of sequences with a finite number of non-zero terms.
For o € K[y], the inner product associated to ¢ on K[x] is defined as

(P, q)o = (a(¥)Ip(x)q(x))
for all p(x),q(x) € K[x].

21



2.1.2 Polynomial-exponential series

We define the evaluation at a point & = (£1,&, ..., &,) € K which is an element
of K[x]* as follows:

ec: K[z, 29,...,2,] - K .
p(X)=p(x1,x2,...,xn) = p(g):p(glagéa"'agn) (24)

It corresponds to the series

ayoz 1Y1+Q2y2+t...+SnlYn —
ee(y) = 3§02 = ettt - ) e K[y])

aeN?

Definition 2.1.1. Let

POLYEXP(y) = {0 = iwz’(}’)e&()’) eK[[y]]|& e K" wi(y) € K[Y]}

1=1

be the set of polynomial-exponential series. The polynomials w;(y) are called
the weights of o and &; the frequencies.

Notice that the product of y®ec¢(y) by the monomial x? can be seen as a
differential operator of the monomial evaluated at the point & such that:

0 otherwise.

{—([ﬂaﬂgﬁa = 929%2 L 90 (xP)(€) if a < B,

So that, the sum of polynomial-exponential series can be seen as a sum of
polynomial-differential operators w;(0) at £ such that for o = ¥i_; wi(y)ee, (y)

vp e K[x], (o]p) = gwm)(p)(g).

2.1.3 Differential Operators

An interesting property of the outer product is that the polynomial act as
differential on the series:

Lemma 2.1.2. Vp e K[x],Vo e K[y],p(x) * o(y) = p(9)(0)
Proof. We prove z; * (y)® = 0,,(y“). See [Moul6]. O
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Lemma 2.1.3. Vp € K[x], Vw € K[y], p(x) * (w(y)ec(y)) = p(& + 9y, & +
Oyos -+ &n + 0y, ) ((W(y))ee(y)-

Proof. By the previous lemma, x; * (w(y))ee(y) = (& + 9y,) ((w(y))ee(y) for
1 =1,...,n. By repeated multiplications by the variables and linear combi-

nation, the equality is true for any polynomial p € K[x]. O

Definition 2.1.4. For a subset D c K[y] the inverse system generated by D
18 the vector space generated by the formal power series of D and all their
derivatives. For w(y) € K[y], the inverse system of w(y) is generated by
w(y) and all its derivatives 0%(w), a € N™.

Its dimension is denoted by u(w). We compute it using the following
lemma:

Lemma 2.1.5. Forw(y) € K[y], u(w) is the rank of the matriz © = (04, p)acA geB
where w(y +t) = Yoea pen 00 syt for some finite subsets A, B of N,

Proof. We prove it using the taylor expansion of w(y +t) at y. ]
Lemma 2.1.6. The series y®iieg(y) fori=1,....r and j = 1,,u; where
i1, Q2,05 € N and (resp. & € K") distinct in pairs are linearly inde-
pendent.

Proof. We suppose that there exists w; ; € K such that

r T
o= wi(y)eq(y) =D > wijy*ieg(y)=0.
=1

i=1 j=1

We need to prove that w;(y) =0 for all i =1,...,r. If o =0 then by lemma
and linearity we obtain p x 0 = Y;_; p(& + 0) ((wi(y) )ee, (¥)-

We distinguish two cases:

If deg(w;(y)) = 0, then if we choose p as an interpolation polynomial at
one of the distinct roots &; then w;(y) =0 fori=1,...,r.

If deg(w;(y)) > 1, then if we choose p(x) = I(x) - (&) for a separating
polynomial I of degree one (I(&;) # I(&;) if i # j), so that at least one of w;(y)
has one degree less. By induction on the degree, we obtain w;(y) = 0 for
r=1,...,7 ]
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2.1.4 Z-transform

We can replace %T by z® where z = (21, 29,...,2,) is a set of new variables.
So that the sequence (0, )aen» can be represented by the formal power series:

o(y)= ¥ 02" ¢ K[[2]]
aeNn?

which is called the Z-transform of the sequence (04 )aen or the embedding
in the ring of divided powers. The inverse transformation from a series in
K[[z]] to a series in K[[y]] is called the Borel Transform. We then have
the natural isomorphism between K[x]* and K[[z]] and we can extend the
properties of duality to any field which is not of characteristic 0.
zho if B-aeN”
0 otherwise

So that z; plays the role of the inverse of x; and x; acts as a shift operators
on the series such that:

;i *xo(y)=ax;* Z 0,2% = Z Oare, 2" € K[[2]].

aeN"™ aeNn?

For a, 3 € N*, we have x® % zf =

The evaluation e¢ is represented in K[z] by the rational function
1
[T (1-&525)
The series y®e¢(y) in K[y] is then represented by the series

alz®

[Ty (1= &jzy) e

e K[z].

2.1.5 Hankel Operators

Univariate Hankel Operators
Hankel matrices are structured matrices of the form
H = [Ui+j]03isl,03j3m

where the entry o;,; of the ™ row and the j™ columns depends only on the
sum ¢ + j. By reversing the order of the columns or the rows, we obtain
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Toeplitz matrices, which entries depend on the difference of the row and
column indices. Exploiting their structure leads to superfast methods for
many linear algebra operations such as matrix-vector product, solution of
linear systems, ... [BP12]

A Hankel matrix is a sub-matrix of the matrix of the Hankel operator
associated to a sequence o = (o) € KN:

H,: Ly(KY) - KN
(pk:)k: = (Zpk0k+l)leN
k

where Lo(KN) is the set of sequences of KN with a finite support.

Multivariate Hankel Operators

The multivariate Hankel operator is nothing else than the operator of multi-
plication by o:
H;:K[x] - K[[y]]
p = px0o

The multivariate Hankel operator can be seen as an operator on sequences
if we associate to each polynomial of finite support p = (pa)acacnn, the se-
quence p * 0 = (¥ qenn PaCa+s)genn. The kernel denoted by I, = ker H,, is the
set of polynomials p = Y. 5. psx” such that Y g5 psoa.p =0 for all v e N* and
it is called the set of linear recurrence relations of the sequence o = (0, )qenn-

Because of pg * o = p* ¢ o for all p,q € K[x] we can easily check that I,

is an ideal of K[x] and the quotient space A, = K[x]/I, defines an algebra.
The formal power series ¢ is called the symbol of H,.

Definition 2.1.7. The rank of an element o € K[y] is the rank of the Hankel
operator H, =r.

The multivariate Hankel operator can also be interpreted using the Z-transform
of the cross-correlation of p and o by associating to it, the series o(z) =

Y genn (Zaenn Paasp)z? in K[[z]].
The Multivariate Hankel matrixz associated to the Hankel operator in the

basis (X%)aene and the dual basis (y?f) genn have a structure of the form
H =[00+]a,pen = (<U|Xa+6>)a,ﬁ€N"-
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Example 2.1.8. The series o(y) = e(y) = Yo go¥l = o< for € € Kn,

(6%
represents the linear functional corresponding to the evaluation e at £. The

Hankel operator He, is of rank 1, since its image is spanned by e¢(y) and
Ieg = (.CUl —fl,fL'Q _527---7xn_€n)-

For A, B c N” subsets of multi-indices indexing respectively the rows and
columns, the Hankel matrix of e, is denoted by H?’B = [P seB aea. If H?’B +
0, it is a matrix of rank 1.

Truncated Hankel Operators
Truncated Hankel operators are obtained by restriction of Hankel operators.

Definition 2.1.9. For two wvector spaces U,V c K[x] and o € (UV)* =
(uolueUve V) cK[[y]], we denote by HY"Y the following map:

1Y v - U
p(x) = p(x)*o(y)w

It is called the truncated Hankel operator on (U,V'). If U =V, the trun-
cated Hankel operator is denoted by HY .

For U = {uy,...,w} c K[x], V = {v1,...,v,} c K[x], the Hankel matrix
of conU, V is HYY = ({0 | wivj))1<ici1<j<m- We use the same notation HYY
for the truncated Hankel operator from (V') to (U)*.

For A, B c N, let (xP) c K[x], (y4) ¢ K[[y]] be the vector spaces spanned
respectively by the monomials x? for 3 € B and y® for a € A. The truncated
Hankel operator of o on A, B is

Hy P+ (xP) > (y4) )
p= ZBeBpﬂxﬂ e ZaeA(ZBeB pao'oﬁﬁ)% =D * O|(x4)

The matrix of H2” in the bases (x7)gep and (%)O&A is of the form:
H;l’B = [Ja+b’]aeA7ﬂeB-

It is also called the truncated moment matrix of o.
For d € N, we denote by K[x]; the vector space of polynomials of total
degree < d. Its dimension is sy = (”;d). For d,d" € N, we denote by HY the
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Hankel matrix of o on the subset of monomials in x respectively of degree
< d and < d’. We also denote by HE the corresponding truncated Hankel
operator of H, from K[x]s to (K[x]4)*.

Multivariate Hankel matrices have a structure, which can be exploited to
accelerate linear algebra operations.

Example 2.1.10. Consider the series o = 1+ 2y +3yo +4y§+5y1y2+6%+7%§+

S@Jp-- e R[[y1,92]]. Its truncated Hankel matriz on A =[(0,0),(1,0), (0,1)]
(corresponding to the monomials 1,21,25), B = [(0,0),(1,0),(0,1), (2,0)]
(corresponding to the monomials 1,x1,x9,23) is

AB _
H" =

W N =
(G2 BETE V)
Sy Ot W

4
7
8

2.2 Structured decomposition of Hankel matrices

In this section, we show how the decomposition of the symbol ¢ of a Hankel
operator H, as a sum of polynomial-exponential series reduces to the solution
of polynomial equations. This corresponds to the decomposition of H, as a
sum of Hankel matrices of low rank. We first recall classical techniques for
solving polynomial systems and show how these methods can be applied on
the Hankel matrix H,, to compute the decomposition.

2.2.1 Solving polynomial equations by eigenvector computation

Definition 2.2.1. A quotient algebra A = K[x]/I is Artinian if it is of finite
dimension over K.

Notice that if K is a subfield of IL, I} = I ® L is the ideal of L[x] generated
by the elements of I, we denote by Ay, = L[x]/I; = A® L. We have dimg(A) =
dimy (AL), so if L = K is the algebraic closure of K we obtain dimg(A) =
dimg(A). In the following, we assume that K = K.

Theorem 2.2.2. dimg(A) < oo if and only if I defines a finite number of
1solated points in K.
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Proof. See [LCO92] [Theorem 6]. O

Theorem 2.2.3. Let A = K[x]/I be an Artinian algebra of dimension r
defined by an ideal I. In the case that the ideal I defines a finite number of
roots V(I) ={&,..., &} ={& e K" | Vpe I, p(&) =0} where r' <r, we have a
decomposition of A as a sum of sub-algebras:

A=K[x]/[I=A1&-- & A
where

o [ =Q1nQan...nQ, is a minimal primary decomposition of I where Q);
is the mg,— primary component of I associated to the root & € K" such
that m¢, = (21 - &1,72 = &2, -+ Tn = &in)

e The local algebra A; = ug, A = K[x]/Q; where A;.A; =0 fori+j.

The dimension of A; is the multiplicity of the point &. For more details,
see [EMO7][Chap. 4].

The projection of 1 on the local algebras A; yields the so-called idempo-
tents ug, associated to the roots &;, which satisfy the relations:

/

e (g () = 0.1, () = g (). 3 ug () = 1

fore+5=1,...,r"

A* is identified with the subspace I+ of formal power series which are
orthogonal to the polynomials of I. As [ is stable by multiplication by x;,
then I+ is stable by derivation diyi fore=1,...,n.

Proposition 2.2.4. Let ) be a primary ideal for the maximal ideal m¢ of
the point £ € K" and let Ae = K[x]/Q which is stable by derivations diyi for
t=1,...,n. Then

Q" = Af = De(Q)-ec(y),
where De(Q) c Kly] is the set of polynomials wly] € K[y]such that Yq €
Q,w(9)(q)(§) = 0.
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The vector space D¢((Q) is called inverse system of Q.

By the duality applied on the direct sum of sub-algebras which is equal to
A, any o € A* can be decomposed as Y-, ug, +o = 0. Because of (ug,x0)(Ag,) =
0 we deduce that ug, * o 6.»4; =Qf fori=1,...,7.

D¢, (Q;) is denoted by D; for i=1,...,r.

Theorem 2.2.5. Let I = (p1,p2,...,ps) be an ideal of K[x]/I which defines
a finite number of roots &1,&s,...,&-. The generating series of the sequence
0 = (0a)aum which satisfies the system of difference equations

p1*0=0,p2*0=0,...,p5*0=0

are of the form

r

o(¥)= Y o - > wi(y)eq (v) € Kl[y]

aeNn X

where w;(y) € D; = D(&)(I) = D(&)((p1,p2s - - -, ps)) such that w(9)(p;)(€) =
0 forallj=1,...,s andi=1,...,r.

The points &; can be recovered using properties of the multiplicative struc-
ture of A.

Definition 2.2.6. For g € K[x], the multiplication operator M, is defined by

Mg: A - A
h - My(h)=gh.
The transpose My of the multiplication operator M, is
Mg A - A
A = MH(A)=AoMy=g*A.
Let B ={by,...,b,} is a basis of A, and B* its dual basis in A*. We denote

by M, (resp. M) is the matrix of M, (resp. M}) in the basis B (resp. B*)
of A (resp. A*). We have M] = (M,)" and they have the same eigenvalues.

The main property that we will use to recover the roots is the following
[EMO7][Thm. 4.23]:

Proposition 2.2.7. Let I be an ideal of K[x]| and suppose that V(I) =
{517527'--7574’}- Then

29



e forall g € A, the eigenvalues of M and M, are the values (1), .., g(&)
of the polynomial g at the roots with multiplicities pu; = dim A, .

e The eigenvectors common to all My with g € A are - up to a scalar - the
evaluations eg, ..., e¢,.

T

In the case of simple roots, we have the following property [EMO7][Chap.
4]

Proposition 2.2.8. If the roots {&1,&s,...,&-} of I are simple (i.e. p; =
dim A; = 1) then we have the following:

e u={ug,...,u} is a basis of A.

e The polynomials ug,, ..., ue, are interpolation polynomials at the roots
& ug (&) =114fi=j and 0 otherwise.

e The matriz of M, in the basis u is the diagonal matriz diag(g(&1),...,9(&)).

This proposition tells us that if g is separating the roots, i.e. g(&) # g(&;)
for ¢« # j, then the eigenvectors of M, are, up to a scalar, interpolation
polynomials at the roots.

The coeflicient vector of the evaluation eg, = ) genn ff YFL: + ... in the dual
basis of B is [(eg, ijBeB = [bj(&)]iz1..r = B(&). The previous proposition
says that

Mj B(&) = g9(&) B(&)-
If moreover the basis B contains the monomials 1,z1,xo,...,x,, then the
common eigenvectors of My are of the form v; = ¢[1,&;1,...,&in,...] and the
root & can be computed from the coefficients of v; by taking the ratio of the
coefficients of the monomials x1,...,x, by the coefficient of 1: & = Vv—’“?
Thus computing the common eigenvectors of all the matrices M for g e A
yields the roots & (i=1,...,r).

In practice, it is enough to compute the common eigenvectors of M ,..., M} |
since Vg € K[x], Mj = g(M],,...,M] ). Therefore, the common eigenvectors
M; ..., M; are also eigenvectors of any Mj.

The multiplicity structure, that is the dual @); of each primary component
Q; of I, also called the tnverse system of the point & can be deduced by linear

algebra tools (see e.g. [Mou97]).
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Definition 2.2.9. A K-algebra A is Gorenstein if 37 € A* such that Yo €
A*.Ipe A with o =p*7 and if p* 7 =0 implies p = 0.

In other words, A is Gorenstein if and only if A* is free A—module of rank
one.

2.3 Generalized Kronecker Theorem

We are interested in structured decompositions of Hankel matrices (resp.
operators) as sums of Hankel matrices (resp. operators) of low rank. This
raises the question of describing the Hankel operators of finite rank and leads
to the problem of decomposing them into indecomposable Hankel operators
of low rank. We establish a correspondence among Hankel operators of finite
rank, polynomial-exponential series and Artinian Gorenstein Algebra.

We associate to a Hankel operator H,, the quotient A, = K[x]/I, of the
polynomial ring K[x] modulo the kernel I, = {p e K[x] | V¢ € R, (0 | pq) = 0}
of H,. We have checked that I, is an ideal of K[x], so that A, is an algebra.

As A, = K[x]/I, ~img H,, the operator H, is of finite rank r, if and only
if, A, is Artinian of dimension dimg A, = r .

We recall the celebrated theorem of Kronecker [Kro81]. We will also as-
sume hereafter that K = K is algebraically closed.

Theorem 2.3.1 (Kronecker Theorem). The Hankel operator
H, : (pr) € Lo(KY) = (3" progar)ien € KN
k

is of finite rank r, if and only if, there exist polynomials wy,...,w. € K[y]
and &1, ..., & € K distinct s.t.

oy = Z wi(n)&r
i-1

with Y7 (deg(w;) +1) = r.

This results says that the Hankel operator H, is of finite rank, if and only
if, its symbol o is of the form

n r’
o(y) = 3 0uy = Y @ily)et
neN n. =1
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for some univariate polynomials @;(y) € K[y] and distinct complex numbers
& i=1,...,r". Moreover, the rank of H, is r = Y7 (deg(&;) + 1).

The previous result admits a direct generalization to multivariate Hankel
operators, using polynomial-exponential series.

The next theorem characterizes the multivariate Hankel operators of finite
rank in terms of their symbol [Moul6]:

Theorem 2.3.2 (Generalized Kronecker Theorem). Let o(y) € K[[y]]. Then
rank H, = r < oo, if and only if, o(y) = Xy wi(y)ee, (y) € POLYEXP(y)
with w;(y) € K[y] ~ {0} and & € K" pairwise distinct, with r = Y7 j1(w;)
where p(w;) is the dimension of the inverse system spanned by w;(y) and all
its derivatives 0°w;(y) for a = (ay,...,a,) e N

Proof. See [Moul6]. O

The following proposition shows that the frequencies & and the weights w;
can be recovered from the ideal I, (see [Moul6] for more details):

Proposition 2.3.3. If o(y) = Y1, wi(y)es (y) with wi(y) € K[y]~ {0} and
& € K™ pairwise distinct, then we have the following properties:

o The points &1,&, ..., & € K™ are the common roots of the polynomaials in
I, =ker H, = {p e K[x] | Vq € K[x], {o]|pq) = 0}.

o The series wi(y)eg, is a generator of the inverse system of Qr, where Q;
is the primary component of 1, associated to & such that dimK[x]/Q; =

pi(wi).
o The inner product (.,.), is non-degenerate on A,.

This result tells us that the problem of decomposing ¢ as a sum of polynomial-
exponential series reduces to the solution of the polynomial equations p =0
for p in the kernel I, of H,.

Proposition 2.3.4. Let o(y) € K[y]. The following conditions are equiva-
lent:

eo=%", wieg, (y) with w; e K[y], & € K" and S p(ws) =7,
e H, is of rank r,
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o A, is Artinian Gorenstein algebra of dimension r.
A special case of interest is when the roots are simple.

Proposition 2.3.5. Let o(y) € K[y]. The following conditions are equiva-
lent:

o 0=y wieg(y) withw; € K are non-zeros, § € K" are pairewise distinct,
e H, is of rank r, and the multiplicity of & s 1.
o (e, €, ..., €) is a basis of A%
If o is with real coefficients, we consider the following property of positiv-
ity:
Proposition 2.3.6. The formal power series o € R[[y]] of finite rank is

semi-definite positive if and only if the constant weights in the decomposition
are positive and the points belongs to R™.

Proof. The proof relies on the fact that the ideal I, is real radical. For more
details, see [Moul6]. O

It is saying that a positive measure on R” with an Hankel operator of finite
rank r is a convex combination of r distinct Dirac measures of R".

2.3.1 Undecomposable Series

The Hankel operators associated to evaluations e¢ are of rank 1. As shown
in the next example, a Hankel operator of rank > 1 is not necessarily the sum
of Hankel operators of rank 1.

Example 2.3.7. For n =1 and o = y, we check that H, is of rank 2, but
it cannot be decomposed as a sum of two rank-one Hankel operators. If A =
{1,2,2%}, we have

010 1 & & 1 & &
HM=11 00 [+M]| & & & |+x| & & &
000 & &g & & &

for A, Xo, &1, & € K. This shows that the symbol y 1s indecomposable as a sum
of polynomual-exponential series, though it defines an Hankel operator of rank
2.
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Definition 2.3.8. For o € K[[y]], we say that o is indecomposable if o
cannot be written as a sum o = oy + oy with img H, =img H, ®imgH,,.

Proposition 2.3.9. The series w(y) e¢(y) with w(y) € K[y]~{0} and £ e K"
18 1ndecomposable.

Proof. Let 0 = we¢ and r = u(w) be the rank of H,. Suppose that o =
o1 + 0y with img H, = img H,, ® img H,,. We assume that the rank of H,,
is minimal. By the Generalized Kronecker Theorem [2.3.2) oy = 37", w1 g, ,,
09 = 221 W2 €¢, ; with Wi € K[X], fm e K" and

T T2
weg = ZwLi egu + Z(JJQ’Z' 65271,.

i=1 i=1
By the independence of the polynomial-exponential series (lemma [2.1.6]), we
can assume that &1 =& 1 = ¢ and that w =wy ; +wa; (possibly with wy; =0)
and that wy; = —wq; for i = 2,...,r = ry . As rank H,, = Y% p(wi,) is
minimal, we can assume moreover that wy; = 0 for ¢ = 2,...,ry, that is,
r1 =19 = 1. Then, we have 0 = weg, 01 = wieg 09 = woee with w = w; +
we. As img H,, = (0%(w;i)ee), ¢ = 1,2, we have img H,, nimgH,, > e and
img H,, is not the direct sum of img H,, and img H,,. This shows that o is
indecomposable. ]

2.3.2 Decomposition of Formal Power Series

Our goal is to compute the decomposition of the series using eigenvalue et
eigenvector structure of non-zero minors of maximal size of the matrix of H,.
Hereafter A = K[x]/I is the quotient algebra of K[x] by any ideal I and A*
is the dual of A. It is naturally identified with the orthogonal I+. In the
reconstruction problem, we will take I = ker(H,) = I,.

Proposition 2.3.10. Let B, B be basis of A, and g € K[x]. We have

HEP = (MPYTHEP = HPP MP (2.5)
where MgB (resp. Mf’) 1s the matriz of the multiplication by g in the basis
B (resp. B') of A,.
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Proof. Let B = {by,...,b,},B’" = {b],...,b.} be two bases of A,. We have
gbj = Xi_ym; ;b + k where m;; is the (i,7) entry of the matix M} of multi-
plication by ¢ in the basis B and x € I,. Then,

(Hp Vi = (o | gbil, =(0|;mz,ibzb}) (0| Kkby) ;m,z o | bibi) = (MPYTHEE); 5

Similarly, we have gb; = iy mj ;b; + " where m; ; is the (i, ) entry of the

matrix Mf' of multiplication by ¢ in the basis B and k' € I,. For 1 <4,5 <r,
the entry (7,7) of Hﬁ’f, is

(H *J)U-:(a|bng' = J|Zm5]bb (0| bir') =Y (o | bib)ymy; = (Hf’B’Mf)[i,j]

=1
This concludes the proof of the relations ({2.5)). O

We deduce the following property:

Proposition 2.3.11. Let o(y) = Yi wi(y)ee, (y) with w; € K[y]~ {0} and
& € K™ distinct and let B, B' be bases of A,. We have the following properties:

o For geK[x], MB' = (HZ P HEP  (MBY = HEP (HP P,

e For g e K[x], the generalized eigenvalues Of(Hﬁ’f,, HE’B,) are g(&;) with
multiplicity p; = p(w;), i=1,...,r.

e The generalized eigenvectors common to all (Hﬁ’fl,Hf’B,) for g e K[x]
are - up to a scalar - (HPP)1B(&), i=1,...,r.

Proof. The two first points are direct consequences of Propositions|2.3.10{and
2.2.7. The third point is also a consequence of Proposition [2.2.7] since the
coordinate vector of the evaluation e, in the dual basis of B is B(¢;) for
1=1,...,7. ]

This proposition shows that the matrices of multiplication by an element
g in A, and thus the roots {{1,...,&,.} and their multiplicity structure, can be
computed from truncated Hankel matrices, provided we can determine bases
B, B’ of A,. In practice, it is enough to compute the generalized eigenvectors
common to (HZE HPP) for i = 1,...,n to recover the roots. As H2E =
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H(fiB’B, = P B,, the decomposition can be computed from sub-matrices of
a28" or HP"P where B* = BuxBu--Ux,B, B = B'uz,B'U-Ux,B.

Another property that will be helpful to determine a basis of A, is the
following;:

Lemma 2.3.12. Let B ={by,...,b,}, B'={b},...,b.} cK[x]. If the matriz
HBP - ((U‘bib‘;>)1gi’jgr is invertible, then B and B' are linearly independent

m Ag.

Proof. Suppose that H? B is invertible. If there exists p=YiNbi (A € K)
such that p =0 in A,. Then p o =0 and Yq € R, (o|pg) = 0. In particular,
for y=1,...,r we have

i=1
As HEP is invertible, \; = 0 for ¢ = 1,...,7 and B is a family of linearly
independent elements in A,. Since we have (Hf B )T = HEB  we prove
by a similar argument that HEP invertible also implies that B’ is linearly

independent in A, . ]

The converse is not necessarily true. If o =y, then I, = (2?) and B= B’ =
{1} are linearly independent in A,, but HZ* = ({o]1)) = (0) is not invertible.

2.3.3 Decomposition Algorithm

We are given the first moments o,,|a| < d of the series o(y) = Yi_ wieg, (y)
with w; € C\(0) and &; € C". The goal is to recover the number of terms r, the
constant weights w; and the frequencies &; of the series o(y).

Computation of the basis

The first problem is to find automatically bases B; and By of the quotient
algebra A,, of maximal sizes such that HEP2 i invertible. Using Proposition
2.3.11}, we will compute the multiplication matrices MfQ forg=x;,1=1,...,n.
The frequencies §; and the weights w;, j =1,...,r will be deduced from their
eigenvectors, as described in section [2.3.3]

Given the set of moments (0, )|q<a, We create two sets A; = (X*)qq, and
Ay = (x7)51<q, of monomials such that o and 8 are multi-indices in N with

36



la| < dy and || < dy. The degrees dy and dy are chosen such that d; + ds < d.
Let Ny =|A;| and Ny = |As|. The truncated Hankel operator associated to o
1S: y
Hgt® o+ K[x], - (K[x]g)*
D [ p* o

The Hankel matrix in these two monomial sets A; and A, is defined by
Hy " = [0(0+5)) ol

|B]<d2

Computing the singular value decomposition of Hgl’dQ, we obtain

Hivt = SyT

where S is the diagonal matrix of all singular values of H arranged in a

decreasing order, U is an unitary matrix whose columns are the left singular
vectors of Hgl’dQ, V' is an unitary matrix whose columns are the right singular
vectors of HI". We denote by U" the hermitian transpose of U and V the
conjugate of V.

Let u; = [tq,i]aea, and vj = [vg j]gea, be respectively the i and 5™ columns
of U" and V. They are vectors respectively in CV1 and CV2. We denote by
ui(x) = uj A1 = Yjged, taiX* and vi(x) = v As = ¥jgie, vg;x” the corre-
sponding polynomials. The bases formed by these first r polynomials are
denoted UM := (u;(x))i=1,...» and V, = (v;(x))j=1...,. We will also denote by
Ur (resp. Vr) the corresponding coefficient matrix, formed by the first rows
(resp. columns) of U" (resp. V). We denote by S, the diagonal matrix of the
first » rows and columns of .S, formed by the first r singular values.

Proposition 2.3.13. Let 0 = Z?;lwi(y)egi with w; € Cly], & € C* and
S p(w;) = . If rank H&® =1, then the sets of polynomials Uy' and Y,
are bases of A,. The matrix M;j associated to the multiplication operator by
x; in the basis V, of Ay is My" = S:1UY ng;ﬁzvr 1=1,...,n.

N
Proof. The (i,7) entry of the matrix HY V" of the truncated Hankel operator

37



of o with respect to U" and V), is equal to:

(H*"Y) 551 = (olui(x)v; (%))
= <U|( Z uaﬂ'xa)( Z UBJ'XB» = Z Ui Z <U‘Xaxﬂ>vﬁ7j

‘Oz|£d1 |ﬁ|§d2 |Oé‘£d1 |ﬂ|§d2
= [UHP 2V, ] -
(2.6)

Using the SVD decomposition of Hgl’dz, we have
HEYVr = UnHOT, = UM U SV, = S,

since U U = Idy,, VT? = Idy,. As r =rank H™, S, is invertible and by
Lemma [2.3.12) U and V), are linearly independent in A,, which is a vector
space of dimension r. Thus they are bases of A,.

Let nggv’“ be the matrix of the truncated Hankel operator of x; x 0 on
the two bases U!' and V,. A similar computation yields Hgg;j = UﬁHﬂj;‘?Vr,
where ngfff is the matrix of the truncated Hankel operator of x; x o in the
bases A; and A, for all ¢ = 1,...,n. Since S, is an invertible matrix, by
Proposition [2.3.11| we obtain Mf’ = (Hglﬁ’v")‘lHZ’lif’" - SS\URHMEY, O

By this proposition " and V, are bases of A,. By Proposition [2.3.11],

the eigenvalues of MY are the ith coordinates zi (&) = &, of the roots &; for
r=1,...,n,7=1,...,7.

Computation of weights

The weight w;,7 =1,...,7 of the decomposition of o can be easily computed
using the eigenvectors of all MXT, j=1,...,n as follows.

Proposition 2.3.14. Let 0 = ¥ wieg, withw; € CN{0}, §= (&1, &in) €
C" distinct and let ij be the matriz of multiplication by x; in the basis V,.
Let v; be a common eigenvector of M;)j?”, Jj=1,..,n for the eigenvalues &; ;.

Then the weight of e¢, in the decomposition of o is

1]" H3 2V, v,
i = B M3 (2.7)

[éia];eAQVr Vi
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Proof. According to Proposition [2.2.8] the eigenvectors of the multiplication
operator M, are, up to a scalar, the interpolation polynomials u;(x) at the

roots. Let ug, be the coefficient vector associated to ug(x) in the basis V,
of A,. Let v; = Aug, be the eigenvector of MY associated to the eigenvalue
i for j=1,...,ri=1,...,n such that v;(x) = A}V; = ¥|g<4, VigX” where

v; =V, v;. Applying the series on all the idempotents, we obtain
(0] ug (%)) = (Y wieg, (¥) [ ug(x)) = wing (&) = wi.
j=1

Therefore, we have w; = <U|Au§i(x)> = <0|V;(X)> = wl‘,’fg” because of v;(§) =

(Aug,)(&) = A Then

<o |vi(x)>=[1]" Ho®y, = [1]" HA 2V, v,

where [1] is the vector of coefficients of the polynomial 1 in the monomial
basis A1 = (X%)|q<q, and

VZ(&) = [gia];eAQ Vi = [gzq];eAgvT Vi.

[T HI 2T, v, O

[51,&]—(56,42 V’!‘ Vi '

We deduce that w; =

Algorithm

We describe now the algorithm to recover the sum

o(y) = éwj e (y),
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wj € C~{0},&; € C", from the first coefficients (0, )|q<a Of the formal power

series o(y) = Zaay—'.
~ al

Algorithme 1 : Decomposition of polynomial-exponential series with constant weights
Input: the moments o, of o for |a| < d.
Let d; and dy be positive integers such that dy + dy + 1 = d, for example

dy =[5 and dy = | 5.

1. Compute the Hankel matrix H&% - [0(a+8)]jaj<d, Of 0 in for the

|Bl<dz
monomial sets A; = (Xa)|a|§d1 and A, = (X6)|ﬁ|§d2'

2. Compute the singular value decomposition of H&% = gy
with singular values s; > 59 > - > s,, > 0.

3. Determine its numerical rank, that is, the largest integer r such that

Sr.
8126.

4. Form the matrices M;} = S;lUﬁng;flfvr,i =1,...,n, where ngfff is
the Hankel matrix associated to z; * 0.

5. Compute the eigenvectors v; of Y.} ; M, for a random choice of /; in
[-1,1],7=1,...,n and for each j =1,...,r do the following;:

e Compute ¢;; such that M;v;=¢;,v; fori=1,...,n and deduce the
pOil’lt 5] = (gj,la ce 7§j,n)'

(olv;(x)) _ [T He 2V, v,
vilg)) (6010, Vv

where [1] is the coefficient vector of 1 in the basis A;.

e Compute w; =

Output: 7 e N, w; e C\(0), & € C", j=1,...,r such that
o(y) = Xj-1 wjeg(y) up to degree d.

2.4 Experimentation

In this section, we present numerical experimentations for the decomposition
(6%
of 0 = Yoen0oYy from its moments o,. For a given number of variables n
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and a fixed degree d, we compute the coefficients o, = o(x*) = Y.i_; w; such
that |0,| < d where w; e C\(0) and & = (&1,...,&n),4=1,...,r have random
uniform distributions such that 0.5M < [§;,| < 1.5M, -7 < arg(&;) < ,
0.5 < |wi| €1 and -7 < arg(w;) < m, for M > 1. To analyse the numerical
behaviour of our method, we compare the results with the known frequencies
and weights used to compute the moments of o.

We use Maple 16 to implement the algorithms. The arithmetic opera-
tions are performed on complex numbers, with a numerical precision fixed to
Digits = 15.

2.4.1 Reconstruction using Fourier Coefficients

Let T = (T1,...,T,) € R? and Q = [1,[-7T;,7T;] € R", one application of
decomposition algorithm is the reconstruction of the measure u as a weighted
sum of Dirac measures with support in €2 such that:

H=, ), Wil

1=1 ae A;cN"

using its Fourier coefficients o = (0y)yezn. For v = (71,...,7,) € Z", the 4"

Ly %
. . . _ 1 -27i Zj=1 T
Fourier coeflicients of the measure p is o, = T, [ u(x)e j

2.4.2 Numerical example

In this section, we present a detailed example of decomposition of formal
power series of degree d = 4 into weighted sum of 2 evaluations such that the
weights are non-zero and the points belongs to C2.

Let o(z1,x2) a formal power series of the form:

o(x1,22) = 0.6633+0.778371 +(1.1840-1.52031 ) z329+(1.5962-5.14891 ) ] +
(1.3504 — 1.11201 ) z123 + (-0.6461 — 0.09051 )z125 + (-0.0175 — 1.13281)xy +
(0.7029-1.64561)x3+(0.3992+2.01751 )z 23+ (-0.1485+1.11471 ) 29+ (-0.9206+
2.13641)x3x0 + (-1.0318 - 0.1351) T3 + (-1.8318 — 0.91921)z2x3 + (0.2513 +
2.59791)x3 + (=0.9557 + 1.47591 )23 + (—0.6061 + 0.13481 ) x3.

We suppose that d; = 1 and ds = 2 so that the truncated Hankel matrix
HI™ associated to o in the basis Ay = {1, 21, 2o} and Ay = {1,z 29, 22, 2129, 22}
is equal to:
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thdz _

[ 0.2513+2.59797  1.1840 -1.52031 -0.6061 + 0.13487]
1.1840 - 1.52037  0.3992 +2.01751 -0.6461 -0.09057
0.3992 +2.01751 -1.0318 - 0.13517 0.7029 — 1.64561

—-0.6061 + 0.13487 -0.6461 - 0.09057 -0.0175-1.13281
—-0.6461 - 0.09057 0.7029 - 1.64561 -0.1485+1.11471

| —0.0175-1.13281 -0.1485+ 1.11471 0.6633 + 0.77831 |
da

The truncated Hankel matrices ng;g associated to x; » ¢ in the basis
Ay ={1,21, 29} and Ay = {1, 21, 29,22, 2129, 23} for i = 1,2 are equal to:

d17d2 —
Hﬁl’l*O' -

dq,d
ngl*aQ =

[ 1.5962 - 5.14891 —-0.9206 + 2.13641 0.2513 + 2.59791 ]
-0.9206 + 2.13641 -1.8318-0.91927 1.1840-1.52031
-1.8318 - 0.91927 1.3504 -1.11207  0.3992 + 2.01751
0.2513+2.59797 1.1840-1.52031 -0.6061 +0.13481
1.1840 - 1.52037 0.3992 + 2.01750/ -0.6461 -0.09057

| -0.6061 + 0.13481 -0.6461 - 0.09051 -0.0175—-1.13281 |

[—0.9206 + 2.13647 -1.8318 - 0.9192] 1.1840 - 1.52037 ]
-1.8318 - 0.91927 1.3504 -1.11207  0.3992 + 2.01757
1.3504 - 1.11207 -0.9557 + 1.47597 -1.0318 -0.13511
1.1840 - 1.52037  0.3992 + 2.01751 -0.6461 - 0.09057
0.3992 +2.01751 -1.0318 - 0.13517 0.7029 - 1.64561

| -0.6461 - 0.09057 0.7029 - 1.6456/ —0.1485+ 1.11471 |

The multiplication matrices by x; and x5 in the orthogonal basis are re-
spectively equal to:

M, =

M,, =

[-1.1271 +0.55141 0.50211 +0.41001 0.1024 - 0.07121
-0.4788 +1.03041 -0.6477-0.50951 -0.1769 - 0.05491
[ -1.5150 - 1.27861 1.6611 +0.16391 -0.6651 + 0.25141
[0.0475 - 0.95287 —0.4267 — 0.26581 —0.0999 + 0.05461
0.2043 - 0.93261 -0.5251 +0.23627 -0.0451 - 0.05281

[0.8754 +1.75041 0.5753 +0.76631 —0.5222 +0.31721

The frequencies &1, &, &5 in C? are respectively equal to:

& =[-0.8091 — 1.25271,-0.1258 + 0.48601 |

& =[-0.8870 + 1.01117,-0.1398 — 1.29927 ]

&3 =[-0.7437 + 0.53481,-0.7341 + 0.41391 ]

Their associated weights are:

wy =0.3325 +0.59461, wo = —0.4439 + 0.44651, w3 = 0.7747 — 0.26281.
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2.4.3 Numerical behavior against perturbation

We apply random perturbations on the moments of the form o, + €(p, +
1q,) where p, and ¢, are two random numbers in [-1,1] with a uniform
distribution, and € = 10~¢ where e is a fixed positive integer.

To measure the consistency of our algorithm, we compute the maximum
error between the input frequencies & and the output frequencies 5;, and
between the input weights w; and the output weights w;:

err = max(err(&;, &), err(wi, w;)) where err(w;, w;) = max lwi—w;| and err(&;, &) = max 1€ =
<i<r <isr

(2.8)
In each computation, we compute the average of the maximum errors result-
ing from 10 tests.

e
-18  -16  -14 -12  -10 -8 -6 -4 -2 1}

-1 -16 -14 -12  -10 -
e

N 4

oy .
Ve \\/\//\—/
-10

—r=§ =——-r=10 == =20 — -r=30 |—r—5—'r—lE)—-—r—2()— -r—3[)‘
n=3 §=10 M=1i n=3 d=10 M=100

(a) (b)

Figure 2.1: The influence of the amplitude of the frequencies on the maximum error.

In Figures 2.1a] and [2.1b| we study the evolution of the error in terms of
the perturbation € = 10(-9), for a fixed degree d = 10, a number of variables
n = 3, different ranks r = 5,10, 20, 30 and for two different amplitudes of the
frequencies M =1 and M = 100.

In Figure for M =1, the lower error is for the lower rank r = 5. Be-
tween € ~» 10712 and € = 1, the error err increases in terms of the perturbation
as err= exp(te) for some slope ¢t ~ 1. The slope ¢ remains approximately
constant but the error increases slightly with the rank r. Before e = 10713, it
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Figure 2.2: The influence of the degree and dimension on the maximum error.

is approximately constant (approximately 10712 for r = 5). This is due to the
fact, in this range, the perturbation is lower than the numerical precision.

In Figure for M =100, the lower error is also for the lower rank. The
error has almost a constant value when e varies. It is bigger than for M =1
for small perturbations. For r = 5,10 the error slightly increases between
e = -2 and e = 0, with a similar slope. This figure clearly shows that the
error degrades significantly from M =1 to M = 100 and that the degradation
increases rapidly with the rank r.

In Figure 2.2a] we fix the number of variables n = 3, the rank r = 20,
M =100 and we change the degree d which induces a change in the dimensions
of the Hankel matrices. For e € [-19,0], the error decreases when we increase
the degree from d = 8 to d = 10. It is slightly lower when d = 12 than when
d =10, and error is similar for d = 10 and d = 16. This increase of the precision
with the degree can be related to ratio of number of moments by the number
of values to recover in the decomposition.

In Figure [2.2B] we fix the degree d = 10, the rank r = 15, M =100 and we
change the number of variables n = 2,3,4,5. The dimension of the matrices
increases polynomially with n. We observe that the error decreases quickly
with n. It shows that the precision improves significantly with the dimension.
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2.4.4 Rescaling

As we have seen in Figures and [2.1D], the error increases significantly with
the amplitude M. To remedy this issue, we present a rescaling technique and
its numerical impact. It’s done like this:

e For a chosen non-zero constant A, we transform the input moments of
the series as follows:

y - o . Y
o(y):= ) gum —a(y)=0(Ay) = Y. Ao,
aeN™ o aeN™ Q!

which corresponds to the scaling on the frequencies e (\y) = exe(y).

e We compute decomposition of #(y) = o(Ay) from the moments &, =
Aelg, .

e We apply the inverse scaling on the computed frequencies é which gives

& = & _ (fi,l fi,n)

i =X T ).
To determine the scaling factor A, we use A := % where m = o loal”
U|ar|=d—-1 Uoz|
This is justified as follows: If [w;| < 1,5 =1,... 7, then |o,| = | X7 w;&;"| ~ M?
for |a| = d big and for M is the highest modulus of frequencies. Similarly
~ Md-1 for

Mazo)=d|o|

/

o mal'|a|=d|aa| ~ M

MAT||=d-1|00]

=d-1. Then we have m =

7o

0

-1

-3
logrrel. erf)

[— [=5] — - [r=10] —-— [=20] — - [r=30]]

n=3 d=10 with rescaling

Figure 2.3: The rescaling influence

To study the numerical influence of the rescaling, we compute the maxi-
mum relative error between the input frequencies &; and the output frequen-
cies &;, and the maximum error between the input weights w; and the output
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weights w;, and we take their maximum:
rel.err = max(rel.err(&;, &), err(w;, @;)) (2.9)

where err(w;, ;) = maxi<<, |w; — ;| and rel.err(&;, é) = maxi<j<r ”ﬁ‘g 1”2.

In Figure 2.3] we see the influence of the rescaling on the maximum relative
error. The perturbation on the moments is of the order ¢ = 1076, Each
curve for r = 5,10, 20, 30, has almost a constant evolution with the increasing
values of M between 102 and 10'9. The maximum relative error is lower
when M =100 than when M =1 which is confirmed with the results shown
in Figures and [2.1b. When we increase r the maximum relative error
decreases slightly.

In conclusion, the rescaling has an important influence on the computation
of the maximum relative error when the modulus M of points is quite big.

The scaling of moments by some computed factor \ also enhances the

computation of the numerical rank r and leads to a better decomposition as
explained in Section [2.4.4].

2.4.5 Numerical Rank

To compute the number r of terms in the decomposition of o, we arrange the
diagonal entries in the decreasing order s; > s9 > -+ > 5, > 5,41 > -+ > sy, and
we determine the numerical rank of H by fixing the largest integer r such
that s,./s; > €.

It is known that the ill-conditioning of the Hankel matrix associated to
Prony’s method is in the origin of a numerical instability with respect to
perturbed measurements

5—(1+ﬁ = O'OZ‘Fﬁ + 50[+ﬂ |Oé + /8‘ S d.

In our algorithm the computation of the numerical rank can be affected by
this instability. We can explain this instability, using a reasoning close to
[SaulT], as follows.

We denote by s; (resp. §;) the j' largest singular value of H := gt
(resp. H := Hgl’dz). The perturbation result for singular values satisfies the
estimate (see [Gol96])

|55 =35 < s1(e) = [ el
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Then, as long as the perturbation is small relative to the conditioning of the
problem, that is

lel2 <is,  provided that r = rank(H),

then ||s; — §;| < %sr Vj and therefore s, > %ST and 5,,1 < %sr. Hence by
taking € < %sr as a threshold level we will be sure that the rank is calculated
correctly.

But the problem may be badly ill-conditioned and then such a level will

not be reasonable. In fact

r r
H = (Ja+ﬁ)|a|§d1 = (Zwi€?+ﬂ)|a|<d Z (%R 2d27
<dy

<d =1 =1
1Blsdz |B|<d

where v; 4, = (5‘|O‘|)|Oé|<d1 (resp. vig, = (f' |)|3|<d2) is the 7" column of the Van-
dermonde matrix V, = (£ )1<Z<r (resp. Vg, = (5 )1<Z<r) Then
|

|e|<dy Bl<ds

.,
H = ZindleieZTVd Va, (Z W;i€i€; )Vd leCV;g
i=1 i=1

where C' = diag ((w;)1<i<r) is the diagonal matrix with w; on the diagonal.

Now, using the fact that

s (H) = mu% |Hz|s = mln HleC’Vdfog,
LTLO Hacth

we remark that if V, (resp. V3,) is ill-conditioned then | Vg, 2 (resp. Vs, CV z|)
may be very small and s,(H) is small as well. This situation can also be pro-
duced if maxic;<-w; is very small. In our numerical experiments, the w; are
chosen randomly in [0.5,1] and then they don’t seem to cause any numerical
instability.

On the other hand, the & vary in such a way that their amplitude can
be large, which can generate very ill-conditioned Vandermonde matrices. In
fact, it is known (see [Pan16]), that for a nonsingular univariate Vandermonde
matrix V = (a‘g )o<i j<n-1, where (a;)o<i<n-1 denotes a vector of n distinct knots,
the condition number of V' is exponential in n if maxgcj<,-1|a;| > 1 or in k if
la;| < 1 for at least k knots a;. Therefore an nxn Vandermonde matrix is badly
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ill-conditioned unless all knots lie in or near the disc D(0,1) = {z: |z| < 1}
and unless they lie mostly on or near its boundary C(0,1).

In the multivariate case, it appears that the condition number of multi-
variate Vandermonde matrices has the same behavior as in the univariate
case. That is, it is exponential in the highest degree of the entries.

According to the foregoing, when the amplitude M of the frequencies
increases (even for moderate values of M) the numerical rank calculated by
truncating the singular values of H will be different from the exact rank
of H. As shown in the following section, rescaling remedy the problem of
frequencies &; of high amplitude in order to obtain points with coordinates
close to the unitary circle C'(0,1).
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Chapter 3

Tensor Decomposition Problem

In the following, we study the general class of multi symmetric tensor de-
composition problem, which contains these two classes of symmetric and non
symmetric tensors. We show the correlation between the dual of a tensor,
formal power series and then the Hankel matrices associated to them. We use
the singular value decomposition of Hankel matrices to compute the decom-
position of a tensor of low rank. We exploit the properties of Artinian Goren-
stein Algebra to find out some multiplication matrices which help to know
the eigen-structure of points associated to linear forms and their weights. We
slice variables into bunches of sub-variables and we adapt the description of
Artinian Gorenstein Algebra to this case. We adapt the method of decom-
position of Hankel matrices of low rank described in [HKMIS§| to a decom-
position of multi linear tensors method which is based on the decomposition
160f a formal power series as a weighted sum of exponential described in
[Moul6]. The computation of multiplication matrices depend on the dimen-
sion of tensor, and the number of given moments or coefficients. We describe
the algorithm in 3 dimensional space and we give its numerical implemen-
tation using MAPLE. This description gives an idea about the constraints
and difficulties of the problem in n dimensional space. We show a numerical
example of the decomposition of a tensor of rank 3 with order one in each
bunch of 3 variables in 3 dimensional space.
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3.1 Symmetric and Multi-Symmetric Tensors

In this section, we give the definition of a multi-symmetric tensor as a multi-
homogeneous polynomial with different positive degrees for each collection
of variables. This tensor can also be defined as a multi symmetric array of
coefficients. Given a multi symmetric array of coefficients, we can define a
multi-homogeneous polynomial. We also give the definition of a symmetric
tensor as a particular case of multi-symmetric tensor.

We recall the basic definitions of outer product of vectors and tensor prod-
uct in Euclidean spaces. We show the relationship between the non symmetric
tensor and the k-way array using the so called Segré map.

3.1.1 Symmetric and Multi-Symmetric tensors

In the following we recall the definition of a multi-symmetric tensor as a
multi-homogeneous polynomial. We show that the non symmetric tensor
and the d—th order symmetric tensor are particular cases of multi-symmetric
tensor.

Let K be an algebraically closed field of characteristic 0.

3.1.2 Symmetric Tensor

Definition 3.1.1. Let E be a K vector space, a symmetric tensor of SU(E)
can be interpreted as a symmetric array of coefficients [T = [t/ ]y Such
that each o = (oz;.)ogjgn e N+l

For ae e N* with |a| < d, we denote & = (d - |a|, a1, ..., ;). The symmetric
tensor can be written as [1] = [ta]jnj<d-

n

€
Such tensor is identified with the multi-homogeneous polynomial

T(x)= > tax®
|&)=d
dENnJrl

where x = (29, 21,...,%)
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If we let zp =1 we get

I(E) = Z taX"

loa|<d
aeN"

where x = (x1,...,,) because of x* = x% when x, = 1.

We denote by R, the space obtained by deshomogeneisation of elements
in SY(F) by setting zo = 1 where R = K[x] is the space of polynomials in the
variables x = (21, ...,2,).

3.1.3 Non symmetric Tensor

A non symmetric tensor is defined when |a;| = 1 for j = 1,...,k, then by
abuse of notation we obtain &;[i;] =1 for some 0 <i; <n; and 0 elsewhere.

Let E; be nj—dimensional K vector spaces for j =1,...,k. Given a basis
ej = {€i,,jfo<ijen, Of Ej for j=1,... k, tensor T' in the basis {e; 1®¢;,2®...®
ik | 0<i1 <ny,0< 49 <ng, ..., 0<ip <y} is

T= ) tii i€i1®€p2®...0¢c}
0<i1<nq
0<i9<n9

0<ip<ng

Definition 3.1.2. The wvector space of arrays of coefficients in the basis

{€i,1®€,20...0¢,5]0<i <ny,0< 0y <ng,...,0< 4, < ngt ois defined
as the set of elements of the form [A] = [ai, ,.. i Jo<ii<n, -

0<i9<n9

0<ip<ng

The vector space is denoted by Klmlx[ml<xlml ywhere [n;] = {0,1,...,n;}
fori=1,...,k.

Using the universal property of the tensor product and because of the
dim(E1® E;®...® Ey,) = dim(KmIxrelxx[m]) “there exists an isomorphism
0 between the space of non symmetric tensors and the space of arrays of
coefficients with respect to the basis {e;; 1 ®€;,2® ... ®¢€;, 1|0 <4 <ny,0<
iQSng,...,OSikSnk}.
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6 is explicitly defined as:

0:FE10 Ey®...® F) — Klmlx[nalx.x[n]
T = Z t?:177:2,-..,’l:k6i171 ® 67:2’2 ® “ e ® 6Zk7k = [ti17i2’,,_’ik]ogi1§nl

0<i1<ny OSZ’Q.STLQ
0<i2<n2 :

T 0<ip<ng
0<ip<ng

So that the multi symmetric array associated to the non symmetric tensor is
defined as [T'] = [t,.4,,....ix |0<i,<n, € KImIx[nalex[ni],

1<j<k
If K=R (resp. K=C) then the array of coefficients is called real-valued

(resp. complex-valued) array of coefficients.

Definition 3.1.3. The outer product of k vectors uy € Ey,us € Ey,...,uy €
Ey, is defined as an array of coefficients [w;, 1%y 2 . . . Ui, k |o<iy<n, @0 the basis
OSiQ'SnQ
0<ip<ny

e1®er®. .. ®¢x where each u;, j is the i;h element of the vector u; € E; in the
basis ej of Ej. It s denoted by 1 @ ux ® ... ® uy.

If k = 3, the outer product of u and v and w defines an array [u;v,;wg] o<i<n -
0<g<m
0<k<l

If k =2, the outer product of u and v defines a matrix [u;v;] o<i<n -
0<j<m

To understand the relationship between the non symmetric tensor and the
array of coefficients, we recall the existence of the so called Segré K-linear
map which associates to each k—tuple of vectors an outer product:

¢k : El X E2 X ... X Ek‘ — K[nl]x[nﬂx...x[nk]

(up,ug,...,u) P UL OU®...Q Uy

Such a tensor can be identified with the multi-homogeneous polynomial T'(x1, X, . .., X;) =

Y 0<iveny tir iy 1.4, T2, - - - Thq, Decause of X7 = x;; where X; = (20, Zi1, Tin,)
85?15”1 11,22,...,0k 177'1 277'2 cte kaZk j - It ] ]707 ]717 I,
S125N2

0<ip<ny,
for some 0 <7; <n; and for all 1 <j<k.

The dual of the tensor is T*(y1, Y2, - - -, Y&) = 20<ii<ny Lirio,..inYLisY2,is - - - Yk

0<ig<nsy

B OS’L'k:Snk
Y > ) ;
because of y;” = y;;; for some 0 <i; <nj and for all 1 < j <k.
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Flattening a Tensor

In this section, we describe the flattening space of tensor product of k vector
spaces E1, Es, ..., B, and we show that the d—minors of a tensor T" are equal
to the d-minors of its image T” in the flattening space using a linear map.

Definition 3.1.4. The flattening space of F1 ® E5® ... ® Ej. is defined after
partitioning the set {1,... k} onto two sets of indices J; = {p1,...,ps} and
Jo={q1,. .., qe_s} and then associating to each one of them the tensor product
Ep=E,®...9F, and £y, = £, ® ...® E, . and finally computing the
tensor product space of By, and Ej, which is denoted by Ej, ® Ej, and equal
to(Ep,®...9E,)9(E,®...9 F, ).

Definition 3.1.5. The linear map which associates to a tensor, its corre-
sponding flattening tensor according to the partition Jy,Jo of {1,... k} is
defined as follows:

fJIJQ1E1®E2®...®Ek—>EJ1®EJ2
T f1,0,(T)=T

If
[T] = [ti iy,....ix J0<ij<n; € Klrlxlne]ex(n]
1<j<k
then
7 _ / .
[T] = [ i1,2‘2,...,1'3,]'1,jg,...,jk_s] 0<ii<py
1<i<s
0<jn<qn
1<h<k-s
= [til’i27"‘7i5]osilspl ® [tj17j27"'7jkfs]osjhgqh
1<i<s 1<h<k-s

[t2177'27"'7lst]1aj?a"'m]k—s] Ogllgpl :
1<i<s
OS]hth
1<h<k-s

For d € N*, if [T'] is the array of coefficients associated to the tensor T'
and [Ay, s,] is the array of coefficients associated to the tensor 7" then the
d-minors of [Ay, j,] are the d-minors of [T7].
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Tensor operations

In this subsection, we recall some basic operations on non symmetric tensors
such as how to convert a tensor to a vector and vice versa. We define also
the non symmetric tensor decomposition problem. Let T' € Klmlx[nal..x[n:] to
be a non symmetric tensor.

Definition 3.1.6. The mode m-fiber of T' can be obtained by fixing all ele-

ments but one indez i, then the corresponding fiber is denoted by ti, iy i i 0o s

We denote by I :=[n1], J := [ng] and K := [n3] the three sets of indices
used to represent the non symmetric tensor of order 3.

Example 3.1.7. The 3 mode m-fibers of non symmetric tensor of dimension
3T e KK qaret. i, iy and t; ;.. They are respectively the collections of
fibers parallel to the Ox, Oy and Oz.

Definition 3.1.8. The slices of T' can be obtained by fixing all elements but

two indices 1y and iy then the corresponding slice ts denoted by ti, iy ivy civetoio i i

Example 3.1.9. The 3 slices of non symmetric tensor T e KI*/*K qre ¢; . .,
t.;. andt.. . They are respectively the collections of slices parallel to the yOz,
x0z and xOy.

To convert a tensor into a matrix, we introduce the mode m-flattening
concept as follows:

Definition 3.1.10. The mode m—flattening of a tensor T is obtained by con-

catenating the mode m~fibers into a matriz denoted by Tiy) = [ti, iy....ivnor iimarsoin Jise[ny]-
ek
e

It is flattening with the two tensor space products Ej and Ej, associated to

the sets of indices Jy = {i1,...,im-1} and Jo = {ims1, ..., g}

Definition 3.1.11. The m—rank tensor is the rank of mode m—flattening of
a tensor form=1,....k.

The different m-ranks of a tensor are not necessarily the same.

Example 3.1.12. The mode 1-flattening of a non symmetric tensor T is
obtained by concatenating the mode 1-fibers into a matrix which is denoted
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by Try = [tjk]jes € KK Similarly the mode 2-flattening and mode
keK

3—flattening are respectively Tioy = [tizn] ier € KK and Tigy = [t ]ier €
kek e
KEXI.J ) 2

Definition 3.1.13. The mode m—product of a tensor [T'] € Klmlx[nalx..x[n]
and a matriz A € KP*mm denoted by [T] x,, A is the k—th order tensor [V]
of size [n1] x [no] x ... [np1] x P x[nys1] x...[nr]. The element of the new

tensor is [T X Aliyigoiv 1 diimsoin = D imelnm] bir iz imer simmsimet ik Vi -

By mode m-flattening we can get [V] = [T] x,, A <= [V = [T]nA-
The mode m—product satisfies these two properties:

Proposition 3.1.14. Given the tensor [T] e Klmlx[n2l<-x[n] gnd the matrices
A eRlenlxnnl gnd B € Rlpw¥mwd so that [T] xp A %y B = [T] xm B % A.

Proposition 3.1.15. Given the tensor [T] € Klmlx[n2l<-x[n] gnd the matrices
A e Rlem]x[mn] gnd B e RlamIxlpml so that [T] x, A %, B = [T] x, (BA).

For the proofs see [DL.97].
We deduce that:

Proposition 3.1.16. If A and B are two tensors and X € RI*" 'Y e R7*" and
7 € RE*"s e have A = Bx1 X x9Y %37 if and only 0 i gk = D g s i Yjira Zheyrs Oy o g

To convert a matrix into a vector, we introduce the vectorization concept
as follows:

Definition 3.1.17. The vectorization of a matriz M = [ly,ls, ..., 1,] € Km"
where each lj 1s a column of M is obtained by concatenating the columns into
lh
[
a vector denoted by vee(M) =]

Iy

The vectorization of a tensor T is the vectorization of its mode 1-flattening
denoted by vec(T).

Now, we show how to convert a vector into a matrix or a vector into a
tensor as follows:
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Definition 3.1.18. Given a vector v € KI-L, the matriz associated to v de-
noted by unvec(v) € KX is obtained by dividing v into I vectors such that
each one of them is of dimension I and then we concatenate them as the
columns of resulting matrix.

Definition 3.1.19. Given a vector v € KI'I-I | the tensor associated to v de-
noted by ten(v) € KX 4s obtained by dividing v into I wvectors such that
each one of them is of dimension 1.1 and then unvectorize each vector v into
a matriz unvec(v) € KI . FEach matrixz is a frontal slice of resulting tensor
such that

ten(v)[:,:, 1] := unvec(v;)

fori=1,...,1.
o]
(%) L
V3 U1
Example 3.1.20. For a vector v := 24 e K8 the wy := 22 and the
5 3
Vg V4
v7
| U8
Us
(s V1 Us
wy = and the ten(v)[:,:, 1] = unvec(w,) = [ ] and ten(v)[:,:, 2] =
(Vrd Vg U4
Ug
unvec(ws) =
Vs Us

Now we recall the Khatri-Rio product of two matrices and two vectors

Definition 3.1.21. Let A = [a1,as,...,a;] € KK and B = [by,bo, ..., bg] €
KK be two matrices. The Khatri-Rio product denoted by A® B is the matriz

e KILIXK obtained by the outer product of each column of A by each column
of B such that:

A B =[vec(a; ® by),vec(as ® b)), ..., vec(ar ® by)]
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If a and b are vectors then the Khatri-Rio product is the same of the outer
product.

G a 11 bi1 bi2

Example 3.1.22. If A = L %Lzl e K22 gnd B = |boy boso| =
a1 @22 10 b ’ b ’
31 032

K32 then the Khatri-Rio product is defined by:

O = =
NN

A® B =[vec(a; ® by),vec(as ® by)]

laiibin aiiben aiibsi| |1 10 (1 10
where al@bl_[ambm Gonbo1 5 1bss =15 9 1 and as ® by = 00 0

Definition 3.1.23. The Frobenius norm of a tensor [T] e Klmlx[nalx.x[n]
is the square root of the sum of the squares of all its elements such that:

||TH%‘ = Zile[nl] tz217i2,...,ik'
igé[nz]

inE [nk]
3.1.4 Multi-Symmetric Tensor

Definition 3.1.24. Let (E;)i<j<r be a family of n; + 1 dimensional vector
spaces over the field K for j=1,...,k. Each one of them s of basis x; such
that Ej = (Xj) = (.Ij,(), e ,.Ij,nj).

Definition 3.1.25. S%(E;) is the vector space of homogeneous polynomials
in the variables x; of degree ¢;.

Definition 3.1.26. S (E;) ® 8% (FEy) ® ... ® 8% (Ey) is the vector space of
multi-homogeneous polynomials of degree d; in each subset of variables x; for
jg=1,...,k. An element T of this vector space is called a multi symmetric
tensor. The vector space is denoted hereafter as S°(F).

Definition 3.1.27. A multi symmetric tensor

/ /
T(X17 X27 e 7X/€) = Z talpaé a;ﬁ (Xl)al ()(2)0[2 e ()(k’)alc

.....
A
|04j|:5j

!
1
ajeNnJ+
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of SM(E) ® S%2(Ey) ®...® 8% (Ey) can be interpreted as a multi symmetric

) ’ / .
array [T'] of coefficients [ta;,a;ma;] 15, such that each a; = (Oéj’pj)OSijnj 18

a;eN"j”
a multi-index for 1 <5 <k.
For a; € N with |oy] < 05, we denote a; = (6; — |aj|,aj1,..., ;) for
7 =1,..., k. The multi symmetric array of coefficients associated to this
multi-index is defined as [T'] = [ta,.a,....a ] lay|<5,
a;eN"

Ifwelet zjo=11for j=1,...,k we get

— (5 e QO
I(Xlazb ce 7§k;) - Z tal,ag,...,ak§1 X9" .. 'Xk:
|ovj1<6;
O[jENnj
. [o'H d
where x; = (zj1,...,%jn,;) for j=1,...,k because of x;’ =x;” when z;9 =1

for j=1,... k.

We denote Ry, 5,5, the space obtained by deshomogeneisation of elements
in S%(E) by setting xj0=1 for j=1,...,k where R =K[x,,X,,...,X;,] is the
space of polynomials in the variables x; = (z;1,...,2;,,) for j=1,... k.

3.2 Rank One Tensors from a Geometric Point of View

The real projective space denoted by P(R?) is the space of lines in R**! pass-
ing through the origin. It is defined as P(R") ~ (R**! - {0})/ ~ where the
equivalence relation satisfies the property: Yu,v € R™1 u = (ug, u1,...,u,) ~
v = (vg,v1,...,v,) if and only if I # 0 such that (ug, u1, ..., u,) = A(vg, v, ..., 0,).
u is named the projective class of the vector u which is one dimensional ten-
SOT.

The projective space of a n + 1 dimensional vector space E = K" over
the field K is denoted by P".

Let P Pr2, ... P* be respectively the associated projective spaces to
Ey, Es, ..., E; which are n; + 1,no + 1,...,n; + 1 dimensional vector spaces
over K.

In this section, we describe the set of rank one tensors so called indecom-
posable tensors which form projective varieties such as Segré and Veronese
varieties.
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3.2.1 Segré variety

We first define the geometric object which describes the projective variety of
non symmetric tensors of rank one named Segré variety:.

Definition 3.2.1. The Segré variety of k factors is the image of the following
map:

gbk:IPmlXIPmQx,,,x]P)n’“—>P(E1®E2®,,,®Ek)

(U, 0z,..., W) > I, U ® ... @y,

It is denoted by Z(F1 ® E2 ®...® E)). As ¢ is well defined and u; ® us ®
...®u; is a tensor of rank one [3.4.2 then the Segré variety describes the
projective classes of tensors of rank one.

Definition 3.2.2. The array of coefficients [H] := [Ri, iy....ip Jo<ir<n, 15 said to
OSiQ'Sng

0<ip<ny,
be generic array of indeterminates if its entries are independent variables of

K[hy, hy, ..., hy].

Definition 3.2.3. A d—minor of a matriz A is the determinant of some
smaller square matriz € K™, cut down from A by removing one or more of
its rows or columns. A d-—minor of a tensor T is a d—minor of its mode—1
flattening of it.

In the following theorem, we describes how to compute the set of equations

of the Segré variety:

Theorem 3.2.4. [H09]

If [H] is a generic array of coefficients in K[hy, hy,... hi] and I;(H)
is the ideal generated by the d—minors of H then Io(H) is a prime ideal,
therefore:

I(E2(E1® Ey®...0 Ey)) = L,([H]).
3.2.2 Veronese variety

We define the geometric object which describes the projective variety of
d—order symmetric tensors of rank one named Veronese variety.
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Definition 3.2.5. The Veronese variety is the image of the following map:

va: P" = P(SY(E))

u~ u®

It is denoted by Z(SU(F)). As v, is well defined and u®? is a d—order sym-
metric tensor of rank one, then the Veronese variety describes the projective
class of d—order symmetric tensors of rank one.

As 8%(F) is isomorphic to IP)(nsd)'l, so the Veronese variety can be seen as
the d-embedding of P" into p("a)-1,

In the following theorem, we describe how to compute the set of equations
of the Veronese variety:

Theorem 3.2.6. Let [H] := [hi,__;,Jo<i;<n iS5 a generic symmetric array of
1<j<d
indeterminates in K[h], then the variety defined by symmetric tensors of

rank one is the ideal generated by 2—minors of H, Iy([H]):
[(E(SY(E))) = I([H])

In [Puc98], the autor proved that the I[(Z(S%(FE))) is generated by the
2-minors of catalecticant matrix called also Hankel matrix.

3.2.3 Segré-Veronese variety

We denote by S%(E;) ® S2(FE) ® ... ® S%(E}) the vector space of multi-
symmetric tensors. We define the geometric object which describes the pro-
jective variety of the partial symmetric tensors of rank one named Segré-
Veronese variety.

Definition 3.2.7. The Segré-Veronese variety is the image of composition of
two maps. The first one is the product of k Veronese maps defined as follows:

Vs, X Us, X ... x U5, P X P2 x L x P P(SO(E)) x P(S(E)) x ... x P(S(E}))
(W, T, ..., 1) = (U@ ud™ . u®%)
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nj +5j )_

Each 8% (Ej) is isomorphic to Pl

nj+6j _
d;-embedding of P into IP’( % ! forg=1,... k. The second one is the Segré
map of k—factors defined as follows:

s P(S(E))) x P(8%(FEy)) x ... x P(S%(E})) - P(S(E)) S (Ey) ® ... x ST (E}))

(VI,V2, ., V) P> VI® Vo ® ... ® vy,

E("0)) -
As P(®F_ 8% (FE))) is isomorphic to IP’(szl( s D7 then s can be defined from

7Lj+5j (H§=1 (7LJ;S-;5j))_1

T, e o p

Therefore the Segré-Veronese variety is the Segré embedding variety of the
product of £ Veronese varieties.

Notice that, if 0; = 1 for all j = 1,...,k, the Segré-Veronese variety is
nothing else than the Segré variety and the mutli-symmetric tensor can be
seen as a non symmetric tensor.

If £ = 1, the Segré-Veronese variety is nothing else than the Veronese
variety and the mutli-symmetric tensor can be seen simply as a symmetric
tensor.

In the following theorem, we describes how to compute the set of equations
of the Segré-Veronese variety:

, so that each Veronese variety is the

Theorem 3.2.8. Let [ X] is a generic symmetric array of indeterminates in
K[x1,%a,...,X,] where each x; = [x;, jlo<i,<n, for j =1,...,k, then the variety
defined by partial symmetric tensors of rank one is the ideal generated by
2—-minors of X such that:

I(E(S(E) @ S () ®...xS"(E))) = L([X])
Proof. See [Ber(§]. O

An element of the Segré-Veronese variety can be seen as a multi-homogeneous
polynomial which is equal to a product of power of linear forms.

3.2.4 Rank and Border Rank

We recall that the minimal number of terms in the decomposition of T'(z) is
called the rank of 7. We define also the border rank of a tensor using the
secant variety.
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Definition 3.2.9. Let X be a projective variety and define X? to be the union

of r projective classes of points such that X! := U (P1,P,,....P,).
Pl,ﬁg,...,PTEX
The r-th secant variety X, of X is the Zariski closure of X?.

Observe that if P € X, is a generic element so P € X0 therefore P =
Y LiQ, where Q; € X and [; e K.

If X = Z2(S"(E)) ® S"(Fy) ®...xS%(E) is a Segré-Veronese variety
therefore a generic element of X, = Z,(S%(F1) ® S7(Fs) ® ... x SO (FEy)) is
the projective class T of a partial symmetric tensor 7' that can be written as
linear combination of linearly independent elements of Segré-Veronese variety
which are partial symmetric tensors of rank one.

Definition 3.2.10. The minimal integer r such that a projective class of a
tensor T € P(8%(E1)®8% (F3)®...xS8%(E})) is in the secant Segré-Veronese
variety is the border rank of T.

If T e X,\X? then the rank of T is strictly bigger than 7.
In other terms, the border rank of 7" is the minimal number of equations
in the secant variety.

3.3 Symmetric and Non Symmetric Tensor Decompo-
sition problem in the literature

Given a general k—order tensor T of rank r, the goal is to decompose it into
a sum of r tensors of rank one which is called parallel factors decomposition
of T'. We replace the decomposition problem by the minimization of the
following cost function
minimize [T - T3 (3.1)
T

such that .
T: Zui’l QU2 ...0 UL
i-1
The tensorial decomposition is the generalization of the diagonalisation of a
matrix by equivalence transformation (non symmetric case) or by congruence
transformation (symmetric case). The rank of a tensor can be larger than
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the minimal of the dimensions of vector spaces. The uniqueness on tensor
rank bounds comparing to dimensions of vector spaces are more detailed in
[Ste10] and [Stell]. The decomposition is stable by permutation of rank one
tensors and scaling of them.

3.3.1 Power Method

Matrix case

In this section we show how to deduce eigenvalues and eigenvectors of a
symmetric matrix using the Rayleigh quotient algorithm. We introduce the
power iteration, the inverse iteration and the Rayleigh quotient iteration in
order to compute the eigendecomposition of a rank r» symmetric matrix. We
first introduce the notion of a Rayleigh quotient and we describe intuitively
why it can be used to compute the eigendecomposition of a symmetric matrix.

Eigenvalues and eigenvectors of a decomposable Matrix

In this section, we recall some basic definitions and properties of eigenvalues
and eigenvectors of a decomposable matrix of rank r.

Definition 3.3.1. The eigendecomposition of symmetric matriz M of rank
r 1s defined as follows:

M=VQVT.
where V = [vy | va,| ... | v,.] is the matriz with orthonormal vectors as columns
and w = diag(wy,ws, . . .,w,) is the diagonal matriz with non-zero eigenvalues.

In other words, the decomposition can be expressed as follows:
T
M =" wjvv]. (3.2)
i=1

For a symmetric matrix M, the orthogonal decomposition is guaranteed.

Definition 3.3.2. Let M be a matriz, the vector-valued map associated to it
18

n n
ue Mu=Y" > m;(uej)ue;.

i=1 j=1
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Definition 3.3.3. We say that a vector u € R with |[u|| = 1 is an eigenvector
of M associated to an eigenvalue w € R if Mu = wu.

Proposition 3.3.4. Fach vector v; of the rank r orthogonal decomposable
matriz (3.2)is an eigenvector of M associated to the eigenvalue w; of M.

The linear combination of two eigenvectors vy and vy associated to a mul-
tiple eigenvalue w; = wy = w of M is an eigenvector of M. With the multiple
eigenvalue w, any linear combination of v; and vs is fixed under M. However,
in this case, the decomposition is not unique.

Nevertheless, the decomposition is unique when the weights wq,ws, ..., w,
are distinct, whereupon the vy, vs,...,v, are the only directions fixed under
u~ Mu up to non-trivial scaling.

Rayleigh Quotient

Definition 3.3.5. The Rayleigh quotient of a wvector u € R" is the scalar

defined as follows:
(1) = u"Mu
[Jul >

Notice that if u is an eigenvector of M so that r(u) is the corresponding
eigenvalue.

The optimization problem which leads to compute the scalar a which ”acts
most like an eigenvalue” for a fixed vector u € R" is then:

minimize |[Mu - aul/*. (3.3)

To make these ideas quantitative, it is fruitful to see u € R" as a variable
and v+~ r(u) as a function from R” to R.
The gradient of r(u) with respect to u denoted by V(r(u)) is equal to:

V(r(u)) = ﬁ(m ~r(w)u).

From this formula, we deduce that if u is an eigenvector of M then V(r(u)) =
0. Conversely, if V(r(u)) = 0 with u # 0, then u is an eigenvector and
r(u) is the corresponding eigenvalue. So that the eigenvectors of M are the
stationary points of r(u). Since r(u) is a continuous function on the unit
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sphere so that the normalized eigenvectors of M are the stationary points
of r(u). In addition, if the eigenvalues are all simple then the normalized
eigenvectors are isolated points.

If ¢; is an eigenvector of M, then we deduce by smoothness of the function

r(u) that the Rayleigh quotient is a quadratically estimate of eigenvalue of
M such that:

r(u) =7(q:) = O(|lu = ql*) if u - g;. (3.4)
Power Iteration

This power iteration algorithm leads to a sequence v; of eigenvectors which
converges to the eigenvector corresponding to the largest eigenvalue of M. If
we write vy as a linear combination of ¢; such that

,
Vo = Z aiq;
i=1

Since, v;, is a multiple of M¥*v, we obtain:
k - k k - Wi '
v = s MP v = ¢ Y awfg = gt (arqn + Za,(w—) qi)- (3.5)
i=1 i=2
So that, we obtain the following theorem:

Theorem 3.3.6. Suppose | wy [>| wa |> ... 2| w, |20 and ¢jvy # 0, then the
iterates of the Algorithm |2 satisfy

k
W
||vk—<iq1>||=0(—2 )
w1
w 2k
||wk—<iw1>||=0(—2 )
w1

Proof. The first equation follows from ({3.5]), since a1 = ¢jvy # 0 by assumption.
The second follows from this and (3.4). If w; > 0, then the + signs are all +

or all —, whereas if wy < 0, they alternate. ]
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The power iteration helps us to compute only the eigenvector correspond-
ing to the largest eigenvalue. If the two largest eigenvalue are close in mag-
nitude the convergence will be very slow.

Algorithme 2 : Power iteration

Some vector vy € R™ with ||vg]| = 1;
for k=1,2,... do

b= Muv_q;
_b.

Uk = T

wk, = vy Muy

Inverse Iteration

The idea is to overcome the problem of two closed eigenvalues in magnitude
which leads to a slow convergence. This process leads to a sequence of v;
which converge to the eigenvector corresponding to p where i is chosen to
be closed to an eigenvalue of M.

Theorem 3.3.7. For € R is not an eigenvalue of M, the eigenvectors of
(M -ul)=' are the same of M and the corresponding eigenvalues are (w;—pu) ™!
where w; are the eigenvalues of M.

Suppose that p is close to an eigenvalue w;, of A. So (w;, — 1)~! may be
much larger than (w; — u)~t for all i # ig. If we apply the power iteration
to (M — ul)~', the process will converge rapidly to the largest eigenvalue
(wio - :u)_l’

So that, we obtain the following theorem:

Theorem 3.3.8. Suppose that w;,,w;, s the first two closest eigenvalue to p
and v vo # 0, then the iterates of the Algorithm @ satisfy

k
||vk—<ivz-o>||=o( p - i )

H= Wi,

2k
oo = ()] :o( W )

H— Wi,
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The inverse iteration helps us to compute the eigenvectors if the eigenval-

ues are already known. The convergence of the iteration method is linear.
Algorithme 3 : Inverse iteration

Some vector vy € R" with |jv]| = 1;
for k=1,2,... do
b= (M - pl) v
Vi = b
[18]]°
w, = vy Muy,

Rayleigh quotient iteration

The idea is to improve the eigenvalue estimation at each step of inverse iter-
ation in order to accelerate the convergence.
So that, we obtain the following theorem,

Theorem 3.3.9. If w;, is an eigenvalue of M and vy s sufficiently closed
to the eigenvector corresponding to w;,, then the iterates of the Algorithm
satisfy

[[vks1 = (03[l = O(llo = i [I*),

lwre = (2wip)[| = O(lwr = wiy )

The Rayleigh quotient converges cubically to an eigenvalue-eigenvector
pair for all except a set of measure zero of starting vector.
Algorithme 4 : Rayleigh quotient iteration

Some vector vy € R” with |jvgl| = 1;
wo = vy Mup;
for k=1,2,... do
b= (M - wp1I) vga;
v =
F TR
wi = v Muy,

67



Tensor Case

Eigenvalues and eigenvectors of a decomposable Tensor

In this section, we recall some basic definitions and properties of eigenvalues
and eigenvectors of a decomposable tensor of rank r.

Definition 3.3.10. Let T = [t; j]o<i<n be a symmetric tensor of dimension

0

0<j<n

) 0<k<n ]
3, the vector-valued map associated to this tensor T is

n o n

ue T, u,u) = tijr(eju)(egu)e;.

n
i=1 j=1 k=1
where I is n xn identity matriz.

This is not a linear map.

Definition 3.3.11. We say that a vector u € R™ with ||u|| = 1 is an eigenvector
of T associated to an eigenvalue w € R if T'(I,u,u) = wu.

To simplify the discussion, we assume throughout that eigenvectors have
unit norm; otherwise, for scaling reasons, we replace the above equation with
T(I,u,u) = wl|u||u. This concept was originally introduced by Lim [Lim05]
and [Qi05].

Proposition 3.3.12. For a symmetric tensor T' of dimension 3
.
T = Zwivi ® v; ® v;,
i=1
the ergenvector of T wverified the following expression:
T
T(I,u,u) =Y wi(u'v;)v;.
i=1

FEach orthogonal vector v; of the decomposition is an eigenvector associated
to the eigenvalue w;.

Notice that, the orthogonal decomposition is not guaranteed for a sym-
metric tensor.
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First, the linear combination of two eigenvectors associated to a multiple
eigenvalue of T may not be an eigenvector of T'. Second, the eigenvectors
associated to simple eigenvalues are not the only eigenvectors of 7. For
example, set u := (wil)vl + (w%)vg then

1 1
T(I,u,u) = wi (—)* +ws(—)%vy = u.
(7 ) ) 1(C<J1) 1 2((,02) 2
SO m is an eigenvector.

Rayleigh quotient

Definition 3.3.13. The generalized Rayleigh quotient of a vector u € R"
associated to a third order tensor is

T, u,u)
r(u) = (umu)ts

The following theorem ([NW99]) shows that a non-zero vector u € R” is
an isolated local maximizer of the generalized Rayleigh quotient if and only
if it is equal to some vector v; of the decomposition.

Theorem 3.3.14. Let T be a symmetric tensor of rank r decomposed as:
T(u,u,u) =Yy w;(vju)?.
i=1

Constider the optimization problem

maximize T (w.u,uw) = maximize
ueR™ ||ul|<1 ( T ) ueR™ [Jul[<1 (3'6)

Then,
e The stationary points are the eigenvectors of T'.

e A stationary point u is an isolated local mazximizer if and only if u is
equal to a vector v; of the orthogonal decomposition.

For the proof, see Appendix A.2 in [AGH"15].
In the following, we set up the condition which guarantee the uniqueness
of orthogonal decomposition of rank r third order tensor.
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Definition 3.3.15. We say that a unit vector u € R™ is a robust eigenvector
of T if for all points in the ball B, ¢ of center u and of radius €, repeated
iteration of the map

7(1,0,0)
IT(1,6,6)]|

starting from some fized 0y € B, ¢ converges to u.

0 (3.7)

The following theorem implies that the set of robust eigenvectors of T" are
the orthogonal vectors of the decomposition. In this case, the decomposition
1S unique.

Theorem 3.3.16 ([AGH™15]). Let T be a symmetric decomposable tensor of
rank r, then we have the following

e The set of 8 € R™ which do not converge to some v; under some repeated
iteration (3.7)) of has measure 0.

e The set of robust eigenvectors of T is equal to {vy,va, ..., v}

Robust Tensor power Method

Algorithme 5 : Robust tensor power iteration

Multi-linear tensor 1" € R™"" number of iterations L, N;
for t=1,...,L do
t T t —
uf) € R f|lufl’]| = 1
for k=1,...,N do

t t

L _ 1w
t t

1T (L WP

Let ¢t* := argmaxlgtgLT(u%), ug\tf), u%))

Do N power iteration updates starting from ug\t;) to obtain 4 and set

@ = T(a,1,7)

So that, we obtain the following theorem,

Theorem 3.3.17. Let T is a symmetric decomposable tensor. For a vector
ug € R, we suppose that the set of numbers {|w;vlug|,1 <i<r} has a unique
largest element. Without loss of generality, we say that |wivTug| and |wovd gl
are the two largest values.
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Fork=1,2,..., let
T(I,up-1,up-1)

U =
T (1, -1, up-1)||
r WQ’UTU() 2k+1
o2 < (902 5 w2 2
o= < 235077 228

The repeated iteration of (3.7) starting from ug converges quadratically
to vy.

3.3.2 ALS algorithm

We compute the decomposition of non symmetric tensors of rank r. We
replace the decomposition problem by the following minimization problem.
The optimization problem is the following:

minimize [T - T[% (3.8)
T
where .
TIZCLZ'(@bZ'@Ci (39)
i=1

Using the Khatri-Product and the mode n flattening, we obtain T[l] =A(Co
B)T, f[g] = B(C ® A)" and f[g] = C(B ® A)" where the so called factor
matrices: A = [CLi]lggT € KIXT,B = [bi]lsigr e K*" and C = [Ci]léigr e K&xr
represent respectively the a's, y’s and z's coordinates of T.

For example, if r = 2, T[l] = [a1 ® by ® c1]i] + [a2 ® ba ® c2]po) = [aa[:

Jolglelk]]er+lasl:] ool jleslk]]jer = arl:][brlj]-exlk]]jes +asl:][bal ). ol k] jes =

A(C @ B)T e KI*/K and similarly for T}y
Using 3 modes of flattening for Problem ([3.8)) for both 7" and T" we obtain
these three expressions

e _ T2

minimize [T - A(C e B)'|l7 | (3.10)
.. _ T||12

minimize 712y - B(C o A)'|l% |
.. _ 7|2

minimize 115 - C(B o A)'|[F
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Fixing all factor matrices but one each time, the problem reduces to three
linear least square problems:

Ak+1 = aIA‘gmiIl ||T[1] — A(Ck © Bk)TH% 7 (311)
AeKIxr
B! = argmin ||Tjy) - B(C* @ AR
BeKJIxr
Ok+1 = a}"gmin HT[3] _ O(Bk+1 ® Ak+1)T||%
CleKExr

We start by initial values of factor matrices A", BY and C?. The ALS approach
fixes C' and B to solve A, then fixes C' and A to obtain B, and then fixes B
and A to obtain C' until a convergence criteration is satisfied.

The linear indepedency of rank one tensors in is sufficient to guaran-
tee the uniqueness of decomposition in the tensor case under some conditions
explained in section 1 of [DLDMV04]. This linear dependency has physi-
cal meaning in the higher order tensors decomposition. In the matrix case
which consists of decomposing a matrix M into a sum of matrices of rank
one, we need more stronger conditions to satisfy the uniqueness such as the
orthogonality of rank one tensors.

To guarantee the convergence of ALS algorithm to the local optimum, we
should repeat the optimization for a number of randomly chosen initial values
of factor matrices. This process is consuming in time and the ALS iterations
can be very slow [DLDMV04].

In [HK13] using the Gauss-Newton method, the factor matrices are up-
dated simultaneously, but solving the resulting set of equations is computa-
tionally hard as well even if we add a regularized constraint on the entries to
guarantee the determinacy of the decomposition.

The conditions for which the uniqueness is guaranteed are the following
[Stell]:

o r <min{ly, I}
e 1! m-rank r,, for m > 3 which satisfies r,, > 2

e There is no single vector which is a linear combination for the other
vectors in the set of columns of the factor matrix corresponding to z’s
coordinates.
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e There is no single vector which is a linear combination for the other
vectors in the set of columns of the factor matrix corresponding to y’s
coordinates. corresponding to x;s coordinates for every j > 2.

e There is no single vector which is a scalar multiple for any other vector
in the set of columns of each factor matrix.

For more details on the uniqueness conditions see [DLDMV04].

3.3.3 Simultaneous Eigenvalue Decomposition Method

In this section we describe another low rank decomposition method which
is based on the diagonalization of a collection of similar matrices obtained
from the given tensor. Another similar approach is analyzed in the context of
latent variable model discussed in section 4] For more details, see [AGH*15].

Furthermore, a number of robust numerical methods for (approximately)
simultaneously diagonalization collections of matrices have been proposed
and used successfully in the literature (e.g. [ZLNMAO4]).

We show that the CANDECOMP can be reformulated as an orthogonal
simultaneous matrix decomposition. The reformulation in terms of orthogo-
nal unknowns allows for the application of typical numerical procedures that
involve orthogonal matrices. This technique is applied to non-symmetric, in-
stead of symmetric matrices. This generalization may raise some confusion.
It might, for instance, be tempting to consider also a simultaneous lower
triangularization, in addition to a simultaneous upper triangularization.

Given T € RI*/*K g 3—order non symmetric tensor of rank r with the
canonical decomposition

.
T = Zwiai ®b; ® ;.
i=1
We assume that I = J =r where r = rank(T).
We associate to T a linear transformation fr from the vector space R
to the matrix space R™*/ which associates to a vector P = (pg)rex @ matrix
V= (Ui,j)iel,jej such that:

V=fr(P)=Tx3P < v, = Z Li j kPk
keK
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forall iel,jelJ.
By substituting the expression of V' in the canonical decomposition of T,
we obtain:

V=ADB".
in which
D =diag{(w1,ws, . ..,w,)}diag{C" P}.
and
A= [a17a27 70’7“]7
B:[b17b27 7bT]7
C=lc1,c9,...,¢]

are the factor matrices.

If the range of the mapping fr is spanned by the matrices Vi, V5, ..., Vp,
we diagonalize by equivalence each one of them with the matrices A and B
and we obtain the following simultaneous decomposition:

Vi=AD\BT,
Vi =ADB".
where Dy, Do, ..., D; are diagonal matrices where the diagonal elements of
each one of them are the corresponding eigenvalues of Vi, V5, ..., V.
If Viforl=1,...,L consists of the matrix slices ?.., of the tensor 7', their

corresponding vectors Pj are the canonical unit vectors e, for k € K such
that:
fr(ep) =t..p for ke K.

We define C = (¢1:)1<1<. where each row ¢ consists of the elements of
diagonal matrix D; such that ¢;. = (D;(7,7))1<< for I=1,..., L.
Therefore

C = [PLP,... PL]"Cdiag{(wi,ws,...,w)}.

It is possible by a generic choice of P; to assume that V; is of full rank.
We multiply V5 by the inverse of V; which gives the following eigenvalue
decomposition:

VoVt = A(Dy D) AT
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We assume that C' doesn’t contain any collinear columns so that the di-
agonal elements of DyD;! are mutually different and the eigenvalue decom-
position problem reveals the columns of A, up to irrelevant scaling and/or
permutation.

The simultaneous eigenvalue decomposition problem reduces to solving
the system of equations:

{Vlvl_1 = ADlDl_lA_l}ZglgL-

Once A is known, B can be obtained up to scaling of its columns, as

follows:
We have
VI'A™ = BDjy,
VIAT =BDy.
Hence, if we denote the " column of VA by b;, the columns B; of B
for ¢ = 1,...,r can be estimated by the dominant left singular vectors of

[bLibQ,Z’ c. bLﬂ']. See [DLDMVO4J Fmally the matrix C’diag{(wl, W, ... ,wr)
is found by solving a linear set of equations for a given matrices A and B.

Algorithm

In this section we describe decomposition algorithm based on simultane-
ous eigenvalue decomposition of matrices obtained from a given tensor (see
[DLDMV04] for more details) which is used to approximate a non symmetric
tensor T' of known rank r by its non symmetric decomposition which consists
of computing the factor matrices A, B and C' of the decomposition. A reduc-
tion step from a tensor T € RI*/*K to a tensor S € R™™"s is required at the
beginning of the algorithm.

We assume that ry = rank(1jyy) = r, r2 = rank(1j)) = r and r3 = rank(1ys)) =
rank(C). We have to perform a best rank 71,7y and r3-approximation of re-
spectively mode 1, mode 2 and mode 3-flattening of 7' =}, w;a; ® b; ® ¢;.

In the following, we assume that:

e A is invertible
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e B is invertible
e (' does not contain collinear vectors.

These assumptions are required to guarantee the uniqueness of the solu-
tion. See [DLDMVO04] for more details.

If r <max(I,J) or r3 < K, then we apply a dimensionality reduction step
on T € RI*/*K 0 a tensor S € R™7s,

The reduction problem is to optimize the cost function such that

maximize ||T x; X" xo Y7 x3 Z7||% (3.12)

where X € RIX"Y € R/ Z € RE*"s are respectively column-wise orthonor-
mal.

T and the reduced tensor S are related by the formula: 7' = Sx; X xY x37.

If X,Y and Z are all column-wise orthonormal matrices then the optimal
approximation of rank r of T" and of its associated reduced tensor are related
using the same formula: T = S x1 X x3Y x5 Z, since the quadratic cost
function ||T x1 X7 x3 YT x3 Z7||% does not change under the mode m-product
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by column-wise orthonormal matrices.

Algorithme 6 : Decomposition of non symmetric tensor into CANDE-
COMP components

Begin
Input: the moments t; ;1 of 3—order multi linear tensor T € R/*/>&
with known rank r € N.

e Compute the reduced tensor S as follows:

— Any orthonormal basis of the mode 1, mode 2 and mode 3
flattening of T gives

respectively X,Y and Z.

— The r and r3 are computed using the singular values of the mode 1
and

mode 3 flattening of 7.

— Compute the reduced tensor S using the orthonormal basis X,Y
and 7.

e Compute V1, V5, ...,V which generate the image of the linear

transformation
fT . RK N RIXJ

Im(fr) =rank(T) =(V1,Va,...,VL).

e Find the maximum of the following cost function:

L
2 IQViZlGp
i=1

where ||.||yr represents the Frobenius norm of the upper triangular part
of a matrix.

This is equivalent to solve the right part of the set of matrix equations
so called simultaneous generalized Schur decomposition

QVZ =R =RD R,
< QVoZ = Ry = R"DyR”,

QViiZ = R, = R'DLR”.

in order to obtain the orthogonal matrices () and Z which makes R; for

1=1,...,L are upper triangular. A more detailed description is in
Section 5 of [DLDMV04].




e We assume that diag(R’) = diag(R”) = 1. Then D; = diag(R;) for

1<i< L.

e The strictly upper diagonal elements of R’ and R” can be estimated by
subsequently
solving the set of equations related to the entries of R; for 1<¢< L
described

in the Section 8 of [DLDMV04].
e Compute A and B using the formulas A=QTR' and B"= R’ Z

e Compute a tensor V' e Rl with entries v; j; = (V});; such that
Vi = AD,BT

for 1<i<r,1<j<rand1<I<L
— Compute the matrix representation V{2, € Rrr<L of /.

— Deduce C such that Viexrxr) = (A© B)(é)T

— Compute C' up to a scaling of its columns using this formula

C=[PP,.. P Cdiag{(wi,ws,...,w)}.

Output: The factor matrices A € R™>*" B e R/*" and C' € RE*" which
represent respectively the z’s,y’s and z’s coordinates of the
| approximated tensor.
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In the symmetric case we know that A = B = C = U. So we use the so
called AD-DC algorithm to find out the components defined by U.

3.4 Multi Symmetric Tensor Decomposition Problem

We recall the definition of minimal affine decomposition of a multi symmet-
ric tensor as a weighted sum of product of power of linear forms. We show
the relationship between the dual of deshomogenized tensor and the formal
power series associated to it using the apolar product. Each moment of the
formal power series can be deduced from its corresponding one of the associ-
ated tensor by dividing by the product of binomial coefficients. Furthermore,
each moment of the formal power series is associated to a coefficient in the
associated Hankel matrix. Then, after scaling by the linear form of the de-
composition and multiplying the weights by the scaling factor we deduce by
linearity that the dual of the Tensor can be decomposed as a weighted sum
of evaluations.

Definition 3.4.1. The tensor decomposition problem of T(x1,Xz,...,Xg) I8
the decomposition of T as a sum of product of power of linear forms such

_ T 01 2 Ok —
that T(x1,X2,...,Xx) = Yo wpt) (X1) w5 (x2) .. uih(xx) where wy;(x;) =
Up 0T 4.0 + UpjaTja + oo Upjn; Tjn,; and

up = (“m,pj )OSPj <nj
1<j<k

_ Zkz n;+1
- (up717 up7]-717 ttt 7upa17n17up727 /U/p72717 ttt 7up727n27 """ 7up7k7 up7k717 e 7U’p7k7nk) € K J 1( ! )

is the coefficient vector associated to the linear forms w, ;(x;) in the basis x;
forj=1,... k.

Definition 3.4.2. The minimal number of terms in a decomposition of T'(x)
1s called the rank of T.

We say that T'(x1,%a,...,%;) has an affine minimal decomposition of the

previous form if u,; # 0 for p=1,...,r and j =1,..., k where r is the rank of
T.

Lemma 3.4.3. By a generic change of coordinates in each E;, we may assume
that uy; # 0 and that T has a minimal affine decomposition of the previous
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form. Then by scaling u,(x) and multiplying w, by the d™ power of the scaling
factor we may assume that upj =1 forp=1,...,r and j=1,..., k. Thus the

polynomial T'(x) = Z;v;:l (X) Zp 1w ;,), g (Xl)u, 62(X2) w &C (%)
Definition 3.4.4. Let T\ (x1,Xo,...,X;) and To(X1,Xa, ..., X)) be two tensors

of S°(E). The apolar product of Ti(Xy,Xs,...,X;) and To(Xy,X,,...,X;) s
defined as
(1) ~(2)

<£(§17§27 T 7§k)7§(§17§27 T 7§k)> = Z|aj|§5j Oai,ag,....ar0ar,as,...,ap (i) whelre

() = (0)(E) (%)

Definition 3.4.5. The dual operator of a tensor is defined as

T (Rs, 50.8.) = (Rsy6500)" (3.13)
T, » T (1) =({T(x),Tr(x)) (3.14)
Definition 3.4.6. For T = (ta, ay,...a1) oyl<5; € SO(E) we denote
OéjENnj
S\ Lo\t s\ L
Oaq,a9,..., ak(T) = Oay,a0,..,000 = tozl,oz2,...,ak (all) (0422) .. (aIZ) . The dual Of the
tensor
T(x1,Xs,...,X;) € SY(E) is defined via the formal power series as

a1 a9 ok
0(Y1>Y2, e ,Yk) = T*(Y1,Y2, e ,Yk:) = Z|aj|g5j Ooq,0a,...,a5 (yatl)! (yézl (yak,z!

OéjENnj

where
(yi)% = (Y, yjts - - ,yj,nj)(aj’aj’l""’aj’”j) = H;jzo (Yjp, )7 forj=1,.. )k

01,.02

Proposition 3.4.7. The dual of the product of powers of linear forms uj'uy’ ...}

is the evaluation ey at u = (uy,uy,...,uy).

Proof. For T = ul'u. .ui"‘ and any 7" € Rs, 5, s,, we check that (T'(x),T"(x)) =

T’(u). This shows that 7% coincides with the evaluation e. O

Thus if T=3Y,w;u P 1u522 ul k,, then T™* coincides with the weighted sum
of evaluations 7% = Z wiey, on Rs s, 5. We reduce the decomposition
problem of T to the decomposition of T* as a weighted sum of evaluations

= ZZ W eui.
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3.5 Non Symmetric Tensor Decomposition Problem

In this section, we analyze the easiest case of multi symmetric tensor where
it is of degree one in each group of sub-variables. Our goal is to decompose
o =T as a weighted sum of evaluations such that 7% = Y, w; e,, by com-
puting the eigen-structure of the quotient algebra A, = K[x1,Xo,...,%x,]/I,
of the ring of polynomials by the kernel I, of the Hankel operator H,, using
the multiplication operators. We simplify notation by using subscripts of
variables and coefficients instead of multi-index exponents. We compute the
truncated Singular Value Decomposition of a generic linear combination of
shifted Hankel matrices by the first collection of variables. By linearity and
properties of the multiplication operators by one variable described in section
2, we deduce the multiplication operators by linear combination of variables
which could be used to compute weights and points.

We choose two monomial bases B; and B; indexing respectively rows and
columns of the Hankel matrix HJTBj’B2 associated to the tensor 7', such that
the set of monomials {B; * Byx;;,,0 < i; < nj,1 < j < k} span the set of
deshomogenized polynomials Rjs, 5, 5, -

The matrix of the truncated Hankel operator in the basis By and the dual
basis of Bs is

Hﬁf’& = [ty g i JO<ingn, -

OSiQ_SnQ

OSZ'];STL]C

The Hankel matrix associated to the tensor z;, *T™ is defined as H;,, =
B1,By _ py%1i*B1,By

T1,iq *T* = HT* - [ta-"ﬁ]aél’Lﬁ *Bl,ﬁEBQ7

divisible in x;;, and of degree 4.
The Hankel matrix associated to T in the monomials basis By and B, is
denoted by Hy. Let A(x1) = Ao+ Mx11+ ...+ A\, T1,, IS a linear form with

all the elements of the matrix are

generic chosen coefficients \;,i1 =0,...,n1, we build a linear combination of
Hi ;.4 =0,...,n; such that Hy = 2?11:0 i, Hy 4, we compute its singular value
decomposition.

Computing the singular value decomposition of Hy, we obtain
Hy=USV"
where S is the diagonal matrix of all singular values of H, arranged in a
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decreasing order, U is an unitary matrix whose columns are the left singular
vectors of Hy, V is an unitary matrix whose columns are the right singular
vectors of Hy. We denote by U" the hermitian transpose of U and V the
conjugate of V. We denote by U, and V, the truncated matrices of the first
r columns of U and V and S, the diagonal matrix of the first » rows and r
columns of S.

We denote El = (1,561,1, . 7331,nl> and EQ = (1;33/«,1; R 7xk,nk>- Let U; =
[tailacg, @and v; = [vs;]s5, be respectively the it and j™ columns of U*
and V. We denote by u;(x) = u] By and v;(x) = v}§2 the corresponding
polynomials. The bases formed by these first r polynomials are denoted
Ut = (ui(x1))i=1,.r and V, == (v;(x1))j1...-- We denote by U¥ (resp. V) the
corresponding coefficient matrix, formed by the first rows (resp. columns) of
U" (resp. V). We denote by S, the diagonal matrix of the first r rows and
columns of S, formed by the first r singular values.

We denote by Hg ,Hj, and ﬁg the matrices obtained by the truncated
singular value decomposition of Hy ,H;, and H, respectively.

We have the following property

= (M) H = HyMY

T Ji1 *T

—H —
where Mi’;ﬂ (resp. Mf ") is the multiplication matrix by zy;, in the basis U
(resp. V,) and M’ Ve .7 1s the multiplication matrix by x1; * 7" in the basis

V,. Then by 1inear1ty, we obtain HJ = Yilo A HY; = Hy YN, MV =

1,41 T1,iq
v,
r
H, M)\(xl)%T

Then (H})™ = (M )\(X *T)‘l(Hg)‘1 so multiplying by the first equation we
get

lMV _MV

1 _
(HO) H1 i1 ( /\(X *T) Z1 zl*T (-’I;l 11/>\(X1))

We compute the eigenvalues and the eigenvectors of the multiplication

matrices M (V in order to obtain the weights and the points of the

1,51 [A(x1))*T
decomposition.

82



Algorithm

We describe now the algorithm to recover the sum 7" (x,y, z) = >, Wpey, (X, ¥, 2),

wp, € KN {0}, u, € KZ4 (1) from the moments of degree at most one at each

bunch of coordinates (%;;x)o<i<n, of the formal power series. To simplify,
0<j<
. osisﬁé .
we change notations to better understand the nine dimensional multivariate

space seen as three dimensional space. We only use 3 groups of variables and
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denote x4, by x; and z9,, by y; and x3;, by 2.

Algorithme 7 : Decomposition of non symmetric tensor with constant weights

Input: the moments (%;;x)o<i<n, Of T
0<j<ng
0<k<ng

1. Compute the monomial sets A; = (z;y;)o<i<n, and Az = (20,21, ..., Zns)
OSanQ

and substitute the xg,yo and zy by 1 to define B, and Bs.

2. Compute the Hankel matrix Hp'"™ = [t;;1]osi<n, for the monomial sets
OSang
0<k<ng

Bl and BQ.

3. Compute the singular value decomposition of H. ES’EQ =USVT where
By=(1,1,...,7,) and By=(1,z,...,2,,) with singular values
851289228, 20.

4. Determine its numerical rank, that is, the largest integer r such that
= >
S1

5. Form the multiplication matrices by y; in the basis V,,
M) = SSURHP LT,

Y1
where Hfi’fﬁ is the Hankel matrix associated to y; x 7% for j=1,... ,no.
6. Compute the eigenvectors v, of Z?jl leZT such that |I;|<1,7=1,...,n9

and for each p=1,...,r do the following:

e The y's coordinates of the u, are the eigenvalues of the
multiplication matrices
Use the formula M;j’"vp =upojvpforp=1,...;rand j=1,...,ny
and deduce

the Up2.j-

e Write the matrix HE}’EQ in the basis of interpolation polynomials

and use the corresponding matrix 7 to compute the z’s

coordinates.

Divide the kt® row on the4irst row of the matrix 7 to obtain the
values

of upsp forp=1,...;rand k=1,... ns.

e The 2’s coordinates of u, are computed using the eigenvectors of



The cost of the SVD computation is in O(s?) where s > r is the maxi-
mal size of the Hankel matrix Hy and r the rank of the decomposition. The
computation of each multiplication matrice is in O(r?) and the eigencom-
putation is in O(r3). This yields a complexity bound in O(s? + nr?) for the
complete algorithm, where n = max(ny, no,n3) is a bound on the dimension of
the spaces. This complexity bound extends to the decomposition of general
multi-symmetric tensors, provided r = rank H,,.

3.6 Example

In this section, we illustrate the decomposition algorithm on a non symmetric
tensor of degree one at each bunch of 3 variables and of rank 3 by an example
already detailed in [HMKI7].

Ifo=1forallli=1,....,k,k>1landn;=n,let k=3, n=n=2,r=3 and
6 = 1 then we have x = (g, x1,72), ¥y = (yo,y1,y2) and z = (2, 21, 22). For

aeN3 |al=1=a=(1),(0,1),(0,1) =>x=2,,i=0,...,2

BeN3 |Bl=1=B=(1),(0,1),(0,1) =y =y;,j=0,...,2
yeN3 |3 =1=7%=(1),(0,1),(0,1) =27 = 2,k =0,...,2

The multi symmetric tensor is defined by a multi symmetric array of co-
efficients such that t,5, = 1555 = tijx then T(X,y,z) = Yo<i<2 tijrTiyj2e =
" e 0<j<2 7

0.446 12010 20-0. 226220101 +0.4427 2010 2—0.27562011 20+0.16 1250851 21~0.31000 11 29—
0.120920y220+0.1465x0Yy221—0.1169241229—0.012321y920—0.05187 11921 +0.01802 1y 20—
0.0133x1y120+0.026321y121—0.02592 111 20—0.319521 14220 +0.0931 219221 -0.111621 Y2 29—
0.1460:1:2yozo+0.0655x2y021—O.1734x2yozg+0.1010x2y120—0.0574x2y121+0.12383:2y1zQ—
0.1485$2y220 + 0.0323$2y221 - 0.0037$2y222.

Let 29 = yo = 29 = 1 then T'(x,y,z) = ZE}% Lij Ty 2

1<k<2
Then the tensor decomposition problem consists in finding the coefficient

vectors of linear forms and their corresponding weights such that T'(x, Y, z) =
Yope1 Wplp 1 (X) 1y 2(y)u,3(z). Given all the moments of degree at most one at
each group of coordinates (¢; 1) o<i<2,

0<j<2

0<k<2
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We create two sets Ay = (x%y?)am = (2:9))ocic2 and Ay = (27)50; =
-1 052
(Zk)ngSQ so that

A= (3303/0,$0y1,$092,$1y0,$191,$1y2,$2y0,x2y1,$2y2) and Ay = (20721722)-
For xg = yo = 2o = 1 then By = (1,y1, Y2, 71, T1Y1, T2, Toy1, Toy2) and By =
(1,21,29), the Hankel matrix associated to the tensor in the monomial basis
Bl and B2 18

1 Y1 Y2 T T1Y1  T1Y2 T2 Tayr  T2Ye

to t1 ta to1 to2 ti1 tig l21  tao |1

)

T a+B+y %j tog tin1 ton topn toon tiin tizan f211 to21| A
Fl=1 Llo2 ti2 t22 ti2 to22 tii2 ligz t212 f222] =
1 Y1 Y2 z1 1Y r1Y2 T2 Tay1 T2y2

0.4461 0.2756 0.1209 0.0123 0.0133 0.3195 0.1460 0.1010 0.1485
=1-0.2262 0.1612 0.1465 0.0518 0.0263 0.0931 0.0655 0.0574 0.0323]
0.4427 0.3100 0.1169 .0180 0.0259 0.1116 0.1734 0.1238 0.0037
All the entries of this matrix are known, we choose By = (1,1, x3) and
By = (1,21, 25) to be able to multiply by y; and to compute the multiplication

matrix. Computing the singular value decomposition of HE}’&, we obtain

1 1 T2 1 z1 T2
_— [t ot o w] 0.4461 —0.0123 —0.1460
Hp " =USVE=140 | #1y tog| = =[-0.2262 -0.0518 0.0655]
tos tis teo] = L0.4427 00180 -0.1734

where S is the diagonal matrix of all singular values of 1'171{3}’32 arranged
in a decreasing order, U is an unitary matrix whose columns are the left
singular vectors of Hﬁf’%, V' is an unitary matrix whose columns are the
right singular vectors of H. BB We denote by U" the Hermitian transpose
of U and V the conjugate of V.

Let v; = [Va,i],ep, and wj = [wg ;] 5.5, be respectively the i™ and j* columns
of U" and V. We denote by vi(x) = vj Uy and w;(z) = wjV, the corre-

sponding polynomials. The bases formed by these first r» polynomials are
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denoted U := (v;(x))iz1..» and V, = (w;(z)),=1.... We will also denote by
UY (resp. V,) the corresponding coefficient matrix, formed by the first rows
(resp. columns) of U" (resp. V). We denote by S, the diagonal matrix of
the first r rows and columns of S, formed by the first r singular values. To
compute the multiplication matrices M;){ and My]; we need to compute the
following matrices

Y1 Y171 T2Y1 1 Y171 T2Y1

T T [—0.2756 ~0.0133 0.101()]

0.1612  0.0263 -0.0574
-0.3100 -0.0259 0.1238

yiT* " o1 T topa| =
tor2 ti12 to12] =

Y2 Y21 Z2Y2 Y2 Y21 ZT2Y2

o [toe ts tas ] l—0.1209 ~0.3195 —0.1485

’ ’ 0.1465 0.09311 0.0323
_0.116 -0.111 -0.0037

yorT* " lo21 T121 top1| =

too2 ti122 to29] 2

Then we compute MZ = S;lU;'HE’EQVT and Myzr = S‘lUTHHE’EVT, and

y1*T* r Yo+ T
. 2 YV, .
the eigenvectors v, of 3.7, I;M," such that [} <1,5=1,...,2. To recover the
points u, € K** for p=1,...,r of the form
Up11 | =1
Up12 [ w2
Up21| »n
u, =
P lup22| v
Up3,1| =
| Up32] 2z

We do the following:
In general we have M:Z-f;jVi =Ujjq; Vi, fori=1,....r, j=1,... k, i;=1,,n;,

so in this case we get M, v, = uy21v, and M v, = u,2v, for p=1,...,3.
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We compute u,21 and u,29 for p=1,...,3, so that we get

Upo1 = [-0.7463 -0.2937 -0.3048]
Upoo = [1.4032 -0.3363 -3.5903].

The eigenvectors v, € (1,21, x2) for p=1,...,3 are up to a scalar the interpola-
tion polynomials at the roots so that if the dual of the tensor has an affine de-
composition T"(x,y,z) = ¥, Wpey, (X, y,2) then T*(v,) = ¥/ wpey, (v,) =
Apwp, T (21vp) = Ty wpen, (21Vp) = Apwptip 31 and T (25vp) = ¥jpy wpew, (22p) =
Apwplp 3.2, for p=1,...,3. Then the values of u,3; and u,35 for p=1,...,3
come from the computation of the matrix:

U1 Vg V3 U1 U2 U3
T*(v1)  T*(ve)  Tr(v3) | 1 Awy Aows A3ws 1
T =1 (z1v1) T*(zv2) T*(z1v3)| = ~ | AMwiurzs Aowallng1 Aswsuzsi| =
T (2zu1) T*(20v2) T (22v3)] = AWt 32 Aawalia 32 A3w3uzza] =

Therefore the value of u, 31 (resp. u,32) comes from the ratio of the second
row (resp. the third row) and the first row of the matrix for p=1,...,3. So
that we get

up31 = [-0.6558 0.0321 -0.5209]
upzo = [1.2474 0.4035 0.2427].

The common eigenvectors of all (MZ};T)T -are up to scalar- the evaluations.
They are represented by vectors of the form v = p,[1,up11,uy12] in the
dual basis of By = (1,21, 29) then the computation of the coordinates of w1 1
and u, ;2 come from the eigenvectors of the transpose of the multiplication
operators which are obtained by transposing the inverse of the matrix V' of
vectors of M, for j=1,...,2, therefore the value of w1 (resp. u,2) comes
from the ratio of the second element of v} (resp. the third element) and the
first element of it, so that

[0.1142 -1.0860 1.2381]
[-0.4057 -0.5676 0.8734].

Up1,1

Up,1,2
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Notice that the computation of wy,,p =1,...,3 can be done using the following

_ T vp) s : _ * _
formula w, = V(o) Since if v, € (1,21, 22) then v, = a, + x1b, + x2¢, and v, =

o[ 1, up 1, upa2] € ({1,221, 22))*, so that vy(w,) = ap+up 1,10, +u,120, = (Vp|vs),
the computation gives

w = (wp)1per = [0.3185 0.0889 0.0386]
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Chapter 4

Tensors in Learning Latent Variable
Models

In this chapter, we describe an application of a statistical model associated to
symmetric tensor decomposition problem. Given a corpus of r distinct topics,
such that each one of them consists of [ words with associated vocabulary
of n words which is modeled by the canonical basis of R”. We show how
to recover the vector probabilities of a fixed collection of three words given
a topic with the probability of this topic using given number of moments.
We recover a number of topics in the corpus from the numerical rank of the
invertible truncated Hankel matrix associated to the tensor.

We recall some basic probability definitions which are used after to model
the statistical problem.

4.1 Discret Distributions

Definition 4.1.1. A random discrete variable denoted by a capital letter X
1s a variable whose value is a numerical outcome of a phenomenon which is
obtained by counting. A random continuous variable X is a variable whose
value 1s obtained by measuring and lie in an interval.

Let X = (x1,z9,...,2,) a random discrete variable with the probability
distribution P(X =x;) =p; fori=1,... r.

Definition 4.1.2. The mean of X denoted by ux, is the weighted sum of the

90



values of X by their associated probabilities such that

.
HX = szpz
i=1

It is also called the expected value of X .

Definition 4.1.3. The variance of X denoted by o%, is defined as follows:

KX = Z(xz - HX)sz'-
i=1
The square root of the variance s called standard deviation of X and it is
denoted by ox.

Definition 4.1.4. The joint probability distribution of a | random discrete
variables

Xl,XQ,...,Xl 18 deﬁned by P(X1 = l’l,XQ = l’g,...,Xl = ZEZ) = P(XQ =
xz/Xl = .]31) X P(X3 = 5L’3/X2 = IQ,Xl = xl) X P(Xl = xl/Xl = 1‘1,X2 =
Loy ... 7Xl—1 = le_l).

Definition 4.1.5. The random discrete variables X1, Xo, ..., X; are exchange-
able for any permutation of indices 1,2,3,... if the joint probability distribu-
tion 1s the same for any permultation of the original sequence of indices 1.e.,
P(X,0) =21, Xp0) = 22,...,. Xoqy =) = P(X1 =21, Xy = 29,..., X; = 1)

We deduce later from this definition, that the future observations behave
like earlier ones in LDA statistical model.

Definition 4.1.6. The random discrete variables Xy, Xo, ..., X; are called
identically independent which are denoted by i.i.d. if they have the same
probability distribution and they are mutually independent.

Theorem 4.1.7. [Aus08] Given a latent distribution form H, a sequence of
exchangeable random variables X1, Xs,...,X; can be seen as a mixture of
conditionally identically independent variables.
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4.2 Continuous Distributions

Definition 4.2.1. A discrete probability distribution of a random discrete
variable X assigns a probability to each value that the variable can take. It is
impossible to write down the discrete probability distribution of a continuous
random variable X. However, we define the cumulative distribution function
F(X) which gives the probability of X taking a value which is equal or less
than x such that F(x) = P(X < z).

Proposition 4.2.2. The cumulative distribution function F(x) satisfies the
following properties:

e F(-00) =0;
e ['(00) =1;
o F(a) < F(b) ifa<d.
We deduce that P(a <z <b)=F(b)-F(a).

Definition 4.2.3. A random continuous variable X has a probability density
function p(zx) defined on an interval [a,b] as follows:

d
p(r) = P () = ()
x
so that if F(x) is the cumulative distribution function of X then
F(x) = f p(1)dt.

and the continuous probability distribution that the variable lies in the interval
[a,b] is computed using the probability density function such that

Pla<x<b)= ‘/abp(x)dx.

Let X be a random continuous variable with range [a,b] and probability
density function p(z).

Definition 4.2.4. The mean or average of X denoted by ux is defined by

b
,uX:/ rp(x)dx.

It 1s also called the expected value of X.
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Definition 4.2.5. The variance of X denoted by o% is defined by

0% = fabx2p(x)dx—(/abxp(x)dx)2.

The standard deviation of X 1is the square root of X denoted by ox.

The properties of mean and variance of X for random continuous variables
are the same as the discrete ones. If X,Y are two random variables on a
sample €2, ¢, d are two constants then:

® [ix+y = HUXx t My
® llex+d = Clix +d.

e If X and Y are independent then 0%, = 0% + 0.

2 _ .2
° O'CX+d—CJX+d.

If g(x) is a function defined on R then Y = g(X) is a random variable and
wy = fig(x) = [ 9(@)p(x)da.

Definition 4.2.6. The joint probability distribution of r random continuous
variables
X1, Xo, ..., X, is defined by its probability density function px, x,... x,(x1,%2,...,x,) =

Pxox (T2 | 1) X pxyix, x, (23 | 22, 21) X px,x,,. x, (T | 21,22, ..., 2,_1) where
DX\ X, Xs 1 (T | 1,22, ..., 25-1) 48 the conditional probability distribution of X;
gi’()@’l’t (X1 = xl,XQ =X9,... 7Xi—1 = xi—l) ifp(xl,:cg, e ,iEi_l) >0 fOT‘i = 1, .o,
Definition 4.2.7. The covariance between two real-valued random continuous
variables X; and X; for i,j =1,...,r denoted by ox, x, or cov(X;, X;) is the
expected value of the product of deviations of the variables from their means
such that

03%,x; = Co0(Xiy Xj) = B(Xmpux ) (Xx,)
1s the mean of the product.
Definition 4.2.8. The correlation coefficient between two random variables
denoted by px, x, for 1,5 =1,...,7 is equal to
0X,,X;

PXiX; = fOTi,j=1,...,T.

VX, Xi9X;,X;
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Definition 4.2.9. The covariance matriz denoted by 3 measures the devia-
tion of the random variable vector X = (X1, Xo, ..., X,)" from the mean vector

X = (Mxl,MX2, ce ,,U,XT)T such that

2= px iy xep” = (0X0.X ig=tir

The leading diagonal of the covariance matrix contains the variances and
the off-diagonal elements describe the correlations between the variables.

Proposition 4.2.10. The covariance matriz of a random vector X s a sym-
metric positive semi definite matrix.

Definition 4.2.11. The covariance matriz is said to be a spherical if all the
variances are equal and the covariances are null such that

> =o2].

4.2.1 Multivariate Gaussian Distribution

Let X be a random Gaussian continuous variable described by two parameters
p and o2.

The parameters p and o2 in machine learning models can be estimated
such that they maximize the likelihood of the statistical model generating
the training data, defined as follows:

M ={X,Pp,0}

where X' = R is the state space of realizations, Py = N'(u, ) is the Gaussian
distribution described hereafter and © = R x R* is the parameter set.
So that

I[L:

N
Z L,
i=1

6% =

(CCZ' - ,[L)z

&;MZ S

T =

2

where z; is the observation of the it* sample and N is the number of samples.



Definition 4.2.12. The univariate dimensional Gaussian Distribution of a
random variable X is a continuous probability distribution defined by its prob-
ability density function as follows:

1

p(x | p,o?) =

—(w’—u)2).

633[)( 952

2mo?

We can extend the definition of univariate Gaussian distribution to the
multivariate Gaussian distribution as follows:

Definition 4.2.13. The multivariate dimensional Gaussian Distribution of
a random variable vector X = (X1, Xo, ... ,XT)T with the mean vector ux =
(px,, fhxys - - -5 fix, ) and the associated covariance matriz o is a continuous
probability distribution defined by its probability density function as follows:

. xp(%l(x—ux)TE‘l(X—ux))-

p(x | px,¥) = ———e€
(1 ) (27)2 33

4.2.2 Dirichlet Distribution

Definition 4.2.14. The univariate Beta distribution of a random continuous
variable X with support [0, 1] and shape positive parameters «, 3 is defined by
its probability density function as the power function of X and its reflection
1 - X such that:

(el ) = e (1) = LD gty

B(a.5) - T(a)T(8)
where I'(z) = [ z*'e™"dx is the Gamma function.

We can extend the definition of univariate Beta distribution to the Dirich-
let distribution as follows:

Definition 4.2.15. The multivariate Dirichlet distribution of a random con-
tinuous variable

X=(X,Xs,...,X,)
with support the simplex

S={z;eR| Y z;=1,2;>0}

1=1
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and shape positive parameters vector a = (aq,qa,...,q.) is defined by its
probability density function as follows:

p(x|a>—B( )H 7 1—“@%}}2311 i

where B(«) is said to be the Beta function.

4.3 Learning Latent Variable Models

4.3.1 Exchangeable Single Topic Model

We denote by H the only topic of each document, it is modeled by a random
latent discrete variable H which takes only a finite number r of distinct
positive integer values.

The probability of each topic in the corpus is modeled by the weight of
the corresponding probability vector in the decomposed tensor such that
P(H=p)=w,forp=1,...,r

This topic consists of [ words x1,xs,...,2; which are values of random
discrete i.d.d. variables X, Xs,..., X].

The discrete conditional probability distribution of each one of the vari-
ables X7, Xo, ..., X] is given by the probability vector defined by P(z; =i/H =
p)=¢iforj=1,...., p=1,...,rand i = 1,...,n. The probability vectors
correspond to the points of the decomposed compressed tensor of the statis-
tical model which describes the corpus content represented by three slices of
a tensor.

The probability to drawn the [ words from a fixed document ¢ in the
increasing order from z; to x; depends on the conditional probability of each
one of them as they are conditionally independent. Each word can be drawn
from the canonical basis e, es,..., e, of R™.

The discrete conditional probability of z; given a topic H = p is simply &,
ie. P(x;/H =p) =Y P(j"word=i/H =p)e; = Y {piei = forp=1,....r

The cross conditional probability of n—dimensional random vectors x4, o, . . .

given a topic H = p is then P(z1 ® 22... @ ;/H =p) = §,®¢,...® ¢, for
p=1,...,7r
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For instance, the cross conditional probability of x; and x5 given a topic
H =pis then P(z1 ® x9/H =p) =&, ®¢&, for p=1,...,r. This leads to the
following theorem developed by (Anandkumar and al.) in [[AHKI2]:

Theorem 4.3.1. Let x1 and xo are the realizations of two random variables
X1 and Xy which describe the first two words in a document,

My := P(x1 ® x2)

and
M := P(ﬂfl R Ty ® 5133)
then .
My := Z wp&p ® &
p=1
and

M; = prgp ®E®E)

p=1
where &, = (&pa, ..., Epn) € R

So that, the probability vectors of topics can be computed using the mini-
mal symmetric tensor decomposition using the cross probabilities of any two
and three words in a document.

4.3.2 Spherical Gaussian Mixtures

Common Covariance

We either denote by H the random discrete variable which describes the
weight of each topic in the corpus with discrete probability distribution de-
fined as follows:

P(H =p) = Wp

forp=1,...,r.
Each topic is described by the Gaussian random vector x = (1, %9, ..., 7,) €
R" with its probability density function defined as follows

f(x]&,%,) = %eajp(;(x— §p)TZ;1(X—§p)) forp=1,...,r.
(2m)1 5}
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where the mean vector is equal to

&= (61,62, 6n) eR forp=1,... .
and X, is a spherical semi-definite positive covariance matrix
Epzagf forp=1,...,r.
We suppose that all topics has the same common covariance matrix such that
Z:Zp:a]%]:a2[ forp=1,...,r
The mixed model is observed as follows
X = gh +Z

where z ~ N (0,02I) is an independent Gaussian random vector with zero
mean and the same spherical covariance o2 of x.
The following theorem developed in [HK13] shows how to find out the sym-

metric structure of associated tensor using the manipulated cross moments
My and Ms:

Theorem 4.3.2. Let x € R" be a Gaussian random vector which describes
each topic in the corpus such that all of them have the same variance o2, if

n>r and the variance o® is the smallest eigenvalue of the covariance matriz
P(x®x) - P(x) ® P(x). Furthermore, if

M= P(x®x) - 0*]
and
M;:=P(x®x®x)-0") P(x)®¢;®¢c;+e;® P(x)®¢;+¢;®¢; ® P(x)
i=1
then .
My = prﬁp ® &)y

p=1
and

Ms = prfp ®&®E)

p=1
where &, = (&pa, ..., Epn) € R
For more details, see [AGH*15].
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Different Covariances

In this case, each Gaussian random vector x has different variance 012) and
z ~ N(0,0%I) is a Gaussian random vector with zero mean and different
spherical covariance agl which depends on the choice of the topic H = ¢. The
model is again

X =&, + 2.
But the tensor structure is extracted using the following theorem:

Theorem 4.3.3. Let x € R be a Gaussian random vector which describes
each topic in the corpus such that each one of them has different variance o2
forp=1,...,r,if n>r and the average variance 62 = 22:1 wpaf) 18 the smallest
eigenvalue of the covariance matriv P(x ® x) — P(x) ® P(x). Let v be any

normalized eigenvector corresponding to the eigenvalue 6%. Furthermore, if
My = P(x(07(x = P(x))?),
M= P(x®x) - &°]

and

n
M := P(X@X@X)—O’QZMl®€i®6i+€i®M1®€i+€i®6i®Ml

i=1

then .
M; = prgp@’fp

p=1
and

Ms:=> w,,®&,0&,

p=1
where &, = (&pa, ..., Epn) € R
For more details, see [HK13].

4.4 Latent Dirichlet Allocation

In Latent Dirichlet Allocation model denoted by LDA model, each document
corresponds to a mixture of topics. Furthermore each word may belong to
several topics.

99



The random continuous variable H = (Hy, Ho,..., H,)™ which describes
the topic mixture in the corpus follows a Dirichlet distribution Dir(a) with
shape positive parameters vector « = (v, an, . . ., a;.) defined by its probability
density function as follows

p(Hla) = B( 2 H ai-1 _ F(ZZ 1 0) 1 HH%

Hz 1 F(Oé
with support the simplex S = {H; e R | >/, H; =1, H; > 0} and B(«) the Beta
function. For each word z1,zo,...,2; we independently draw a single topic j

with random probability vector ¢; and then draw the word according to the
probability vector. We encode a word x; by setting z; = e; iff the ™ word in
the document is i. For example, the word government may belongs to the
topic politics and topic organization at the same time, so we first select the
topic politics and then we compute the probability that this word belongs to
the topic politics.

We denote by ag = 3,y a;. We are interested in the case of « is small
which corresponds to r small. The following theorem proposed by [AFH"12]
helps us to compute the symmetric tensor decomposition using the manipu-
lated cross moments.

Theorem 4.4.1. Let x1,x9,x3 be the first three words of a corpus indepen-
dently drawn from a discrete distribution specified by the Y.y H;&;. If

My = P(x1) (4.1)

My = P(Il ®$2) -

My @ M 4.2
Oé()+]_ ! 1 ( )

and
M3:P(£L”1®JJ2®SL’3)
(P(M1®.171®332)+P($1®M1®$2)+P(£L'1®.CL‘2®M1))

o + 2 (43)
2a0

(Oé() + 2)(&0 + 1)

My @ My @ M,

then

r

(8
Mo = P
2= L ot ) (a8
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and
T

M3::Z

p=1

where &, = (&pa, ..., &pn) € R

20y,
(040 + 2)(0&0 + 1)0(0

€p®£p®€p

4.5 Numerical Results

In this section, we apply the method of moments on a corpus of 10000 docu-
ments followed by a whitening step as detailed hereafter and tensor decom-
position process to learn mixed membership topic model(LDA model). Each
document consists of a different number of words where each word is drawn
from a vocabulary of 100 words.

A word may belongs to any subset of 3 topics, so that we define the
latent topic probability vector H = (Hy, Hs,...,H,)T which describes the
distribution of topics over the corpus and follows a Dirichlet distribution
Dir(a) = Dir(ay,as, ..., «,). We also define the parameter o = Y;_; ; which
controls to what extend the membership are mixed.

For each document, we draw the topic according to the distribution speci-
fied by H and then we draw the word according to the conditional distribution
associated to the chosen topic. Each word of the vocabulary is represented by
the vector e; € R of the canonical basis. We use the formulas of M;, My and
M3 proposed in Theorem to compute the first, second and third order
moments of the model. The third order moment Mjz € R100x100x100 jg high
dimensional symmetric tensor hard to compute and memorize. We approx-
imate a whitening matrix W € R199*3 from the second order moment matrix
My by computing the singular value decomposition of My = USUT and we
suppose that W =-US 3. Using the whitening matrix W, the reduced third
order moment T'(W, W, W) € R33*3 (easy to store in memory) is computed
implicitly with the expression of Mj in Theorem [4.4.1] The whitening step
leads to the following symmetric tensor represented by its 3 slices:

1.0153 -0.0094 -0.0071
T[:: 1] =[-0.0094 1.0078 -0.0054
—-0.0071 -0.0054 1.0209
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~0.0094 1.0078 —0.0054
T[::2] =] 1.0078 0.1942 0.6905
~0.0054 0.6905 —0.1454

~0.0071 —0.0054 1.0209
T[:: 3] =[-0.0054 0.6905 -0.1454
1.0209 -0.1454 —0.7283

We apply the low rank symmetric tensor decomposition method described in
to compute the frequencies which represent the probability vectors of all
topics and the weights in the corpus.

This leads to the following decomposition 7" = > _; w,(§,)* where

1.0 1.0 1.0 ]
~0.0936 —1.1394 1.3000
~1.4190 0.7793 0.6183

1.0 1.0 1.0
€=(&,6,8)=[-0.0936 -1.1394 1.3000
~1.4199 0.7790 0.6182

1.0 1.0 1.0
~0.0936 -1.1394 1.3000
| -1.4190 0.7793 0.6183

0.3394
w = (wy,ws,ws3) =10.3510
0.3248

With the frequencies and weights, we recover the tensor 7" using the same
formula 7" = ¥/ w,(§,)? and we compare it to the reduced tensor T by
computing the norm |7 — T"||y which is equal to 0.0008.

We are now able to compute the weight of each of 3 topics in all documents
using a projection step. If X € R is the vector representing the recurrence
of 100 words in a single document, then X’ = WX € R3 represents the
recurrence vector of words in the basis £ of frequencies.

Using the formula

X{=(€[1:3,1:3))7' X’
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we are allowed to compute the weights 0, of each topic in a fixed document
such that X' =37, 8,(§,)? for p=1,...,3.
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Chapter 5

Tensor in Fiber Crossing Detection
Model

The white matter is found in the deeper tissues of brain whose role is to
protect tissues’cells called neurons from injuries.

Each neuron is extended on its extremities by intersected fibers called ax-
ons. This white matter helps also to transmit the electrical signals in the
brain. Fibers connect nerves among each other, process and store informa-
tions which are responsible of daily jobs body such as remembering, thinking
or eating. An anomaly which may affect the structure of these fibers, pre-
vents this factory of running well. This is named Alzheimer disease. In this
section, we are interested of studying the structure of intersected fibers in
human brain.

Basser and al. introduced in [BML94] the first model of fibers’ structure
called DTT model, in order to reconstruct the shape of the collection of fibers
running in parallel close together. The algorithms based on this model sup-
posed that we have only one fiber in a voxel of 3-dimensional space. So we
could not model the net of fibers when more than one fiber intersect.

Other methods have been proposed after, such as SHOT to estimate the
orientations of underlying fibers. They are characterized by a high angular
resolution. They allow to estimate the Diffusion Orientation Distribution
Function ODF whose maxima are aligned with orientation of fibers.

In [JGJJ11], they proposed the rank one high order tensor decomposition
technique to reconstruct the orientation of one fiber which is the only one
maxima of the ODF function.
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In [Bro97], they proposed the low rank approximation technique so called
CP method described in Chapter [3]in order to reconstruct the orientation of
underlying fibers. In this case, the number of intersected fibers need to be
known a priori. This method uses the ALS algorithm described in Section
whose convergence is not guaranteed and relies on initial choices.

5.1 Extracting Coefficients of Fiber Crossing Tensor

In this section, we describe a technique which extracts the coefficients of
high order low rank symmetric tensor. This technique, described in more
details in [MKBD14] relies on the computation of signals which come from
the convolution of the so called Watson function [TCCO7, WBA12] and CT-
FOD function.

CT-FOD function F is modeled by a positive semi-definite symmetric
high order tensor of dimension 3.

Definition 5.1.1. Watson function is defined as follows:
U (yo, Ao, X) = e DT
where
e x = (x1,%9,23) 18 the vector normalized on the unit sphere.

e yo=(Y01,%.2,Y03) is the gradient of magnetic field in three dimensional
space.

e )\ is the weight.
e D is the diffusivity coefficient.

Definition 5.1.2. The signal S(y,\) = (S(vi, \i) )1<i<r where r is the number
of intersected fibers in a wvoxel in three dimensional space is given by the
convolution of Watson function and CT-FOD function:

S(y,A) =¥(y,\) ® F(y,\).
which s equal to

S(y, ) = f Z\P(yi,)\i,x)F(x)d:U.
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The following algorithm described in [MKBD14] shows us how to extract
the coefficients ¢, 3, of positive definite symmetric high order tensor 7" which
describes the structure of intersected fibers in human brain. Diffusion signal:

S(&,wi) = fs V(& wi,x)T(x)dx. (5.1)
2
whereW (&, w,x’) = Sye P x)’is a Watson Function such that D is the Dif-

fusion Coefficient and T is the 4-order Cartesian Positive Definite Symmetric
Tensor.
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Algorithme 8 : Extraction of tensor coefficients using ODF function.

Input : The Diffusion Signal S(y;, \;) and the spherical coordinates
X = (33'1, Zo, 33'3).
Output : The coefficients ¢, 5, of the tensor T

1. Modeling of the Fibers Orientation Distribution Function ODF by a
tensor T'

of degree d and dimension 3.

T(y)= 3 tapa¥ivsu;. (5.2)
a+B+y=d
where .
sy = o wikii€rntls
i=1
and y; are the components of the gradient vector for j=1,...,3.

N N d .
2. Parametrize T' by a sum of squares of polynomials of degree 5 in

order to obtain

a positive symmetric tensor using the Ternary quartics theorem
[GDMO09]

T(x) = gwiu(x,&)Q. (5.3)

where w; € R* are weights and &; = (& 1,&2,&.3) € R are the normalized
coefficients of polynomials representing rank one tensors.

3. Substitute [5.3)in [5.1 in order to estimate the Diffusion signal and to
compute each §&;

which represents each orientation.
g(yi,Ai) = szfs u(x, &)V (yi, \i, x)dx. (5.4)
i=1 2

a. Minimize E to compute w; € R* using NINLS algorithm

L fﬂ r 2
E=Y (2w [ ux&)W(ewx)dx) . (55)
=1 “P0 =1 S2
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to obtain the coefficients ¢, 5, = Yi; Wz’fi(a’ﬁﬁ)-




5.2 Algorithm

In this section, we show how to decompose a d-order Symmetric Tensor of
dimension n as a weighted sum of product of linear forms such that

T(x) = iwi(ui(x))d. (5.6)

Where LIZ'(X) = (€i70$0,&71$1, ce ,fi’n.’flfn). We suppose f@() * O, we scale U_Z'(X)
and we multiply w; by the scaling factor so &= 1. We dehomogenize T'(x)
by supposing zy = 1 then by Newton multinomial Formula we get

.
o (e -o )

We propose an algorithm to recover the t, coefficients of a ODF Symmetric
tensor of low rank in 3 dimensional space. We compute the coefficients ¢,
using the moments of formal power series associated to the Tensor 7. We
adapt the algorithm proposed in [HMK17] which describes the decomposition
of formal power series using the associated multivariate Hankel Matrices.
Only one constraint appears on the rank r of the tensor 7', which is resumed
by r < 3. We use properties of the associated Aritinian Gorenstein Algebra.
The eigenvectors and the eigenvalues of the multiplication matrices are mainly

108



used to compute the components of directions and the ponderations.

Algorithme 9 : Crossing fibers detection via ODF symmetric tensor decomposition.

Input : the moments ¢, = ) of o for |a| < d.

Let d; and dy be positive i;ltegers such that di + dy + 1 = d, for example

di == [%41] and dy = [ 5L ].

1. Compute the Hankel matrix H{v™ = [ta+s]jaj<a, of T in for the

. |B|<ds
monomial sets

A= (Xa)|a|§d1 and Ay = (Xﬁ)\BISda-

2. Compute the singular value decomposition of H. ddr _ 7SV with
singular values s; > s9 >+ > 5, 2 0.

3. Determine its numerical rank, that is, the largest integer r such that

S_T‘
51 > €.

: Vo _ a-1ymmpdide Y70 _ dids -
4. Form the matrices M, = 5. U ij*T*Vr,j =1,...,n, where ij*T* is

the Hankel matrix associated to x; = T™.
5. Compute the eigenvectors v; of Y7 [;M,, for a random choice of [; in
[-1,1],j=1,....n
and for each i = 1,...,r do the following:
a. Compute §; ; such that M;v; =¢; jv; for j=1,...,n and deduce

the point & = (§i1,- -+, &in)-

L (Mvix) _ DITHE® Vv
b' Compute wZ - Vl(gl) B [fia]leAgvr \L}

where [1] is the coefficient vector of 1 in the basis Aj.

Output : r € N, w; € C\(0), & € C?, i =1,...,r such that

T*(y) = S, wieq(y) up to degree d.

Notice that if n = 3 and d = 4 then d1 = d2 = 1 so that A; = (1,29,23)
and Ay = (1,29, x3), we obtain rank(Hrp+) < 3. If r > 4 we call the Numerical
Completion Methods using SDP and SVT algorithms.
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5.2.1 Numerical Results

We import 16 tensors computed in [MKBDI4] using Algorithm [§] each one
of them of order 4 is represented in three dimensional space by 15 coefficients
with 2 or 3 directions extracted using Algorithm [§, We associate to each

tensor the monomials in the following order:

[SU4 3 2,2 .3 4 3 2 2 .3 3

3 2 2 2,.2 2

We apply Algorithm [J] to obtain the weights and the directions of fibers
which model the tensor. We compute the angular error between the input
angle between two fibers which represent directions of the tensor and the
output angle between directions of output decomposed tensor. Figure 5.1
shows that the error is lower than 5 degrees for all angles greater than 30
degrees. For two orthogonal fibers of a tensor, the angular error is almost
zero. In Figure [5.2] we represent the directions of 2 fibers of ODF tensor in
3—dimensional space computed using Algorithm [9] which are spaced with an
angle in the range 90° : —6° : 0°. We recover the input angle for all tensors
with input angle bigger than 30°. We notice that for each tensor, there is one
preponderate direction to another unless in the case of orthogonal directions.
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Figure 5.1: Angular error between input and output directions
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The input angle is 90° Theinput angle is 340 The inpue angle is 75° Theinput angle is 72°
The ouput angle is $9°. The output angle is $4°. ‘The output ange i 79°. The ouput angle s 73

(a) (b) () (d)

The input angle is 66° Theingput angle is 60° The ingpue angle i
The ouput angle is 65°. The output angle s 62°. ‘The outpus angle i 5

Theinput angle is 45°
The output angleis 51

(e) (f) (2) (h)

o)
20,0

The input angle is 42° The ingpue angle is 36° The input angle is 30° Theingput angle is 24

The output angle s 4 The outpus angle i 41 The output angle s 35° The output angle is 29°.

(i) () (k) M

-0.10 07
The input angle is 18° Theingput angle is 12 The intput angle s 0°
The ouput angle is S5°. The output angle is $2°. The output angle s 86

(m) (n) (p)

Figure 5.2: Weighted directions of 2 fibers representing 4—order ODF tensors in 3 dimensional
space.
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Chapter 6

Completion of Hankel Matrix of Low
Rank

In this chapter, we study the problem of completion of Hankel matrix of low
rank knowing some entries of this matrix. The problem is seen as NP-hard
non-convex optimization problem as follows:

miniXmize Rank(X)

subject to X[i,7]=M[i,j], (i,5) €Q (6.1)
X is Hankel.

where X € R™*" is the optimization variable, M; ; are known given values and
Q2 is a subset of {1,2,...,m} x {1,2,...,n} of cardinal N. The completion of
missed values of a matrix of low rank is a difficult non-convex optimization
problem. In the last two decades, the matrix and formal series completion
problems has been developed [CT10] [UCI5]. Several questions related to
semidefinite programs have been raised, solved and applied to several appli-
cations such that identification systems, graph theory, information theory,
image processing and estimation problems. It also appears in the calculus
of low rank decomposition of symmetric tensors. The resolution of comple-
tion problem of Hankel matrix is based on semidefinite positive programming
SDP. In this chapter, we give the definition of semidefinite programming SDP
in addition to Rank Minimisation Problem RMP. We present some results of
RMP for a general matrix and we apply them to the completion problem of
Hankel matrix of Low rank. We propose two heuristics which are based on
convex optimization and resolve approximatively the RMP. The first heuris-
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tic is based on the minimization of the trace where the problem has
been relaxed into an SDP problem. The second heuristic is based on the
minimization of nuclear norm of the matrix. Contrarily to existing methods,
these heuristics can be applied to a general matrix, they are very effective
numerically and gives an a global sub born over the RMP if the feasible
set is born. First, we study the trace minimization in two cases: first case
where X is semi-definite positive and second case where X is symmetric non
semi-definite positive. This heuristic relies on the fact that the minimization
of norm [; of a vector (here the vector of eigenvalues) gives a sparse vector.
We generalize the problem to the nuclear norm minimization problem which
gives an optimal solution to the problem by minimizing the convex hull
of the objective function Rank.

6.1 Semidefinite Programming

A semidefinite program SDP with variable x = (z1,29,...,2,) € R" is the
following optimization problem:

minimize c¢'x
x (6.2)
subject to A+ A1 +...+A,x, = B

where A;, B € R™™ are square symmetric matrices, ¢ € R” and > is a matrix
inequality defined in Section [6.2.1 In other terms, a semidefinite program
minimize a linear function with linear matrix inequalities.

The SDP may be solved globally using interior points methods which are
effective [BV04]. If dimensions m and n are large, some special methods can
be proposed to do the computation [VB96]. Some other methods have been
developed recently to exploit the special structure of some problems such
that the method of Gauss-Newton [KMR*01], interior points methods with
double echelon [Tod97].
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6.2 Minimization Rank Problem-RMP

The general form of low rank minimization problem RMP is

minimize  Rank(X)
X (6.3)
subject to X eC
where X € R"™" is the optimization variable, and C is the set defined by
the constraints. This problem appears in several domains such that identi-
fication systems, statistics, signal processing and combinatory optimization.
However, RMP is known to be a NP-hard difficult problem [CR09]. Then,
the completion of Hankel matrix is a RMP problem where the matrix X is
Hankel.

6.2.1 RMP Semidefinite Positive

Definition 6.2.1. We define par ST = {X € R™" | X is semidefinite positive}.
It s a convex set named semidefinite positive cone.

The cone S? has some properties which help to find a low rank matrix.
This matrix can be found on the boundary of the cone. A matrix X is
called semi-definite positive and denoted by X > 0 if it is symmetric and all

eigenvalues are positive or zero. Another characterization frequently used is:
XeS?! < u'Xu>0,YVueR"

Definition 6.2.2. The RMP is called semidefinite positive if the matrix X is
semidefinite positive, which means that the set C is included in the cone S?.

There is a lot of applications where X is not necessarily semidefinite posi-
tive or even not square. We could verify using the following lemma that every
general RMP could be integrated in a bigger semidefinite positive RMP.

Lemma 6.2.3. Let X € R™" ¢ given matriz. So that Rank(X) < r if and
only if there exist two matrices Y =Y T e C™™ and Z = Z7 € R™" such that

Rank(Y) + Rank(Z) < 2r

Y X
> 0.
X" Z
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The proof is given in [Faz02] and uses the generalization of the well known
condition of the complement of Schur of semidefinite positive matrix. This
lemma shows that we could associate to any non-square matrix, a semidefinite
positive matrix such that the rank is two times bigger than the rank of X. It
means that for a non-square general matrix, the RMP is equivalent to
the rank minimization problem of the diagonal semidefinite positive matrix
diag(Y, Z) [Faz02].

1
minimize ERank diag(Y, 7)

subject to [;;T )Z(:| >0, (6.4)

X eC.

with the variables X,Y and Z. This equivalence is based on the fact that
the triplet (X*,Y*, Z*) is optimal for if (X*) is optimal for and
the objective values are the same for two problems (That is why we have the
factor 3).

6.3 Relaxations: Trace, Nuclear Norm

In this section, we describe heuristics based on convex optimization which
resolve approximatively the RMP. Contrarily to some existing methods, these
heuristics may be applied to any general matrix non-positive or non-square
necessarily and they are numerically effective and do not need an initial point
specified by the user. We will see that RMP could be used for the completion
of Hankel matrix of low rank.

6.3.1 Matrix Norms

For a rectangular matrix X € R™", ¢; is the i** singular value of X and it is
equal to the it" eigenvalue of X X7. The numerical rank of X is designed by
r and it is equal to the number of top non-zero singular values of X ranged
in a decreasing order.
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Definition 6.3.1. Let X,Y two matrices of the same dimension, we define
the inner product in R™*" by

(X |Y) = Tr(XY) = jZéX[z‘,j]Y[z‘,j]

Definition 6.3.2. The norm associated to the inner product is named Frobe-
nius Norm, it s equal to the euclidean norm of the vector of singular values:

m n ) min(m,n) .
||X||F:=\/Tr(XTX)=(;;X[Z}j]2)2:( ; Ik

Definition 6.3.3. The Spectral Norm is the norm l., of the vector of singular
values which is equal to mazimum singular value and it 1s denoted by:

[X]'+= o1 (X).

Definition 6.3.4. The Nuclear Norm is the norm ly of the vector of singular
values which is equal to the sum of singular values and it is denoted by:

min(m,n)
IXl= Y o
i=1
It 1s also called Ky-Fan or n-norm of X.

The three norms are related using the following inequalities which hold for
any matrix of rank low or equal to 7:

X1 < 1X ] < 1XT] < Vol X e < rlIXT). (6.5)

Definition 6.3.5. For every norm in the space of inner product, there is a
norm which is called Dual Norm ||.|| defined by:

[ X la = maz{X | Y) |[Y][ < 1.
Then, the dual norm of the norm ||.||; is the norm ||.|.

Proposition 6.3.6. The dual norm of the spectral norm ||.|| in R™" is the
nuclear norm ||.|..
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The proof of this proposition is developed in [REP10)].
We recall the definition of Cauchy-Schwartz inequality as follows:

Definition 6.3.7. For every X,Y e R™ (X|Y) < | X||7|[Y||F.
It is either proved in [CRO9] that (X|Y') < || X][+||[Y]|-
Theorem 6.3.8. The nuclear norm ||.||« of a matriz is convez.

For a proof, see [Hos16].

6.3.2 Trace Minimization

Consider the problem (6.3)), we minimize the trace in the case of semidefinite
positive matrix and then in the case of symmetric non semidefinite positive
matrix.

Case 1: X semi-definite positive

We suppose that the optimization variable X is a semi-definite positive ma-
trix, \; is the " eigenvalue of X, A= {\;|i=1,...,n} and ||.||; is the norm
[; of the vector. A good heuristic relies on replacing the objective Rank by
the trace Tr and to solve the problem:
minAiXmize Tr(X)
subject to X €C (6.6)
X >0
We denote by Tr(X) = ¥i'; \;. Because of X is semidefinite positive, which
means that all eigenvalues are positive or zero then Tr(X) = ||A; = X1y [N\
To obtain a sparse vector, we minimize the norm [; of the vector. Therefore,
we reduce the number of non-zero eigenvalues while minimizing the norm [y
of the vector A which gives a matrix of low rank. Therefore, the semidefinite
positive Hankel matrix completion problem is the following:
mingnize Tr(X)
subject to X >0
X[i,5] = M[i, 5], (i,5) €
Xis Hankel
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The problem ((6.7)) is a convex relaxation SDP of problem (6.1)) in the case of
semidefinite positive matrix.

6.3.3 X is Symmetric Non Semidefinite Positive

We could extend the heuristic of minimization of the trace to the case of X
is symmetric but not necessarily semidefinite positive. In this case, the sum
of eigenvalues of X is not definitely equal to the norm [; of A where A is
the vector of eigenvalues of X. Therefore, we minimize the sum of absolute
values of eigenvalues
.,

minimize ; I\ (6.

subject to X €C

We prove then that this problem can be written as an SDP and could be
easily solved.

Proposition 6.3.9. The problem is equivalent to the following SDP
mz’ng'(mz’ze Tr(X,)+ Tr(X.)

subject to X = X, — X_
X220, X_>0
XeC

(6.9)

Proof. The function Y;_; |\;| is convex as it is a matrix norm. If we suppose
that X = X, — X_, then because of convexity we have

T 1 T T
NN EEON[CONED HICHN)
i1 i1 i=1
1
2
We prove that there exists two matrices X,, X_ such that the inequality (6.10)

holds. Let X = QAQT is the eigenvalue decomposition of X, we collect the
non-negative eigenvalues and the negative eigenvalues as the diagonal entries

(6.10)
(Tr(X,)+ Tr(X.))

of Ay and A_ respectively. For example if X has k eigenvalues where d are
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non-negative, A\, = diag(Ay, Ao,...,Ag) and A_ = diag(Agi1, Agso, -, Ak). As
well, we collect the corresponding eigenvalues as (), and )_. We obtain,

X=QqQ =[Q. @] h f] [g]

Then, we suppose that X, = Q. A, QT and X_ = Q_A_QT. They are compatible

with the inequality in (6.10)). The two problems (6.7) and are equivalent.
]

It is the case of a general RMP ([6.3)), where the optimization variable X is
symmetric not necessarily semidefinite positive. In particular, this propriety
is valid for the problem (6.1). Furthermore, if m = n we deduce that the
following problem:

min'%nize Tr(X,)+ Tr(X))

subject to X =X, - X_
X,>0,X_>0 (6.11)
Xis Hankel

is a relaxation of the difficult problem [6.1 This is a convex optimization
problem SDP which takes two semidefinite positive matrices X, and X_ as
optimization variables and minimize the sum of their trace under the condi-
tion that their difference X = X = X, — X_ is a Hankel matrix.

6.4 General Case: Minimization of Nuclear Norm

The minimization of trace is a heuristic which could not be applied to prob-
lems of minimization of rank RMP of a non semidefinite positive matrix.
The extension to the problems where X is not semidefinite positive or more
generally to non-square matrices is not evident because of the trace is not
defined for non square matrices. However, there exists different important
applications of RMP where the optimization variable X is not square matrix.
We show in the following that this heuristic is simple and effective to be
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extended to the general RMP. Using Lemma [6.2.3, we could integrate every
general RMP (6.3)) in a semidefinite positive problem

minimize Rank diag(Y,7)

subject to [;;T )Z(] >0 (6.12)

XeC

where Y e R™™ and Z € R™" are additional variables. Because of the argu-
ments of the function Rank in the problem (6.12) are known to be semidefi-
nite positive, the direct application of the trace as in gives

minimize Tr diag(Y, 2)
: Y X
subject to [XT Z] >0 (6.13)
XeC

which is a convex optimization problem in X,Y and Z and could be solved
efficiently. Therefore, we obtain an equivalent form of which gives an
intuition of this heuristic and its relationship to the general RMP. In the
following, we prove that is equivalent to the problem

minimize || X]||.
X (6.14)
subject to X €C

where || X]||, = Zgn(p 4 g, is the nuclear norm of the matrix X. We see that

this norm is the dual norm of the spectral norm ||.||. The equivalence between

(6.13]) and (6.14]) is given by the following lemma:

Lemma 6.4.1. For X e R™" and t € R, we have || X||. <t if and only if there
exists two matrices Y € R™™m gnd Z € R™" such that

Tr(Y)+ Tr(Z) < 2t, [ - )Z(] - 0 (6.15)

Proof. (<) Let Y and Z two matrices which satisfy the relations (6.15)) and

X =USVT the singular value decomposition of X. Here, Y is of dimension r xr

121



where r is the rank of X. As the trace of product of two semidefinite positive
vor -UvVT|IlY X 50
-vur VVT [|XT Z|~

matrices is non-negative, then Tr[

which gives
Tr(UUY)-Tr(UV'X") -Te(VU'Y) + Te(VV'Z) = 0 (6.16)

As the columns of U are orthonormal, we could add other columns to fill it,
which means that there exists U such that [UU][UU]|" =1, or UUT+UUT = 1.
AsY >0, Tr(UU'Y) > 0 and we have

Te(UUY) < Te(UUT +UUTY) = Tr(Y).

As well, for V we have Tr(VV7Z) < Tr(Z). Furthermore, we have Tr(VUTX) =
Tr(VEVT) =Tr(X) and Tr(UVTXT) = Tr(UXUT) = Tr(X). We replace these
equalities in (6.16)) and use the two previous inequalities to obtain,
Te(Y) + Te(Z) - 2Te(2) > 0,
1
§(Tr(Y) +Tr(Z)) > Tr(Z) > 0,

(=) We suppose that || X]||. < ¢t. The two matrices Y and Z which we are
looking for may be chosen to satisfy the relations (6.15): If Y = UXUT +~[ and
Z =VXVT+~I so that we have

Tr(Y) + Tr(Z) = 2Te(Z) +v(p +q) = 2||T7||.(E) +v(p + ).

We choose 7 = %, we obtain Tr(Y') + Tr(Z) = 2t. We notice that,

v x| [vsur usve] [1 0] [U]ar <
[XT Z] - [szT VZVT] ”[o 1] - [v]E[U Vel
is a semidefinite positive matrix. In other terms, the condition ||X||, < ¢ could

be seen as a linear equality matrix. Now, it is simple to demonstrate that the
generalized heuristic of minimization of trace (6.13) and the minimization of
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nuclear norm (6.14]) are equivalent. Simply, we could write the problem (6.13))
as follows:

minimize ¢

subject to Tr(Y) + Tr(Z) <2t

yoX],, (6.17)
Xt z|°

XelC
with the variables X,Y, Z and t. Then, if we apply lemma (/6.4.1]), we obtain

minimize t

subject to || X]|[. <t (6.18)
XeC
with the variables X and ¢, which is equivalent to the problem (|6.14)) ]

We now recall the relationship between this problem and the original RMP
which has been developed in (6.3)).

6.5 Convex Hull of the Rank function

We explain in more details the relationship between the RMP (/6.3)) and the
heuristic of nuclear norm (or generalized trace)(6.14)).

Definition 6.5.1. Let C be a convex set and f : C ~ R not necessarily convex.
The convex hull is the largest convex function g such that g(x) < f(z) for
x € C. This means that among all convexr functions, g is the best punctual
approzimation of f.

In particular, if the optimal g can be described than f could be minimized
efficiently. In the problem (6.3) where the objective function is not convex,
its convex hull could be used as an approximation which could minimize the
rank efficiently.

Theorem 6.5.2. The convex hull of the function ¢(X) = Rank(X) over the

set C = {X e R |1X]| <1} is deno(X) = || X[| = 270" .
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Proof. Because of (6.5), we have [|X||. < r||X]||. This gives that Rank(X) >
i
|| X|+. Then, the nuclear norm is the convex inferior limit of the function Rank

for every X. Then, for every matrix X where || X|| < 1, we have Rank(X) >

over the set C. In fact, this is the closer convex inferior limit which is more
developed in [Faz02]. O

This theorem gives an important interpretation of the heuristic of the
nuclear norm: in fact, this heuristic minimize the convex hull of the Rank
function on a bounded set. In addition, we have the following implications
for the general RMP and the following heuristic: Suppose that the set
C is bounded by M, which means that for every X €C, || X|| < M. The convex
hull of Rank(X) over the set {X € R™"; || X|| < M} is given by ;|| X||. which
means that Rank(X) > 2||X||, for every X € C. We denote by pn, the
optimal value of the rank minimization problem and py. the optimal
value of nuclear norm minimization problem, then

prmp 2 Ptr-

In other words, solving (6.14)), we could obtain a lower bound of the optimal
value of Problem ([6.3)). We notice that the nuclear norm is the closest convex
approximation which gives the inferior limit among all the convex approxi-
mations of the function Rank over the set C. The property ”Convex Hull”
of the nuclear norm given by the previous theorem plays an important role
in the efficiency of the heuristic [6.14} the simplest way to connect the rank
of the non-square general matrix to the semidefinite positive matrix is to see
that Rank(X) = Rank(XXT). As Rank(XXT) is a semidefinite positive
matrix, then we could apply directly the heuristic trace and obtain,
minimize Tr(XXT)

X (6.19)

subject to X €C

We have Tr(X XT) = ¥I_; 02 the Frobenius norm of X is a convex optimization
of the Rank. Notice that this is the norm [, of the vector of singular values.
However, we know that the minimization of the norm [, of a vector contrarily
to the norm [; does not always give a sparse vector so that we do not expect
to obtain a sparse set of singular values or a low rank matrix using the norm
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l. The minimization problem [6.19] could be written as the following SDP:
minimize Tr(Y)

Y X] 0 (6.20)

subject to [XT 7

We notice that this problem and Problem are the same, unless that the
variable Z is replaced by the identity which reduces the number of degrees
of freedom in the optimization. The completion problem of a Hankel ma-
trix (6.1) is a rank minimization problem RMP of a Hankel matrix. In this
problem C = {X € R™" XTi, j| = M[i,j],(i,7) € Q,X is Hankel.}. We sup-
pose that X is not semidefinite positive or non-square matrix so that because
of the previous heuristic which represents the nearest convex approximation
which gives the closest limit inferior among all the convex approximations
of the Rank over a bounded set is given by the minimization of the nuclear
norm of the matrix X as follows:

minimize || X||«
X

subject to X[i, 5] = M[i,j], (i,5) € Q (6.21)
X is Hankel.

Therefore, this problem is in relationship with Problem (6.1]): solving
we obtain an inferior limit of the optimal value of (6.1]). In other words, the
resolution of the problem allows us to obtain a Hankel matrix of the lowest
possible nuclear norm. In addition, it is the first step towards the completion
of Hankel matrix X which consists of minimizing the nuclear norm which
refers to solve ([6.21)).

6.6 Numerical Example SDP

In this section, we present a direct application of the completion of Han-
kel matrix of low rank. Given the first moments o,,|o| < d of the series
o(y) = Y qwiei(y) with & € R” and w; # 0. The goal is to complete the
Hankel associated matrix to the series in addition to its moments o,. Notice
that the nuclear norm is the closest convex approximation which gives the
tightest inferior limit among all convex approximations of Rank over the set
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C. We solve this problem in an efficient way, we use the relaxation of the
minimization of nuclear norm of X. We use the packages JuMP, Multivari-
atePolynomials, CSDP, DataStructures, TensorDec of the software Julia.

e JuMP makes it easy to solve optimization problems.

e MultivariatePolynomials provides an interface for manipulating multi-
variate polynomials such as accessing the coefficients, the monomials
and the terms of them.

e CSDP is an interface to some Semi Definite Programming Solvers.

e DataStructures implements a variety of Data structures such as Dictio-
naries and Linked Lists.

e TensorDec manipulates the decomposition of series of moments and ten-
SOTS.

Example 6.6.1. Given the weights and the frequencies as follows:

wO:[Q 3] and 50:[ 01 411

We have the series of moments truncated in degree d = 3.

The polynomial of degree 3 computed with 2 frequencies & and 2 weights
wo 18 Ty = —0.00156? +0.O402x%x2 +O.138x1x§ +0.194:c§ +0.15x% —0.6x179 + 1.5:1:% -
0.3z +4.229 + 5.

We use the set of monomials of degree lower than or equal to dy = 3 asso-
ciated to the variables x1 and x4, the Hankel matrix Hy associated to ty before

the minimization of the nuclear norm is: )
5 -0.1 1.4 005 -0.1 05
1.4 -0.1 0.5 0.014 -0.046 0.194

Hy=10.05 -0.01 0.014 0 0 0
-0.1 0.014 -0.046 O 0 0
0.5 -0.046 0.194 0 0 0

After the minimization of the nuclear norm, the complete Hankel matriz
15 the following:
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[ 5 -01 14 005 -01 05
1.4 -0.1 0.5 0.014 -0.046 0.194
H=(0.05 -0.01 0.014 0.0005 -0.001 0.0005
-0.1 0.014 -0.046 -0.001 0.0005 -0.019
0.5 -0.046 0.194 0.0005 -0.019 0.077
The rank of Hy is 5 but the numerical rank of H is 2 for e = 0.01.

We apply the low decomposition algorithm on the series associated to H
and we obtain the following weights and frequencies which are near of the
initial weights and frequencies:

w:[2 3] and 5:[_1 L

0 4
Furthermore, the norm ly of the difference between the initial polynomial
and the complete polynomial associated to H is 10717,

6.7 Singular Value Thresholding Algorithm

In this section, we propose another algorithm which gives an optimal solution
to the nuclear norm minimization problem with linear and convex constraints.
This algorithm is iterative and applies a singular value thresholding step to a
sparse matrix which requires a small storage space and a low computational
cost at each step. The choice of enough big threshold at each step allows us
to expect a low rank completed matrix. We prove from a theoretical of view
point that the sequence of iterates converges.

Candés and Recht proved in [CR09] that the matrix completion problem
is not as ill-posed as people think. They showed that the matrix of low rank
can be reconstructed from a small set of sampled entries by solving a simple
convex optimization problem.

Theorem 6.7.1. A matriz M € R™™ of rank r can be covered by solving the
optimization problem:
minimize || X||«
X (6.22)
subject to X[i,7] = MJi,j],(i,7) €

where the number of sampled entries obeys p > C’ngrlogn for some positive
constant C'.
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For the proof, see [CR09]. Candés and Recht also proved in [CR09] that
under some conditions, the rank minimization problem and the nuclear norm
minimization problem have the same solution.

6.7.1 Algorithm Outline

Because it has been proved in [CR09] that there exists a solution for nuclear
norm minimization problem under some conditions, it is important to develop
an algorithm for solving it. The semidefinite programming solvers proposed
in the previous section are problematic when the size of the matrix is big
because we solve big linear equation systems and don’t guarantee the matrix
to be of low rank. We propose a singular value thresholding algorithm which
fills a matrix such that it requires the condition of lowest possible nuclear

norm. We set the nuclear norm minimization problem as:
minimize || X]||«
X (6.23)
subject to A(X) =b

where A is a linear operator on the space R™™ into R!, and b € R,
The algorithm works well when the desired matrix is of big sizes and of
low rank.

Definition 6.7.2. Let 2 to be a set of indices, the orthogonal projector Pq
associated to 2 is defined as follows:

Po: R™™ —R

X[i, 5], if(i,j) €Q (6.24)

X +—Pqo(X) =
o(X) {O Otherwise

We sketch Problem ([6.23)) in the case of completion of low nuclear norm
matrix, so that the associated optimization problem is:
minimize || X]||.
X (6.25)
subject to Po(X) = Pa(M)

We propose an algorithm which is based on the computation of the top sin-
gular values of the input matrix at each step. If only a few number of the
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singular values is chosen at each step then the sequence of matrices converges
rapidly to a matrix of lowest possible rank. Another expectation of choosing
a big threshold is to make the computation of each matrix easy and to reduce
the storage space in memory.

It is convenient to generalize the constraints of problem to be convex,

as follows:
minimize || X[«
X (6.26)
subject to fi(X)<0,1<i<l.

where f; are convex and Lipschitz. The benefit of this generalization is to
make possible to complete a low nuclear norm matrix with noisy sampled
entries by redefining the constraints of the completion problem through the
conditions of generalized problem as detailed later in [6.8]

We recall the singular value thresholding algorithm SVT for the matrix
completion problem in terms of a well-known Lagrange multiplier algorithm
and we extend SVT to be able to find a numerical solution to the general
problem [6.23] We then adapt it to the completion problem of low rank Hankel
matrix.

We recall the definition of a singular value thresholding operator as follows:

Definition 6.7.3. Let X € R™™ of rank r with the truncated singular value
decomposition X =U,S,V.". For T >0, we introduce the singular value thresh-
olding operator

DT(X) = UT‘DT(ST)‘/;"T
where D, (S,) = diag((s—7),).

In other words, this operator moves the singular values which are bigger
than 7 towards zero. Even though the singular value decomposition is not
unique, it is easy to prove that the thresholding operator is well defined.

We recall the following theorem which is used to recast the SVT algorithm
as a Lagrange multiplier algorithm:

Theorem 6.7.4. 0o Let 7 > 0 and Y € R™"  the singular value shrinkage
operator defined in|6.7.5 obeys:

e
D, (Y) :arg;n1n(§||X—YH%+T||XH*) (6.27)
For the proof, see [CCS10].
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Interpretation as Lagrange Multiplier Method

In this section, we recast the SVT algorithm as a Lagrange multiplier al-
gorithm. This allows us to extend the SVT algorithm known as Uzawa’s
algorithm to nuclear norm optimization problem with linear or convex con-
straints. For some fixed 7 > 0, we set f-(X) = || X|% + 7||X||+ and we define
the optimization problem as follows:
miniXmize f-(X)

(6.28)
subject to Po(X) = Pa(M)

The Lagrangian for this problem is given by:
L(X,Y) = f(X) +{Y[Po(M - X))

where Y € R™™  Strong duality holds, and X* is primal-optimal and Y* is
dual-optimal if we have:

supinfL(X,Y) = L(X*, V") = infsupL(X,Y)
y X Xy

The function go(Y') = igl(fﬁ(X ,Y') is called the dual function. g is continuously

differentiable and Lipschitz with constant Lipschitz at most one, as this is a
consequence of well-known results concerning conjugate functions. Uzawa’s
algorithm approaches the problem of finding the point (X*,Y*) by solving
the iterative procedure starting from Y =0 as follows:

(6.29)

L(XFEYFY) =minxy L(X,YF 1)
Yk = YA 4 5, Po(M - XF)

where 0, is a sequence of positive step sizes.
We observe that the subgradient of go(Y") is given by [CCSI10] as follows:

VYQO(Y) = VyE(X,Y) = PQ(M - X)

where X is the minimizer of the Lagrangian for that value of Y so that the
gradient descent update is of the form:

YE= YR 4 65,.Vygo(YF) = Y 4 6, Po (M - XF).
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It remains to compute the minimizer of the Lagrangian (6.29)).

Because of (6.27)) we have:
1
arg min f(X)+(¥[Po(M-X)) = arg min (GIX =PaM)Ili+ 7lIX[[.) = D-(Pa(Y)).

So that, and because of Y* = (Po(Y*)) for k >0 Uzawa’s algorithm takes the
form:

{Xk = D (V) (6.30)

Yk = Ykl 4§, Po(M - X*)

Convex Inequality Constraints

In this section, we present a general formulation of SVT algorithm for mini-
mizing the nuclear norm under linear equality constraints.
For some fixed 7 > 0, we set f,(X) = || X|% + 7||X]||. and we define the

optimization problem as follows:
minimize  f-(X)
X (6.31)
subject to A(X) =b

where A is a linear operator on the space R™™ into R!, and b € R,
The Lagrangian for this problem is given by:

L(X,y) = f(X) + (ylb - A(X))

where y € R’
The iterative procedure of Uzawa’s starting from 3" = 0 is defined as fol-

{W=D%ka0)

lows:

g = g+ (b - ACYH) (632)

For more details, see [CCS10].

Convex Inequality Constraints

In this paragraph, we present a general formulation of SVT algorithm for
minimizing the nuclear norm under affine constraints.
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We set F(X) = (f1(X), f2(X),..., fi(X)) where f; are convex functionals
for i=1,...,1 and we define the optimization problem as follows:
minimize [ (X
X f(X) (6.33)
subject to fi(X) <0, fori=1,...,1

The Lagrangian for this problem is given by:

L(X,y) = [-(X) + (y|F(X))

where X e R™™ ¢y >0 e R/
We apply a subgradient method with projection to maximize the dual
function and we obtain the following Uzawa’s iteration starting from y° = 0:

{X’“ = argminy { f(X) + (y*1[F (X))}

g = [T+ B F(XH)]. (6:34)

For more details, see [CCS10].

When the proximal problem become close

In the following theorem we show that minimizing the objective function
f-(X) is the same as minimizing the nuclear norm when the threshold 7 is
big.

Theorem 6.7.5. Let X} be the solution of (6.33) and X be the minimum
Frobenius norm solution of (6.26]) defined as:

Xo = argmin{||X||%, X solution of (6.26)}
X
Assume that f;(X) fori=1,... 1 are conver and lower continuous. Then
lim | X - Xol|F = 0.

For the proof, see [CCS10].

132



Convergence Analysis

In this section, we recall two theorems which establish the convergence of

SVT iterations associated to problems (6.28)), (6.31]) and (6.33)).

Theorem 6.7.6. Suppose that the step sizes obey 0 < inf d; < supd; < W.
Then the sequence {X*} obtained via (6.32]) converges to the unique solution

of (6.31). In particular, the sequence {X*} obtained via (6.30) converges to
the unique solution of (6.28) provided that 0 < inf 6 < sup d; < 2.

For the proof, see [CCS10].

Theorem 6.7.7. Suppose that the step sizes obey 0 < inf §; < sup 6 < W

where L(F) is the Lipschitz constant for the the function (F(X). Then
assuming the strong duality, the sequence {X*} obtained via (6.34) converges

to the unique solution of (6.33)).
For the proof, see [CCS10].

6.8 Completion of Hankel matrix using SVT algorithm

In this section, we fill a Hankel matrix with some first predefined elements
such that its associated nuclear norm is minimum as much as possible. For
some fixed 7 > 0, we minimize the function f,(X) = 3||X|[% + 7]|X||, with the
linear constraints A(X) = b of Problem ([6.31). We define the linear operator
A in the case of X is Hankel and some elements X[i,j] = M[i,7],(4,7) € 2
are already predefined. We then apply the Uzawa’s algorithm iteration (/6.32))
on the linear operator defined in Hankel case to obtain the Hankel matrix.

We set the predefined elements of the Hankel matrix as the first elements
of a sparse vector b. We define the integer k; which obeys:

-
7~ (ko — 1, ko]

A

where ¢ is a fixed positive moving step and 7 is chosen to be as large as
possible to guarantee the convergence of f.(X) to the nuclear norm || X||..
We start the algorithm with the initial vector y° = b * kg * 6. The operator A
and its transpose A" depend on list of matrices L describing the constraints
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of Problem (6.21). We define N as the number of matrices of L. They are
defined as follows:

A(X, 1) = (L[, (6.35)
A2) = L (6.30
These operators satisfy the relations
ATA = Pq
and
A(M) = b

where M is the matrix from which the first elements of the Hankel matrix
have been selected.

Given the Hankel matrix Hy in which only three first real moments are
extracted from the matrix M:

[0.1541 0.0268 0.7740 0.0 0.0 0.0]
0.0268 0.0 0.0 0.0 0.0 0.0
_10.7740 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
| 0.0 0.0 0.0 0.0 0.0 0.0]

We complete the Hankel matrix Hy with SVT algorithm and we associate
to the ouput Hankel matrix a series o¢(x1,z2) of degree d = 4 in two variables
x1, 9 defined as follows:

Oinitial (21, T2) = 6.0805e 622 29+1.0532¢ 21 23+0.001521 22+0.000225+2. 60416_737:1)’+
8.7406e~ 10z + 0.0035235 + 0.7740z9 + 0.030723 + 4.6233e¢~ 72323 + 0.0001z; * 23 +
0.0268z71 + 7.29156‘5 2 +2.0137e 823 172 +0.1541 we decompose this series into
weighted sum of 2 frequenc:les using Algorithm [T and we obtain the following
points and weights:

~[-0.0006 -0.0392|
_[6.63673]

- [ 0.0033  0.0783 ]

-6.48259
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Each column of £ corresponds to a frequency and each element of w corre-
sponds to a weight. We reconstruct the series associated to these points and
weights and we obtain the following series

0 pinal (21, T2) = 6.0805¢ 622 29+1.0532¢ 21 23+0.001521 22+0.000225+2. 59976‘7x§+
8.7238¢7 1021 + 0.0035x3 + 0.7740x5 + 0.030723 + 4.6244e 72223 + 0.0001x1 * 23 +
0.0268x1 + 7.31686‘5 2+ 2.0121e 823x9 + 0.1541

We compute the norm of the difference between o;piria (71, 22) and o i (21, 22)
and we obtain:

| initiat (1, 22) = 0 finai (21, 22)||2 = 2.5245¢77

The SVT converges to a Hankel matrix which respects the constraints of
Problem ([6.21]) for 6 = 0.5 in 3398 iterations and the convergence error:

10(b = A(Hinitiar, L)) P
||A(Hmitiala L)HF

where H;,ia is the Hankel operator obtained at the convergence step of SVT
algorithm and corresponding to oj,itial-

=0.9929¢°8
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Chapter 7

Newton Iteration

In this section we first give an intuition of Newton method, we review the
Newton-Raphson iteration to solve univariate and multivariate system. We
then present a new Newton iteration, which converges locally to the multi-
variate Hankel matrix of a given rank which is the closest to a given input
Hankel matrix. Numerical experimentations show that the Newton iteration
combined the decomposition method allows to compute accurately and ef-
ficiently the polynomial-exponential decomposition of the symbol, even for
noisy input moments. We finally give a numerical example which shows the
efficiency of this new iteration to recover the weights and points of a series
after completion step with uzawa’s algorithm.

Intuition for Newton method

The problem is to find a close approximation to the value of a function f at
a point z € R, f(x) € R. An opposite problem is to solve an equation

F(x)=0 (7.1)

where z € R. Both of problems is based on the same idea.
Suppose at a point x = a near to the solution, we know the derivate at the

Y (3 < iy [ S0)

r—a T — Q

point defined as

An approximation of the derivate %(a) at the point a is given by
df f(z) - f(a)
T 0y o 11D
x r-a
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So that the approximation to f(z) is given by the formula

F2) % 7a) + (o - a) (). (72)

This formula tells us that if we want to find a value of f at a nearby point, we
can use a linear approximation because the graph of this formula is close to
a linear line. So we are following a straight line instead of following a curved
graph which starts out at the correct point x = @ which has a correct slope
%(a) and is close to the curve as much as possible. In the opposite way, let’s
create the formula which approximately solve (7.1). The difference is that
F(x) is what I know to be 0 and x is what I'm looking for. So the so called
Raphson equation is defined as

| F(a)

rT—aw
% (a)

Newton Iteration to solve univariate system

(7.3)

The Taylor series of F'(z) at a point x = 2y + Az which is close to an initial
guess g is given by
1d?F

F(xo+ Ax) = Fzg) + %(azo)Ax (%) EE S ()

The derivative corresponds to keeping only the first order terms of Taylor
series as follows iF
F(xg+Ax) ~ F(xy) + d—(mo)A:L’. (7.5)
x

Setting F'(zo+ Ax) =0 and solving (7.5) for Az = Az gives us

F(xo)
dx 0

which is the first-order adjustment to the root position. By letting z; =
xo + Axg, computing the new Az and so on the process can be repeated and
converges to a fixed point which is the root. The moving step at n iteration
is given by

(7.6)

F(x,
Az, ~ dF(x ) .

137

(7.7)



Then, with good initial choice of the root position the algorithm can be
applied iteratively to obtain the so called Newton iteration

This algorithm may be unstable near an horizontal asymptote or local ex-

(7.8)

Tp+l = T —

trema.

Newton Iteration to solve multivariate system

To solve a multivariate system with Newton method we need to review the
Taylor expansion of an N dimensional function defined from RN to RN,

Definition 7.0.1. The N dimensional multivariate equation system is given

by
Fl(xl,l'Q, e ,xN) = Fl(X) =0

FZ(xlaa:Qv"'axN) :FQ(X): 0

Fn(x1,29,...,2n5) =Fy(x)= 0

where x = (1,3, ...,xy). We define a vector function F(x) = (F1(x), F5(x), ..., Fx(x),
so that the equation system can be written as
F(x)=0. (7.9)
The Newton-Raphson iteration can be generalized to solve N dimensional
system [7.9] We first consider the first-order terms of Taylor expansion series
of the N dimensional function
N aE
Fi(x+Ax) = Fi(x) + Y —(x)Az; + O(Ax?) (7.10)
j=10%;
fori=1,..., N where Ax = (Axy,Axs, ..., Azxy).
The N equations can be written in vector form as
Fy(x+Ax) | | Ba(x) | |68, of 5 Axy
F(x+Ax) = : ~ O 5 FA(x) %(X) | = F(x)+JF
' ' Oy (x) (k) .. 2n(x) '
Fy(x+ Ax) Fy(x)| Lon Oz Oz Ax
(7.11)
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where Jp(x) is N x N Jacobian matrix defined over the function vector F'(x).
By assuming that F'(x + Ax) =0, we can define the roots x + Ax, where dx
can be obtained by solving the following equation

Ax = Jp(x) MFi(x + Ax) - Fy(x)] = Jp(x) ' F(x). (7.12)
And the roots can be found from shifting point x as
X+ Ax =x - Jp(x) ' F(x). (7.13)

If the equations are non linear, the result is only an approximation of the real
root, which can be improved iteratively as follows

Xpi1 = X, + A%, =X, — Jp(x,) T F(x,). (7.14)

Newton iteration can be further generated to solve over-constrained non-
linear equation systems with N unknowns but M > N equations. In the case
the inverse matrix of the M x N Jacobian matrix Jr does not exist, but the
N x M pseudo-inverse J' = (JLJp) L JL can be used in the Newton iteration.

Newton iteration to remove perturbation on series

Given a perturbation ¢ = ), 6a§ of a polynomial-exponential series o =
Yisiwieg (y), we want to remove the perturbation on ¢ by computing the
polynomial-exponential series of rank r, which is the closest to the perturbed
series ¢. Starting from an approximate decomposition, using the previous
method on the perturbed data, we apply a Newton-type method to minimize
the distance between the input series and a weighted sum of r exponential
terms.

To evaluate the distance between the series, we use the first moments &, for
a € A, where A is a finite subset of N*. For a € A, let F,(Z) = Yi_; wi{M -6, be
the error function for the moment &,, where w;,§; ; are variables. We denote
by = = (&.)1<i<r0<j<n this set of variables, with the convention that & ¢ = w;
fori=1,...,r. Let I =[1,7]x[0,n] ={(i,7) | 1 <i<r,0<j<n} be the indices
of the variables and N = (n+ 1) r = |I|. We denote by F(Z) = (F,(Z))aea the
vector of these error functions.

We want to minimize the distance

— 1 - | R
B(E)=3 Y IREP=IFEI
a€eA
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Let M(Z;) = [wi&]aea. We denote by V(2) = (a(i7j)M(Ei))(ij)eI the |A|x N
Vandermonde-like matrix, which columns are the vectors d; jyM(Z;). The
gradient of F(Z) is

VE(Z) = ((0u )M (Z:), F(Z)))j)er = V(E)'F(E)

where 0, ;) is the derivation with respect to Z;; for (i,7) € 1. We denote
by V(Z2) = (8(Z~’j)M(EZ~))(M)d the |A| x N Vandermonde-like matrix, which
columns are the vectors 6(;73-)M(EZ-), (i,7) € 1.

To find a local minimizer of E(Z), we compute a solution of the system
VE(Z) =0, by Newton method. The Jacobian of VFE(Z) with respect to the
variables = is

J=(VE) = (0.7 M(Z;), 0.y M (E5)) + (0.0 jn M (Z2), F(E)))
=V(E)V(E) + ((a(i,j)a(i’J’)M(Ei)’ F(E»)(i,j)el,(i’,j’)d'

Notice that d(; ;0 )M (Z;) = 0 if i # 4’ so that the second matrix is a block
diagonal matrix. Then, Newton iteration takes the form:

(ij)el,(i',5')el

Zni1 = Z0 - J=(VE)'VE(E,).

To study the numerical influence of Newton method, we compute the
maximum absolute error between the input frequencies & and the output
frequencies &;, and the maximum error between the input weights w; and the
output weights @; as in (2.§).

Figures and show that Newton iterations improve the error. The
error decreases by a factor of ~ 10?2 compared to the computation without
Newton iterations. In Figure for the amplitude of frequencies M = 100,
the error is smaller than without Newton iterations by a similar order of

magnitude (see in Figure 2.1D)).
Numerical Example

In this section, we give an example where the direct decomposition does not
restore the initial values of weights and points. Starting from an approximate
decomposition, we apply newton iteration described in|7|to recover the initial
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Figure 7.1: Newton influence with 5 iterations

weights and points. Suppose that r = 4 and all corresponding weights are
equal to 100.0, we generate the initial frequencies as follows:

0.3952 0.4310 0.0723 0.1359

S0 = 0.0094 0.5427 0.0579 0.5034

Each column of &, corresponds to a point in R2.

We compute the polynomial-exponential series of order d = 4 in two vari-
ables x1 and x5 associated to &, and wy which is equal to

oo(x1,9) = 14.4756x3 + 16.1714x1 23 + 5.9452x2 23 + 36.5794x3 + 4.5347x3 19 +
31.0352z w9 + 11.194422 x5 + 28.7643x3 + 55.144023 + 8.6275x1 23 + 103.469121 +
15.1002z3 + 111.360025 + 5.9311z7 + 400.0.

If we want to apply the decomposition algorithm [I], we have d; = dy = 1
and A; = (1,21, 25) and Ay = (1,21, 22) so that rank(H2") < 3. Therefore,
for r = 4 we need to complete the series in order to be able to compute all
multiplication matrices.

We complete this series using the Uzawa’s iteration described in in
degree 4 and we decompose the full series as a weighted sum of 4 frequencies
using the decomposition algorithm [, We obtain the following points and
weights:

104404 0.1324 0.6729 0.1437

§17 105359 0.4976 —0.0390 0.0410
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[112.805
87.1916
174.075

25.928

w1 =

Each column of &; corresponds to a point and each element of w; corresponds
to its weight. We notice that the direct decomposition does not give the
initial points & and weights wy.

We apply newton iteration described in [7| and we restore the initial points
and weights in 25 iterations. We fix the convergence step to s = e~ 15, Each §
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is the absolute value of moving step of each iteration.

| = 119.4744  § = 188.5795
s| = 15.7607 4 = 13.9976
5| =1.2427 0 = 46.4228
5| =2.5142  §=45.1491
5| =0.6116 &= 5.7567
5= 0.0479  §=0.3559

5| = 2.8825¢75 & = 7.4204¢

|| = 3.6293¢-11 § = 1.6331¢-10
|s| = 5.9215e714 § = 9.8644¢°13
|s| = 1.7153e714 6 = 1.0727e12
5| = 9.8102¢715 § = 1.1731¢-12
|s| = 9.4414e~15 § = 2.8450e13
|s| = 6.2204e714 6 =2.0730e™13
5| = 3.3445¢" 14§ = 2.0649¢13
5| = 1.9275¢ 14§ = 1.4634¢13
5| = 9.3152¢°15 § = 5.6033¢-13
5| = 1.7359¢ 14 6 = 8.4691¢13
5| = 6.1412¢714 § = 5.3685¢13
5| = 1.8093¢ 14§ = 4.2956¢13
5| = 2.3515¢ 14 § = 3.5522¢-13
5| = 1.6687¢-14 6 = 1.7530¢-13
5| = 2.2038¢ 1§ = 1.8702¢13
5| = 1.8841¢14 = 2.2191¢13
5| = 1.8841e14 6 = 3.3689¢13
5| = 2.0905¢-14 6 = 2.0093¢-13

The following points and weights are the result of Newton iteration and they
are almost equal to the initial ones.

~10.4310 0.1359 0.3952 0.0723

&2 = 0.5427 0.5034 0.0094 0.0579
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Each column of & corresponds to a point of 4 points.

[100.0]
100.0
100.0
100.0

Wy =

Each element of ws corresponds to a weight of 4 weights.
The error on the series before and after completion and Newton step is
1.6377e~14.
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Chapter 8

Conclusions and Perspectives

We study the decomposition of a Hankel matrix H, as a sum of indecompos-
able Hankel matrices of low rank using a numerically efficient direct method
which uses the Singular Value Decomposition of a truncated Hankel matrix
to compute orthogonal bases of the quotient algebra A, associated to the de-
composition. We associate to the decomposition of a Hankel matrix H,, the
decomposition of its symbol o as a weighted sum of evaluations. We compute
the multiplication matrices M,, by variables x; in the orthogonal basis of the
dual quotient algebra A* from sub-matrices of the Hankel matrix. We use
the eigenvectors of multiplication matrices to recover the weights and points.
We analyze its numerical behavior in the presence of noise on the coefficients
of multivariate series o(xy,x9,...,x,) € K[x1,29,...,2,] while changing the
dimension of ring of polynomials, the degree of series and the minimal num-
ber of terms in the decomposition. We also analyze its numerical consistency
when the points are of high amplitude and propose a rescaling technique to
solve 1it.

We study the decomposition of symmetric, multi-linear and multi-symmetric
tensors as a sum of tensors of low rank of the same type. We adapt the tech-
nique of decomposition of Hankel matrix to the tensor case which refereed to
the fact that the coefficients of a tensor can be computed using the coefficients
of a formal power series and therefore to decompose a series is equivalent to
decompose the dual of the tensor associated to it. In the multi-symmetric
case, we use three groups of variables x,y and z instead of only one and
we use the eigenvectors of multiplication matrices by y; to compute the y's
coordinates and we deduce then the x's and z’s coordinates.
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We extract the reduced tensor structure from a statistical LDA model
which analyzes the content of web pages. We describe the aml6ount of 3
different topics in a corpus of documents and the probability that each word
of the associated vocabulary referred to this topic. We adapt the symmetric
tensor decomposition problem to the model to deduce the description of the
content of the corpus.

We use the moments of ODF tensors which are computed using the phys-
ical model described in [§ as input data of symmetric tensor decomposition
algorithm. We compute the two and three weighted directions of fibers of
16 neurons in three dimensional space. We recover the initial angle between
directions when it is equal or larger than 30°.

We study the completion problem of a Hankel matrix of low rank as a
minimization problem RMP. We propose two heuristics which rely on the
minimization of the trace and the norm of a Hankel matrix. We show a
numerical example which completes a matrix of rank 5 with few elements in
order to be Hankel such that the associated series in two dimensional space
is of order 2. The output matrix is of rank 2, we test its Hankel structure by
decomposing it into 2 Hankel matrices of rank one.

We adapt the SVT iterative algorithm to the Hankel case which applies
a singular value thresholding step at each iteration such that the threshold
is big enough and guarantee theoretically the convergence. It is refereed to
the computation of the linear operator which describes the constraints of the
minimization problem in the Hankel case and its adjoint. We give a numerical
example which completes a matrix with few elements in order to be Hankel
and to save the values of these elements. The series in two dimensional
space associated to the completed matrix is of order 4. The SVT algorithm
converges to a Hankel matrix such that the convergence error is very low.

We present a new Newton iteration which minimizes the distance between
the completed Hankel matrix and its representation as a weighted sum of
Hankel matrices of rank one. We also use this method to remove the pertur-
bation on the input coefficients.

We look for a new technique which solves the numerical instability of the
decomposition problem when the multiplicities of points are more than one
and the singular value decomposition is not working anymore. We try to
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show the utility of the decomposition algorithm in many other applications
such that the phylogenetic trees and image processing where the close rela-
tionship between local image structure and apparent diffusion of the tensor
makes this image modality very interesting for medical image analysis such
as characterizing the local structure in tissues such as white matter in brain.
We try to analyze the content of other corpus where the rank of the reduced
tensor associated to the LDA model is bigger than the dimension. We aim
to study the behavior of our technique for ODF tensors with noised entries.
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