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Introduction

The interest around automatic object classification has been growing in these years
thanks to the large amount of data available and the swift increase of computing perfor-
mance [41]. A great effort has been put in reproducing the human ability of recognizing
objects in different conditions (i.e. illumination, view point, occlusion, scale and back-
ground variations), with consequences in several applications such as medical imaging,
driverless cars and security services [84, 75]. This is done by algorithmically teaching the
computer how to automatically recognize different quantities, and it is at the core of ma-
chine learning methodologies. All the algorithms used to address this task are known as
classification algorithms and are based on the detection of features that can help classify
an object, i.e., recognize that a certain object belongs to a well defined class (e.g., an
image represents a dog rather than an airplane). Object and image classification is part
of the more general area of artificial intelligence, which consists of developing algorith-
mic and engineering strategies for making automatic decisions and operations. From a
mathematical point of view, widely different approaches have been employed and further
developed, from logistic regression to neural networks 36|, and a major role is played by
the underlying algebraic tools used to represent and approximate the processed data.
In this thesis we examine two different tensor-based models for image classification, in
which tensors are used both to represent the data and to construct the reference dataset
for further analysis and classification. It has been acknowledged in many applications
that tensors allow to preserve the multidimensional structure of the data and the neigh-
boring relations among image pixels [18, 45]. The intensive analytical and algorithmic
work in tensor decompositions in the past few decades [48]| has led to the development of
different successful procedures that rely on different ways to represent and approximate
a tensor. Among the available techniques, we have considered Tensor-Train (TT) decom-
position [60], whose memory requirements do not seem to suffer from the so-called “curse
of dimensionality”, that is the exponentially growing memory requirements as the data
dimensions increase. In addition, the quality of T'T approximations does not significantly
deteriorate when using truncation strategies to further limit memory consumptions.
Before tensors, matrix-based tools have been extensively used for image processing.
Due to its optimality properties, the Singular Value Decomposition (SVD) has been the
major workhorse for data compression and image classification (see [28| and references
therein). However, transforming image datasets into matrices requires squeezing all
information of the data into two dimensions: each image is vectorized so as to fit into



a single vector, and all features such as illumination, viewpoint, object class, etc. are
mixed together. The use of multidimensional tensors allows one to preserve both the
pixel two-dimensional structure of the image and the different inherent image properties,
strongly motivating the broad use of tensor methodologies in image processing, and in
particular for classification purposes, see, e.g., [28, 67, 78§].

The first model we study in this thesis determines a reduced TT-based dataset that
can be used to classify a new object. The TT decomposition determines basis vectors
that allow to capture the main attributes of the original database in a reduced space,
while being able to serve as an accurate reference for each object class. As an original
contribution of this thesis, we derive a new Tensor-Train classification algorithm. In ad-
dition to coping with the curse of dimensionality, the approach shows great performance
in terms of CPU time and classification success rate irrespective of the image size over
the number of images in each class, overcoming related problems occurring with other
(matrix) classification methods.

The second part of the thesis is devoted to the study of another mathematical model
that can be used to address classification tasks: Dictionary Learning (DL). This process
aims to determine a sufficiently descriptive reference set — called dictionary and described
by a large matrix D — of the considered data population, and a representation of a data
sample as a sparse linear combination of the columns of this dictionary matrix. The
dictionary can be fixed or learned from data. In the first approach D can be determined
using the characteristics of the problem and only the coefficients of the sparse linear
combination need to be determined. In the second approach both the data and the
variables are learnt from data. This makes the model more flexible and appropriate for
different types of data going from signal to image processing. In the case one wants to
represent a collection of p observations sets Y € R™*P  the sparse representations are
collected in a matrix X € R¥*? so that

Y =~ DX,

where the approximation is required to be accurate according to some measure. Both the
sparsity constraint and the nonlinearity due to the learnt dictionary make the underlying
mathematical problem extremely difficult to treat. The most popular approaches known
in literature, see [26] and references therein for a review, employ an iterative optimiza-
tion strategy that alternates the updating of D by fixing X (dictionary update) and then
the updating X by fixing D (sparse coding). The main drawback of these approaches
is the lack of convergence guarantees mainly due to the use of greedy algorithms (|74])
for the sparse coding step. To overcome this problem, the Proximal Alternating Lin-
earized Minimization (PALM) algorithm can be used. Developed in [9], it is specifically
designed for general nonconvex and nonsmooth composite optimization problems that
includes several DL formulations, such as [2]. PALM is an iterative block coordinate
algorithm also relying on an alternating procedure. In each variable block, a gradient
step is performed on the regular part of the function followed by a proximal step on the
nonsmooth part. Since this gradient method is based on first order information, conver-
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gence can be slow. Thus, we propose a new proximal approach, named spectral PALM
(sPALM), with global guaranteed convergence and the use of second order information
in the gradient step. The new approach is particularly well suited for the DL problem.

One of the main issues when dealing with large data is limiting memory requirements,
since the dictionary D can be very memory consuming. To this end we propose a new
Tensor-Train formulation of the DL problem in which the dictionary D is replaced with its
Tensor-Train decomposition. This allows a more compact representation of data leading
to memory savings without spoiling the classification performance. Once the sparse
representation is available, it can be used for classification purposes with satisfactory
success rate.

The results in this work open a venue to the use of more general, also additive,
tensor structures in the dictionary term D, see,e.g., [22, 34|, for early explorations, that
may be able to better represent hidden properties in the data. This may also lead to
new interpretations of the sparsity constraints and a more effective design of the current
matrix X.

The original contribution of this thesis in the context of Tensor-Train based classifi-
cation algorithms for image classification problems is based on the works [15, 16| and is
contained in Chapters 2, 4, 6 and 7.
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Notation and preliminary definitions

We introduce some notation and we recall definitions that will be used throughout the
thesis.

a vector

A rectangular matrix
AT | transpose of the matrix A
A higher-order tensor

int(§2) interior of the set
Vf | gradient of the function f

|- llr Frobenius norm
Il 2 Euclidean norm
Il 1o Z€ro norm

(-, ) scalar product

Table 1: Table of notation.

Definition 1. Given two matrices A € R™>*™2 gnd B € R™*™ the Kronecker product
of A and B is denoted by A @ B € R™™>"2™M2 qnd is defined as

GHB algB c. almQB
A 2 B O/Q?B CLQQB Ce CI,QW.LZB
1B am2B ... Gy, B

Definition 2 (|5, p. 14]). Given a function f : R™ — (—o0,+0o0], its domain is defined
as

dom(f) ={z € R" s.t. f(x) < 400}.

Definition 3 ([5, p. 14]|). A function f : R™ — [—o0,400] is called proper if it does not
attain the value —oo and if there exists at least one x € R™ such that f(x) < +oo, that
is dom(f) is non-empty.



Definition 4 (|5, Definition 5.1|). Let f : R" — (—o0,4+o00| and Ly > 0. Then f is
satd to be Lg-smooth over Q0 C R™ if it is differentiable over ) and satisfies the following
inequality

IVf(@) =V Wl < Lillz = yll
for all z, y € Q.

_ From this definition if a function f is Ly-smooth, then it is also Ls-smooth with any
Ly > Ly. We refer to Ly as smoothness parameter of the function f and we will call
Lipschitz constant the smallest possible smoothness parameter of a given function.

Definition 5. Given a non-empty and closed set ) C R™, the indicator function dq :
R™ — (=00, +00| for all a € R™ is given by

bala) = {0 ifacQ,

+00  otherwise.

vi



Chapter 1

Tensor tools

In this chapter we describe some basic aspects of tensor computations and we explore
three different tensor decompositions that will be used throughout this thesis.

1.1 Tensor computations

Definition 1.1.1 (|48, p. 455]). A tensor A € R >IN s an element of the tensor
product of N wvector spaces, each of which has its own coordinate system. The order of a
tensor is the number of its dimensions, also known as ways or modes.

In a nutshell an Nth-order tensor can be defined as an N dimensional array. For
example, a vector is a first-order tensor and a matrix is a second-order tensor. The fibers
of a tensor are defined by fixing every index but one and correspond to matrix rows and
columns in a higher-order setting. They are always considered as column vectors when
extracted from the original tensor. Two-dimensional sections of a tensor are called slices,
that are defined by fixing all but two indices [48]. The slices of a third-order tensor are
usually denoted by A; .. (horizontal slices), A. ;. (lateral slices), A. . (frontal slices).

Definition 1.1.2 ([48, p. 458|). The inner product of two N th-order tensors A, B €
Ré1xd2xxdn s the sum of the products of their entries, i.e.

no I Iy
(A, B) = Z Z T Z Qi ig,...rin Dy i, i (1.1)
i1=lis=1  ip=1

The norm associated to this scalar product is the Frobenius norm ||A[|% = (A, A).
Notice that if A and B are second-order tensors, i.e. matrices, (1.1) reduces to the
standard definition of the matrix scalar product.

In several tensor decompositions the concept of unfolding a tensor into a matrix is
crucial. The unfolding, also known as matricization or flattening, consists in reordering
the elements of an N-way array into a matrix. In this thesis we consider two different



1. Tensor tools

types of unfolding of a tensor A € R41>d2Xxdn that we will refer to as mode-n unfolding
and reshape.

The mode-n unfolding

Given an Nth-order tensor A € R¥1*d2xxdn its mode-n unfolding ([48]), denoted by
A(n, arranges the mode-n fibers to be the columns of the resulting matrix. More pre-

cisely, the tensor element (i, s, ...,1,) is mapped to the matrix element (i,,j), where
N k-1
=1+ (e =Djx  gr=]] dum- (1.2)
W i

Different orderings of the columns for the mode-n unfolding can be used as long as
the operations defined on the flattened tensors are consistent [47, 48|.
The reshape
The reshape ([18, 60]) of a tensor A € R *@2X*dx " denoted here as Ay, is a (dids . . . dy,)

by (dgi1dgis - .. dy) matrix, whose elements are taken columnwise from A, that is

A[k](ll - .ik,ik+1 . ZN) - A(il, ce . ,ik7ik+1, cee ZN) (13)
The multi-index 4; ...y is defined here as
212N221+(22—1)d1++(ZN—1)d1dN,1

Other conventions for defining the multi-index can be used, see for example [19]. Given an
Nth-order tensor A, it is possible to have N unfoldings and N —1 reshapes. Furthermore
the mode-1 unfolding of an Nth-order tensor is equivalent to the reshape along the first
mode.

Remark 1.1.1. Given a tensor A € RU*XN then

(Aw-1)" = Aw).

To prove this equivalence is sufficient to observe that the multi-index i1 ...in_1 1S equiv-
alent to the column index j associated to the mode-N unfolding defined in (1.2).

The next example illustrates the differences between the mode-n unfolding and the
reshape of a third-order tensor A € R3*2%3,

Example 1.1.1. Consider the tensor A € R3***3 whose frontal slices are given by

1 2 7 8 13 14
A=\ 3 4], A= 9 10 |, As=1[ 15 16
5 6 11 12 17 18

Then the three mode-n unfoldings are given by

12 7 8 13 14
Ap=1|34 9 10 15 16 |,
56 11 12 17 18

2



1. Tensor tools

A — (1357 9 11 13 15 17
@~=\ 246 8 10 12 14 16 18 )
3

1 5 2 4 6
Ag=| 7 9 11 8 10 12
13 15 17 14 16 18

The reshapes along mode-1 and mode-2 are given by

17 13

12 7 8 13 14 2191}?
Ap=(34 9 101516 |, Ag=|, ¢ 4|

56 11 12 17 18 L1016

6 12 18

As already mentioned, we can observe that Agy = Apy and Ay = (A[Q])T )

Now we introduce two important tensor operations: the n-mode product, which is a
tensor by matrix operation and the (’:) -product, which is a tensor by tensor operation.

Definition 1.1.3 (|48, p. 460]). Given a tensor A € R>xdnx=xdn qnd q matriz U €
RI*4n the n-mode matriz product of A with U is denoted by Ax,U € R&E>XXdn-1x5xdn41xxdy
and its entries are given by

in=1

If A€ R“*% js a matrix and U € R/*% then the 1-mode multiplication of A with
U corresponds to the matrix multiplication

d1
AxiU=UA  (UA)i,j) =Y 0.

i1=1

Furthermore, if A € R4*%2 and V € R7*% the 2-mode multiplication is equivalent
to matrix multiplication with V7 from the right:

da
AxaV=AVT  (AVT)(i,§) = D aisvje,

i2=1

We also recall that the n-mode product satisfies the following important commuta-
tivity property (|48, p. 461])

Ax,Ux,,V=Ax,,V x,U VYm # n,

3



1. Tensor tools

where A € RIXXdnxXXdmxXdy ] ¢ RiXdn and V € RI*4m_ Therefore, in a series of
multiplications the product order of distinct modes is irrelevant. If the modes are the
same, i.e. m = n, then

Ax,Ux,V=Ax,(VU).

Proposition 1.1.1 ([48]). Let A € R¥>xdN gnd U, € RI"*d for n = 1
Consider

N.

g ey

BzAX1U1 Xo +o- XNUN,
then the mode-n unfolding of B s given by

Boy =UnApy (Un@ - @Ups1 QUp1 @ - ® U

In a similar way to the n-mode product, in [18] the (’:) -product of a tensor is intro-

duced.

Definition 1.1.4 ([18]). The ()-product of a tensor A € RN*%XXdN with q tensor
B € Rivxizxxim - gych that d,, = jm,, is defined as

C=Ax"B,
where C € RIX X dn—1Xdng 10X dNXJ1 XX Jm—1 X JmarXXIM - [ts entries are given by
C(Zlv sy tn—1,tng1y - INS J1y - - - Jm—15 IJmA1 - - - 7]M) =

dn
E A1y o1, 0y Gnaty -« o AN) Bt ooy Gty & Gty -+ -5 JM)-
=1

The next result provides a relation between the n-mode product and the (:’:) -product.

Proposition 1.1.2. Let A € R4*%xd gnd B € Ré>*xIN  thep

(A x5 B)y_yy = (B x1 Ap)

(N=2]

Proof. First, we write (B X1 A[Q]) in the index form
d3
(B x1 Ap)) (iris, i3, ..., in) = ZA[2](i1i27j)B(ja i3...,0N)
j=1

ds
= A(ir, iz, j)B(j.is .. in) = (A x5 B) (ir,dz, ... in).
j=1

The result follows by observing that i1793 ... 181 = i1...iN_1. O



1. Tensor tools

Finally, we introduce one of the most important concepts in tensor computations: the
tensor rank. Even if the definition of tensor rank is analogue to the definition of matrix
rank, the properties of tensor and matrix ranks are quite different as stated in [48].

Definition 1.1.5 ([48, p. 458|). Given N vectors zV) € R4, ... o) € RN their outer
product ) o 2® o ... 0 W) is an Nth-order tensor A € RU*XIN ywhose entries are
given by

Ali,ig, ... in) = zgll)wg) .. .a:g), vi<i,<d, n=1,...,N.

Definition 1.1.6 ([48, p. 458]). An Nth-order tensor A is rank 1 if it can be written as

the outer product of N vectors (0, 2@ .. M) je.
A=2W02®6...0zM™).

Definition 1.1.7 (|24, Definition 2|). The n-rank of A is the dimension of the vector
space spanned by the n-mode vectors and is denoted by p, = rank,(A).

For the n-rank the following relation holds:
rank, (A) = rank(A,)). (1.5)

Example 1.1.2. Consider the tensor A € RS***3 whose frontal slices are given by

1 2 11 12 31 32
2 4 13 14 33 34
3 6 15 16 35 36
A=y g | A=] 17 5| B=]| 37 38
5 10 19 20 39 40
6 12 21 22 41 42

Then the 1—rank is not mazimum and in particular p; = 5 since the first two columns
of Aqy are proportional. On the other hand, p; and ps are mazimum and are equal to 2
and 3 respectively.

Definition 1.1.8 (|24, Definition 4]). Given A € R4 we define its rank as the
manimal number of rank-one tensors that yield A as a linear combination and we denote
it by p = rank(A).

Note that, as observed in [48|, the problem of determining the rank of an Nth-order
tensor is NP-hard. However for some tensors it is possible to compute exactly or estimate
the rank (see [48, Tables 3.2-3.3]). The following remark provides an upper bound for
the rank of a third-order tensor.

Remark 1.1.2 ([48]). If A € RU*%xds s g third-order tensor, then the following in-
equality holds
Tank;(A) S min {dldg, dldg, d2d3} .

5



1. Tensor tools

1.2 Tensor decompositions

This section is devoted to the description of three different tensor decompositions: Canon-
ical Polyadic decomposition (CP) which decomposes a tensor into a sum of rank one
tensors, High-Order Singular Value Decomposition (HOSVD), which generalizes of the
matrix SVD to N-mode tensors and Tensor-Train (TT) decomposition, which decom-
poses an N dimensional tensor in a product of third-order tensors.

1.2.1 Canonical Polyadic (CP) decomposition

The Canonical Polyadic (CP) decomposition decomposes an Nth-order tensor X €
R%>xdn in g finite sum of rank one tensors, that is

1)
X:Zagl)oa£2)o---oa£N), (1.6)
r=1
where o\ € R% Vi=1,... , N, Vr =1,...,p. In several contexts, it can be useful to

consider unit norm factors al”. Thus, (1.6) can be written as follows.

x=Y raMoa® o 0a™, (L.7)

where A\, > 0 contains the information of the norms of o' and are decreasingly ordered
(ie. Ay > Ay > -+ > A,). A visualization of the CP decomposition for a third-order
tensor is given in Figure 1.1.

1)
(1 }J

Figure 1.1: Visualization of the CP decomposition for a third-order tensor.

Recalling Definition 1.1.8, p is the rank of X. Thus, determining the exact CP de-
composition of a tensor A is strictly related to determining its rank which is an NP-hard
problem. To avoid the exact computation of p, some procedures determine CP approxi-
mations with increasing ranks R until the approximation of X is sufficiently good (|48]).
Before moving to the numerical strategies used to determine the CP Decomposition, we
introduce two important matrix operations that will be useful in the discussion.



1. Tensor tools

Definition 1.2.1 ([48, p. 462]). Given two matrices A € RY*I and B € R®*J the
Kathri-Rao product between A and B is a real didy X 7 matrixz denoted by A ® B and its
entries are given by

A@B: (a1®b1, ,CLj@bj).

The vectors ay, by, k =1,...,j denote the columns of A and B, respectively.

Definition 1.2.2 (|48, p. 462|). Given two matrices A, B € R“*%  their Hadamard
product is denoted as A * B and is defined as follows

ay1bin ... aldgbldg

Ax B =

adllbdll o adldg bd1d2

As previously mentioned, determining the exact CP decomposition for a tensor can
be difficult or even not possible. Thus, we consider the following setting. Given a tensor
X we want to approximate it with a tensor X that has a CP structure of rank p, i.e.

p
min [|X — 2\?“ , where X = MalV oa® o oal™, 1.8
ple-4, 3 s

One of the most used approaches to compute the CP Decomposition of a tensor X is
the alternating least squares (ALS). The underlying idea of this algorithm is to update
one term of the decomposition while keeping the others fixed. More precisely, let A be
the matrix obtained by collecting the vectors a,(f), Vr=1,...,p.

A(l):[agl)77a(1):| 7;:17"'7]\[7
then the mode-n unfolding of a tensor X can be written as
Xy = APA (AN & ... @ AMD 0 APV @ ... 0 AD), (1.9)

where A € R?*? = diag(\y, ..., A,). Thus, A™ can be determined as the least squares
solution of (1.9). The whole procedure is summarized in Algorithm 1.

Notice that the ALS procedure does not guarantee the convergence to a global min-
imum or a stationary point of (1.8) but only the decrease of the objective function at
each iteration ([48|). For further properties and a more detailed discussion on the CP
decomposition we refer to [48] and references therein.

Example 1.2.1. Let X € R"*"<*™ be the tensor representing a database of black and
white 1mages of n, handwritten digits, reshaped as vectors with n; components. The
number of images per digit is denoted as n. and we refer to this variable as “expression’.
In this example we consider the MNIST database (see Appendiz A) with n; = 784,
ne = 2676 and n, = 10. We approzimate its CP decomposition with p = 100. In

7



1. Tensor tools

Algorithm 1 CP-ALS [48]

Require: Tensor X € R **dn tensor rank p, initial values for A ... AW)
1: forit=1,...,do
22 forn=1,...,N do
3: Set V «— (A(I)TA(I)) e x (A(n—l)TA(n—l)) * (A(n+1)TA(n+1)) I (A(N)TA(N))

4 Set AM™ = X () (A(N) @A) o A=) oL o A(l)) Vi
5: Compute the norm of the columns of A®™ and update A
6: end for
7: end for
MNIST
10° © 8
&
104.5 - N

| | | | | |
0 20 40 60 80 100

r

Figure 1.2: Value of A\, 7 =1,...,p from the CP decomposition of the MNIST database X.

Figure 1.2, the values of \., for r = 1,...,p are summarized. A significant decrease
can be observed between the first and the third value of X, while for r > 3 the decrease
is almost linear. However Ay and A\, differ only by one order of magnitude suggesting
that the original tensor X does not have a low rank structure. Recalling Remark 1.1.2,
rank(X) < 7840, which is much larger than the chosen rank p.

The CP decomposition of X can be used to approximate a specific digit p in an ex-

pression € as
p

X(6,p) =Y AalV oal? (@) o al™(p),

r=1

=
o
@/_\

1 2 3 :
where a,(ﬂ ), a,(ﬂ ) and a,(n ) are unit norm vectors.

In Figure 1.8 we report the approximation of the zero digit (p = 1) in the first
expression (¢ = 1) with p = 5, while in Figure 1.4a we report the approzimation of the
digit 8 (p = 9) in expression 76 (¢ = 76) using the same rank p = 5. It is worth to observe
that the chosen value of the rank enables us to achieve a good visual approximation of
the handwritten digit 0, that is easier to represent. On the other hand, for more difficult
digits such as 8, a higher value of p should be considered, as shown in Figure 1.4b where

8



1. Tensor tools

Figure 1.3: Approximation of the handwritten digit 0 in expression 1 using p = 5.

(a) (b)

Figure 1.4: Approximation of the handwritten digit 8 in expression 76 using p = 5 (left) and
p =10 (right).

the approrimation is computed with p = 10.

1.2.2 The Higher-Order Singular Value Decomposition (HOSVD)

The Higher-Order Singular Value Decomposition (HOSVD) decomposes an Nth-order
tensor A into a core tensor S, with the same order of A, multiplied by N orthogo-
nal matrices along the different modes. Thus, the HOSVD is a Tucker decomposition
when the involved matrices are orthogonal and the core tensor has the property of all-
orthogonality. More precisely, the Tucker decomposition, introduced in |77], decomposes
an Nth-order tensor A into a core tensor X and N matrices F}, ..., Fy as follows

A:./YxlFlXQ"'XNFN. (110)

A well-known variant of this decomposition for third-order tensors is Tucker2, which
corresponds to set a factor matrix equal to the identity (see [61, Definition 9]). For
instance, given A € R%*92xds  Tycker2 can have the following form

A:XX1 F1 X3F3, (111)

where X € R4 xd2xds A complete description of the Tucker decomposition, its variants
and the algorithms used to compute it can be found in [48]. In this Section we only

9



1. Tensor tools

Algorithm 2 HOSVD [24]

Require: Tensor A € RN
1: forn=1,...,N do
2:  Consider the unfolding A, of A
3:  compute the SVD of Ay, Ay = Uxvr,
4:  Set the n-th orthogonal matrix of the HOSVD U™ = U.
5
6

. end for
. Compute 8 = A x; (UD) x5 (UDYT g -+ v (UN)T

analyze the HOSVD and we refer to the work of De Lathawer, De Moor and Vandewalle
in [24].

First, we report a result of [24], that provides the existence of the HOSVD for every
N dimensional tensor and gives a constructive way to compute it. In the following S; —,
denotes the subtensor obtained from S by fixing the index 7, equal to a. For example,
if S is a third-order tensor, S;,—q = S..a...

Theorem 1.2.1 (|24, Theorem 2|). Every Nth-order tensor A € CH>**4N can be fac-

torized as
A=8x, UV x, U x5... xy UW) (1.12)
where
i. the matrices U™ = (u{™ u{" ... ugz)) € Cw>dn qre unitary and the vector u\™ is
the 1-th n-mode singular vector forn =1,..., N;

#. the core tensor S € CH**dN s q complex Nth-order tensor whose subtensors
Si, —a, have the properties of

(a) all-orthogonality: two subtensors S;,— and S;,—g are orthogonal for all pos-

n=

sible values of n in the sense of the scalar product (1.1)
(S Siims) =0 Va £ B (1.13)
(b) ordering:
1Si=1llr 2 |Si=2llr = -+ 2 [|Si=1, lF 20 Vn=1,...,N, (1.14)

where the Frobenius norms ||S;,—i||r are the n-mode singular values and are

denoted by ai(") :

The proof of Theorem 1.2.1, reported in [24], relates the HOSVD of a tensor with the
SVDs of its unfoldings. More precisely, each orthogonal matrix U™, withn =1,..., N is
the matrix containing the left singular vectors of the 7th unfolding of A. This procedure
can be used to derive Algorithm 2. The HOSVD of a third-order tensor is visualized in
Figure 1.5.

10
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A = U(]) S U(z)

Figure 1.5: Visualization of the HOSVD for a third-order tenor.

Remark 1.2.1 ([24]). Consider the HOSVD of a tensor A given in (1.12). Then, n-
mode singular values are ordered in a decreasing order, i.e.

ai")zggn)z---za@zo vV n=1,...,N.

n

Remark 1.2.2 (|24, Property 8|). Consider the HOSVD of a tensor A given in (1.12).
Then, [|Allr = [|S]l#-

Remark 1.2.3 (|24, Property 4|). The n-mode singular values are uniquely defined.
Furthermore for real-valued tensors, the n-mode singular vectors are unique up to a sign
change or a multiplication with an orthogonal matriz.

Remark 1.2.4 (|24, Property 5|). If A € C4*%  then (1.12) reduces to the SVD. From
Theorem 1.2.1 we have
A:SX1UX2 V, (115)

with S € Chxd [J ¢ Chxdh gnd V € C®*%. Now using the properties of the n-mode
product we can rewrite (1.15) as

A=USVT.

In particular, since S has the properties of all-orthogonality and ordering, S is a diagonal
matriz containing the singular values of A in a decreasing order.

Remark 1.2.4 shows that the n-mode singular values and the n-mode singular vec-
tors are the higher-order analogue of the left /right singular vectors and singular values,
respectively.

It is also possible to express the HOSVD as an expansion of mutually orthogonal
rank-one tensors (|24])

dp  da dn

s . 1 2 N
A= e D Stinsiayinui il (1.16)

i1=liz=1  in=1

11



1. Tensor tools

Figure 1.6 shows one term of the sum (1.16) for a third-order tensor.

Figure 1.6: Visualization of one term of a triadic decomposition .

Consider a tensor A € Ré*d2xxdn = Ag observed in [28], in some settings the dimen-
sion of one mode can be larger than the product of the dimensions of the other modes.
For example, in image processing we may have that the dimension of the pixel space is
larger than the product of the features dimensions, i.e. d; > dads...dy. Then, it can be
shown that the following condition for the core tensor holds

Silza =0 o > dgdg...dN.
Thus, we can rewrite (1.12) by omitting the zero part of the core tensor
A=8x, UV x, U xg... xy UW) (1.17)

where § € Ré2ds-dvxdax-xdy and () ¢ Rhxdzdsdn — This variant of the HOSVD is
known as thin HOSVD. Notice that if A € R%*% the thin HOSVD corresponds to the
thin SVD. Indeed, when d; > dy the SVD can be written as

A=U ( g ) VT (1.18)

Then the matrix U can be partitioned in two blocks U = (Uy, Us), where U2(1) in (1.18)
is multiplied with the zero block of the diagonal matrix containing the singular values.
Thus, using this observation, (1.18) can be written as

A=USVT,

which is known as thin SVD of A.
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1-mode 2-mode
100 | | E 10°) | | E
= 107tk E S ! ]
Y B ] Y - .
1072 g E 107 b E
L : ‘ ‘ i L | | | | -
0 100 200 300 400 2 4 6 8 10
3-mode
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U :

| | | | |

0 10 20 30 40

Figure 1.7: Singular values of the Orl database A € R10304x10x40,

Example 1.2.2. Consider a third-order tensor ' A € R19304x10x40 wonpesenting the Orl

database (see Appendiz A). We consider its HOSVD and we report in Figure 1.7 the
singular values along the different modes. The number of singular values in the first
mode is smaller than the number of pizels of each image n;, because a thin HOSVD
is considered. Thus, the number of 1-mode singular values is equal to n.n,. We also

report in Figure 1.8 the first singular vector of A, ugl). Similarly to the matriz setting,
also in higher-order settings the first 1-mode singular vector contains the most important
information of the database. Thus for a face database, such as the Orl, the first singular
vector represents a face. This is due to the fact that UV contains the left singular vectors
of the first unfolding of A which is indeed the matriz obtained by storing the vectorized
version of each image in the database one after the other. Thus, ugl) 18 nothing but the
first principal component of Ay, that is the linear combination of the images with the
largest variance.

ITo further exploit the properties of a database of images a fourth-order tensor can be considered.
In such a way each image can be represented as a matrix and the neighboring relations among pixels are
better preserved. In the following chapters higher-order settings will be discussed, but in this example
we just consider a third-order tensor by using only the first dimension for the pixel space, according to
several works in the literature such as [78].

13
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0.03

0.025

0.02
100

0 120

Figure 1.8: Matricization of the first 1-mode singular vector of A € R10304x10x40,

The truncated HOSVD

In several applications, we are interested in compressing information without loosing
representative power. Thus, a truncated version of the HOSVD can be considered. Un-
fortunately, for the HOSVD the property of best approximation of the SVD cannot be
derived. Nevertheless, the following theorem provides an upper bound on the approxi-
mation error.

Theorem 1.2.2 ([24, Property 10]). Let A € R4*d2xxdn qnd consider its HOSVD
defined in Theorem 1.2.1. Denote by r,(1 < n < N) the n-mode rank of A and define a
tensor A by discarding the n smallest n-mode singular values 0((;11, 0((;)“, e ,aﬁz) for

given values of d,. Then

R r1 9 ro 9 dn 9
A-dlp< 3 (00 + 2 (@) o Y ()
i1=d}+1 in=d)+1 in=d\+1

Proof. Denoting as S the tensor obtained from S by setting equal to zero the n smallest

14
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n-mode singular values, we have that

A=Al = IS - Sl7

/ /
T1 T2
- Z Z Z 1/177/27 B Z Z Z 217127 Y
11=119=1 in=1 i1=112=1 in=1

=D D DD DI T

= d+112 d/+l IN= d/N+].

r1 ro TN T1 72 TN
e 52 + N 52 +
11,82, IN 11,8250 IN

i=d|+1i2=1  iy=1 i1=Llig=dy+1  in=1

IA

71 72

15 3) SED SUE T

ii=lig=1  in=djy+1

S W S @)? - ()) 2
=3 (@) Y () e Y ()
in=d,+1 in=d}+1 in=dy+1

]

Example 1.2.3. Consider the tensor A € R10304x10x40 qeseribed in Exvample 1.2.2. De-
fine now A by discarding the 50 smallest 1-mode singular values. The approximation
error is || A — AH% = 3.796057 - 107 and the sum of the discarded singular values is
3.796057-107. In this example the approzimation error is equal to the upper bound, since
the truncation is performed just along one mode. Indeed, from the proof of Theorem 1.2.2
we can notice that if the truncation is performed just along one mode of the tensor, the
upper bound becomes an equality.

1.2.3 Tensor-Train (TT) decomposition

The Tensor-Train Decomposition was introduced by Oseledets in 2010 (|60]) to overcome
one of the main drawbacks of the Tucker format. As already mentioned, for the HOSVD
of a tensor A we have to store in memory the core tensor S and N unitary matrices.
This becomes unattractive for large N. Thus, to prevent the curse of dimensionality,
the Tensor-Train Decomposition decomposes an Nth-order tensor in a product of third-
order tensors. Furthermore using an SVD based algorithm to determine the factors of
the decomposition, the approximation properties of the HOSVD are preserved.
Let A € R4y then its Tensor-Train Decomposition is given by (|60])

A(’il,...,iN> :Gl(il,.)gg( ZQ,.). QN 1( ZN 1,.)GN<Z,?;N) (119)

where
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i. G e R*h Gy € R'N-1%4N and G, € R™1%%X"% for k=2, ... N —1 are called
TT-cores,

ii. rp for k=1,..., N are called TT-ranks and ro = ry = 1,

ili. » = max 7 is called maximal TT-rank.
1<k<N

In index form, the definition (1.19) can be written as

A(il,...,iN) = Z Gl(il,a1>g2(041,i2,042)...GN(CYN_l,iN)

Q1,5 N -1

Definition 1.2.3 ( [60, p. 2297]). A tensor A € RN s said to be in TT-format if
its elements are given by (1.19).

A classical visualization of the decomposition of a third-order tensor in index form is
given in Figure 1.9.

Go

G Gs
@) @
Figure 1.9: Visualization of the Tensor Train Decomposition in index form.

This graphical representation means the following. The rectangular nodes contain
the indices iy of the original tensor and at least one auxiliary index. The circular nodes
contain only one auxiliary index. Two rectangular nodes are connected if and only if
they have a common auxiliary index ay. To evaluate the entry of a tensor, we have to
multiply the elements of the tensors corresponding to the rectangular nodes and then
perform the summation over all auxiliary indices. Since Figure 1.9 is similar to a train
with carriages, the corresponding decomposition is called Tensor-Train Decomposition
([60]).

We next recall one of the main theorems for the Tensor-Train Decomposition, which
also gives a constructive way to compute it.

Theorem 1.2.3 (|60, Theorem 2.1|). If for each unfolding matriz Ay of form (1.3) of
a tensor A € RUXXdn qith,
rank(Ap)) = T, (1.20)

then there exists a decomposition (1.19) with TT-ranks not higher than ry.

Proof. Consider the first unfolding of A and its dyadic decomposition Ay = UV?, which
can be written in the index form

A[1](l171213 E U21,041 061722 ZN):

a;=1

16
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since rank(Ap)) = 7. Then, the first TT-core is given by the matrix G4 such that
G1(i1, 1) = U(i1, 7). The matrix V' can be expressed as

V=ALUUTU) = AW

or in the index form

dy
V(Ctl,ig .. ZN) = ZA(Zl, Ce ,iN)W(il,Ctl).

i1=1

It is possible to treat the matrix V' as an (N — 1)th-order tensor

V(Oél’ig,ig, c. ,iN) = V(Oél,ig .. ZN>

Now, consider the unfoldings V[k](aliz e lgy gy - .- iy) for k=2,..., N. It can be shown
that rank(Vy) < . Thus, since (1.20) holds,

ZIICRNE Y e ZF Sy B)G (B, it - - - v).

Using the last expression we have

dy
V[k](oqig .. .ik+1, ik+2 .. .iN) = Z .A[k] (il . .ik, ik+1 .. .iN)W(il, (1/1)

i1=1
dy Tk

=3 Y F(ir. - i5 B)G(B, kg1 - in) Wi, an)  (1.21)
i1=1 =1
Tk

= > H(az... 1, B)G(B,igs1 - - -in),
B=1

where
H(aqiy . . i, 3 Z F(iy .. g, B)W (i, ay).
i1=1

From (1.21) we have that rank(Vj)) < 7, Yk = 1,...,N. Now if we consider the
unfolding V};), we have

V[l](OleQ’ 23 Z G2 06122, 062 (ag, ig RN ’lN)

as=1

Then we set (G2)5) = G2 and we iterate this process to find the other core tensors G,
for k=3,...,N. O
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Algorithm 3 TT-SVD [76, p.31-32]

Require: Tensor A € R%xxdy
1: Compute the size of the first unfolding of A, A;:

N
N, =dy, Nr:Hdk;
k=2

2: create a copy of the original tensor M; = A;
3: unfold M, into the computed dimensions: M; = reshape(M, [N}, N,]);
4: compute the thin SVD of M, M; = UXVT;
5: set the first core tensor G := U,
6: recompute My = LVT = UTM and let [~, r,] = size(U);
7. for k=2,...,N—1do
8  Compute

Ny = dy, N, = %;

di,

9:  set My = reshape(My, [rr_1 - N, N,]);

10:  compute the thin SVD of M, M, = UXVT;

11:  Set Gy = reshape(U, [ri_1,dk, 1]);

12:  Compute My = UM}, and let [~, 1] = size(U).
13: end for

14: Gy = My

The proof of Theorem 1.2.3 gives a way to compute the TT decomposition of an
Nth-order tensor A (see Algorithm 3).

Remark 1.2.5. Let Gy € RU*" be the first core of the TT decomposition of a tensor
A € REXxdN computed using Algorithm 3. Then G1 = UY where UWY is the first
factor matriz of the HOSVD of A. This follows directly from the equivalence between the
mode-1 unfolding and the reshape along the first mode.

As stated in [18], using Definition 1.1.4 for the (™)-mode product, (1.19) can be
written as
A =G x3Gy X3 Gy X3+ x5 Gy. (1.22)

Thus, if A is a third-order tensor, then

A:gg X1 G1 X3 Gg:, (123)

18
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since
Aliy, i, i3) = Gi(iy,:) X3 Gal(:,d9,:) X3 Gs(:,i3) = Z G1(i1, 1) Ga( 0, ia, ag) Gz, is)
= Z(gz x1 G1)(i1, 49, a0)G3(az,i3) = (Go X1 Gy X3 G3 (i1, 12, 13).

a2

A standard visualization of (1.23) is given in Figure 1.10.

A = Gy Go

Figure 1.10: Visualization of the Tensor-Train Decomposition of a third-order tensor using the
(")-mode product.

We notice that for a third-order tensor the Tensor-Train Decomposition corresponds
to the classical Tucker2 decomposition (1.11). We recall that, in a third-order setting,
this decomposition enables us to write a tensor A € R%*92Xds a5 the product of a core
tensor and two matrices. In particular, using Tucker2, A can be decomposed as follows

A:XX1U><3V

Thus, if we determine X', U, V using the TT-SVD algorithm we obtain (1.23). We
illustrate the Tensor-Train Decomposition of a third-order tensor for image data in the
following example.

Example 1.2.4. Let A € RI030XI0X40 po the tensor representing the Orl database de-
scribed in Example 1.2.2 and consider its Tensor-Train decomposition. Then the singular
values of the matrices My and My defined in Algorithm 3, are summarized in Figure 1.11.
According to Remark 1.2.5, the singular values of My are equivalent to the 1-mode sin-
gular values of A reported in Fxample 1.2.2.

We next derive some results on the relation between the TT decomposition of an
Nth-order tensor and its reshapes.
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1-mode 2-mode
- : - \
10 105 | ]
ab“ 104% * gb“
103 10" | g
: 6 160 260 360 460: : 6 1‘0 2‘0 3‘0 4‘0 :

Figure 1.11: Singular values of the matrices M;, M, for the Orl database A € R10304x10x40

Proposition 1.2.1. Let A € R4*xdnv qgnd consider its Tensor-Train decomposition
with TT-cores G1, Go,...,Gy. Then the reshape along the mode N — 1 of A is given by

Anv-1) = (Iay..ay ® G1) (Idg...dN,l ® G2) (Iazg,...dj\,,1 ® GN—Q) Gn-1Gy, (1.24)
where G,, = (gn)m, forn=2,...,N —1 and I, € R*** denotes the identity matriz.
Proof. The Tensor-Train decomposition of A using the (’:) -mode product as follows

A=G1 x5 Gy X5+ x5 Gy.

Then denoting as G*V~! := Gy x1--- x1 Gy _1, the reshape along the mode N — 1 is given
by

-A[N—l] = (g2’N71 X1 G1 XN G%)[ = (QQ’NA X1 G1 X9 Id2 X3 XN_1 [del XN G%)

N-1] — [N—1]

T
= ((QQ’N_I X1 G1 X Lay X3+ Xn-1lay XN GTJ\})(N))

2,N—1 T
= Uiy © G1) (6 ) G

Now we consider the mode-N unfolding of G>¥~!. The idea is to separate one TT core
at a time using Proposition 1.1.2.

T
(Q(QJ’VJ\)]A) - (g2 Xil’) g3,N71)[N71] - (g&Nil X1 GQ)[NJ}
T
= ((g3’N_1 X1 GQ X9 Id3 X3 XN-1 [dN—1>(N—1)>
T
= (Id:s---dN—l ® GQ) ((g&N—l)(N—l))

Repeating this procedure for each TT-core, we obtain the result. O
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In case of a third-order tensor A € R%4*%*ds ysing Proposition 1.2.1, we have that
Ap = (1g, ® G1) GG, (1.25)
where G = (G2) 5 and 1y, € R4 ig the identity matrix.

Proposition 1.2.2. Let A € RU*%2xd gnd consider its Tensor-Train decomposition
with TT-cores G, Go, G3. Then the reshape along the first mode of A is given by

Apy =G (G2)py (I ® Gy) (1.26)
Proof. The result follows directly from Proposition 1.1.1 by observing that Ay = Ap;.
O

The truncated TT-SVD

As for the HOSVD, rank truncation strategies are commonly employed in the T'T setting.
Indeed, the best rank 7, approximation via SVD can be computed instead of the exact
SVD. Then the introduced error can be estimated as shown in the following theorem.

Theorem 1.2.4 (|60, Theorem 2.2|). Suppose that the unfoldings Ay, of the tensor
A € RWXXdn can be approximated by matrices of low rank A,

Ay = Ay + Ep, rank(Ay) = ry, | Ex|| = e, k=1,...,N—1. (1.27)

Then TT-SVD computes a tensor B in the TT-format with TT-ranks r and

Following Theorem 1.2.4, we can consider a variant of Algorithm 3 in which the
truncated SVD instead of the exact one is computed. This truncated TT-SVD is reported
in Algorithm 4.

Example 1.2.5. Consider a tensor A € RN gnd its TT approzimation B, com-
puted via the TT-SVD algorithm by keeping the first m singular values of the unfolding
matrices Apy. Then, for the approzimation property of the SVD the error obtained for

Tk
each unfolding is equal to the sum of the discarded singular values, i.e. €2 = Z (o
s=m+1

7

Thus, using Theorem 1.2.4

Tk

A-Blr< |3 3 (b2,

k=1 s=m+1

k

s’

where o, k=1,... 1 are the singular values of Ay,.
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Algorithm 4 Truncated TT-SVD [60, Algorithm 1]

Require: Tensor A € R®*Xdv accuracy e
1: Compute the truncation parameter 6 = —==|lA| r
2: Compute the size of the first unfolding of A, Ap;:

N
Ne=dy,  No=]]ds;
k=2

3: create a copy of the original tensor M; = A,
4: unfold M; into the computed dimensions: M; = reshape(M;, [N;, N,]);

5. compute the truncated SVD of My, M; = U; X, VT + E;, where ||Ei||p < § and
ry = rank(U;);
6: set the first core tensor Gy := U,
7: compute My = ¥,V = UL M,
8: fork=2,..., N—1do
9:  Compute
Ny = dy, N, = %;
dy,

10:  set My = reshape(My, [rx—1 - Ni, N,]);
11:  compute the truncated SVD of My, M, = UpySiV,l + Ej, where |Ey|r < ¢ and
ri, = rank(Uy);

12:  Set Gy = reshape(Uy, [rr_1,dk, Tk]);

13:  Compute My, = Ul M.

14: end for

15: Gy = My

16: return TT-cores Gy €  ReXdXme for kB = 1,...,N st.
A =G %3G x5 x3Gnllp <€

Corollary 1.2.1 (|60, Corollary 2.4]). Given a tensor A € R4~ and rank bounds
rg, the best approximation to A in the Frobenius norm with TT-ranks bounded by 1y
always exists (denote it by A"*), and the TT-approximation computed by the TT-SVD
algorithm is quasi optimal, that is

M = Bllr < V(N = 1)[|A = A

An example on the approximation error follows.

Example 1.2.6. Consider A € R1034x10x40 g4nq et B be the tensor in the TT-format
obtained by using the TT-SVD algorithm with r1 = 350. The approzimation error is
| A=B||% = 3.796057-107 and the sum of the discarded singular values is 3.796057-107. As
for the HOSVD, when the truncation is performed just along the first mode the inequality
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in Theorem 1.2.4 becomes an equality. Indeed, computing the truncated SVD of the first
unfolding of A we obtain

Ap = USVE + By = G M, + B,

where Ey is the error matriz obtained by discarding the smallest 50 singular values of
Apy and Gy is the matriz containing the first 350 left singular vectors of Apj. Now using
the properties of the Frobenius norm we have

400
> (o)’ = |Ellr = [ Ay—Max1Gillr = A= Max1Ghlp = | A=Gax3G5 x1Gh | p,

s=351
where the last equality holds since no truncation is performed on the second mode.

In many image applications one may be interested in different truncations depending
on the mode of the tensor. For example, consider a database of images with n; pixels of
n, persons in n. expressions A € R"*"*™ Then, for classification problems, the trun-
cation performed on the first mode may be different from the truncation performed on
the second mode, since the “pixel” mode is usually more redundant than the “expression”
mode. In such situations instead of using the same ¢ for each mode as in Algorithm 4,
one can consider different truncation parameters for each TT-core. One possible choice
is to truncate each Uy to its first £, columns according to a parameter 7

J

o (M,

() = max Mgﬂ'k k=1,...,N—1,
T X2h o (My)

Jj=1

where 7, is such that ¢, > 1 for kK = 1,..., N — 1. This selection is in agreement with
the truncation guidelines discussed in [20, 39, 49].
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Chapter 2

Image classification with tensor models

The material of this chapter is based on the publication [16].

Numerical linear algebra tools, and primarily the Singular Value Decomposition
(SVD) have been extensively used to automatically process images in computations for
classification purposes, see, e.g., [28] and its references. In this context, a database of
n, persons in n. expressions is stored as n, distinct matrices A, € R"*" p=1,...,n,,
where n; is the number of pixels of each image. SVD-based classification algorithms work
pretty well when the number of image pixels is greater than the number of features, oth-
erwise the classification performance drops significantly. This suggests that alternative
strategies should be used, since the latter condition often occurs in realistic applications
where very many images need to be analyzed.

More recently, it has been shown that multilinear algebra and the algebra of higher-
order tensors (see, e.g., [48]) can offer a more powerful mathematical framework for
analyzing and addressing the multi-factor structure of image ensembles. For instance, the
Weizmann database in 78] - where TensorFaces are introduced - is composed by 28 male
subjects in 15 poses, 4 illumination conditions and 3 expressions, and it is represented by
a 5-way tensor. Then the HOSVD is used to classify the image of an unknown person.
Other tensor-based approaches have been proposed in a large variety of contexts; for
instance, in [39] Face Recognition is performed using tensor-tensor decompositions, while
in [14] the classification problem is expressed using the Kronecker Product Equation
(KPE) in a randomization context.

In this chapter we describe some known tensor-based classification algorithms, and we
introduce a classification strategy associated with the Tensor-Train decomposition. This
tensor decomposition has been shown to have great potential in multivariate function
approximation and compression, and it is particularly amenable to truncation strategies
yielding low-rank tensor approximations.

In the tensor setting, a database of images with n; pixels, n, persons and n. expres-
sions for each person is splitted in a training set and a test set. The first is composed by
all the persons in n. < n. expressions and is represented either as a third-order tensor
A € R%*%eXm or as a fourth-order tensor A € R™*X"2X7eXm with nyny = n;. The second
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Algorithm 5 Least Squares

Input: z € R™ input image and A.
fore=1,...,n.do

Solve for x, in (2.1) and set r, = z — A°zx, !
end for
¢ = argmin(|r. )

6: p = argmax|zs(p)|

p
7: Output: Classify 2z as person p

is composed by all the persons in the remaining expressions and is used to validate the
classification algorithm. More precisely, given an image z from the test set, represented
by a vector in R"™, we want to determine which of the n, persons, the new image is
closest to. To this end we define a distance dist(z,.A..,) of z from each person p of the
given database, for p = 1,...,n,. In the following discussion the space “ezpression e”
spanned by all images of the n, persons in expression e is denoted as E°.

2.1 Least Squares classification algorithm

The Least Squares classification algorithm is a simple minded strategy that merely fo-
cuses on the comparison between the new image z € R™ to be classified and the matrices
obtained by considering all images in each given expression. More precisely, for each ex-
pression e = 1,...,n. let A°:= A. .., where the columns of A° have been scaled to have
unit Euclidean norm. Consider the following least squares problem

min ||z — A%z||s. (2.1)

The solution of (2.1), x. represents the coordinates in the space E¢. Let r, = z — Az,
be the associated residual that indicates how far z is from being a linear combination of
the columns of A¢ and the distance of z from E° is measured by ||r.||2. Then compute

é = argmin,||7||z,

to determine the space E® in which z is better represented and classify z as person p,
where p = argmax,|z:(p)|. Note that p indicates the column of A® that contributes most
in the linear combination A°rs. A version of this classification algorithm is given in
Algorithm 5.

Problem (2.1) has a unique solution when n; > n, and A has full column rank. This
is quite common in image databases (see Appendix A). On the other hand when this

condition is not fulfilled one can for example consider the unique solution 2" of (2.1)

'Each slice of A, that is A°, is normalized before solving (2.1).
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that minimizes the Euclidean norm of ||z||;. In particular, 259 can be computed as

2 = (A°)"y, where y is the solution of

A (AT y = 2.

2.2 HOSVD classification algorithm

Using the HOSVD described in section 1.2.2, the tensor A € R™*"*"™ can be written
as follows
A=8x; F x.G x, H, (2.2)

where X;, X, X, are the 1-mode, 2-mode, 3-mode multiplications, respectively?; F', G
and H are the factor matrices of the HOSVD and S is the core tensor. Notice that
G € Re*me H € R™" and, if n; > nen, then § € Rrem»Xnexte [7 g RMXTemp
otherwise, § € R"*"e>™ | ¢ R™*"_ Recalling that the aim of the algorithm is to
classify a new image, we separate the information on the pixels and the expressions from
the information on the persons, i.e we consider C = § X; F' X, G. Then for a fixed
expression e

A = Cc°HT e=1,2,...,n,, (2.3)

where A¢ and C°¢ are the matrices obtained by fixing the second index of A and C equal
to e. Hence each column p of A° can be written as a linear combination of the columns
of C* as follows

al?) = C°nl, (2.4)

where hl, the p-th column of H”, are the coordinates of a'” in the basis C°. Note that
the coordinates of person p in different bases C¢ are the same. Now let z € R™ be the
new image to be classified. The coordinates of 2z in the expression basis can be found by
solving a least squares problem

G = argmin, ||Ca, — 2|2, e=1,...,n. (2.5)

-

Then, for each e =1,...,n. and for each p=1,...,n,
Duole,p) = |l — Iy ||2.

Note that if C¢ is full column rank, then the least squares problem (2.5) has a unique
solution, otherwise the solution is not unique, but the solution with smallest norm can
be obtained by using the SVD of C* for its computation (|35, section 5.5]).

A preliminary version of the classification algorithm, described in [28], is given in
Algorithm 6. Since the solution of n. least squares problems can be computationally
demanding, in [28| a variant of Algorithm 6 is presented. Assume that n; > n.n, and

2x; is the image-mode multiplication, x. is the expression-mode multiplication, Xp is the person-

mode multiplication.
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Algorithm 6 Face Recognition (preliminary version)|28, p.173]

Require: z test image.

: dy = min(Dpgo);
: [da, p| = min(dy).
: Output: Classify z as person p

1: fore=1,2,... n. do

2:  Compute &, = min,, |[|Cea, — z||2
33 forp=1,2,...,n,do

4: Dpo(e,p) = [lac =yl

5. end for

6: end for

7

8

9

consider F' € R"*"™ obhtained by means of a thin HOSVD. Then, enlarge F' so that it
becomes square and orthogonal, that is

F=(F FY) (2.6)

If we set B, =S x; F X, G, we have

2

- B.a, — FTz
ICotve — 2|2 = |E(FBua, — )| = H( )

—(FHTz
= || Beae = FT2[13 + | (F4)"2]l5.

2

Thus, we can solve n, least squares problems, by first computing 2 = F” z

min || Beae — Z||2 e=1,...,n. (2.7)

Since the matrix B, is smaller than C,, it is cheaper to solve (2.7) instead of (2.5). To
further reduce work, the thin QR-Decomposition of B, can be computed.

This procedure is summarized in Algorithm 7. If n; < n.n,, like in the Extended Yale
Database, F' € R™*™ is a square orthogonal matrix, so in equation (2.6) we consider
F = F and both Algorithm 6 and Algorithm 7 can be used.

There is a tight connection between the LS-based method and the HOSVD classifi-
cation, given that for each expression e the matrix A€ is the same.

Proposition 2.2.1. Let x, be the solution to (2.1) in the LS-based method, and let é.
be the solution to (2.5) in the HOSVD method. Then &, = H x.. Letting I.,, be the p-th
column of the canonical basis, it then holds

Drole,p) = llde = hy [l = llze — L|l2-
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2. Image classification with tensor models

Algorithm 7 Face Recognition |28, p.174]

Require: z test image.
1: Compute 2 = FTz:
2: fore=1,...,n.do
3:  Compute the thin QR-Decomposition of B,
4:  Denote as @, the solution of R.a, = Q12
5 forp=1,...,n,do
6
7
8
9

Dyol(e,p) = [|de — hy[2.
end for
: end for
. dy = min(Dgo);
10: [dg,ﬁ] = mm(dl)
11: Output: Classify z as person p

o

Proof. The least squares solution d, is given by &, = ((C.)TC.)*(C.)* z, while the least
squares solution . is given by z. = ((A%)TA°)~1(A°)Tz. Substituting A° = C°HT we
obtain

T, = ((Ae>TAe)—1(Ae)TZ — (H(Ce)TOeHT)_lH(Ce>TZ
H7T<<Ce)Tce)fl(Ce)TZ — HfTOAée’
which proves the first assertion. For the second assertion, since &, = H”'x., we have

e — hlllo = [|H we — H'Lp|ly = ||H" (z¢ — Lp)|l2- From the orthogonality of H the
result follows. 0

Assume that z and A° have both been scaled to have unit norm columns, so that the
entries of z, are all not greater than one in absolute value. It follows that for a fixed e,
finding the minimum of Dy (e, p) corresponds to finding the largest entry of z., the p-th
entry, which is closest to one. Hence, the difference between the two methods lays in the
way the “best” expression is chosen. In the basic least squares method the expression
corresponding to the smallest residual norm is selected, whereas in HOSVD all is based
on the quantity ||z, — I.,||. This implies that the HOSVD and LS methods compute
the same quantities, but the stopping criterion changes, which is thus responsible of
possible discrepancies in the performance of the two approaches. Table 2.1 displays the
differences and similarities between the least-squares and the HOSVD formulations for
the classification of a single image: the test set is composed by the person p in the
last expression, while all the other n, persons in the remaining expressions are used
as training set. We report the classification result of each method by displaying p for
each database. The method LS2 corresponds to Algorithm 5, in which lines 5 and 6 are
replaced with [é, p| = argminD(e, p) = argmin||z. —I. ,||. According to Proposition 2.2.1,
the same classification results are obtained using either HOSVD or LS2.

Another classification algorithm based on HOSVD is presented in [67], where the
training set is decomposed as in (2.2). The tensor £ = S(1 : 7,1 : s,:) x3 H is then
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Database p | LS | LS2 | HOSVD
Orl 14| 18 | 14 14
COIL-20 1 1 1 1
Faces95 5 | 50 | 57 Y
Faces96 59 | 77 | 59 59
Ext’d Yale shrunk | 9 | 10 6 6

Table 2.1: Value of p for least squares based algorithms and the algorithm based on HOSVD
with respect to different subjects p of five different databases.

Algorithm 8 HOSVD2[67, p.999]

Require: 2z test image, A training sets
1: Compute the HOSVD of A =8 x; F x5 G x5 H.
: forp=1,...,n, do
Compute £ =8(1:7,1:s,:) x3 H and store the first k& singular vectors of
LP = L(:,:,p) in a matrix B?
Compute d(p) = |1z — B*(B?)T 2,
: end for
: Output: Classify z as person p = argmin,,(d)

W N

> G

computed®, and for every person p the first k singular vectors of LP = L. ., are stored in a
matrix B? to take the most relevant characteristic of each class. Let z € R™ be the image
of an unknown person in an unknown expression to be classified. The following least
squares problem measures how far z is from being a linear combination of the columns
of BP foreach p=1,...,n,:

d(p) := min ||z, — BPz||2, where z,=F(1:7,:)"2. (2.8)

Using the orthogonality of the columns of BP, the solution of (2.8) is given by z, =
(BP)Tz, and d(p) = ||z, — BP(BF)Tz,||2. As for the previous algorithms z is classified as
person p = argmin, (d). The whole procedure is summarized in Algorithm 8. In Section
2.4 we will refer to this algorithm as HOSVD2. We conclude this brief description by
noticing that HOSVD2 requires the computation of an HOSVD of the training tensor
and n, SVDs to determine the matrices B, p =1,...,n,. This can be computationally
expensive when n,, is large.

2.3 Tensor-Train classification algorithm

In this section, we derive a new Tensor-Train classification algorithm following the scheme
of Algorithm 6. We first write the data tensor for each expression e, by means of a TT-

3The parameters 7, s can be set arbitrarily and depend on the desired data compression.
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based basis for E¢. Then we define the associated distance to be minimized.
Using (1.23), A. .. can be written as

A =G5 %Gy x, GE Y e=1,...,n, (2.9)
where G5 = (G). . is a matrix. Thus, the image of a person p in the expression e is
A. ., = G1G5g5, where ¢} = (G3)., - (2.10)

As in the HOSVD setting we want to separate the information on the person from the
information on the pixels and on the expressions. Thus, we set C = Gy X; (G; so that
(2.10) becomes
A.ep=C, with C°=C... = G1Gs. (2.11)
This can be interpreted as follows. The columns of C¢ are a basis for E¢ while ¢, the
p-th column of (3, holds the coordinates of person p in this basis. Note that the same
g5 holds the coordinates of all the images of person p in the different expression bases
[28, p.173].
Given the image z of an unknown person in an unknown expression, we want to
find the coordinates . of z in all the n. bases {C°}._; ., and then compare each a.

e

for e = 1,...,n. with the coordinates of all n, persons in the same basis, which are
represented by the columns of G5. More precisely, for each e = 1,...,n, compute
min ||C°a, — 2|2, (2.12)
and then, for each e = 1,...,n, and for each p = 1,...,n, define the distance between
z and the person p in expression e as
Drr(e,p) == ||de — g5ll2, (2.13)

where @, is the solution of (2.12). Hence, the distance between z and person p is given
by
dist(z,A..,) = min Dpr(e, p).

The computation in (2.12) can be performed by means of the reduced QR decom-
position of G%, that is G§ = Q°R°. The coordinates of z in E° are thus given by

e = R(e)_lQ(e)TG?z and so (2.13) becomes
e)—1 e)T
DTT(eap) = ||R( ) Q( ) G?Z - g§||2 b= 17 <oy Ny

where g5 = (G3), - The overall procedure is summarized in Algorithm 9.

Remark 2.3.1. Let A° = A(:,e,:) in (2.10). Then a result analogous to that in Propo-
sition 2.2.1 can be derived, that is the distance Dpr satisfies

Drr(e,p) = ||ze — I,

P

where x, = argmin,, ||A°z — z||.
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Algorithm 9 TT3D

Input: z test image G1, Go, Gjs.
Compute 2 = GT2:
fore=1,...,n. do
Solve G§a, = 2 for a,
forp=1,...,n,do
Drr(e,p) = |lae — g5l[2 where g5 = G3(:, p).
end for
end for
(é,p) = argmin(Drr)

e7p
Output: Classify z as person p

2.3.1 Higher-order classification algorithm

Several authors in the literature have observed that image classification can be improved
by considering images as matrices I € R™*"™ instead of vectors, thus adding a forth
dimension to the problem; see, e.g., [39]. Here we represent the same database as a
fourth-order tensor A € R *"2X"*" written in TT-form as

A=Gy X%Qz Xégz, ><;1;G4,

where G; € RM*™ Gy € Rm*m2xnems Gy ¢ R XX and G4 € R™*™ (see Section
1.2.3). Thus, the image of a person p in expression e in the database is given by
A:,:,e,p = g2 X1 Gl X3 (G§€)>T X3 gip), (2'14>
(e) _ NeNp XNy (p) _ Ny (e) (eNT
where Gy = (G3). .. € R and g, = (Gy),,, € R™. Let C'9 = Ga x1 G1 x3 (G5 7).
Then (2.14) becomes
ep — C(E) X3 gz(lp)

A:7:7 9.
The classification strategy is then analogous to that for the three-dimensional case. In
particular, given an image z € R™"™ of an unknown person in an unknown expression,

we define the distance of z from person p as

Drra(e,p) = ||de — 9o

where
Ao = argminaEH(C((;)))Tae — 2|l

A version of the classification algorithm is given in Algorithm 10. We recall that C((gg

denotes the mode-3 unfolding of C'® defined in Section 1.1.
The TT format naturally extends to the higher-dimensional setting. For instance,
suppose that A is an Nth-order tensor representing our database, further assume that
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Algorithm 10 TT 4D

Input: z test image, G, Gs, G3,G4.
Compute Gio = Gy X1 Gy:
fore=1,...,n. do
Compute C® = G5 x3 (Gée))T, where Gge) = Gs(:,e,:)
Solve min,, ||(C((§;)Tae — 2|2 for a.
forp=1,...,n,do
Drra(e,p) = |lae — gill2 where gi = Ga(:,p).
end for
end for
(é,p) = argmin(Dyry)

e7p
Output: Classify z as person p

the first two modes are the pixel modes (as in TT4D) and the last one is the person
mode. All the other TT-cores (G;),_, _; represent the variation of the images of the
database in terms of facial expressiorf, view angles, illumination,etc. According to (3.3)
A can be written in the following way:

1 1 1 1 1
A:Gl X2g2 ><3g3 ><3"'><3gN—1 XgGN-

Thus, person p in a specific combination of all the other (/N —3) features can be expressed
as

Asigsinsp = G X3 G X3 G5 xg X ON') X§ (G, (215)
Let Clisin-1) = Gy x1 Gy x1 G9®) b+ x1 GUN7Y Then, (2.15) becomes
A:,:,ig,...,ithp = C(Z’B’m’iNil) X3 g§\:’[))7 (216>
where g](\’,)) = Gn(:,p).

Given an image vector z € R™"™ of an unknown person in an unknown combination
of the (N — 3) features, we define the distance between z and the person p as

DTTN(i3’ T ’iN*l’p) = HééiSw-’iNfl - g](\zf))Ha
where o
Gy, iy = argmin || ™) iy, = 2]l

2.4 Numerical experiments

In this section we compare all the tensor classification algorithms and we explore the
advantages in using a Tensor-Train formulation in terms of memory requirements, CPU
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time and classification performance on several image databases. Moreover, in Section
2.4.3 a classification example in higher dimensional setting for the TT-based algorithm is
reported. Before showing classification results, some implementation issues are discussed.

2.4.1 Implementation details

In the following numerical experiments we compare all the aforementioned tensor classifi-
cation algorithms implemented in Matlab. All the numerical experiments were conducted
on a 4 x Intel(R) Core(TM) i7-4500U CPU @ 1.80 GHz and 8GB RAM using Matlab
R2019b. For each run the training set and the test set are defined as follows. The s%
of the n. expressions, denoted as 7., is used for each person as training set and the
remaining ones as test set. The expressions used as training set are chosen randomly.
The training set is stored in a tensor A € R™*"x" for .S, HOSVD, HOSVD2 and
TT3D and in a 4th-order tensor A € R™*m2X%exn for TT4D. As performance measure
we consider either the median success rate or the median values of precision, accuracy
and recall among 20 consecutive runs.

2.4.2 Classification performance

In this section we first report on our numerical experiments where we use the success
rate as performance measure. We report results for s = 80%, 50%:; except for HOSVD2,
the tensor methods were not overly sensitive to the choice of this parameter. In Table 2.2
we report the success rate of all considered algorithms, namely matrix SVD, tensor SVD
(HOSVD, HOSVD?2), three- and four-dimensional TT (TT 3D and TT 4D) and simple
least squares (LS) method. For all datasets except the large MNIST ones, all percentages
correspond to the average of 20 consecutive runs.

Table 2.2 shows that all the tensor methods work well when n; > n., i.e. with the
Orl, COIL-20, Faces95 and Faces96 datasets.

However, in many applications it happens that n; < n. because of the huge number
of features available. In such situations HOSVD2 cannot be used if r and s are set equal
to m; and n, respectively (i.e. no truncation is performed on S) or as long as B? is a
tall matrix. It is also interesting to observe that LS works quite well for the datasets
where the third variable does not provide a real classification feature, that is for the two
MNIST sets.

Memory requirements of the tensor methods can be quite different. Given the tensor
A € R"*"x" the following table summarizes the maximum storage requirements:

Method  Memory allocations
HOSVD  n;nen, +nj +n2 +n,
TT 3D n? + ninen, + n2

LS NiNeNyp

HOSVD2 ninen, +n2 + nln,
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s% Database HOSVD | TT 3D | TT 4D LS HOSVD2
Orl 94.44% | 96.65% | 96.69% | 95.81% | 97.63%
30 COIL-20 97.50% | 99.35% | 99.35% | 99.17% | 99.95%
Faces95 86.56% | 87.15% | 91.03% | 86.44% 88.87%
Faces96 97.68% 100% 98.50% | 97.23% 99.36%
Ext’d Yale shrunk | 99.08% | 99.24% | 98.72% | 99.78% | 69.04%
MNIST 92.27% | 91.05% | 91.03% | 92.69% | 87.95%
Fashion MNIST 78.63% | 79.20% | 77.74% | 84.76% | 45.91%
MIT-CBCL 100% 100% 100% 100% 39.77%
Orl 91.38% | 92.96% | 92.75% | 89.93% | 95.20%
50 COIL-20 96.10% | 98.90% | 96.71% | 98.04% 99.24%
Faces95 96.25% | 83.90% | 87.50% | 80.24% 88.87%
Faces96 97.34% | 97.94% | 99.33% | 96.87% 98.04%
Ext’d Yale shrunk | 98.70% | 98.74% | 98.99% | 99.64% | 99.91%
MNIST 90.87% | 89.12% | 89.12% | 89.83% 37.68%
Fashion MNIST 74.58% | 75.22% | 74.57% | 81.31% | 33.16%
MIT-CBCL 100% 100% 100% 100% 99.98%

Table 2.2: Success rate (as percentage) of all classification algorithms.

In particular, HOSVD requires to store the core tensor & € R"*"*™ and three or-
thonormal matrices UM € R™>™ U2 ¢ R™*" and U®) € R™»*" . HOSVD2 requires
to store in memory the core tensor S € R™*"*™  the factor matrix U®) € R™*™
and the first £ < n, singular vectors of each LP. On the other hand, TT 3D needs to
store G; € R"*"i Gy, € R"*"*™ and G5 € R™*™  thus leading to lower memory
requirements with respect to the HOSVD based methods when n? < n?n, which is quite
common for large datasets. Furthermore, if a truncated TT is considered, the memory
requirements for TT3D can be lower than for LS.

Figure 2.1 and Figure 2.2 report on the computational costs (in logarithmic scale) of
the tensor-based methods on four of the most time consuming datasets, i.e. for MIT-
CBCL, COIL-20, Faces95 and MNIST. In Figure 2.2 the reported CPU time is the time
required for the classification of a person p, in an expression e whenever appropriate.
The plot shows that the CPU time of TT 3D and HOSVD2 is lower than for all other
tensor-based methods. In Figure 2.1 the training time for all the tensor algorithms is
reported. As we can observe the Tensor-Train algorithms require less CPU time than the
other methods. Hence, this performance measure can help discriminate among meth-
ods whenever the classification success rate and memory requirements are comparable.
Notice that the LS algorithm is not reported because there is no training time for this
algorithm.
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Figure 2.1: CPU training time for MIT-CBCL, COIL-20, Faces95 and MNIST for all the tensor
methods.
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Figure 2.2: CPU time to classify a test image for MIT-CBCL, COIL-20, Faces95 and MNIST
for all the tensor methods.

2.4.3 A classification test in higher dimensional setting

In the previous experiments we have considered only two features per person, however
in realistic applications a higher number of features may be available. In such situations
the Tensor-Train format enables one to still store only third-order tensors, whereas the
HOSVD requires to allocate memory for a core tensor of the same order as A.
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Figure 2.3: Percentage of success of the truncated TT 3D (left) and HOSVD2 (right), for
different values of the truncation parameter m, tested on different databases.

In this section we analyze the classification performance of the Tensor-Train algorithm
for a fifth-order tensor. To this end, we consider the Weizmann face image database (see
Appendix A). The training set is stored as the tensor A € R™*7wxniuxnexnp  Ipn g
first classification test the test set is composed by n, persons in n. facial expressions,
n;; illuminations and 2 view angles. This means that 80% of the database is used for
training and the remaining 20% is used as test set. In this setting 87.05% of the test
images are correctly classified. Notice that TensorFaces with this dataset only achieves
80% success (for further details see [79]). In a second classification test the split between
training and test sets is set to 90%/10% (i.e., just one view angle is used as test set). In
this setting 91.07% of the examples are correctly classified.

2.4.4 Numerical experiments with truncated methods

In this section we report on our experiments with a truncated version of the 3D classifi-
cation algorithms. We compare the truncated TT-SVD described in Section 1.2.3 with
the classification algorithm based on truncated HOSVD2. Figure 2.3 shows the percent-
age of success of the truncated procedure on five databases, when different values of the
truncation threshold 7 are used (see Section 1.2.3). The displayed curves only report
results for 7 such that ¢ > 1. In HOSVD2 the truncation is applied to the columns
of B, p = 1,...,n, according to the truncation parameter 7. Furthermore, following
[67], S in (2.2) is replaced with S = S(1 : 48,1 : 64,:). Several comments are in order.
We observe that for some databases such as Orl, methods can behave quite differently
for the same value of m. The decrease in the HOSVD2 performance for high values of

7 is related to the resulting dimensions of the singular vector matrix B?: to express
90% of the variance (i.e. m > 0.9) of the MIT-CBCL, COIL-20, MNIST and Fashion
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MNIST datasets we have to take all columns of BP, making it square. Thus, for this
algorithm there is an additional constraint on the truncation parameter, to ensure a good
classification performance for several databases.

Figure 2.3 shows that the classification performance is not monotonic with respect
to m. Nonetheless, for T'T3D any 7 > 0.6 leads to a good classification performance.

The higher efficiency in terms of computational costs (CPU time), memory require-
ments together with the good recognition rate, favor the TT3D truncated version com-
pared to the untruncated one. For instance, for 7 = 0.9 in the Extended Yale Database
only 32% of the singular values are retained, yielding large memory savings.

2.4.5 Performance using statistical classification measures

Using an applied statistics terminology, the Face Recognition problem can be thought
of as a multiclass classification problem, where the classes are the different persons of a
specific database. For a database of n, persons in n. different expressions, we consider the
splitting in a training set (n, persons in 0.75n. expressions) and a test set (n, persons
in 0.25n, expressions). After the classification of all images in the test set has been
completed, for each person p the following quantities can be computed, giving rise to the
so-called “confusion matrix”:

- true positive(tp,): number of subjects correctly classified as person p;

- true negative (tn,): number of correctly recognized subjects that are not person p;
- false positive (fp,): number of subjects incorrectly classified as person p;

- false negative (fn,): number of subjects not recognized as person p.

Using these four quantities, the following classifier parameters can be computed:

Tp p

1 t t 1 t

Accuracy = — Pp 11y , Precision = — L,
"y 3 tpp +tnp + fpp + frp np 3 tpp + [y
"'p

1 t
Recall = — A,
0 tpp, + fny,

These parameters provide a measure of reliability of the employed algorithm: the closer
the parameter is to 100% the more robust the corresponding classification strategy is.
Depending on the realistic application for which we want to use the classification algo-
rithm, one can be interested in maximizing one of these three quantities. For example, in
situations such as border controls or medical tests, one may be interested in maximizing
the recall, since this means minimizing the number of images of person p that are not
recognized as person p.
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In Table 2.3 precision, accuracy and recall are displayed, using macro-averaging (for
further details see [71]). The results show an overall different ranking of the meth-
ods when these measures are considered, with respect to the percentages in Table 2.2.
HOSVD appears to be the most reliable strategy for all three parameters for the MNIST
database, whereas for all other datasets tensor-train based algorithms have better perfor-
mance. It is also interesting that, although the three parameters measure truly different
things, the relative ranking of all algorithms does not change much going from, say,
Accuracy to Recall. HOSVD2 was not included in the tests in Table 2.3, because its
classification performance strongly depends on the truncation parameter.

Orl COIL Faces95 | Faces96 Ext’d MNIST | Fashion
measure | method -20 Yale MNIST
HOSVD | 99.71% | 99.77% | 99.66% | 99.97% | 99.93% | 98.18% | 95.26%
IAccuracy| TT 3D | 99.78% | 99.77% | 99.71% | 99.98% | 99.94% | 97.83% | 95.39%
TT 4D | 99.77% | 99.77% | 99.60% | 99.98% | 99.94% | 97.67% | 95.39%
HOSVD | 76.62% | 98.03% | 91.10% | 98.60% | 99.06% | 91.18% | 78.30%
Precision| TT 3D | 96.73% | 98.03% | 92.53% | 99.07% | 99.17% | 89.89% | 78.53%
TT 4D | 96.58% | 98.03% | 90.01% | 99.20% | 99.20% | 89.00% | 78.53%
HOSVD | 94.29% | 97.67% | 87.67% | 98.29% | 99.01% | 90.90% | 76.31%
Recall TT 3D | 95.62% | 97.69% | 89.60% | 98.85% | 99.12% | 89.10% | 76.93%
TT 4D | 95.50% | 97.69% | 85.62% | 99.01% | 99.16% | 88.32% | 76.93%

Table 2.3: Accuracy, precision and recall for the HOSVD, TT3D and TT4D classification algo-
rithms.

2.4.6 Closing considerations

The proposed classification algorithm based on the Tensor-Train decomposition seems to
exhibit good performance in terms of success rate, CPU time and memory requirements.
Indeed, the use of the TT form allows one to easily treat truncation, which reduces
both CPU time and memory requirements, without sacrificing the recognition success
rate. Moreover, the TT-based algorithm is preferable to those based on HOSVD since
it does not suffer from the curse of dimensionality; in particular, it naturally extends
to more than three dimensions, thus allowing for the inclusion of additional features as
extra dimensions, as we did for the Weizmann database. Indeed, for face recognition
other features could be considered, such as different age or backdrop image sets. Our
computational experiments on nine different datasets seem to show that using the Tensor-
Train form allows one to achieve good classification success for comparable memory
requirements (in the full case) and smaller CPU time with respect to the now classical
tensor based HOSVD. Furthermore for the training the Tensor-Train algorithms require
just the computation of the TT-cores while HOSVD2 requires the computation of the
HOSVD of the training tensor and n, SVD to determine the matrices B?, p = 1,...,n,.
This can be computationally expensive when n,, is large.
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Chapter 3

Proximal gradient methods

In this chapter we review the class of proximal gradient methods for solving composite
optimization problems, that is problems where the objective is the sum of a smooth
function and non-smooth (possibly nonconvex) one. We first present the proximal gradi-
ent method and the block proximal gradient method to address composite optimization
problems in one or p blocks of variables, respectively, focusing on the case when the
non-smooth term is convex. Then we discuss the nonconvex case by introducing the
Proximal Alternating Linearized Minimization (PALM) algorithm.

3.1 The proximal gradient method

In this section we consider the following composite optimization problem

min ¥(z) with VU(z) = H(z)+ f(x), (3.1)

r€eR™

where H and f satisfy the following assumption.
Assumption 3.1.1 (|5, Assumption 10.1]).
1. f:R™ — (—o0,+00] is proper, closed (see [5, Definition 2.2]) and conve.

2. H :R" — (—o00,+00] is proper and closed, dom(H) is convex, dom(f) C int(dom(H))
and H is Ly-smooth over int(dom(H)).

3. The optimal set of problem (3.1) is non-empty and denoted by X*. The optimal
function value is denoted by Wop;.

The numerical solution of the optimization problem (3.1) can be carried out by using
proximal methods, that is iterative algorithms based on the following kth iteration: Given
the current iterate x; and the current stepsize oy > 0, a new iterate xy; is given by

= prox{/ak (2% — a, VH(2F)),

where prox{ /ak(-) denotes the proximal map defined as follows.
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3. Proximal gradient methods

Definition 3.1.1 (|9, p. 465]). Given a proper and lower semicontinuous function
f:R™ — (—o0,+00], z € R™ and a scalar o > 0, the prozimal map associated to f is
defined as

prox/ (z) = argmin {f(w) + %Hw — ng} : (3.2)
weR™

Remark 3.1.1 (|9]). The prozimal map of an indicator function dq over a non-empty
and closed set 2 C R™ 1is the multi-valued projection Po : R™ = Q) defined, for all
xr €R™, by

Po(z) = argmin ||z — y||o. (3.3)

ye

The symbol = is used to denote that, for a given x € R™, Po(x) is not uniquely defined
when ) is nonconvex. For example, if we consider € as the set of vectors with at most
0 < 7 < m nonzero elements and x = [1,... 1|7, it is easy to observe that Pq(x)
1s not uniquely defined. On the other hand if Q) is a convex set the projection map is
single-valued, that is Po(x) is uniquely defined for any © € R™ .

When f = dq, with © non-empty, closed and convex set, then (3.1) is equivalent to
the following convex constrained smooth optimization problem

min H (z),

e

and, using Remark 3.1.1, the associated proximal iteration is
" = Po(2® — a, VH (2)), (3.4)

which is indeed the iteration of the projected gradient descent method.

Indeed, the proximal gradient method performs a gradient step in the smooth part of
the function ¥(z), i.e. H(z), followed by a proximal mapping that takes into account the
non-smooth part of U(z), i.e. f(z). The whole procedure is summarized in Algorithm
11.

We now give some preliminary results that anticipate the convergence theorem for
the proximal gradient method. We start with the following theorem that will be used to
prove the sufficient decrease lemma.

Theorem 3.1.1 (Second prox theorem, [5, Theorem 6.39]). Let f : R" — (—o0, +00] be
a proper closed and convex function. Then for any x, y € R™, the following conditions
are equivalent.

(i) y = prozd(z) with a =1,
(ii) v —y € 0f(y),
(iii) (x —y,z—y) < f(2) = f(y) for any z € R".

The following lemma reports an important property of Ly smooth functions.
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3. Proximal gradient methods

Algorithm 11 The Proximal Gradient method [5, p. 271|

: Input: 2° € int(dom(H))
:for k=0,...,do
Choose ap >0
set ol = prox{/ak (2% — ), VH ("))
end for
. Output: z*+!

Lemma 3.1.1 (Descent lemma, [9, Lemma 1]). Consider an Ly-smooth function
H :R™ — R. Then for any x, y € R™,

H(y) < H(x) + (VH(x).y — ) + 2 e — g3

This property of H plays an important role in the convergence analysis of the proximal
gradient methods due to the following lemma.
Lemma 3.1.2 (Sufficient decrease lemma, |5, Lemma 10.4]). Let H and f be real valued
functions that satisfy Assumption 3.1.1. Consider W = H + f and set
1
ot (z) = prox) (1’ - EVH([E)) : (3.5)

Then for any x € int(dom(H)) and L € (LTH, —i—oo) the following inequality holds:

V() — U(o (1)) > (L - LTH) [ af’f(x)Hz .

2

Proof. Let 7 = af’f(x), then using Lemma 3.1.1 for H we obtain

H(z") < H(z) + (VH(z), 2" — ) +L7HH%‘+—$II§- (3.6)

Then using the second prox theorem (Theorem 3.1.1) we have that
(VH(z),2" —z) < —Llz* =zl + f(z) — f(z")

for any L € (LTH, +00). Thus, using this inequality in (3.6)

H(") < H(z) — Lt — x| + f(2) = fa") + 22— |
and
HG) + )~ 1) - f(0) < (55 = 1) o = el
The result follows from the definition of W(x). O
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3. Proximal gradient methods

Now we give the definition of the proximal gradient which is a generalization of the
classical gradient.

Definition 3.1.2 (|5, Definition 10.5]). Suppose that H and f satisfy the Assumption
3.1.1 items 1 and 2. Then the gradient mapping is the operator G4 : int(dom(H)) — R
defined by

Grl () = Lix — o' (2)),

with ot defined in (3.5) for any = € int(dom(H)).

The following theorem describes the relation between the classical gradient and the
proximal gradient.

Theorem 3.1.2 (|5, Theorem 10.7]). Let H and f satisfy Assumption 3.1.1 items 1 and
2 and let L > 0. Then

o G2y = VH(x) for any z € int(dom(H)), where fo(z) = 0;

e for z* € int(dom(H)), it holds that G/ (x*) = 0 if and only if =* is a stationary
point of (3.1).

A crucial ingredient of all gradient descent methods is the selection of the stepsize oy
that yield a sufficient decrease in the objective function. At each step k one can choose
a constant stepsize oy = % where L € (LTH, —1—00) or a stepsize given by a backtracking
rule. A backtracking rule is an iterative procedure commonly used to estimate the
stepsize starting from an initial guess s. The procedure consists of decreasing s until
a sufficient decrease condition in the objective function is satisfied. For the proximal
gradient method, using the backtracking rule results in setting L, = p'*s, where p > 1
and 1, is the smallest non negative integer for which the condition

N
V(") = (op () 2 L—kIIGf,;f(xk)llz,

with v € (0, 1) is satisfied. Then the stepsize a4 is set equal to the reciprocal of Ly. The
backtracking procedure is reported in Algorithm 12. Note that, under the Assumption
3.1.1, the backtracking procedure has a finite termination as highlighted in the following
remark.

Remark 3.1.2 (|5, Remark 10.13|). In the backtracking procedure of Algorithm 12 the
parameter Ly is bounded from above as

pLu
2(1 =)
The following convergence analysis for the proximal gradient method holds both for
a constant stepsize and for a stepsize given by a backtracking rule. It is based on
the sufficient decrease lemma which shows not only that the sequence {¥(z*)};> is
nonincreasing, but also that the decrease of the function values is bounded by the norm
of the proximal gradient.

Lkgmax{s, } with p>1, v€(0,1).
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3. Proximal gradient methods

Algorithm 12 Backtracking procedure

1: Input: Initial stepsize s > 0,0 < v < 1, p > 1, and an integer 7,,,, for the maximum
number of backtracks.

. Set Lk =S

c for iy =1,..., 1m. dO

B W

Compute z* = prox{k <mk - L%VH(:E’“)

if U(ah) — (o) (2) > 2 |G (2%)]|2, return
end for
. Output: Ly

X > &

Lemma 3.1.3 (Sufficient decrease of the proximal gradient method [5, Lemma 10.14]).
Assume that Assumption 5.1.1 holds and let {x*}1>0 be the sequence generated by the
proximal gradient method to solve (3.1) either with a constant stepsize L € (LTH, —|—oo)
or with a stepsize obtained using the backtracking procedure with parameters s > 0,
0<~v<1andp>1. Then for any k>0

U(ak) = (@) = MG )], (3.7)
where
-t .
5 constant stepsize,
M= backtracki (3.8)
m acktracking,
72(1—7)
and

J— {L constant stepsize, (3.9)

s backtracking.

Now we report the main convergence result that ensures the convergence of the prox-
imal gradient method to a stationary point of problem (3.1).

Theorem 3.1.3 (|5, Theorem 10.15|). Assume that Assumption 3.1.1 holds and let
{x*}1>0 be the sequence generated by the proximal gradient method to solve (3.1) either
with a constant stepsize L € (LTH, +oo) or with a stepsize obtained using the backtracking
procedure with parameters s >0, 0 <~y <1 and p> 1. Then

1. the sequence {\I/(xk)}k>0 is monincreasing. In addition, W(z*+) < W(z*) if and
only if 2* is not a stationary point of (3.1);

2. lim G (2%) = 0 where d is given in (3.9);

k—ro0
U(z0) — U,
3. min |G (@), < (@) 2L where M is defined in (3.8);
n=0,1,....k M<k + 1)
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3. Proximal gradient methods

4. all limits points of the sequence {xk}k>0 are stationary points of problem (3.1).

Several variations of the proximal gradient method have been considered for problem
(3.1). For example, in [58] the authors describe iPiano which is a proximal gradient
descent algorithm enriched with an inertial proximal step based on the linear combination
of the previous iterates. In the more recent literature, the use of inexact variable metric
[11, 12] and Newton-like steps [46] have also been explored.

3.2 The block proximal gradient method

In this section we extend the results described in the previous section to the following
optimization problem

mleRnHl,.i‘gpanp\I[(xl”“’xp) with  W(zy,...,2,) = H(xy,...,xp) + f(z1,...,2),
(3.10)

where the function f : R™ x --- x R™ — (—o00, 400| has a block separable structure, i.e.

f(l'l, ce ,Ip) = Zfz(.l’z)

In the following discussion we denote by R* the product space R™ x - - - xR"™ and by V;H
for i = 1,...,p the gradient with respect to the ith block. We also define w; : R" — R*
to be the linear transformation

0
wi(d) = | d | ith-block, de& R™.
0

We now report the assumptions on the model (3.10).
Assumption 3.2.1 (|5, Assumption 11.1]).
1. fi : R = (—o00,+00]| is proper, closed and convex for any i =1,...,p.

2. H: R — (—o00,+00] is proper and closed, and dom(H) is convex; dom(f) C
int(dom(H)), and H is differentiable over int(dom(H)).

3. H is Ly-smooth over int(dom(H)) with Ly > 0.

4. There exist Ly, ..., L, > 0 such that for any it =1,...,p it holds that
Vil () = Vil (z + w;(d))]|2 < Lil|d]|

for all x € int(dom(H)) and d € R™ for which x + w;(d) € int(dom(H)).
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3. Proximal gradient methods

5. The set of optimal solutions of problem (3.10) is non-empty and denoted by X*.
The optimal function value is denoted by W ;.

Definition 3.2.1 (|5, Definition 11.3|). Assume that H and f; for i = 1,...,p salisfy
Assumption 3.2.1 and let L > 0. Then the ith partial proz-grad mapping is the operator
ot :int(dom(H)) — R™ defined by

A _ 1
ol () = prox) (xl - ZV,H(:E)) :

Definition 3.2.2 (|5, Definition 11.4]). Assume that H and f; for i = 1,...,p satisfy
Assumption 3.2.1 and let L > 0. Then the ith partial gradient mapping is the operator
GY :int(dom(H)) — R™ defined by

Gy(z) = L(z; — o (2)).

Using the block structure of the problem, the stationary conditions for (3.10) reduce
to p different conditions on the partial gradients as will be clear from the following
theorem.

Theorem 3.2.1 (|5, Theorem 11.6]). Assume that H and f; for i = 1,...,p satisfy
Assumption 3.2.1 items 1 and 2. Then

(i) x* € dom(f) is a stationary point of problem (3.10) if and only if

—VH(zx) € 0fi(x}), i=1,...,p.

(i1) For any My, ..., M, >0, x* € dom(f) is a stationary point of (3.10) if and only if
Ghy(z*) =0, i=1,...,p.
The following result is a generalization of the sufficient decrease lemma (Lemma
3.1.3) for problem (3.10).

Lemma 3.2.1 (block sufficient decrease lemma, [5, Lemma 11.9]). Assume that H and
fi fori=1,...,p satisfy Assumption 3.2.1 items 1 and 2 and that there exists L; > 0
with i € {1,...,p} for which

Vil (y) — ViH (y + wi(d)) ]2 < Lil|d||2,

for any y € int(dom(H)) and d € R™ for which y + w;(d) € int(dom(H)). Then

% 1 i 2
V(@) = Wl + o}, () = 2) = 516G @

for all x € int(dom(H)).
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Problem (3.10) can be solved numerically using the Cyclic Block Proximal Gradient
(CBPG) method, which is an alternating method that in each variable block performs
a proximal gradient iteration. More precisely, at each iteration the method performs p
proximal gradient iterations one for each variable block. For these p “subiterations” the
following auxiliary index will be used.

a0 =ab = (af,2f . ad),
ot = (2 gk ,x’;),
afP = gF T = (2T 2T k).
The whole procedure is summarized in Algorithm 13.
Algorithm 13 CBPG |5, p. 338]
1: Input: 2% = (29,...,2)) € int(dom(H))
2: for k=0,1,...,do
3. set M0 = ¥
4: fori=1,...,pdo
5: Use a fixed value for L; or compute L; using a backtracking strategy
6 Set M = aFi=1 4 w(of (aM1) — 2.
7. end for
8:  Set aFtl = ghP,
9: end for
10: Output: z* +1
Note that one can choose either fixed values for L;, © = 1,...,p or use a backtracking

rule similar to the one described in Algorithm 12.
As for the proximal gradient, the following result is needed to derive the convergence
of the CBPG method.

Lemma 3.2.2 (Sufficient decrease of the CBPG method-version I |5, Lemma 11.11]).
Assume that Assumption 3.2.1 holds and consider the sequence {x*}1>0 generated by the
CBPG method for solving (3.10). Then

1. Forallk >0

4 , L. . .
W(zhT) — W(FI ) > ]2“ 2% — %3 j=0,...,p—1 (3.11)

2. forallk >0

k k41712
- ”27
with Lmin = mjn Lz
%
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Now we are ready to state the main convergence result for the CBPG method.

Theorem 3.2.2 (|5, Theorem 11.14]). Assume that Assumption 3.2.1 holds and consider
the sequence {x*}y>0 generated by the CBPG method for solving (3.10). Denoting as

. Lo
Loy =min; L;, L.« = max; L; and C = i 5, then
' 2(Lr+2Lmax+vminLmax)

1. the sequence {\If(xk)}k>0 18 nonincreasing. In addition, the equality holds if and
only if oF = 2% + 1;

2. G (2%) — 0 as k — oo;

P(W (%) —Wopt)

3. ming,—o,_ .k |G L (2 ]|l2 < ’

= C(k+1)
4. all limit points of the sequence {x*}r>0 are stationary points of (3.10).

Different variants of the CBPG have been explored in the recent literature. In [10]
the CBPG is applied to nonnegative matrix factorization employing a stepsize based
on an adaptive alternation of the Barzilai-Borwein rule (see Section 4.1). In [13] the
convergence results of the CBPG have been extended also for projection operations based
on non Euclidean distances, while an application of this approach to blind deconvolution
is presented in [65].

3.3 The Proximal Alternating Linearized Minimiza-
tion (PALM) algorithm

As discussed in the previous section, the CBPG method is a powerful strategy to minimize
a finite sum of functions that satisfy Assumption 3.2.1. However in several problems,
such as the Dictionary Learning problem analyzed in this thesis (see Chapters 5 and
6), the convexity assumption on the functions f; is not satisfied. In such situations, the
Proximal Alternating Linearized Minimization (PALM) algorithm [9] provides a viable
strategy to solve the composite optimization problem with nonconvex non-smooth terms
maintaining convergence guarantees. Indeed PALM gives a general setting for solving
non-smooth nonconvex optimization problems of the form

ng’iyn U(x,y) with U(x,y):=H(z,y)+ fi(z) + f2(y), (3.12)

where the functions f; and f, are extended valued (i.e., allowing the inclusion of con-
straints) and H is a smooth coupling function, only required to have partial Lipschitz
continuous gradients V,H and V,H with Lipschitz constants L;(y) and Lo(z). In the
following discussion we refer to the constants L(y) and Ly(x) as partial smoothness
parameters (see forthcoming Assumption 3.3.1).
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3. Proximal gradient methods

For each block of coordinate in (3.12), PALM performs one gradient step on the
smooth part, followed by a proximal step on the non-smooth part. The method belongs
to the class of alternating minimization schemes, and generalizes to the nonconvex non-
smooth case well-known and widely used alternating algorithms such as CBPG method
and many others [4, 10, 38, 62]. The PALM algorithm is reported in Algorithm 14.

Algorithm 14 PALM (with constant stepsize) |9, p. 468]
1: Input: (2o,90) € R" X R™, n1,m2 > 1, i1, 12 > 0
2: for k=0,1,... do
3:  Update x: Set LY (y*) = max{n L} (y*), 11} and ax;, = 1/L}(y*) and compute

oF = prox{}%1 (2% — a1 VL H (2" y")) (3.13)

4:  Update y: Set Ly(z") = max{noLh(2**1), o} and ayo = 1/L5(2**!) and com-
pute
yFrl = pmx{;&m (v* — ar 2V, H (2", yh)) (3.14)

5. end for

As clear from Algorithm 14, PALM makes explicit use of the partial smoothness
parameters L} (y*) and Lj(x*). When these parameters are not available, they can be
approximated by using a backtracking strategy similar to the one described in Algorithm
12 for the proximal gradient method. Indeed, setting Wy(x,y) := H(z,y) + fi(x) and
Ly =1, at each iteration k£ > 1, the procedure starts with Ly ; = L;_;; and then Ly ; is
increased by a constant factor, typically doubled, until the following sufficient decrease
condition is met

Wy (P %) < Uy (2F o) + (VL H (2, yF), o5 — %) + %Hﬂ“ — "2, (3.15)
Then, the stepsize @y ; is taken as the reciprocal of the found value (analogously for ay o,
where we set Uy(z,y) := H(z,y) + f2(y)). The above sufficient decrease condition is a
generalization of the block sufficient decrease condition (Lemma 3.2.1) when f; and f,
are nonconvex. We will refer to this algorithm as btPALM .

An important contribution to the success of PALM was the convergence proof strat-
egy obtained in [9]. This allowed the design of new convergent alternating minimization
algorithms, consisting of a sequence converging to critical points of (3.12). In [9] the func-
tion W is assumed to satisfy the so-called Kurdyka-Lojasiewicz property (|9, Definition
3]). However we limit our analysis to the subset of semi-algebraic functions.

We consider problems of the form (3.12), for which we assume that the functions H,
f1 and f5 satisfy the following minimal assumptions set.
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3. Proximal gradient methods

Assumption 3.3.1 (]9, Assumption 2|).

(A1) f1:R™ — (=00, +00] and fy : R™ — (—o00, +00] are proper and lower semicontin-
uous functions such that infgn fi > —00 and infgm fo > —oc.

(A2) H : R™™ — R is continuously differentiable and infgnxm ¥ > —o0.

(A3) H is Ly smooth over bounded subsets of R" ™ i.e. for each bounded subsets
By x By of R" x R™ there exists M > 0 such that for all (x;,y;) € By X By, i = 1,2
such that

(Vo H (@1,91) = VaH (22, 42), Vy H (21, 91) = Vi H (2, 92)) |, < M [[(21 = 22,51 = 92l

(A4) The partial gradients V H(x,y) and V,H(x,y) are globally Lipschitz continuous,
i.e. there exist nonnegative L) (y) and Ly(x) such that

fued y, 9. H(u,y) — VoH(o,9)ll < i) o - vlly, Yu,o € B,
fized x, ||V, H(x,u) — V,H(z,v)|, < Ly(x) [|[u — v, Yu,v € R™.
(A5) There exist \j >0, i =1,2 such that
sup{L;(y"); k € N} < A, sup{Ly(2"); k € N} < AJ. (3.16)
(A6) There exist A\, >0, i =1,2 such that
inf{L} (y*); k € N} > AT, inf{Ly(2*); k € N} > )\;. (3.17)

Remark 3.3.1. Assumption 3.3.1 (A6) can be avoided by choosing the partial smooth-
ness parameters Ly and L}, safely bounded away from zero, as suggested in [9, Remark 3/.
More precisely, given two positive constants p; and p, we set LY = max{L}, u; } and
LY = max{ L), uy } (see Algorithm 14).

Remark 3.3.2 (|9, Remark 3|). For H being twice continuously differentiable, if the
sequence generated is bounded, Assumption 3.8.1 (A5) is always satisfied. Furthermore
under these conditions also Assumption 3.3.1 (A83) is satisfied as a consequence of the
Mean Value Theorem.

The following result, that will be crucial in the convergence analysis, extends the
sufficient decrease condition (see Lemma 3.1.3) to the nonconvex setting.

Lemma 3.3.1 (Sufficient decrease, |9, Lemma 2|). Let h : R™ — R be an Lj-smooth
function. Consider a proper and lower semicontinuous function o : R™ — R such that
info > —oo. Lett > Ly, fived. Then, for any u € dom(c) and any u™ € R™ defined by

1
ut € proxf <u - ;Vh(u))

we have
h(u™) +o(u’) < h(u) +o(u) - %(t — Lp)[lu®™ — 3.
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Proof. By the definition of proximal map we have that

ut € argmin £(v)
vER™

where £(v) = (v — u, Vh(uw)) + £|lv — ul|3 + o(v). Since {(ut) < E(v), V v € RY, then
&(u™) < &(u), which implies

t
(u? —u, Vh(u)) + Zllu” —ulls + o (u”) < o(u).
Combining the latter inequality with the descent Lemma |9, Lemma 1|, we obtain

h(u®) 4+ o(ut) < h(u) + (ut —u, Vhi(u)) + %Hlﬁ —ull3 4+ o(uh)

L t
< h(u) + {IW —ullz + o(u) = Sllu" —ull3
1
= h(u) +o(u) = 5(t = Ln)|lu™ — ull3.

2
[l

Using the sufficient decrease Lemma the convergence of PALM is proved in [9] by
using a general methodology which consists in three steps.

Proof methodology 3.3.1 ([62, Theorem 3.1]). Consider a proper, lower semicontin-
uous and semi-algebraic function W : R™ x R™ — R such that ¥ > —oo. Let {zF}r>0 be
a bounded sequence generated by an algorithm A starting from z°. Then z* converges to
a critical point of (3.12) if the following conditions are satisfied.

(C1) There exists a positive scalar py such that
ﬁlekJrl _ zkHZ < \I/(Zk> _ \I/(Zk+1>.

(C2) There exists a positive scalar py such that for some w* € OW(2*) we have
[l < Aol — 27
where OV denotes the limiting-subdifferential of ¥ (see [9, Definition 1]).

(C3) Each limit point in the set w(2°) defined as

w(z") = {z € R" x R™ : J an increasing sequence of integers {k;};>o such that

K5 zasl — oo}

15 a critical point of V.
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3. Proximal gradient methods

In the sequel we use the notation z¥ = (2%, y*) for all k > 0. The following results
prove that PALM satisfies conditions (C1)-(C2)-(C3).

Lemma 3.3.2 (|9, Lemma 3|). Assume that Assumption 3.5.1 holds. Let {2*};>0 be the
sequence generated by PALM. Then

(i) the sequence {V(2*)}i>o is nonincreasing and in particular

LIt = M < W) - W), k2o,

where py = min {(y — 1)y, (32 — D, }-

(i1) i |25 — 2|2+l — oF |3 = i |2¥T1 — %12 < oo, and hence
k=1 k=1
limy oo |[2FFE — 2%|| = 0.
Proof.

(i) For Assumption 3.3.1, the functions + — H(z,y) and y — H(z,y) are L-smooth
with moduli L;(y) and Ly(x) respectively. Then fixing k£ > 0 and applying Lemma
3.3.1 with h(:) = H(-,y*), 0 = f1 and t = 0, L, (y*) > L1(y*) we obtain

H(H g 4 ) < B ) + )~ 3 (0 — L) |5 — 243

Then applying Lemma 3.3.1 h(-) = H(2*',.), 0 = f, and t = nyLy(z**h) >

Ly(z**1) we have

1
H(2" yF )+ fo(yF ) < H(fﬂ’“+1,y'“)+f2(y’“)—§ (m2La (1) — Lo(2*)) Iy =¥ 3.

Summing the last two inequalities gives the following

1 1
U(") = U > o (= 1) La(y) 2™ = "5 + 5 (12 — 1) La(2™ ) ly** = o¥[13

2 2
1 _ 1 _
> (= D2 = B+ 5 (= 1D AT I — 13

where for the last inequality we used the fact that the Lipschitz constants are
bounded from above. Now choosing p; = min {(y1 — 1)7;, (72 — 1)75 } gives the
result.

(ii) Since

Ll = 2H < W) — (),
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3. Proximal gradient methods

holds for every k& > 0, by summing from £ =0,..., N — 1 we obtain

N—

fay

N-1
R R A D S e e (TC R TE)
k=0

=0 P1

Since the sequence {\If(zk)} >0 18 nonincreasing and is assumed to be bounded

from below, it converges to a real number . Thus, taking the limit for N — oo
we obtain that

(o)
Z |25 — 2F)12 < 0.
k=1

]

Lemma 3.3.3 (|9, Lemma 4|). Assume that Assumption 3.3.1 hold. Let {zF}y>o be the
sequence generated by PALM and assume that the sequence is bounded. For each positive
integer k define

af = Ch_1 (mk_l — mk) + Vo H (2", y") — V H(z" 1 ),

and
CL’; = dk,1 (ykil - yk) -+ VyH(xka Z/k) - VyH($k7 yk71)7

where ¢j_1 = mLi(y*1) and dyp_y = myLo(2*) Then (a:’ﬁ;a’;) € OV (2*,y*) and there
exists M > 0 s.t.

ki), <l + bl < @M+ 3p)* — 5, R 21, (318)

xT? Yy
with py = max{mAl", 123 }.

Lemma 3.3.4 (|9, Lemma 5|). Assume that Assumption 3.5.1 holds. Let {2*};>0 be the
sequence generated by PALM and assume that the sequence is bounded. Then

0 # w(2%) C crit?,

where critV denotes the set of critical points of W, i.e. the set of points whose subdiffer-
ential contains 0.

We report the proof of Lemma 3.3.4 since it will be useful in the following chapter
to prove the convergence of the spectral PALM.

Proof. Let 2* = (z*,y*) be a limit point of {z*};>¢ and let {:1:’“'1, yk’I}q>0 a subsequence
of {zF} x>0 converging to 2*. Now consider the update rule of PALM. Given k > 0 and
denoting as ¢, = 01 L1 (y*), we have that

2" € argmin {(x — 2"V H (2" y")) + c—2k||x — 22 + fl(x)} :
zER™
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3. Proximal gradient methods

Thus,
C
(2" — b Vo H (a5 ) + [l = 2P| et
C
< (" — 2t Vo H (@ ) + " — 285 + fu(a”)

Setting k = k; — 1 in the above inequality and letting ¢ goes to oo we get

Ckyx *
St = 2*3) + i),

lim fi(z9) < lim sup ((a:* — ¥V, H (2" ")) + 5

q—0o0 q— o0

since {z¥}1>0 and {c*}1>0 are bounded, VH is continuous and the difference between
successive iterates tends to zero. Now observing that lim, x¥a~1 = * we obtain that
lim, oo sup fi () < fi(x*). This, together with the fact that f is lower semicontinuous
(ie. lim, o fi(z%) > fi(z*)), implies that lim, o fi(z¥) = fi(z*). Using the same
procedure for f, we obtain that

lim W(zh, yM) = W(a*, y*).

q—o0

From Lemmas 3.3.2 and 3.3.3, (a¥,a}) € 9¥(z*,¢") and limy_o(af, af) = (0,0) which

) Py

implies that (0,0) € OV (z*, y*) (see |9, Remark 1]). This completes the proof. O

Remark 3.3.3 (|9, Lemma 5|). Under the assumptions of the previous lemma we also
have that

(i) limg_o dist(2* w(z%)) = 0;
(11) w(2°) is a non-empty, compact and connected set.
(iii) The objective function W is finite and constant on w(2°).

The following theorem gives the main convergence result proved for the PALM algo-
rithm.

Theorem 3.3.1 (|9, Theorem 1|). Suppose that V is a semi-algebraic function such that
Assumption 3.3.1 holds. Let {z*} = {(z*,y*)} be a bounded sequence generated by PALM
in Algorithm 14. Then the sequence {z;} has finite length, that is Y po ||z — 2% <
00, and converges to a critical point z* of V.

Remark 3.3.4 (|9, Section 3.6]). Algorithm 14 can be extended to the general setting
imwvolving p > 2 blocks, that is problems of the form

x; ER™

P
min V(zy,...,z,) with V(zy,...,2,) = H(zy,...,2,) + Z fi(x:), (3.19)
i=1

for which Theorems 3.3.1 holds.
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3. Proximal gradient methods

Inertial variants of PALM have been later proposed with the aim of accelerating the
convergence of the original algorithm [32, 42, 62]. A first version, named iPALM [62]
combines the last two iterates using the so-called heavy-ball method, and has numeri-
cally been applied to solve sparse NMF, BID and image deconvolution using Dictionary
Learning. A further inertial version based on the use of surrogate functions was devel-
oped in [42| and has been used for solving sparse NMF and matrix completion problems.
All these variants enjoy the convergence properties of the original PALM, and are based
on the Lipschitz constants explicitly available for all the addressed applications. When
these constants are not explicitly known, then a backtracking scheme can be employed
to approximate their action [5, 6|, so that convergence results still hold.
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Chapter 4

The spectral Proximal Alternating
Linearized Minimization (sPALM)
algorithm

In this chapter we briefly describe the main properties of a special class of gradient-
type methods for smooth optimization, i.e. the spectral gradient methods, and discuss
how to exploit them into the PALM algorithmic scheme. As a result we present the new
spectral Proximal Alternating Linearized Minimization (sSPALM) algorithm which enjoys
the same convergence properties of PALM but is expected to have a better practical
behavior.

4.1 The spectral steplength

Spectral gradient methods are well-known optimization strategies for the solution of
large scale unconstrained and constrained smooth optimization problems [7, 8]. These
algorithms are rather appealing for their simplicity, low-cost per iteration (gradient-type
algorithms) and good practical performance due to a clever choice of the steplength.
The key to the success of these approaches, also known as Barzilai-Borwein methods
from the pioneering work 3], lies in the explicit use of first-order information of the cost
function on the one hand and, on the other hand, in the implicit use of second-order
information embedded in the steplength through a rough approximation of the cost
function Hessian. This speeds up the convergence and avoids the explicit computation
of the Hessian, typical of second-order methods, that would enhance the computational
complexity. While spectral gradient methods were first proposed for convex quadratic
problems, they have been widely used in a large variety of more general contexts [44, 54,
68].

Let H : R — R be a real valued differentiable function and consider the following
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4. The spectral Proximal Alternating Linearized Minimization (sPALM) algorithm

optimization problem
min H(z). (4.1)

zeR?
Then the Barzilai-Borwein (BB) iteration is defined as

Tht1 = T — OszH(ZL’k),

where «y, is the solution of one of the following least-squares problems:

1
BB1

—Sk — Gk
Q

— : BB2
Q41 = argmin
e}

and o = argmin [|s, — agkl|y (4.2)

2

with s = 2541 — 2% and gy = VH(zy41) — VH(xy). The definitions in (4.2) correspond
to use a Quasi-Newton secant method for the solution of problem (4.1) where the Hessian
matrix at the current iterate is approximated by a multiple of the identity matrix [8].
Indeed, the Quasi-Newton method is based on the following iteration

Ty = o — By 'VH(2b), (4.3)

and, given By € R"*" as an initial data, B, € R"*", k > 1 satisfies the secant equations
ie.,

Bksk,l = Jk—1 with Sg—1 = T — Tk—-1, Gk—1 = VH(iL‘k) - VH(xk,l) (44)

Letting By, = o 'I where I denotes the identity matrix and imposing condition (4.4),
Barzilai-Borwein derived the two steplengths in (4.2) which have the following explicit
forms:

BB1 (S, Sk) BB2 _ (Sk> Gr)
o = and « = — 4.5
o <5k7 9/<:> e <9k, 9k> ( )

Note that aPP! is the inverse of the Rayleigh quotient corresponding to the average of
the Hessian matrix fol V2H (x), + tsg)dt, that is always bounded above and below by
the minimum and the maximum eigenvalues of the Hessian of H |7, 8]. Thus the BB
methods are also known as spectral methods.

To make the stepsizes af?! and aPP? at each step safely bounded away from zero

and bounded above, the BB method uses one of the following stepsizes

. { BBl
Q41 = Max {amin, min {akH , ozmax}} (4.6)
. f BB2
Q41 = Max {amin, min {(ka ,amax}} (4.7)
where afB! and offB? are given in (4.5). A variety of different rules based on suitable
BB1 BB2

adaptive combinations of a7 and «;’}* have been proposed in the literature. For
example the Adaptive Barzilai-Borwein (ABB) method [85, 31] selects one of the two

aBB2

stepsizes according to a given parameter 7 > 0. More precisely, if 5z < 7, then
k+1

o8



4. The spectral Proximal Alternating Linearized Minimization (sPALM) algorithm

g1 = apl?, otherwise ag = afBl. In general it was observed experimentally that

alternating the two stepsizes along iterations is beneficial for the performance. For
further details on an alternating strategy for spectral stepsize selection we refer to [54]
and references therein.

Differently from other choices of the stepsizes, the BB ones do not guarantee a de-
crease of the objective function at each step. However global convergence is guaranteed
for convex quadratic problems (|63]) and in the non quadratic case when combined with
a (generally non monotone) globalization scheme ([64]).

4.2 The spectral PALM algorithm

Starting from the PALM framework, we propose spectral PALM (sPALM ) that, for each
coordinate block, employs a spectral gradient step in the smooth part of the operator,
while maintaining a proximal step for the non-smooth part. More precisely, sSPALM uses a
spectral stepsize in each variable bock in combinations with an Armijo-type backtracking
strategy ensuring the overall convergence.

The use of enriched proximal steps for solving composite optimization problems is
not new, see, e.g., [81]. The Cyclic Block Coordinate Gradient Projection algorithm,
proposed in [10] and mentioned in the previous chapter, makes use of spectral stepsizes
when applied to non-negative matrix factorizations. However, these steps are used to
determine an approximate solution of the minimization problem for each variable block,
and they do not use information from the previous iteration of the alternating algorithm.
To the best of our knowledge, the use of spectral stepsizes embedded in an alternating
algorithm for nonconvex non-smooth problems of the form (3.12) has remained so far
unexplored.

We now discuss how to extend the derivation of spectral stepsizes introduced in
the previous section for problem (4.1), to the more general nonconvex and non-smooth
problem (3.12). For the sake of clarity, we rewrite here problem (3.12):

min¥(z,y) with ¥(z,y) := H(z,y) + fil2) + foly), (4.8)
where the functions H, f; and f, satisfy Assumption 3.3.1. Consider the case of the
partial Hessian V,, H (the case of V,, H is analogous). For a given iteration k, let

Sk =Ty —ox  and gy = Vo H(2kq1, yk) — Vo H (Tk, Yi)

be the difference between two consecutive iterates and corresponding gradient values.
Then V., H(xy1,yx) is approximated by oc,;ill where the positive scalar ay,q is defined
by one of the following BB values

1
BB1

—Sk — Gk
Q

— : BB2
Qy1 = argmin
o

and ;) ;; = argmin ||sy — agkll,
«

2
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4. The spectral Proximal Alternating Linearized Minimization (sPALM) algorithm

that is
BBl __ (S, Sk)

He1 = <3k7 9k>

BB2 {5k k)
TS (4.9)

We report in Algorithm 15 a simple alternating rule based on [37] that gives the best
results in our numerical experiments (see Section 7.2). Clearly, other rules can be equally
adapted within sSPALM. The inclusion of threshold values in Algorithm 15 ensures that
the a’s remain bounded. The overall sSPALM scheme is reported in Algorithm 16, where
the following notation is used:

Uy (z,y) = H(z,y) + fi(r) and  Wo(z,y) = H(z,y) + fa(y). (4.10)

Algorithm 15 Computation of the spectral stepsize a1, 7 =1 o0ri =2

1: Input: 0< Omin < Omax,

Tpy1 —x fi=1 VeH (zps1,yx) — Vo H (2, yk) ifi=1
Ski = o and gg; = e
Y1 —Yp  if =2, VyH (g1, Ypt1) — VyH (xpp,yp) ifi =2,

2: if (sk,9r:) > 0 then

3: if k is odd then

4: Q41,7 = MAX | Qpin, Min {akBﬁ{i, amax}} with akall’i = %
5  else o
6: Q41,4 = Max {amin,min {akaﬁi, amax}} with akafi = %
7. end if o
8: else

9 apt1i=1
10: end if

Remark 4.2.1. Conditions (4.12) and (4.14) in Algorithm 16 are salisfied in a finite
number of backtracking steps. For instance, from the descent lemma, see e.g. [9, Lemma
1], for any x defined by x = prox{}a (xx — aVH(zk, yr)) we have that

1/1
Uy (2, urk) < W2k, ye) — 2 <a - Ll(yk)> |z — kag,
and then condition (4.12) is satisfied when o < Lll_(z;t)' Therefore, the the backtrack-
ing terminates with oy, > min{ak,l, %} > min{amin, %}. Analogously for
(4.14).

In the following we set up the theoretical tools for proving a convergence result
analogous to that of Theorem 3.3.1 by exploiting the Proof methodology 3.3.1 discussed
in the previous chapter.
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4. The spectral Proximal Alternating Linearized Minimization (sPALM) algorithm

Algorithm 16 sPALM
1: Input: (Z'o,yo) e R"™ x Rm, p1,61,p2,52 € (0,1), 0 < Omin < Omax;, 0,1, 00,2 €
[amina amax]-
2: for k=0,1,...,do
3: Update x: Set

Tpp1 = pTOX{}ak,l (2 — x 1 Vo H (1, i) (4.11)

where ay; = p’i’“ozk,l and iy is the smallest nonnegative integer for which the
following condition is satisfied,

)
Vo (Trrr, k) < Wi(@k, yr) — 71 |21 — Ik”% (4.12)
2(1%’1
4:  Compute api11 € [Qmin, Cmax| using Algorithm 15 with s, = x4 — 2 and
Ge1 = Vel (i1, yr) — Vo H (T4, Yi).-
5. Update y: Set
Yrtr = Proxy  (yk — a2V H (i1, ye) (4.13)

where a2 = p%’“ozm and jp is the smallest nonnegative integer for which the
following condition is satisfied,

02

Vo (2hr1, Yrt1) < VoZrgr, Yu) — m“ykﬂ Nk (4.14)

6:  Compute api12 € [Qmin, ¥max] using Algorithm 15 with sgo = Y41 — yx and

Jk2 = VyH($k+1>yk+1) - VyH(kaH, Uk)-
7. end for

Lemma 4.2.1. Suppose Assumption 3.3.1 holds. Let {z} = {(xk,yx)} be a bounded
sequence generated by sPALM from a starting point zy and let w(zy) be the set of all limit
points of {zr}. Then the following conditions hold.

C1) There exists a positive scalar vy such that vi||zxr1 — zkl3 < U(zx) — ¥(2ps1);

C2) There exists a positive scalar vy, such that for some wy, € OV(z;) we have ||wy|2 <
/YQHZIC - Zk—1||27 fOT k= Oa ]-7 ceey

C3) Each limit point in the set w(zy) is a critical point for V.

Proof. We first observe that the stepsizes ay, 1 and a2 remain bounded for all k. Indeed,
since ag1 € [Omin, Omax] We have that ay, = pil’“am < Omax as p1 € (0,1) and i > 0.
Moreover, ay; is at least pil"’ozmm since condition (4.12) is satisfied in a finite number of
steps (see Remark 4.2.1); similarly for ay o.
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Item C1) can be proved as follows. Fix & > 0 and sum the inequalities (4.12) and
(4.14), so as to obtain

Uy (@rg1s Uk) + Vo (Trgt, Yrr1) < Vi(@w, yn) + Yo(@rtr, Yi)

01 P

_26%1 ||$k+1 Ik||2 - 2’—“ka - yk||2

Recalling the definition of ¥; and ¥y (4.10) we obtain
o1

0 , < Uz, ye) — F—
($k+1 yk+1) (l"k yk) Qo H$k+1 JUng 2aina
51 52
< W(zg,yx) — 5 [ wk”% 9 [ kag,
from which Lemma 4.2.1 - C1) follows, with v, = da}.

The proofs of items C2) and C3) follow the lines of the proofs of Lemmas 3.3.3 and
3.3.4. Indeed, from the definition of the proximal map and the iterative steps (4.11) and
(4.13), we have that

. 1
T = argmin {(VxH(:ckl, Yk-1), T — Tp_1) + e lz — zp_1l|3 + fl(a:)}
k1

rER™
and
Yk = argglin {<VyH(33k; Ye-1),Y — Y1) + 2_ HZ/ Yk— 1”2 + fo(y )}
yeR™
Using the fact that a; and oy, 2 are bounded for all & the results follow. O

We can now state a convergence result for sSPALM.

Theorem 4.2.1. Suppose that VU is semi-algebraic such that Assumption 3.8.1 (Al)-
(A4) hold. Let {zx} = {(zk,yx)} be a bounded sequence generated by sPALM. Then the
sequence {zx} has finite length and converges to a critical point z* of U.

Proof. The proof follows by using Lemma 4.2.1 and applying the Proof methodology
3.3.1 described in Section 3.3. m

Remark 4.2.2. Algorithms 15-16 can be extended to the general setting involving p > 2
blocks, that is problems of the form

xrrelir}%\ll(xl,...,xp) with  W(xy,...,2,) = H(xy,... —1—2]2 i), (4.15)
for which Theorem 4.2.1 holds. When variable blocks are matrices, all PALM-type algo-
rithms can be extended to the matriz optimization setting by using the trace matriz scalar
product and the Frobenius norm in place of the vector scalar product and the vector 2-
norm, respectively.
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Chapter 5

Matrix and tensor Dictionary Learning
(DL) problem

Sparse representation of data has become an important tool in a variety of contexts such
as image classification and compression, observation denoising and equation solving. In
the context of image classification, Dictionary Learning (DL) is among the leading spar-
sity promoting techniques, and we refer to [26] and [53| for an overview of all applications
of Dictionary Learning in image processing in general. More precisely, in image denoising
the DL model is able to separate the original image from noise, in image classification it
is able to select the most important features of each class of images.

Given a set of data Y Dictionary Learning aims to find a matrix D called dictionary
and a sparse matrix X to represent Y =~ DX, as shown in Figure 5.1, under specific
constraints on D and X.

H::::H H H
e i
Y D S e
TR

Figure 5.1: Dictionary learning problem.

A distinct feature of this approximate factorization is that the dictionary is usually
overcomplete, i.e. the number of columns (called atoms) is greater than the number
of rows. Overcompleteness has important drawbacks in terms of shiftability, i.e. the
property of invariance of the dictionary under specific geometric transformations, as
observed in [70].

As an example in image processing, Figure 5.2 shows a typical matrix D, obtained
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Figure 5.2: Dictionary D after 10 iterations for the Fashion MNIST dataset using PALM.

here for the Fashion MNIST data set (see Appendix A). In the figure each column of
D is reported as a 28 x 28 image, displaying the prototype of a corresponding dressing
item in the dataset. The sparse matrix X has the ability to cluster the data by selecting
for each image contained in Y the columns of D that are more significant in terms of
representation.

Originally fixed dictionaries were used and the Dictionary Learning problem reduced
to find a sparse matrix X given a set of data Y and a dictionary D. However despite
the simplicity of fixed dictionaries, they suffered from limited expression. For example, a
dictionary based on Discrete Cosine Transform (DCT) may represent in a sparse manner
some images, but it can fail with others (see [26] and references therein). All these
considerations led to the development of overcomplete dictionaries learnt from data, as in
the seminal work [1] where Ahron, Elad and Bruckstein proposed the K-SVD algorithm.
From a computational view point going from fixed to learnt dictionaries poses several
challenges, especially when further constraints, that will be discussed in the following
sections, are included.

The increased need to analyze multidimensional data brought to various tensor for-
mulations of the DL problem with the aim of preserving data structure and feature
heterogeneity. For example, in image processing, preserving the neighboring relations
could be useful to enhance the classification performance of the algorithm as will be
clear from the following discussion. Unfortunately numerical methods based on these
tensor formulations are usually not supported with global convergence analysis. In this
chapter, we review some of the most important matrix and tensor Dictionary Learning
formulations and related algorithms.
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5.1 Matrix Dictionary Learning problem

Dictionary Learning (DL) consists of solving a two variable optimization problem, which
can be formulated in several ways, not necessarily equivalent. The first formulation
introduced by Olshausen and Field [59] enforces the sparse representation of the data Y
using a penalty function ®(X) as follows

min [V — DX|% 4+ ®(X) st. D€ Quy, (5.1)

where

Qur ={DeR™ . |di|la=1,i=1,...,k}, (5.2)

and ®(X) can be chosen e.g. as the ¢, or £;-norm. In general the number of column of
Y is much larger than the number of atoms & of the dictionary, nevertheless (5.1) can be
considered even when this condition is not satisfied. Notice that without the constraint
on the norm of the columns of D, the penalization becomes ineffective since the norm
of the dictionary can go to infinity [53]. Depending on the application, other variants of
(5.1) can be considered. For example, in denoising applications one is not interested in
recovering the data Y exactly due to the presence of noise. Thus, the following variant
of (5.1) can be considered.

min®(X) st Y - DX|}<e D ey, (5.3)

where € is a positive constant depending on the noise level of the original data, when
known. In our image classification context we use a predefined maximum number 7
of atoms to represent each image contained in Y. This corresponds to selecting from
the dictionary the most important information for each class. In this setting, the DL
formulation becomes

i 2 ()
min|[Y - DX|[p st D& Qi X eI, (5.4)
where
N = {X eRP: uflo < 7i=1,...,p}, (5.5)

is the set of matrices with at most 7 non zero elements per column and usually with
p > k.

This minimization problem is NP-hard, see e.g. [26, 53|, and nonconvex. Non-
convexity comes from two sources: the sparsity promoting functional fy-norm and the
bi-linearity between the dictionary D and the sparse representation X. In addition, the
lp-norm makes the problem non-smooth. Another important property of (5.4) is that
it admits multiple global minima (D*P, P~'X*), where (D*, X*) is a solution of (5.4)
and P is a signed permutation matrix. A complete analysis on the properties of the
Dictionary Learning problem can be found in [26] and [53]. A numerical solution is
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Algorithm 17 Dictionary Learning [26, Algorithm 3.1]

—_

. Input: data matrix Y € R™P| initial dictionary matrix D € R"**
:forit=1,...,do
Sparse coding: (Approximately) solve the problem

W N

: 2 (1)
min Y = DX|[z st Xel}

4:  Dictionary update: (Approximately) solve the problem
m[i)n |Y — DX||% st. D& Quu

. end for
: Output: D, X

> o

usually computed using alternating minimization approaches. More precisely, the min-
imization problem in D (dictionary update) is solved while keeping X fixed and then
the minimization problem in X (sparse coding) is solved while D is fixed. The general
scheme of this procedure is reported in Algorithm 17. Note that, as will be explained
later, some DL algorithms, like K-SVD, perform an update of the sparse matrix X also
in the dictionary update step. In the next sections we report some of the most relevant
strategies to solve both the sparse coding and the dictionary update step.

5.1.1 Sparse coding

The sparse coding step consists in solving the minimization problem

min[Y - DX} st X e Y,
which is nonconvex and NP-hard. It can be solved in several ways, for example consider-
ing convex relaxations of the problem |26, Chapter 1]. However one of the most popular
strategies consists in using greedy algorithms such as OMP (Orthogonal Matching Pur-
suit). The latter despite the lack of convergence guarantees under general assumptions
has good practical behaviour. For each column of Y, named y;, we compute its sparse
representation z in the overcomplete “basis” D. The idea is to build the support of X
incrementally, as explained in Algorithm 18. We start from an empty support S = (.
Then at each iteration the atom j* which is most correlated with the residual is added
to the support § = S U j*. The new coefficient of the sparse representation of y are
recomputed as the solution of the following least-squares problem

min |y — Do, (5.6)
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Algorithm 18 OMP [26, Algorithm 1.1]

1: Input: data vector y; € R”, dictionary matrix D € R™* approximation precision
€, maximum number of non zero elements .

2: Initialize the vector = 0, (¥ = y;, S© = support(x) = ()

3: forit=0,...,7—1do

4:  Select Atom:

dTr(it))

5. jJf = argmaxjm

6: Qit+1) — g(it) U j*:

7.  Update the solution estimate:
8: ng:ji) = qu(z't+1)yi

S B e

10:  if |70+, < € stop
11: end for
12: Output: vector z € R*.

where Dg € R™*I9! is the restriction of the dictionary D to the current support S. The
procedure ends either when the maximum number of non zero elements in x is achieved
or when the norm of the residual is below a threshold € (|26]). In order to reduce the

Algorithm 19 OMP-QR [74]

1: Input: data vector y; € R", dictionary matrix D € R™** approximation precision
€, maximum number of non zero elements 7.

2: Initialize the vector x = 0, ) = y;, S = support(z) = ()

3: forit=0,...,7—1do

4:  Select Atom:

|dTr(it)

6: S(itJrl) — S(it) Uj*l

7. Compute the QR decomposition of Dgus1y = QWY R starting from the de-
composition of Dgun: QU = [QU) ¢

8: r(it-l—l) — ,,,(it) _ ggTyZ

9: if |||y < € stop

10: end for

11: Compute the solution estimate: x = (R(”“))_1 (QUHD)

12: Output: vector x € R¥.

e
J* = argmax;

T
Yi

computational complexity of OMP, several strategies can be used as described in [74].
In our experiments we considered a variant of Algorithm 18, described in |74, Section
2.3], where the QR decomposition of Dg is used. At each iteration a column of D is
added to the support and the QR decomposition can be updated. Then the residual is
computed without explicitly determining the sparse solution . We refer to this variant
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as OMP-QR. The main difference between OMP and OMP-QR lies in the computation
of x. In the latter x is computed only once when the number of its non-zero elements
is determined, while in OMP z is computed every time an atom of D is added to the
support. The scheme of OMP-QR is summarized in Algorithm 19. Another popular
variant described in [74] is based on the Cholesky decomposition of the matrix DgDL.
In a nutshell, when a new atom is added to the support the Cholesky decomposition of
DgD? is updated and the new solution x is computed by considering the normal equation
associated to (5.6). A complete description of this OMP Cholesky can be found in [26].

5.1.2 Dictionary update

The dictionary update step consists in the (approximate) solution of the problem
min [|Y" — DX|% st. D€ Q. (5.7)

Additional structures can be imposed on the dictionary to enforce specific properties.
For example, one can consider sparse dictionaries D = DDy where D; is fixed and D,
is sparse. In [51] the matrix D is composed by orthogonal blocks (Union of Orthonor-
mal Basis). In [40] a separable structure on D = D; ® D, is imposed and instead of
learning the matrix D one can work directly on smaller blocks Dy, Dy. Other structured
dictionaries have been explored in the literature, but their analysis is beyond the scope
of this thesis. However, some structured dictionaries related to tensor decompositions
are reviewed in Section 5.2. A complete review can be found in |26, 23].

Method of Optimal Directions (MOD)

The Method of Optimal Directions (MOD), described in [29], is an alternating method
characterized by a dictionary update step based on the exact solution of the least-squares
problem (5.7). More precisely, MOD determines the dictionary as

D=YX" (5.8)

where XT denotes the Moore-Penrose inverse of X, i.e. X' = X7 (XXT)_I. This
dictionary update step is equivalent to set the partial gradient of the objective function
equal to zero. In particular, since Vp||Y — DX||% is given by

Vo (|Y = DX|3) = —2X"(Y — DX), (5.9)

setting (5.9) equal to zero gives (5.8). The complexity of this dictionary update is mainly
due to the computation of the pseudoinverse of X. Note that considering the Cholesky
decomposition of X X7 can reduce the computational complexity of the algorithm (see
[26]).
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K-SVD algorithm

The K-SVD algorithm, discussed in [1], is one of the most cited algorithms to solve
Dictionary Learning problems. As MOD, it relies on an alternating optimization strategy.
Furthermore, the matrix X is also updated during the minimization in D enhancing
performance for practical purposes.

In the dictionary update step, each atom is updated separately using the Singular
Value Decomposition (SVD) in the following manner. First of all, we rewrite the objective
function in (5.4).

2

2 k
:HGM—Zj@ﬁ)—mﬁ
F F

J=Lj#l

Y — DX|% =
| |z (5.10)

k
Y =) dja]
j=1

= 15— def

where the matrix E; represents the approximation error when the [ column of the dic-
tionary D is removed. To update d; in order to decrease the overall error, we could
try to use the approximation properties of the SVD. More precisely, we could find a
rank-1 approximation of Ej, computing its SVD and setting d; as the first left singular
vector and x; as the first right singular vector multiplied by the corresponding singular
value. However this violates the sparsity constraint on X, since usually the right singular
vectors are not sparse [1]. To overcome this problem instead of considering (5.10), we
consider the following

|EP = diaf B, = ||EF = di(=f)T|[5., (5.11)

where P, is a matrix that shrinks the vector z;, by discarding the zero elements. Defining
(x)T = 2] P, and EF = E;P;, we can use the SVD to solve (5.11). Considering the SVD
of ElR = UlElVlT, we set d; equal to the first column of U; and a:lR equal to the first
column of V; multiplied by the first singular value. Notice that the constraint on the
norm of the atoms of D is satisfied since the singular vectors have unit norm. The overall
procedure is summarized in Algorithm 20.

In [1] the K-SVD is applied to image data to recover missing pixel and for compression
tasks, while in [27] it is applied to image denoising and in [83] to face recognition. The
algorithm shows great practical performance in all these applications. However, from a
theoretical point of view, is not possible to determine whether the computed solution
is a local minimum of our problem. This is due to the absence of strong convergence
guarantees of the iterative algorithm. Convergence is guaranteed only when the sparse
coding retrieves the best sparse approximation of the signals Y. This, together with the
decrease of the objective function in each dictionary update step, guarantees a monotonic
decrease of the objective function and therefore the convergence to a local minimum [1].
However, since this is quite uncommon in practical situations related to image processing,
a stopping criterion based on the maximum number of iterations is commonly used.
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Algorithm 20 K-SVD [1]

1: Input: data matrix Y € R™*?_ initial matrix D € R™*¥

2: forit=1,...,do

3. Sparse Coding: Use any pursuit algorithm to compute X (%)
4:  Dictionary Update:

5 for(=1,...,k do

k
6: Compute the error F; =Y — Z djx;‘»r
J=Li#l
7 Restrict E; by choosing the columns corresponding to the non zero elements of
7, to obtain Ef?
8: Compute the SVD of Eff = U;X,V;" and set d; equal to the first column of U

and z{ equal to the first column of V; multiplied by the first singular value
9: end for
10: end for
11: Output: D, X

5.2 Tensor methods

In this section we review some important tensor Dictionary Learning formulations and
related algorithms. They can be seen as structured Dictionary Learning problems since
they impose a specific structure on the dictionary |26, Chapter 7]. For example, the
HO-SuKro algorithm imposes that the dictionary can be written as a sum of Kronecker
products of smaller subdictionaries, while K-HOSVD imposes that the corresponding
dictionary matrix can be written as a Kronecker product of two smaller subdictionaries.

5.2.1 K-HOSVD

The K-HOSVD is a tensor version of the K-SVD, where the HOSVD is used in place of
the matrix SVD. In [66] the DL problem is formulated as follows

DlnleigX |Y — & x1 D1 xg2 Da||p subject to || Xy < Kiaz and Dj € Q0 @ =1,2,
(5.12)
where Y € Rmxmxp D ¢ Rmuxki D, € R"*k2 and X € RM*k2XP_ This is equivalent
to assume that the dictionary D of the related matrix DL problem (5.4) has a separable
structure, i.e. D = D; ® Ds. Indeed, by considering the reshape along the second mode
of (5.12) we obtain

min ||V — (D1 @ D2) Xpg||,  subject to [ Xy < Kpaz and Dj € Qi i = 1,2,

D1,Da, X
(5.13)

The K-HOSVD algorithm alternates between sparse coding and dictionary update.
Each atom of D; and D, is updated separately as in the matrix setting and the tensor
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X is updated also during the dictionary update step. Following the K-SVD scheme we

first rewrite (5.12) as
2

. 1 2
nin ‘ Eiija — dgl) o d§.2) °xj|| . (5.14)
djl ’dj2 ,x]‘
where -
1 2
gjl,j2 - y - Z Z dgi) © dg) °Ts, S = (Sl - 1)k2 + 52,
s1=1 s2=1

(s1,52)#(J1,J2)

and dgi) denotes the s;th column of D; for ¢« = 1,2, while x; denotes the sth fiber of
tensor X. Then we denote as z}' the vector obtained from x; in (5.14) by omitting its
non zero entries. This can be thought as a projection matrix acting on the rank-1 tensor

dﬁ) o dg-z) o z;. The corresponding error tensor is denoted as Eﬁ/m. Thus (5.14) becomes

2
R (1) (2) R
gjhjz - djl © djz oxL;

min
(1) 4(2) R
dj1 ’dj2 Ty

F

Considering the HOSVD of B = S x; Uy x5 Uy x3 Uz we set d') = uyy, d}Y) =
U9 and :cf = S111Us31, where uqq, U, and wug; denote the first columns of Uy, Us, Us
respectively and s11; = S(1,1,1). For the sparse coding step the equivalent formulation
(5.13) is considered and Algorithm 18 is applied. The whole procedure is summarized in
Algorithm 21.

It is worth to underline that even though the HOSVD does not have the property of
best approximation of the SVD, the K-HOSVD algorithm has good practical behaviour

as shown in [66].

5.2.2 HO-SuKro

Another interesting and recent tensor formulation of the DL problem is based on the
representation of the dictionary as a sum of Kronecker products of smaller subdictionar-
ies. This formulation was explored both in |21, 22| by Dantas, Cohen and Gibronval and
in [34, 69] by Ghassemi, Shakeri, Bajwa and Sarwate. Furthermore in [34, 69] the au-
thors provide sufficient conditions on several parameters of the DL problem, such as the
number of samples, i.e. the number of columns of Y, that guarantee the local recovery
of the structured dictionary with high probability.

As observed in [21], imposing a Kronecker structure on the dictionary matrix is equiv-
alent to imposing a CP structure on the corresponding dictionary tensor. To determine
the factor dictionaries, several algorithms have been developed either using the CP struc-
ture or using directly the Kronecker structure. The following discussion refers to [22].
Consider the data tensor Y € R"1*"2X"3*P that can be thought as a collection of p third-
order tensors, such as RGB images. Instead of solving the classical DL problem (5.4) for
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Algorithm 21 K-HOSVD [66]

1: Input: data tensor Y € R"*"2XP_initial matrices D; € R™>*k1 D, ¢ Rr2xkz

2: forit=1,...,do

3:  Sparse Coding: Use any pursuit algorithm to compute the sparse solution of (5.13)
Xp

. Dictionary Update:

5 for j;=1,...,k do

6: for jo=1,...,k do
k1 ko
7: Compute the error Ej j, =Y — Z Z dg) o dg) o T
s1=1s2=1
(s1,82)#(51,32)

8: Restrict &, ;, by choosing the columns corresponding to the non zero elements

of xf, to obtain ‘C/sz
9: Compute the HOSVD of Sff’jz =8 x1U; XUy x3U;
10: Set

dﬁ) < U1

dg) — U921

$§DL < S111U31
11: end for
12:  end for
13: end for

14: Output:D1 € ]R"lx’“l, D, e R™2%k2 and X c RF1xkaxp

a general dictionary D, the HO-SuKro restricts to dictionaries that can be written as a
High-Order Sum of Kronecker products, i.e.

R
D =) Diy®Dy,® Ds,, (5.15)

g=1

where D;, € R"*ki for j =1,2,3 with k = kykoks. Thus the DL problem becomes

2

+ g(&X) (5.16)

min
Dj.g,X

R
V) — <Z Dy @ Doy @ D3,q> A3

q=1

F

where X € RF>*k2xksxp g 5 gparse fourth-order tensor and g is a sparsity inducing
function. For example g can be set equal to the zero norm of X which is the total
number of nonzero elements of X.

For the dictionary update step in the HO-SuKro algorithm we have to write the
partial cost function for each block A; = [D;1,...D;g] for j = 1,2,3. Consider the case
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Algorithm 22 HO-SuKro [22, Algorithm 1|

1: Input: data matrix Y € R™*"X"XP gparsity threshold T, initial matrices
{Dqu}}j;j’w}%

-----

2: forit=1,...,do
3:  Sparse coding: Use any sparse coding algorithm to solve

2
min + g(X)
F

R
Vi) — (Z Dig® D2y ® Ds,q> A3

q=1

Dictionary update:
while update D;, is significant
for j =1,2,3do
Compute A; = argmin 1Yy — AU )%

J

8: end for

9: end for '
10: Output: Blocks {Dj,q}éjf’.?z«z and the sparse tensor X
j=1
R 2
Hh= ‘ Yy = 2 Dugiy (Dog ® Dag @ L)' || = [V = AU, (5:17)
q=1 F

where U = [Uy;...; Ug| with Uy = X1y (D2g ® D3 g ® In)T for ¢ =1,..., R. The mini-
mum of (5.17) is given in closed form by the following

A= argmin 1Y) = AU = Yoy U™

1

The same procedure is used to determine A, and Aj. For the sparse coding step (5.16)
is considered and a sparse coding algorithm is used to determine X3 depending on the
chosen penalty function g. For example, if g(X) = ||X||o, then the OMP algorithm is
used. Note that in this step the computation of the whole D is avoided and the Kronecker
structure is used to lower the computational cost. The overall procedure is summarized
in Algorithm 22.

5.2.3 GRADTENSOR

In [87] the GRADTENSOR algorithm, based on sparse Tucker decomposition, is
presented. In this setting, the problem has a slightly different formulation for the sparsity
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Algorithm 23 TOMP (87, Algorithm 1]

1: Input: Dictionaries D;, input signal X', maximum number of non-zeros coefficients
tmaz < S, tolerance e.

2: while |M;||M;||M3| < tpe, and ||R|, > € do

3 fort=1,... do

4 Select Atom:

5: [mi, mb, mi] = argmazpm, myms) R X1 D1(:,m1) X2 Da(:,ma) X3 Ds3(:, ms3)|

6: M, = M, Um}, forn=1,2,3

7

8

9

Update the residual:
D! = D,(:,M,) forn=1,2,3
: e = argmin, ||(D; ® Di @ Di)u — yl||5 and reshape e as a third-order tensor £
10: R =Y —E xq1 D] x9 D} x5 D;
11: end for
12: end while
13: X (M, My, M3) =&
14: Output: tensor X, (M, My, M3).

constraint. More precisely, the DL problem is

min F(X,Dl,DQ,D3) s.t. Ty, ma,ms — 0 V(ml,mQ,m;;) ¢ (Ml X M2 X Mg)
X,D1,D2,D3
(5.18)

where
F(X,Dy,Ds,D3) = || Y — X x1 Dy X2 Dy X3 D3||§:

and Y € Ruxn2xp  x ¢ Rhxkaxks ¢ Rk D, € R™*F2 and Dy € RP**s, The
total sparsity (i.e. number of the non zero elements) of X' is denoted by s = s15253. The
GRADTENSOR algorithm computes the numerical solution of (5.18) by alternating
between the dictionary update and the sparse coding step. The latter is performed using
a tensor version of the OMP, called TOMP (Tensor-OMP) and described in Algorithm
23.

In the dictionary update step each dictionary D; is computed iteratively by gradient
descent in an alternating manner until the difference between two consecutive iterations
is smaller than a given threshold. To this end we rewrite (5.18) using the unfoldings
along different modes as follows.

Fp, = |[Yo) = DiXy(D3 ® DQ)THZF ; (5.19)
Fp, = ||Yia) — DaXy(D2 ® D)7 |3, (5.20)
Fp, = ||Ys) — DsX(5) (D2 ® Dy)" ||, (5.21)
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Algorithm 24 GRADTENSOR (87, Algorithm 2]

1: Input: data tensor ) , sparse core tensor X', maximum sparsity value s = s15953,
step size 7, tolerance e, €, €9, €3.

2: The matrices D, are initialized by left singular vectors of Y{,) forn =1,2,3

3: fori=1,... do

4:  Sparse coding: Use TOMP to solve m)gn F(X,Dy,D9,D3)  St. Tpymoms =

0 V(my,me,mg) ¢ (My x My x Ms)
Dictionary update:
for n=1,2,3 do
for it =0,... do
DYV = DY —AvFp,
if HD,(ftH) - D,(ft)HF < €, stop
10: end for
11: if F(X, Dy, Dy, D3) < € stop
12:  end for
13: end for
14: OQutput: X and D, forn=1,2,3

Thus the updates for the dictionaries are given by

DU = DU —4vFp,,  n=1,23,

n

where it is the current step of the gradient descent algorithm. The whole procedure is
summarized in Algorithm 24. Though in [87], the authors do not provide any convergence
result, the algorithm shows good experimental behaviour.

5.2.4 K-CPD

The K-CPD algorithm, presented in [25], follows the scheme of K-SVD and K-HOSVD
and updates each atom of the dictionary separately using the CPD. Given a tensor
V& e R e the K-CPD aims to solve the following optimization problem.

. Q Q T||2 -
[I)%{guy — D xy X7, st fally <T Vi=1,... K, (5.22)
where D € RF>knXK jg the dictionary and each atom Dy = D%(:,...,:, k) is an

Nth-order rank-1 tensor D, = d,(gl) 0---0 d,(CN) and z; denotes the i-th column of the
matrix X. The solution of (5.22) is computed using an alternating procedure, as for
most DL algorithms. The dictionary update step is performed as follows. For each atom
k the error is given by
glgR) _ yQ _ ij X N1 (aéR))T’
J#k
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Algorithm 25 K-CPD |25, Algorithm 2]

1: Input: data tensor ), threshold of sparsity 7 > 0, initial value for D.
2: forit=1,...,do
33 fork=1,...,K do

4: Compute SéR) =% - > izk Dj X1 (:L’;R))T
5: Compute the rank-1 CP approximation of the error tensor
glgR) _ )\kag) oo a;N+1)
T
6: Set d™ =a™ forn=1,...,N and 2\ = \, <a,(€N+1)>
7:  end for
8: end for

9: Output: X and D

R
J
HOSVD. Then a rank-1 approximation of 51§R) is determined using the CP decomposition

where x7* is obtained from x; by taking only the non zero elements as in K-SVD or K-

S,ER) = )\ka,(:) 0---0 a,(cNH). (5.23)

Then, assuming that each Dj has a rank-1 structure Dy = d,(cl) 0.0 d,gN), each d,g”) is

set equal to a,(gn) forn =1,...,N. As in K-SVD and K-HOSVD also xéR) is updated

(R) N+ \ T . o .
as x;, = Mg (ak ) . The whole procedure is summarized in Algorithm 25. The

experiments performed show that the K-CPD slightly outperforms K-SVD. The sparse
coding step is performed using a variant of OMP, named MOMP (Multilinear OMP),
that takes into account the structure of the dictionary D. For further details see |25,
Algorithm 1.

Another algorithm based on the CPD is described in [43| where the objective function
is formulated as follows.

min_ ||V — X x; Dy xa Dallz + A || X,
X,Di1,Ds

where X € RFv><kixp D, D, € RV*»*1 The minimization is performed in an alternating
manner and the sparse coding step is performed using an appropriate version of the OMP
(2D OMP) described in [30]. Using the outer product and, neglecting the penalty term
A||X]lgs Y can be formulated as

Y= (djl-oclioxjk) +Z(d}0dzoa§ja) +Z(d20dzoxbk) +ZZ(déod20%b)
a#j b#£k a#j b#k

— (C/'(j,k) + (d]l o di o l'jk) + Z (d]l o di o xja) + Z (di o di o xbk) .
Py bk
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Since djl- and di cannot be determined by directly performing CP decomposition

on £UF)  a Regularized Alternating Least Square (RALS) is used. The procedure is
described in the APPENDIX of [43]|. The performance of the algorithms are comparable
or slightly superior to the K-SVD (see [25, 43]).
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Chapter 6

Proximal methods for Dictionary
Learning

In this chapter we analyze the application of PALM algorithms presented in Chapters 3
and 4 to the DL problem (5.4) in the matrix setting, as in [2, 86, 52]|. Furthermore we
propose a new Tensor-Train formulation of the DL problem and we show how PALM-
type algorithms (including sSPALM) can be naturally applied in order to get convergent
schemes. To the best of our knowledge, these are the first tensor-based algorithms in the
DL literature with global convergence guarantees.

6.1 Proximal matrix methods

In this section we discuss the convergence of PALM-type algorithms described in Chapter
3 and 4 in the matrix Dictionary Learning framework. PALM, btPALM (i.e. PALM with
backtracking strategy for the stepsize) and SPALM when applied to the DL problem will
be denoted as PALM-DL , bt PALM-DL and sPALM-DL respectively.

In order to use proximal methods, we need to reformulate the matrix DL problem
(5.4) by including the constraints in the objective function as follows.

min | = DX |5 + dq, (D) + by (X), (6.1)

where dg, , and 6F<T> are indicator functions over the sets 2, and F deﬁned in (5.2)

and (5.5), respectlvely Given a non-empty and closed set 2 C R™*" we recall that the
indicator function dg : R™*" — (—o0, +00] is given by

al(A) = {0 Hach (62)

+00 otherwise.

The formulation (6.1) is equivalent to (5.4), because when D € €, and X € F(T) the
indicator functions are equal to zero. The formulation (6.1) has clearly the form of the
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general problem (3.12) with H(D,X) = ||Y — DX||%, fi(D) = dq, (D) and fo(X) =
Op(r) (X). The following propositions prove that these functions are semi-algebraic and
k

satfsfy Assumption 3.3.1.
Proposition 6.1.1. The function ¥(D,X) = [Y — DX|% + 0q, (D) + 0

semi-algebraic.

ng) (X) 18

P

Proof. The function H(D,X) = ||Y — DX||% is a real polynomial function and thus
semi-algebraic. The terms dq 5F(T> are indicator functions of semi-algebraic sets and
k

n,k?
thus are semi-algebraic. To conclude we just observe that a finite sum of semi-algebraic
functions is semi-algebraic as well [9]. O

Proposition 6.1.2. The partial gradients VxH (D, X) and VpH (D, X) where H(D, X) =
|Y — DX||% are globally Lipschitz continuous with moduli

Lx =2|D"D|l, and Lp=2||XX"|,, (6.3)
respectively.

Proof. By direct computation the following expressions for the partial gradients of H
hold:
VpH(D,X)=—-2(Y - DX)XT,

VxH(D,X)=—-2D"(Y — DX).
Thus, for any D.D € R™* we have

HVDH([), X) — VpH(D, X)

_ Hz ([7 _ D) xx7
2

<2xx7],

D_D\

)
2

where Lp = 2||XX7||, is the Lipschitz constant of VpH (D, X). The same procedure
can be repeated to compute Lx. O

Proposition 6.1.3. The gradient VH(D, X) of H(D,X) = ||[Y — DX||% is Lipschitz
continuous on bounded subsets of R™*F x RF*P,

Proof. The result follows directly from the smoothness of H(D, X), as stated in Remark
3.3.2. =

To conclude the convergence of PALM-type algorithms for the Dictionary Learning
problem we recall that in the convergence analysis the sequence generated by the proximal
algorithms described in Chapter 3 and 4 is assumed to be bounded (Theorems 3.3.1 and
4.2.1). Assuming that the sequence {Dy, X} } is bounded ensures that Lp and Ly are
bounded from above. Furthermore as suggested in [9] instead of using Lp and Ly, we
can consider the following partial smoothness parameters

L'y =max{uy, 2|D"D|,} and L}, =max{up, 2[|XX"|}.
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where px, pp > 0 so that Assumption 3.3.1 is satisfied since L}, and Ly are safely
bounded away from zero.

We recall that the proximal map of an indicator function dg over a non-empty and
closed set 2 C R™*™ is the multi-valued projection Py : R™*"™ = Q) such that

Po(A) = argmin | A — B| 5. (6.4)
BeQ

The following proposition gives a closed form expression for the corresponding projection

operators over the sets €2, ,, and F%)n

Proposition 6.1.4. Let A € R™*™,

i. Let Q. C R™™ be defined in (5.2). Then Py, ,(A) = AS™!, where S € R™" is
a diagonal matriz whose diagonal elements are the norm of the columns of A.

. Let I'p,, C R™™ be defined in (5.5). Then Pr,,, (A) = hard.(A), where hard, is
the hard-thresholding function that selects the T largest elements (in absolute value)
of each column of A and zeroes all the others.

Proof. For B € Q C R™™ having unit norm columns, we have that |4 — B||% =
trace(ATA) — 2 trace(BT A) + n and thus solving (6.4) is equivalent to finding B =
argmax,, trace(ATB).

i) For Q = Q,,,, and A= [ay,...,a,], B=[by,...,b,] with ||b;]| =1,j=1,...,n,it

holds that
trace(BTA) = ZbTaj Zcos a2 < Z llajll2,

where 0; € [0, %], and the upper bound is reached for b; = aj/HajHQ.
ii) From [9, Section 4], we have that the projection P (A) of A onto the set of

sparse matrices D(ﬁ)n is equivalent to select the 7 largest elements in absolute value from

each column and set to zero all the others. OJ

By applying Theorem 3.3.1 and Theorem 4.2.1 we can conclude that PALM-type
algorithms, including sPALM, are guaranteed to converge to a critical point of problem
(6.1).

We report in Algorithm 26 the PALM scheme for the DL problem (6.1) which is
similar to the one in [2]. At each iteration, a gradient step is performed using the
smoothness parameters L’,, L'y and then the projection of the variables D, X onto the
proper feasible sets is performed.

In several applications the dimensions of D and X can be quite large and the com-
putation of the Euclidean norm can be quite demanding. Furthermore the Lipschitz
constants sometimes provide small stepsizes and slow down the convergence of PALM.
Thus, instead of considering constant stepsizes, o p and «; x can be estimated using
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Algorithm 26 PALM-DL
1: Input: (Do, Xo) € R™* x R¥P ny mp > 1, pup, ppx >0
2: for j=0,1,..., do
3. Update D: Set L', (X;) = max{up, Lp(X;)}, @ p =1/(npLH(X;)) and compute

Djn = P, (Dj —a;:VpH(D;, Xj)) (6.5)

4:  Update X: Set L'x(Djy1) = max{px, Lx(Dj1)}, ajx = 1/(nxL'x(D;41)) and
compute

Xjr1 = Pro (Xy = @ x Vx H(Dj11, X;)) (6.6)

5. end for

a backtracking rule. Indeed, setting Lop = 1, at each iteration j > 1 starting from
L;p=L;_1p, L;p is increased by a constant factor until the following condition is met

L.p
U (Djy1, Xj) < Wi(Dy, X;) + (VpH(Dy, X;), Dji1 — Dj) + #HDJ'-H — D%,

where ¥, (D, X) = H(D, X)+dq,, , (D). Then, the stepsize @; p is taken as the reciprocal
of the sought value. The same holds also for the variable X. We start from Ly x =1
and at each iteration the value is increased until

L;x
Wo(Dji1, Xj1) < Vo(Djy1, Xj) + (VxH(Djy1, X5), Xj — Xj) + JTHXjJrl - X%,

where VUy(D, X) = H(D, X) + 5F§€T> (X).

The above sufficient decrease conditions are motivated by the descent lemma reported
in Lemma 3.3.1. The btPALM-DL procedure is summarized in Algorithm 27.

Since gradient methods based on Lipschitz moduli can yield slow convergence, we pro-
pose to use sSPALM-DL, the PALM based algorithm with spectral steplength presented
in Chapter 4.

As previously discussed, in the sSPALM framework, the idea is to approximate at each
step the second order derivatives VppH (D, X) and VxxH(D, X) by a multiple of the
identity matrix I, i.e.

VDDH(D,X) %Oéz)l[ VX)(H(D,X) %a)}lf,

for some ap, ax > 0. Consider the case of the partial Hessian VppH (D, X). For each
iteration j, let Sj,D = Dj+1 — Dj and Zj,D = VDH(D]‘_H,X]‘) - VDH(DJ', Xj), then

fffD = argmin ||oz_1Sj7D —Z;pllr and afﬁ?D = argmin ||S; p — aZ; pl|
(e}

a

(0%
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Algorithm 27 btPALM-DL

1: Input: (Do,Xo) € Rk x kap) P1, P2 > 1.
2: Set LO,D = 1, LO,X =1
3: for j=0,1,..., do
4. Update D: Compute
Djy1 = Po,, <Dj - LLVDH(DJW Xj)) (6.7)
3,D

where L;p = pif L;_1p and i; is the smallest nonnegative integer for which the
condition

L.
Uy (Djy1, Xj) < Wi (Dy, Xj) + (VpH(Dy, X;), Djt1 — Dj) + %DHDJH — Dj|7
is satisfied.
5:  Update X: Compute

1
Xj+1 = PF](;) (X] - L VXH(DJ‘+1, X])) (68)

j?X

where L x = p;j L;_; x and i; is the smallest nonnegative integer for which the
condition

L;x
Wy (Djs1, Xjy1) < ‘1’2(Dj+17Xj)+<VXH(Dj+17Xj)aXj+1—Xj>+#||Xj+1—Xj||fv

is satisfied.
6: end for

that is
JEBL__ 150, 5ip) JEB2 _ 5. Zip)
TP S0, Z5p) TP Zip, Zip)
The same holds for the variable X. Among the several rules that can be used to combine
o5t and af’F? it was observed that one of the best choices in this DL framework is to
alternate the two stepsizes. We report in Algorithm 28 an alternating rule described in
Chapter 4 that seems to give the best numerical performance in this DL setting.

The sPALM algorithm is reported in Algorithm 29. The spectral stepsizes o p and
ajx are then decreased by a constant factors p;, pe until the conditions (6.11) and
(6.13) are satisfied, respectively. The following proposition shows that using second
order information in the stepsizes may accelerate convergence since it results in longer
steps than with the reciprocal of the Lipschitz constants.

and (6.9)

Proposition 6.1.5. Let S; = X411 — X, and T; = Dj 1 — D; be computed at the jth
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Algorithm 28 Computation of the spectral stepsize a;y13, M =D or M = X

1: Input: Sj,M, Zj’M, 0 < Opin < Omax-
2: if <Sj,M7 Zj,M> > 0 then
3: if k is odd then

, , _ . : BB1 : BB1 _ (Sjm,Sjm)
4: Qi1 = Max {amm, min {OzHl’M, amax}} with a7 = S Zoan
5 else

. , _ ) : BB2 : BB2  _ (Sim,Zjm)
6: Qjy1,M = Max {amm, min {ajJrLM, amax}} with a’77, = Tt Zon)
7. end if
8: else

9: Oj1 M = 1
10: end if

iteration of sPALM applied to problem (6.1). Assume that (S;,(D]D;)S;) # 0 and
(T;,Tj(X;41X},,)) #0. Then the BB stepsizes take the form

T
BBl _  1__ (55)) and oBB2 l (Sj, (Dj D;)S;)

BT 2EEgs) T s T 9 {(DD,)S;, (D] D)S;)

BBl _ 1 (T;,T;) and oBB? 1 (T, Tj( X X))

Dji1 2 <Tj,Tj(Xj+1Xf+1)> Djq 9 <T7j (Xj+1Xf+1), T’](Xj+1XJT+1)> y

and the following bounds hold

1 BB2 . BB1 1
Ly < OXj1 < min OXjp1 2052 (D)
J J

and ) .
BB2 . BB1
LDj+1 = @i = {aDjH, 2Ur2nin<Xj+1)} <6‘14>

where Omin(D;) and omin(Xj41) are the smallest nonzero singular values of D; and X1,
respectively, and Lp, and Lx,,, are given in (6.3).

Proof. The stepsizes form derives from their definitions in (6.9) and from observing that
VxH = -2DT(Y — DX) and VpH = —2(Y — DX)XT. Moreover, the partial Hessians
of H have the form VxxH = [ ® 2(DTD), VppH = 2(XXT) ® I and are positive
semidefinite. Therefore the 2-norm Lipschitz constants are Ly = Apnax(VxxH) and
Lp = Max(VppH).

Let us consider the stepsizes ¥ and af”?. We observe that they are the recipro-
cal of Rayleigh quotients for 2(DjTDj) and 2(DijT) and S; and D;S;, respectively, as
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Algorithm 29 sPALM-DL

1: Input: (D(),X()) € RnXk X kap’ p1,51,p2,52 € (0, 1), 0< Amin < Qmaz, (0,1, Q0,2 €
[amirw Oémax]'

2: for j=0,1,..., do

3:  Update x: Set

Dj+1 = pT’Ol‘{}&j,D (Dj - dj’DVDH(Dj, X])) (610)

where & p = ,oif a;p and i; is the smallest nonnegative integer for which the
condition

)
U1(Djs1, Xj) < Wi(Dj, Xj) — EHDJH — Djl% (6.11)
j7

is satisfied.

4:  Compute ji1.p € [Mmin, Qmaz) using Algorithm 28 with S;p = D;41 — D; and
Zjp = VpH(Dj11, X;) = VpH(D;, X;).

5. Update y: Set

Xj+1 = p’I“OZL‘{jaj’X (X] - a‘j,XVXH(Dj—i—l; X]» (612)
where & x = péjo% x and [; is the smallest nonnegative integer for which the
condition
02
Us(Djsr, Xjr1) < Ua(Djyr, Xj) — 5 < 1 X541 — X513 (6.13)
-]1

is satisfied.

6:  Compute i1 x € [Qmin, Qmar] using Algorithm 28 with S; x = X,;41 — X and
Zjx = VxH(Dji1,Xj41) = VxH(Dji1, X;).

7. end for

Ozf}ffl = 51D;S;l1%/{D;S;, (D; D} )(D;S;)). Moreover,
aBBQ _ 1 <Sj, Sj> <Sj, (DJTDJ>SJ>2

BB1 ”SJH%’H(DJTDJ)SJH%COS2 ¢j i aBBl
X1 X
wISIENDT D) S v

cos® ok

where ¢; is the angle between the vectorization 3; of Sj and (I ® (D] D;))3;. Therefore,

BBl BB2 1 _ 1
Xjt1 Xjt+1 )\max(2(-D]TDj)) LXj :

1 1 1
Finally, let D; = DI'D; > 0. Then a2 = 1|p;;|%/Il(0; D S;l% < 1/(202,(D;)),

1
where the last inequality follows from the fact that D?.S; belongs to the range of D;.
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BB1
Dj1

BB2

The inequalities for a and o Dy, In (6.14) can be derived analogously. O

6.2 Tensor proximal methods for a new Tensor-Train
formulation of the DL problem

To preserve the multidimensional structure of the data we propose a more general tensor
form of the DL problem. More precisely, consider for instance a fourth-dimensional array
Y € Rmxn2xXneXnme consisting of ny X ny images of n, persons in n. expressions. Using
the (”')-mode product and the constraint sets defined in (5.2) and (5.5), the tensor DL
problem can be formulated as

min |Y =D xi X[} st Dp € Qs Ay € e (6.15)

k,nengp

where D € R™*"2%F ig a third-order tensor with unit norm frontal slices, and X €
REXnexns is g sparse tensor with at most 7 nonzero elements per column fiber, and k >
niny. Notice that the constraint in (5.2) on the columns of D results here in a constraint
on the slices of the tensor D or on the columns of its matricization Djy. Analogously,
the sparsity constraint in the tensor formulation reduces to a constraint either on the
maximum number of nonzero elements per column fiber of X or, equivalently, on the
maximum number of nonzero elements per column of the unfolding of X', A7;;. Hence, all
the constraints proper of the matrix setting can be reformulated on the tensors themselves
or on their matricizations. The formulation (6.15) is equivalent to (5.4) since, using
Proposition 1.1.2, ||V =D x3X|r = || (¥ — D x3 X))y llF = Y2 — Dy Xy || . To reduce
memory requirements, instead of considering the whole tensor D, we can consider its
Tensor-Train Decomposition. We recall that such decomposition requires that for an
Nth-order tensor, the reshapes along the second mode of the first N — 1 T'T-cores have
orthonormal columns. For example, for a third-order tensor the columns of GG; and of
(Ga2)[y) are orthonormal. Therefore, to properly define the Tensor-Train formulation of
the DL problem the additional constraint set of matrices with orthonormal columns is
employed,

Omn ={G eR™" . GG =1,}. (6.16)

Then, the T'T formulation of the DL problem takes the form

i — (G4 %} LGy) xE X% st Xpyell™ @ eo,,
Gl,g;}él&XHy (G1 %3 G2 X3 Gs) x3 X s 1 € Lknen, G1€ Fnim

(g2)[2] - @Tlnzﬂ“z Gg S QT27)(6.17)

By tensor manipulations described in Chapter 1

1Y = (G x5 G x5 Gy) x5 X|r = [| Vo) — (In, @ G1) (G2) g Gy || -
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The constraints on G and (Gs)jg are due to the particular tensor decomposition used,
while the constraints on Gz and A}y are inherited from the DL formulation. In particular,
using the TT formulation, the constraint on the columns of Dy in (6.15) becomes a
constraint on the columns of (G3. This can be easily proved using the orthogonality of
G, and (Ga)jy as follows

1P, = || © G) (G2)y G, )|, = 1)

The formulation described above can be extended to multiway tensors. Let ) €
Rrxxnax=xns he the tensor obtained by storing ng4q1 X -+ X ng tensors of dimension
ny X - -+ X ng. Then, the TT formulation can be written as

. 1 1 1 1 2
g min |V = (G1 x5 Ga x5+ X3 Ggpa) Xgpy X[ st (6.18)
X[l] S P§€7:T)Lq+1mns’ Gl € @nl,m Gq+1 € qu,ka

(g])[Q] € @ijlnj,r]grl fOI' j = 2, RN

This formulation can be used when either the dimensionality of the database or the
dimensionality of the single data is higher than 2. For example, consider a database of
ny X ng X ng RGB images of n, subjects in n. expressions, n;; illumination and n, view
angles. This can be represented as a Tth-order tensor )} € R™1*m2Xn3XNexninXnexnpy [y
this context X € RExnexnuxnoxnp and P ¢ RmM*n2xnsxk can he represented using four

TT-cores. Thus, we can use (6.18) with ¢ =3 and s = 7.

Now we reformulate the Tensor-Train Dictionary Learning problem (6.17) for third-
order tensors by including the constraints in the objective function. The extension to
Nth-order tensors is straightforward. As for the matrix DL problem, (6.19) becomes

. gllg XH(Gh Go,G3, X) + 5115:) (X)) +de,, .. (G1) +de,,,, ., ((G2)p) + da,, ,(G3), (6.19)

where

H(G1,Gs,G3,X) = | ¥ = (G1 %3 G2 x5 G3) x5 X7 (6.20)
Furthermore in this setting we use the following notation

o U\ (G, Gy, Gs) = ||Y — (I, ® G1) GoG3X |5 + do G1)

n1,m1 (

o Uy(G1,Ga,Gs) = ||Y — (In, ® G1) G2G3X |7 + be,,.., ., (G2) with G2 = (Ga)y
o U3(G1,Ga,Gs) = [|Y — (I, ® G1) GoGs X |7 + ba, , (Ga)

o Uy(G1,Ga,Gs) =||Y — (I, ® G1) G2G3 X || + 6pn (X)) with X = Ay

k,nenp

In order to apply PALM framework to (6.19) we provide the Lipschitz constants of
the partial gradient of H in (6.20), where Lg is the Lipschitz constant of H corresponding
to the variable S in the || - |2 norm.
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Proposition 6.2.1. Set Gy = (92)[2], X = &), Y = Vg and consider

H(G1,Go,G3, X) = ||Y — (I, ® G1) GoGa X || 3.

Then the partial gradients of H are globally Lipschitz. For G1, G5 having orthonormal
columns, the Lipschitz constants satisfy

Lx =2||Gs|l3, Lg, =2||GsX|5, Le, =2[|X]3

and La, = 2| Y0, (A4:AT) |2, where A; € R™™ is the matricization of the ith column
Of A= G2G3X.

Proof. By direct computation the following expressions for the partial gradients of H
hold:

VxH = 2 (I, ® G)G2G3)" (=Y + (I, ® G1) G2G5X)
p

Ve, H = 2) (Yi+GiA)A]
i=1

Ve, H = 21, ® G (=Y + (I, ® G1) G2G5X) (G3X)T
Vo, H = 2GY (1, ® G)" (=Y + (I, ® G1) G2G3X) XT

where A; € R™*"2 ig the matricization of the ith column of A = G2G3X and Y is the
matricization of the 7th column of Y.

Using these expressions we show that each partial gradient is globally Lipschitz. In
doing so, we derive Lipschitz constants by exploiting the orthonormality of the columns

of G; and Gs. For any X and X we get

IVxH(Gy,G2,Gs,X) — VxH(G1,Ga, G3, X)||2
=2||G5 G5 (I, ® G1)" (I, ® G1)G2G3(X — X)) (6.21)
=2[|GEG5(X — X)|l2 < Lx[| X — X2,

with Lx = 2||G3 G|, = 2[|Gs[3. In a similar manner we obtain the following inequali-
ties for Vg, H,1=1,2,3. 3
In particular, for any GG; and G we get

||VG1H(G17 G27 G37 X) - leH(él7 G27 G37 X)||2

p
=2|| Y (Gr — G)AAT|| < L, |I(Gr = G,
i=1
with Lg, = 2| >0, A;AT|]2. Moreover, for any Gy and G5, we have
HVGQH<G17 G/\(27 G37 X) - VG1H<G17 627 G37 X)H2
= 2|[(Iny ® G1)" (Iny ® G1)(G2 — G2)Gs X (G3X)" |5 (6.22)
= 2||(G2 — G2)Ga X (G3X)" |l < L, [|(G2 — Go) o,
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where L, = 2||GsX XTGT ||, = 2||G3X|)2. Finally, for any G5 and G5 we have
IV ey H(Gh, Gs, Gis, X) = Vg, H(Gh, Ga, G, X) s
—9 ‘ GT (I, © G1)T (I, ® Gy) Ga(Gy — é3>XXTHQ
=2[[(Gs — G) XX |2 < L, | Gs — G2,
where Lg, = 2| X X7, = 2||X]|3. O

It is worth to notice that the explicit calculation of I ® G; can be avoided within the
partial gradients computations using the following remark.

Remark 6.2.1. Using the orthogonality of I ® Gy and the properties of the Kronecker
product, the partial gradient NV x H in Proposition 6.2.1 can be computed as

VxH = GG (-GT + G,G5X), (6.23)
where G = (GT V)2

As already discussed, PALM-type algorithms at each iteration require the compu-
tation of a proximal step in each variable block, we now give the formal expression of
proximal operators for the indicator function on the set ©,,, of m x n matrices with
orthonormal columns defined in (6.16).

Proposition 6.2.2. Let A € R™*" and O,,,, C R™*™ be defined in (6.16). Then
Ps, . (A)=UVT,
where U and V' are respectively the left and right singular matrices of A.

Proof. For B € Q C R™™ having unit norm columns, we have that |4 — B||% =
trace(AT A) — 2 trace(BTA) + n and thus solving (6.4) is equivalent to finding B =
argmax, trace(ATB). Now let A = UXVT be the SVD of A, and let 7 = min{m,n}.
Then
trace(BT A) = trace(BTUXVT) = trace(VI BTUY) = Zz,»iai < Zai,
i=1 i=1

where z; is the ith diagonal element of Z = VT BTU and o; are the singular values of
A. In particular, note that z; < 1 as e VI BTUe; < |Ve;||||B||||[Ue;]| = 1. The upper
bound is reached for Z equal to the identity matrix, which is obtained for B = UVT. [

Algorithm 30 describes the general PALM scheme with constant stepsize applied to
the tensor formulation (6.19), that is therefore named PALM-DL-TT. The Lipschitz
moduli Lx, Lg, @+ = 1,2,3 are as introduced in Proposition 6.2.1. The T'T algorithmic
version of sSPALM can be easily obtained following Algorithms 16 and 15 and replacing
the stepsizes a1, an, @3 and ax with the spectral stepsizes based of Algorithm 15 and
imposing the Armijo sufficient decrease condition. The whole procedure is reported in
Algorithm 31.
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Algorithm 30 PALM-DL-TT

1: Input: Data matrix ) € R™M>m2xn3xXneXm ipitjal values for G; € R™*", G, €
Rrixnm2xr2 - (Gla ¢ R™2%F and X € RF*"e*™  maximum number 7 of non-zero elements
of each fiber of X', ny,m2,n3,mx > 1, p1, o, i3, ux > 0.

Set G2 — (g2>[2] and X <« (X)m

Compute G1 = P@nl’rl (Gl), G2 = P@mn%r2 (GQ), Gg = PQT%IC (Gg), X = PF(T) (X)

k,nenp

repeat
Update G1: Set Ly, = max{nLg,,mm} and a; = 1/Lj, and compute G, =
Pe,, . (G1 — a1V, H);
6:  Update Gy: Set Ly, = max{n:Lg,, 2} and ay = 1/Ly, and compute Gy =
Po, .y (G2 — Vg, H);
7. Update Gs: Set Ly, = max{nsLg,,us} and as = 1/Lg, and compute G3 =
Po,, . (Gs — a3V, H);
8:  Update X: Set Ly = max{nxLx,ux} and ax = 1/L% and compute X =
PF(T) (X—@XVXH),

k,nenp

9: until convergence

Remark 6.2.2. The same considerations of Proposition 6.1.5 carry over to the BB
stepsizes and the Lipschitz constants for the TT-DL problem (6.19).

The next theorem contains our main convergence result. While it is stated for PALM-
DL-TT described in Algorithm 30, it can be generalized to any PALM-type algorithm
applied to the TT DL formulation (6.19).

Theorem 6.2.1. If the sequence generated by PALM-DL-TT in Algorithm 30 is bounded,
then it converges to a critical point of the TT formulation of the DL problem (6.19) and
it has finite length property.

Proof. The result is proved by observing that the function H in (6.19) is twice contin-
uously differentiable, the functions in the objective of problem (6.19) are semi-algebraic
and satisfy Assumption 3.3.1. Indeed, all indicator functions are proper, lower semi-
continuous and semi-algebraic: the sets €2, ,, and [ ,, are semi-algebraic (see [2, 52])
and ©,, ,, is a closed semi-algebraic set for any n and m. Also, Proposition 6.2.1 ensures
that Assumption 3.3.1 A3-A5 hold (see |9, Remark 3]). O

90



6. Proximal methods for Dictionary Learning

Algorithm 31 sPALM-DL-TT

1: Input: Data matrix ) € R7™Xn2xnsXneXnp qpjtial values for G; € R™*" G, € RrMxn2xrz,
G3 € R™*F and X € RF¥*™X"  maximum number 7 of non-zero elements of each fiber of X,
Qmins Qmazs 01,02,03,0x >0, p1, p2, p3, px > 0.

2: Set Gz <= (G2) 5 and X < Ay

3: for j=0,1,..., do

4 Update Gy: Set (G1),,, = Po,, ((Gl)j — & ,Ve, H ((Gl)j ,(Ga); . (Gs), ,Xj)) where ;1 =

pij a1 and i; is the smallest nonnegative integer for which

U1 (G400 (G2);(G3);.X;) < W ((G1); (G2 (G55 X ) = 5] (G = (G); [

2,

5. Compute ;11,1 € [Qmin, Qmaz| using Algorithm 28 with S; ¢, = (G1);,, — (G1); and Z; g, =

j+1
Ve, H ((G1);11, (G2, (Ga);, X;) = Ve, H ((G1); (Ga);  (Ga); X5 )
6:  Update Ga: Set (Gz),,, = Pe,,.,.. ((GQ)J.+1 — &2V, H ((Gl)j+1,(G2)j,(G3)j ,Xj)) where

Qo = pg oo and i; is the smallest nonnegative integer for which

W2 (6111 (G (Ga)y 1 5) < W (G404 (Ga)y  (6), ) =] (G = (G, -

2_

7: Compute aji12 € [Qmin, ¥maz) using Algorithm 28 with S, = (Gg)jJr1 — (Gg)j and Zj g, =
Ve, H ((Gl)j+1 ) (GQ)j+1 ) (G3) ) Vg, H ((Gl)j+1 ) (G2)j ) (G3)j 7Xj)-
8: Update G3I Set (G3)j+1 = PQ_,QJC ((Gg)jJrl - dj73vG3H ((Gl)j+1 5 (Gg)jJrl , (G3)j ,Xj)) where

Qaj3 = péj a3 and ¢; is the smallest nonnegative integer for which

s ((Gl)j+1 ) (G2)j+1 ) (G3)j+1 7Xj) < V3 ((Gl)j+1 ) (G2)j+1 ) (G3)j 7XJ) | (GB)j+1_(G3)j ||%“

2ozj

9: Compute ®j11,3 € [Qmin, Qmaz| using Algorithm 28 with S; ¢, = (Gg)ﬂ_1 — (G3)j and Zjq, =

Vel ((G1)11:(Ga)y41+(Ga)y11 0 %) = Vel (G5 (Ga)yan - (Ga) X
10:  Update X: Set X;41 = P, (Xj+1 —a;xVxH ((Gl)jﬂ,(G2)j+1,(G3)j+1,Xj)) where

k nfnp

ajx = pi?aj, x and 4; is the smallest nonnegative integer for which

i1—X %

ox
Uy ((Gl)j+1 ’ (GZ)J’.H ) (G3)j+1 an+1) <y ((Gl)j+1 s (GZ)j+1 ) (GS)j+1 ’Xj>7207‘X
7,
11: Compute aj11.x € [Qmin, Qmas| using Algorithm 28 with S;x = X,;11 — X; and Z; x =

VxH ((G1);01+(G2)415 (Gs)i1 s X ) = VxH ((G1) 41+ (G), (Gs) 105 X ).
12: end for
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Chapter 7

Dictionary Learning for image
classification

In this chapter we apply the PALM-based algorithms to the Dictionary Learning problem
in image classification. More precisely, in Section 7.1 we explain how to deal with a
classification problem within the DL framework both in the matrix and in the tensor
setting by presenting two different classification models. Furthermore we provide some
useful considerations to apply PALM-based algorithms in this context. In Section 7.2 we
show some numerical experiments on benchmark datasets to highlight the advantages
in using a spectral step both in the matrix and in the tensor formulation. Finally, we
underline the advantages in using a tensor approach for memory savings in the 3D setting
and for classification performance in the 4D setting.

7.1 The classification problem

Among several image processing tasks the DL formulation has also been applied in
classification contexts showing a great potential in addressing this task (see e.g. |2,
83]). In this chapter we focus on two main kinds of classification algorithms of the DL
literature while we refer the reader to [26, Chapter 8| for an overview of different DL
classification algorithms. In the first, the dictionary D and the sparse matrix X are learnt
from data by solving (5.4) and a classifier matrix W € R™** is computed a posteriori
as the solution of the following problem:

min |C' = WX|5 + BIWI, (7.1)

where [ is a positive small constant, and the matrix C' € R™ ™" contains the labels of
the images stored in Y. In particular, if the column ¢ of Y contains the person ¢, then
the ith column of C' is equal to e;, the fth canonical basis vector.

In the second category of classification algorithms the classifier W is learnt from the
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data together with X and D:

(7.2)

min |V~ DX||Z+7|C-WX|% st. DeQuu Xely)
where ~v is a positive constant. This formulation aims to enforce the model to have a
representative strength together with a discriminative action, thanks to the presence of
W in the minimization procedure. For this reason this classification algorithm has been
named “discriminative DL”; see, e.g., [26, sec.8.5.2] and references therein. To apply
PALM framework to (7.2), we rewrite the problem by including the constraints in the
objective function as

o [IY — DX|5+C = WX|[5 + da, (D) + Opin (X). (7.3)

Then, a convergence result can be proved for the problem (7.3) by generalizing Propo-
sitions 6.1.1 and 6.1.3. More precisely, it can be proved that (7.3) is semi-algebraic by
observing that the term ~||C' — WX||% is a real polynomial function. Then using the
smoothness of Ho(D, X, W) := ||Y — DX||% +7||C — W X||% and the fact that its partial
gradient are Lipschitz continuous with moduli

Lx =2||DTDlly + 2v|W W|la, Lp =2[|XX"|s, and Ly =2y XX7..

we can conclude the convergence of PALM-based algorithms for (7.3).

Once the classifier has been computed, the classification task proceeds as follows:
Given a new image y € R™ to be classified, its sparse representation € R¥ is computed,
e.g., by OMP-type algorithms, see Chapter 5, Algorithms 18 and 19. Then, y is classified
as person ¢ = argmax;|Wz|;.

Preserving the multidimensional structure of the data can be extremely useful also in
classification contexts. For example a database of black and white images of n, persons
in n. expressions can be represented by a fourth-order tensor ) € R *"2X"eX"s ywhere
ny and ny are the number of rows and columns of a single image respectively. Thus we
rewrite (7.2) in a tensor setting as

. 2
quin ([ = Do X[+ 4]0 = o W (7.4)
s.t. D[Q} € Qnmz’k, .)C'[l] € F](;T)Zenp, W e Rw>k,

In particular C is such that its mode-1 unfolding is the matrix C' defined in (7.2), i.e.
Cny = C. Using the T'T Decomposition the problem is given as

. 1 1 1 |2 2
o min |V = (G1 x5 Ga x§ Gs) x3 X||, +9lIC—X xa WE  (7.5)

s.t. X[l] € F(T) , G, € @n1,7’17 (gg)[g} S @T1n2,7"2 G3 S Qrz,k'

k,nen
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As discussed in the previous chapter, (7.5) can be generalized to the multi-order setting.

In order to apply PALM type algorithms to the tensor classification problem, we rewrite
(7.5) as

Gl,ggggx,w Ho (G, Go, Gy, X W) +0p00 (An) (7.6)

sNeNp

_I_(Senl,rl (Gl> _I_ 59r1n2,'r2 ((92)[2]) _|_ 5Qr2,k(G3)’

where Ho (G4, Ga, G3, X, W) = || ¥ — (G x2Go x1G3) xL X||247]|C— X x1 W||%. Theorem
6.2.1 can be extended to this tensor formulation of the classification problem (7.6) by
generalizing Proposition 6.2.1 to the function H¢ in (7.6) as shown below. All the other
considerations still hold.

Proposition 7.1.1. Consider the function He defined below (7.6) and let Gy = (g2)[2]
and X = AXpy. Then the partial gradients of Ho are globally Lipschitz and, for Gy, G
having orthonormal columns, the Lipschitz constants Ly and Lx, satisfy:

Lw =27 X[5,  Lx =2|Gsllz + 27 W],
while Lg,, La, and Lg, are given in Proposition 6.2.1.

In order to compute the sparse representation € R¥ of an image y € R™ in this
Tensor-Train setting, we derived a variant of OMP named OMP-TT and reported in
Algorithm 32. As can be noticed, OMP-TT is a variant of OMP-QR (Algorithm 19)
where the orthogonality of the first two T'T-cores is used. This algorithm can be extended
to higher-order tensor observing that all the T'T-cores, except the last one, are orthogonal.

Algorithm 32 OMP-TT

Input: data vector y € R", cores of the T'T' Decomposition Gy, Gs, G3
Initialize the vector z = 0, S = support(z) = ()
Compute § = (Ga)fy (In, ® GT)y
Compute o = G1y
fort=1,---,7do
Select Atom:
J* = argmax;a
S(z‘t+1) — S(it) Uj*l
Compute the QR decomposition of (G3)gurrry, = QDRI starting from the
decomposition of (G3)gun: QU = [QUW ]
10 D) — ) _ el
11 if ||r@* ||y < e stop
12: end for
13: Compute the solution estimate: x = (R(““))_1 (QWH))T@]
14: Output: vector z € R*.
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PALM-DL PALM applied to the matrix DL problem (5.4) Algorithm 26
sPALM-DL sPALM for the matrix DL problem (5.4) Algorithm 29
btPALM-DL btPALM for the matrix DL problem (5.4) Algorithm 27
PALM-DL-TT PALM for the TT-DL problem (6.17) Algorithm 30
sPALM-TT sPALM for the TT-DL problem (6.17) Algorithm 31
PALM-CDL PALM for the matrix classification DL problem (7.2)

sPALM-CDL sPALM for the matrix classification DL problem (7.2)

PALM-CDL-TT  PALM for the classification TT-DL problem (7.5)
sPALM-CDL-TT sPALM for the classification TT-DL problem (7.5)

Table 7.1: All methods employed in our experiments.

7.2 Numerical experiments

In this section we focus our experimental analysis to the convergent PALM type algo-
rithms described in the previous chapters. More precisely, we numerically explore the
advantages of using the spectral variant of PALM and the possible benefits of using a
TT based algorithm in the solution of the image classification problem. The considered
algorithms are compared in terms of efficiency and classification performance both in the
matrix and tensor settings. A truncated approach for the TT formulation is also tested.
Section 7.2.5 is devoted to the treatment of 5th-order tensors, leading to a 4D imple-
mentation of our algorithms; numerical experiments on a suitable database are reported,
illustrating the effectiveness of the T'T approach.

7.2.1 Implementation details

We consider the PALM-type algorithms described in Table 7.1, implemented in Matlab.
All the numerical experiments were conducted on one node HPE ProLiant DL560 Gen10
with 4 Intel(R) Xeon(R) Gold 6140 CPU @ 2.30GHz and 100 of the 512 Gb of RAM
using Matlab R2019a. We consider the classification rate as performance measure, that
is, the percentage of correctly classified persons or objects over the total number of test
images.

As starting approximations for the tested algorithms, a random dictionary D €
R™ 2%k with unit norm frontal slices and a sparse random tensor X € RF*"eX™r with
at most 7 non-zero elements per column fiber were used. Then, for the matrix formu-
lation we set Y = Yy, D = Dy and X = A};). A similar choice is made also for the
Tensor-Train setting where Gy, Gy and G3 are initialized as the TT-cores of D. The
initial guess for the classification matrix W, when needed, is computed by solving (7.1)
with 8 = 0. The parameter k£ is set such that n < k < n.n, as is common in Dictionary
Learning. More precisely, we set k& = 441 for the face databases, k = 1225 for the Fashion
MNIST and k£ = 1600 for the MNIST. The sparsity parameter 7 depends on the number
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Database k T 8 v
MIT 441  4n, 0 1
Extended Yale 441 4n, 0 1
MNIST 1600 2n, 0 1
Fashion MNIST 1225 4n, 0 1

Table 7.2: Parameters of the DL classification problem for different datasets.

of classes, n,, of the database and is set to 4n,, for all the databases except MNIST for
which 7 = 2n,,. Other choices of these parameters have been explored. However, we just
report the results for these values of k and 7 which seem to exhibit higher classification
rate. Several values for the  and « in problems (7.1)-(7.5) have been tested and then
fixed to the values 0 and 1, respectively. A summary of the parameters used for the
problem formulation can be found in Table 7.2.

For the PALM based algorithms, i.e. PALM-DL, PALM-DL-TT and PALM-CDL,
PALM-CDL-TT, the p’s are set equal to 1071 and the n’s are set equal to 1 as greater
values gave much worse practical behavior. Regarding implementations based on the
spectral variant we set: amin = 10719 ap = 1019, the initial stepsizes are set equal to
1, p’s are set equal to 0.5 and §’s equal to 107%. Finally, the approximated Lipschitz
constants L; p and L, x in btPALM-DL are doubled during the backtracking strategy,
i.e. p1 = p2 = 2 in Algorithm 27.

Deriving a reliable criterion for terminating the iteration is a crucial step towards the
development of a robust method. Most DL implementations in the literature seem to
merely rely on the number of iterations as stopping criterion. In addition to a safeguard
strategy on a maximum (loose) number of iterations, in our implementation the following
stopping criterion based on the TT iterates variation was used, that is

||Gl - GIHF + HGQ - G2||F + ||Gg - GgHF + ||X - X”F S tOl,

where the upper bar denotes the approximate solution from the previous iteration.

7.2.2 Preliminary tests on the matrix DL formulation

In this section we want to explore the potential of the spectral gradient step compared to
that based on the Lipschitz constants in the solution of the matrix DL problem (5.4). To
this end we compare SPALM-DL with PALM-DL and btPALM-DL on the four datasets
described in Table A.1. For this experiment we set the maximum number of iterations
equal to 50 and the tolerance tol in the stopping criterion |[D — D||p + || X — X||r <
tol equal to tol= 1073 \/nlngk' + knen,, where once again, the upper bar denotes the
approximate solution from the previous iteration.

The plots in Figure 7.1 show the values of H(D,X) = ||Y — DX||r as the itera-
tions proceed, for the considered methods and all datasets. The use of a backtracking
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rule (btPALM-DL) to estimate the Lipschitz constants yields a much faster decrease in
the residual value than using the constant stepsize (PALM-DL). Moreover, for all the
databases, SPALM-DL converges in far fewer iterations than bt PALM-DL. Though each
iteration of SPALM-DL is more expensive, (see the larger slope in Figure 7.2) the CPU
time of the spectral method is significantly lower than for the other methods, illustrating
the advantage of using higher order information in the gradient step.

MIT-CBCL Extended Yale
l. 2-103 L’ B
600 1
= “\' ]
g 400 ,‘I | ",
| - 1-10% 0. 1
i . el \ ‘.
200 |\l = \.
| 0100 e
0 20 40 0 20 40
iteration iteration
MNIST Fashion MNIST
T T
3-10° lf 1 l-‘
. : . 3-103 A
S 2-103 el : \ e
S x 2-10% ) W, T ]
1103 e 1 N
\ \ - 1-10° | \ -\ -----
0 20 40 0 20 40
iteration 1teration

-+ PALM-DL - - = btPALM-DL sPALM-DL

Figure 7.1: Residual norm history for PALM-DL, btPALM-DL, sPALM-DL.

Table 7.3 reports the number of iterations and the rate of classification success for all
methods: sSPALM-DL satisfies the stopping criterion in the smallest number of iterations,
whereas bt PALM-DL reaches 50 iterations on all datasets.

Overall, the advantages of using a spectral step in SPALM-DL is a faster decrease of
the objective function than with PALM-DL and btPALM-DL (see Figure 7.1), obtained
in less CPU time, with similar classification rates.

For the sake of completeness we also report in Table 7.4 a comparison between the
K-SVD and the sPALM algorithm in terms of CPU time needed to obtain a comparable
value of the objective function. For this experiment, the sSPALM algorithm is run until the
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Figure 7.2: CPU time as iterations increase, for PALM-DL, bt PALM-DL, sPALM-DL.

objective function is smaller than the value of the objective function obtained with two
iterations of K-SVD. Notice that for all the databases, except MNIST, sPALM-DL gives
almost the same value of the objective function in less CPU time than K-SVD, although
the most time consuming parts of the latter algorithm are precompiled C routines.

7.2.3 Numerical experiments on the tensor DL formulation

Given the training set ) € RmXnm2X%exm e golve the DL classification problems using
the two strategies described in this chapter.

The first consists in using PALM-DL, sPALM-DL to solve (6.1), and PALM-DL-TT
and sPALM-TT to solve (6.19) and then in determining the classification matrix W by
solving (7.1). Figure 7.3 displays the classification success rate of all algorithms as the
iterations proceed. The use of a spectral step results in higher classification performance
for all examined data. For the MIT-CBCL, sPALM based algorithms achieve the max-
imum classification rate after 20 iterations while PALM-DL and PALM-DL-TT need
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PALM-DL.  btPALM-DL  sPALM-DL

Database % Hit % 4t % Hit
MIT-CBCL 100% 46 99.38% 50 100% 27
Ext’d Yale shrunk 90.62% 32 93.12% 50 90.94% 21
MNIST 66.89% 26 84.14% 50 84.76% 29

Fashion MNIST  68.56% 32 65.60% 50 67.38% 17

Table 7.3: Successful classification rates and number of iteration of PALM-DL, bt PALM-DL,
sPALM-DL on four different databases.

sPALM-DL K-SVD
Database |Y — DX||p CPU time |Y —DX|r CPU time
MIT-CBCL 61.98 2.06 62.77 8.7
Ext’d Yale shrunk 109.39 80.31 109.80 148.32
MNIST 761.14 122.93 763.06 91.34
Fashion MNIST 827.76 132.57 829.51 140.98

Table 7.4: Value of the objective function and CPU time for sSPALM-DL and K-SVD.

more iterations to reach the same rate. When processing MNIST the classification per-
formance of PALM-DL and PALM-DL-TT decreases as iterations progress, suggesting
overfitting, whereas a slight improvement occurs with sSPALM-DL and sPALM-TT. On
these datasets, the Tensor-Train formulation does not seem to be beneficial for classifica-
tion purposes. Computer memory limitations however may favour the tensor approach,
as we will discuss in the next section.

The second strategy consists in applying the various PALM variants to the penalized
problems (7.3) and (7.6). Also in this setting, the sSPALM implementations outperform
the PALM based ones. It is also interesting to observe that considering the formulation
(7.3) does not result in better classification rates compared with (6.1). Once again, the
tensor approach behaves similarly to the matrix formulation.

7.2.4 Truncated approach for memory saving

One of the most challenging aspects in dealing with huge databases is to reduce memory
requirements. For a database ) € R *m2xnexnp  PALM-DL and sPALM-DL store D €
Rm1*m2xk and (sparse) X € R requiring mp := nyngk+7n.n, memory allocations.
This quantity can be quite large in real image applications. We next investigate the
possibility of truncating the tensor decomposition, possibly without interfering with the
classification performance. In the Tensor-Train based algorithms PALM-DL-TT and
sPALM-TT storage for the arrays G; € R™*", G, € R"*"2x2 (G, ¢ R™*F and
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Figure 7.3: Classification performance of PALM-DL, sPALM-DL, PALM-DL-TT and sPALM-
TT with respect to the number of iterations for four different database, using the formulations

(6.1) and (6.19).

X € RFmexm g required, yielding mypp := niri + mnere + rok + Tn.n, allocations.
As discussed in Section 2.3, in the Tensor-Train decomposition the truncation can be
performed either by using a threshold on the error of the unfoldings or by choosing a
proper value of the TT-ranks. In this context we set r; = nq, i.e. no truncation is
performed along the first mode, and we explore the behaviour of the algorithms with
respect to 5. The value of 7y determines whether the (truncated) TT approach is more
memory efficient than the full scheme by comparing myr and mp. In Figure 7.5 we show
the classification rates for all T'T based methods on two of the datasets after 50 iterations,
as ro varies up to the maximum value obtainable for that dataset (1, < 225 and r < 300
for MIT-CBCL and Extended Yale, resp.). We note that the TT variants are able to
achieve good classification performance also with small values of ry. In particular, for
the MIT-CBCL and sPALM-TT choosing a value of ry greater than 40 has no benefit on
the classification performance, suggesting the use of ro = 40, thus reducing the overall
memory costs with respect to PALM (mp = 108,945 vs mgpr = 36,585). Similarly,
for Extended Yale the value ro = 150 can be chosen without dramatically spoiling the
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Figure 7.4: Classification performance of PALM-CDL, sPALM-CDL, PALM-CDL-TT and
sPALM-CDL-TT with respect to the number of iterations for the four databases, using the
formulations (7.3) and (7.6).

classification performance. In other words the Tensor-Train Decomposition enables us
to store the information useful for classification purposes in a more compact manner.
Depending on the specific application, several strategies to determine a proper value of
ro can be explored. For example, one may be interested in the minimum value of 79
that gives a certain accuracy in the classification. In another setting, instead, one may
want to limit the memory requirements selecting the maximum value of o that keeps
the memory requirements below that threshold. Finally, if one is interested in preserving
a certain “expressiveness’ of the dictionary, other strategies based on the percentage of
singular values of (gg)m can be choosen, similarly to the one described in Chapter 2.

7.2.5 A classification example in 4D setting

The Tensor-Train decomposition allows us to readily extend the 3D formulation, ex-
plored in the previous sections, to higher-order tensors. In the following we analyze
the classification performance of PALM-DL-TT and sPALM-TT for a 5th-order tensor
Y € Ruxn2xnsxiiexnp and we compare them with their matrix versions PALM-DL and
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Figure 7.5: Classification performance of the Tensor-Train based algorithms for different values
of the TT-rank ro.

sPALM-DL. First of all, we write the TT Dictionary Learning problem as in (6.18) with
q = 3 and s = 5. Furthermore, we notice that

1Y = (G1 %3 G2 x5 G3 x5 Ga) x5 X||F = || V3] = (Inyns @ G1) (In3 ® (g2)[2]) (G3)) Gakpyllr  (7.7)

where Gl,(%)m, (gg)p], are matrices with orthonormal columns, and more precisely,

G1 € Onyiry, (92) ) € Orinayras (G3) 1y € Orang,ry while Gy € Qyy y; has unit norm columns.
The following proposition provides an expression for the gradient of H and corresponding
Lipschitz constants using the orthogonality of the first three TT-cores.

Proposition 7.2.1. Let G2 = (Ga2) g, G3 = (G3) g, X = Xup, ¥ = Vi) and
H(G, G, G, Ga, X) = ||V = (Lnyny © G1) (Iny © Ga) GsGaX .

Then the partial gradients of H satisfy Assumption AS3. Moreover, the following upper
bounds for the Lipschitz constants hold: Lx = 2||G4|3, Lg, = 2||G4X]3, La, = 2| X3,
Le, = 2|0 AiAT |2, La, = 2|| Y20, B;BF||2, where A; € R™*™ is the matricization
of the ith column of A = (I, ® Go) G3G4 X and B; € R™"*™ s the matricization of the
1th column of B = G3G4X.

Proof. By direct computation we obtain the following expressions for the partial gradi-
ents of H:

VxH = =2 (Ihn, @ G1) (I, @ Go) GsGo)'Y + 2(G3G4) T G3GyX

and Vg, H = 250 (=Y + G1A;) AT, where Y; denotes the matricization of the ith
column of Y, Vg, H =230 (-Y; + G1B;) B},

Ve H = 2((Igny @ G1)(Lny @ G2))T (=Y + (Tngny @ G1) (I, @ G2))G3G4X) (G4 X)T.
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Figure 7.6: Classification performance of PALM-DL, sPALM-DL, PALM-DL-TT and sPALM-
TT with respect to the number of iterations for the COIL-100 database.

For Vg,, we have Vg, H = 2CT (=Y + CG4 X)X T, where C = (I,,n, ® G1)(I,;, ® G2)G3.
Using these expressions we follow the proof of Proposition 6.2.1 to obtain the required
Lipschitz moduli. O]

To test this formulation we consider the COIL-100 database [56], containing RGB
images of n, = 100 different objects in n, = 72 view angles. For this experiment
the size of each image is reduced to 16 x 16 x 3 to preserve the relation among the
number of pixels n = ninsng, the atoms of the dictionary £ and the total number of
images n.n, (i.e., n < k < nen,). The training set ) is composed by all the objects
in n, = 54 different view angles, corresponding to 75% of the total number of images.
We set the number of atoms to & = 1400 and the sparsity parameter to 7 = 4n,,.
The reported results correspond to the classification success along the iterations for
a maximum of 50 iterations. From Figure 7.6 we can notice that the spectral step
enhances the classification rate significantly for the TT formulation. In particular at the
50th iteration the classification rate of SPALM-TT is equal to 77.11% while the other
methods do not reach 70%. Furthermore we observe that using a number of iterations
greater than 30 has almost no impact on the classification rate.
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7.3 Closing considerations

In this Chapter we presented two different classification models within the DL framework.
In the first the classifier matrix is computed at the end of the minimization process while
in the other it is learnt from data together with the dictionary and the sparse matrix.
The numerical experiments on four different databases show that there is no advantage
in using the latter model in terms of classification performance.

The numerical results in Section 7.2.2 highlight that the new sPALM algorithm yields
faster convergence with respect to the other PALM-based algorithms due to the em-
ployment of second order information in the gradient stepsizes. Moreover, since the
convergence of sSPALM is guaranteed for a wide class of nonconvex and non-smooth
problems, further constraints both on the dictionary and on the sparse matrix, such
as non-negativity, can be set. Finally, we have experimentally shown that the TT for-
mulation may give advantages in terms of memory requirements and rate of successful
classification, especially when applied to 4D databases.
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Conclusions

In this thesis we addressed the problem of image classification through the Tensor-Train
decomposition with the aim of highlighting the advantages of the Tensor-Train approach
with respect to other tensor decompositions when dealing with image recognition prob-
lems. Using a multidimensional approach is crucial in all image classification algorithms,
since it allows to preserve the inner structure of the processed data such as the neigh-
bouring relations among pixels that would be lost with vectorization processes.

In Chapter 2 we proposed a TT-based classification algorithm in which the database
is decomposed using the Tensor-Train decomposition and the resulting TT-cores are used
to classify a new image. In Chapter 7 we proposed a new Tensor-Train formulation of
the Dictionary Learning problem and a new spectral Proximal Alternating Linearized
Minimization algorithm (sPALM) that can be used for a large class of nonconvex and
non-smooth problems. The numerical experiments reported in Section 7.2 show the
advantage in using a Barzilai-Borwein stepsize in the Dictionary Learning context. In
particular, employing second order information in the proximal gradient step results in
better overall performance, i.e. less CPU time, faster convergence and higher success
rate with respect to Lipschitz based stepsizes. Furthermore the combination with the
Tensor-Train approach increases the classification performance especially in 4D examples
and gives several advantages in terms of memory savings.

Thus, in both the presented models the Tensor-Train decomposition is able to re-
duce memory requirements while preserving the classification performance. It also al-
lows to easily handle extensions to higher order settings as shown in Section 2.4.3 and
Section 7.2.5,avoiding the problem of the curse of dimensionality affecting other tensor
decompositions such as the HOSVD. This can be crucial when several features, such as
illumination, view angle or backdrop image sets, need to be considered.

The properties of the TT decomposition explored in this thesis together with its
low computational cost make it an extremely powerful tool whenever the number of
parameters of a model needs to be reduced due to time or computational constraints.
Thus, the use of the T'T decomposition can be extended to many novel research fields
known to be computationally demanding, such as deep learning.
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Appendix A

Description of the databases

In this work we consider 10 different databases of images of n, persons or objects in
n. expressions, where by expression we mean different illuminations, view angles, facial
expression etc. The first 9 databases are composed by greyscale images each of which
can be both considered either as a niny vector or as an n; X ny matrix depending on
the algorithm. The last database is composed by RGB images that can be represented
by third-order tensors. These databases can provide a good benchmark for classification
algorithms since they present significant differences in terms of persons or objects and
“expressions”. Furthermore, for the first four databases it holds that n; > n. whereas for
the others, n; < n.. In Chapter 2 this difference is crucial to explore the behaviour of
different tensor methods. In Chapter 7 we only use the databases for which n; < n.n,,
since we consider an overcomplete DL problem. The characteristics of all databases are
summarized in Table A.1.

1. Orl ([17]) contains 400 greyscale images in PGM format of 40 persons. Each subject
is photographed in 10 different expressions. In Figure A.1 all the expressions of
subject 1 are shown.

Figure A.1: Subject 1 of the Orl database.

2. COIL-20 ([57]) is composed by greyscale images of 20 objects, each of which is
photographed in 72 different view angles. In Figure A.2 object 1 in 15 different
view angles is shown.
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Figure A.2: Object 1 of the COIL-20 database.

3. Faces95 (|72|) consists of 1440 RGB images in JPG format of 72 persons in
slightly different positions with respect to the camera for a total of 20 expressions.
RGB images were transformed in gray images within Matlab. The same was done
for the other images with colors. In Figure A.3 the first subject is reported in all
expressions.

Figure A.3: Subject 1 of the Faces95 database photographed in 20 different expressions.

4. Faces96 (|73]) is composed by 2261 images in JPG format of 119 persons at dif-
ferent distance with respect to the camera totalling 19 expressions. As for the
previous database, the images were transformed in gray images. In Figure A.4 the
first subject is reported in all the expressions.

Figure A.4: Subject 1 of the Faces96 database.

5. MIT-CBCL' ([80]) is composed by 3240 greyscale images of 10 persons in 324
different expressions. Each image is reduced to 15 x 15 pixels in order to have
n; < ne. In Figure A.5, 10 different expressions of person one are shown.

= > > = % : : > >

Figure A.5: Subject 1 of the MIT-CBCL database in 10 different expressions.

6. Extended Yale ([33]) consists of more than 16,000 images of 28 subjects in 585
expressions. Each image is reduced to 20 x 15 pixels in order to have n; < n.. In
Figure A.6 subject 1 is reported in 15 different expressions.

!Copyright 2003 -2005 Massachusetts Institute of Technology. All Rights Reserved.



Figure A.6: Subject 1 of the Extended Yale database in 15 different expressions.

. MINIST ([50]) contains 28 x 28 size images of ten handwritten digits (from 0 to
9) split in a training set composed by 60,000 images and a test set composed by
10,000 images. The number of “expressions” for each digit varies. In Table A.1
the minimum and maximum number of expressions is reported. In Figure A.7, 10
different versions of the digit “three” are shown.

% 3333

Figure A.7: Digit 3 of the MNIST database.

8. Fashion MINIST ([82]) contains 70,000 images of 10 different kinds of Zalando’s

articles; 3,000 images per item for the training set and 1,000 for the test set were
used. As for MNIST, the variable “expression” is not well-defined. Each database
of n, persons in n. expressions is split into 75% training and 25% test sets, so that
ne = 0.75n, is the total number of expressions used for training. In Figure A.8 the
first object is represented in 10 different conditions.

TERTIT WERCD

Figure A.8: First object of the Fashion MNIST database.

9. Weizmann ? (|55]) face image database is composed by 28 subjects taken in 5

different view angles, 3 illumination conditions and 2 facial expressions. Each
image size has been reduced from 352 x 512 to 14 x 20. In Figure A.9 subject 1 in
different conditions is represented.

2downloaded on June 2018.



Figure A.9: Subject 1 of the Weizmann database.

10. COIL-100 ([56]) is composed by RGB images of 100 objects in 72 different view
angles. Figure A.10 shows an example of an object of the database in different
view angles.

Figure A.10: Object 1 of the COIL-20 database.

Database pixel size (original) pixel size (resized) Ne Ny

Orl 92 x 112 92 x 112 10 40
COIL-20 128 x 128 128 x 128 72 20
Faces95 180 x 200 180 x 200 20 72
Faces96 196 x 196 196 x 196 19 119
MIT-CBCL 115 x 115 15 x 15 324 10
Ext’d Yale shrunk 640 x 480 20 x 15 585 28
MNIST 28 x 28 28 x 28 892 — 6742 10
Fashion MNIST 28 x 28 28 x 28 7000 10
Weizmann database 352 x 512 14 x 20 28 30
COIL-100 128 x 128 x 3 16 x 16 x 3 72 100

Table A.1: Pixel size, number of expressions and persons of all databases.
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