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Abstract

In the past few decades, the amount of available data has been growing exponentially
- a fact which is symbolized by the appearance of the "Big Data" industry [I].
Devices ranging from biosensors to smartphones turn almost every aspect of our
lives into digital information, which is now continuosly shared over internet and
easily stored. Moreover, processing power continues to follow the famous "Moore’s
law", reliably doubling every ~ 2 years [] This combination of vast amounts of
data with computing power makes the study of algorithms which can effectively and
reliably extract information from data as relevant as ever.

To answer the question of how to learn from data is precisely the goal of Machine
Learning and, specifically, a class of algorithms known as Supervised Learning [2]. In
the parallel world of Signal Processing, the connection between signals in continuous
and discrete domain has been well studied [3]. The Nyquist-Shannon sampling
theorem is an example of this, which establishes that all the information of a limited
bandwidth signal can be captured with enough samples. More recently, the field of
compressed sensing has been analysing under-determined systems, with the goal of
acquiring and reconstructing signals when very few samples are available (below the
Nyquist-Shannon theorem requirements). These algorithms exploit the sparsity of
the signal in some domain to provide higher-quality results [4]. Because sparsity
introduces simpler and more interpretable solutions, it is a desirable feature for
models [5].

This two-part thesis develops higher-order (f : RY — R, N > 1) regulariza-
tion methods for supervised learning, while exploring model sparsity and the use of
splines in merging the continuous and discrete worlds [6].

In the first part (deep splines), based on the work of Unser et al.[7], Gupta et
al|8] and Debarre et al.[9], we learn the 1D activation functions ¢ : R — R of a
neural network, together with the rest of the parameters. The deep spline module
will be evaluated in an area classification problem and a model sparsification method
will be introduced.

In the second part, we develop a novel 2D learning framework (f : R* — R),
using a Hessian-Schatten regularization term. Unlike in Lefkimmiatis et al.[10], the
problem will be treated in its continuous formulation and the advantages of learning
over function spaces will be discussed. Finally, this framework will be applied to the
tasks of reconstruction, data fitting and "2D super-resolution".
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Chapter 1

Introduction

This chapter introduces important concepts used throughout the thesis. We begin
with an overview of supervised learning, in the first section; in the second section, we
examine classical methods to solve parameterized learning problems; in the following
two sections, we introduce the topic of learning over function spaces, where we
discuss learning over reproducing kernel Hilbert Spaces (RKHS) and generalized
Total Variation regularization (gTV), which is closely linked to the content of this
thesis; finally, we focus on the more recent field of Deep Learning, which again tackles
problems with a parametric formulation, and review the theory on deep splines, a
method to learn the activations of a neural network in which the first part of the
project is based.

1.1 Supervised Learning

In mathematical terms, we can describe the setup of supervised learning as follows.
We have a dataset consisting of a set Sy of inputs and a corresponding set Sy
of labels/observations. Each pair in the dataset is assumed to be independently
sampled from an underlying distribution D with range X x Y [11]:

data : Sy = {x1,...,zm}

observations : Sy = {y,, ..., Yy}

S ={(xm,y,,) iid ~ DM . (1.1)

As an example, the dataset might consist of several images of cats and dogs, together
with their corresponding binary labels - 0 when the image represents a cat and 1
when it represents a dog - and the goal of the supervised learning algorithm (denoted
A) is to learn to distinguish between images of these two types. This is known as a
classification problem since the range of the output consists of a finite set of discrete
values. Each image in the set Sy is sampled according to some distribution of natural
images of cats and dogs (i.e., X,, ~ px, m =1,..., M) and the corresponding label
is determined from the image sample:

P(Y,, = 0| X, = @) = 1, %f T %s an %mage of a cat.
0, if x,, is an image of a dog.

PY,=1|X,=2,)=1-PY,,=0]| X, =x,)
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Figure 1.1: Example of data fitting;
blue line is the underlying function f;
red crosses are the noisy observations. E|

Our objective is to construct a model (denoted fs) which can classify correctly, as
often as possible, images sampled from the distribution px.

In another example, a function f : RM — R is applied to each input x, producing
a corresponding real-valued output y, but whose observations are noisy due to noise
present in the measurement system:

Ym = f(®m) + €n, m=1,..., M. (1.2)

where € is the noise. We can assume the noise is independent and uniformly dis-
tributed (i.i.d.) and follows a gaussian distribution. Then, the random variable
Y. | X follows a normal distribution with mean f(x,,) and standard deviation o:

1

2ro

Sy X Y | ®m) = e~ (ym =1 (@m))?/20° (1.3)
In this case, we would like to have a model fgs which is close to the underlying f,
in some sense (e.g., minimize their Ly difference). Figure |1.1{shows this data fitting
task for the 1D case f : R — R. This is known as a regression problem since the
output can assume values in a continous domain.
In more general terms, ideally, we would like to find a family of functions Fr for
which the expected loss over the true distribution is sufficiently low:

LD(f) = E(w,y)wDM(?/» f(m))] (1'4)
Fre=A{f:Lo(f) <€} (1.5)

where /¢, the loss function, quantifies how good the function f is for the task. We
call Fr . the target family for requirement e. Notice that, if the requirement e is very
strict, the target family might be an empty set. For example, in problem (L.2), the
expected loss is lower bounded by the variance of the noise 02, which we could achieve
only if we model perfectly the underlying function f (i.e., Fr. =0, for € < o?).
Note, however, that our model is the result of some algorithm A and is con-
strained by its architecture and parameters. Hence, it is likely that our model

'https://i.stack.imgur.com/0e8Fp.png
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family (denoted Fg) does not contain some of the functions in the target family
Fr. (or any, depending on the € constraint), i.e., f € Fr. may be not realizable.
In addition, we cannot minimize the true loss in practice, since we do not
know the underlying distribution D of the data. Instead, we only have access to a
sampled dataset S on which we can minimize the so-called empirical (training) loss,
and which we hope is a good enough approximation of the the true loss :

Ls(f) =75 3w fst@n) (1.6)

(Tm, Ym)ES

To emphasize that our model fs € Fs has parameters @ and is a result of a su-
pervised learning algorithm .A, which learns on the sampled training dataset .S, we
write:

fso = A(S) (1.7)

1.1.1 Regularization

Minimizing the empirical loss instead of the true loss comes with its
downsides. First, due to the stochastic nature of sampling a dataset, even if the
empirical (training) loss Lg(fs) is small enough, when the learned model fg is
applied to another freshly sampled dataset S from the same distribution D, the
test loss Lg,,., (fs) might be much higher. Second, apart from the generalization
problems inherent to training on a sampled dataset, making the minimization of the
empirical loss our sole objective is counter-productive when the samples are noisy,
since our goal is to model the underlying target function and not to fit the noise
present in the observations.

The problem described in both of these points is called overfitting, named as such
because it depicts the unfortunate situation of over-fitting to the training set and
not modeling the underlying function. It is ilustrated in figure The solution for
this is to have models which can sufficiently minimize the empirical loss, but which
are kept simple enough so as to not overfit the training data and to generalize well to
other datasets. This can be done with regularization, which constrains the capacity
of the family of model functions; one example is ridge regularization, where a term
A 6]]?, which penalizes large parameters, is added to the minimization objective
(lambda is the regularization weight).

Lastly, there might be several models which give low empirical losses (we say
that we have an under-determined system). Therefore, in line with the framework
of compressed sensing, we might use regularization to incorporate prior knowledge
that we have on the target functions to restrict the model search space. For example,
if we know that we are trying to model natural images, our model can reflect their
smoothness by penalizing large variations of the function. Likewise, if we are mea-
suring the noisy sound signal of a tuning fork, we know that the underlying signal is
sinusoial. Since the Fourier transform of a sinusoid consists of only two diracs whose
location depends on its frequency, i.e., F{cos(2m fot)} = 2(6(f — fo) — 6(f + fo)),
we expect sparsity in fourier domain.

In this thesis, sparsity-promoting regularization plays a central role. It relates
to the more general paradigm in signal processing of using as less parameters as

2https://commons.wikimedia.org/wiki/File:0Overfitting.svg
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Figure 1.2: Example of overfitting;
black line is the underlying function f;
green line is the overfitted model. E|

possible to explain the data, so as to have simpler and more interpretable solutions

[5].

The next points summarize the usefulness of regularization:

e Reducing overfitting - regularization constrains the model so that it is less
likely to fit the noise inherent to sampling or explicitly present in the observa-
tions and more likely to model underlying distribution.

e Solving under-determined systems - when several functions would satisfy the
approximation constraints, regularization reduces the search space by enforc-
ing prior knowledge when we have information about the underlying target
function f.

1.2 Classical Methods

In this section, we introduce classical supervised learning methods; the first sub-
section shows how regularization can deal with under-determined or ill-conditioned
systems and introduces the family of gradient-based optimization methods; the sec-
ond subsection shows how regularization can be used to exploit model sparsity. To
simplify notation, from now on, we drop the S in fg when referring to the model
function.

1.2.1 Linear Ridge Regression

Linear Ridge regression consists of a linear regression problem with an ¢, regular-
ization on the parameters. It is mathematically expressed as:

min == > (f(@m) = ym)® + A |wll3 (1.8)



where T, € RP, f: RP — R, and f(x,,) = =L w, i.e., the search space is restricted
to functions which are a linear combination of the input «,, with learnable weights
(parameters) w. The first term is the data fidelity term (how well can the model
explain the data) and the second one is the regularization term. The previous
equation can be written in matrix form as:

min X — g3+ A ] (1.9)

where X € RM™*P is the matrix whose row i is the vector x;. It is easy to see that
the expression above is convex in w, so it has a single global minimizer and we can
find it explicitly by equating the gradient wrt to the parameters w to zero:

1
VL(w*) = —MXT(y — Xw*) + 2\w* =0 < (1.10)

e w' = (XTX+N1)"' X"y (1.11)

where QAW =

With ( -, we can analyse the effect of the regularization on the result. First,
note that the eigenvalues of XX + AT are at least \ (> 0). So, the regularization
essentially "lifts" the eigenvalues of the system, making X? X+ XTI always invertible,
which leads to a unique w* solution (since a matrix is invertible iff none of its
eigenvalues is zero). On the other hand, even if the matrix is invertible, it can be
ill-conditioned if some of its columns are nearly collinear. This situation can lead
to numerical issues when inverting the matrix and is quantified by the condition

number, which for a symmetric matrix A (like in our case) is equal to:

sl < [Amasl + ¥
P\minl o ’)\min’—i')\/

We can verify that, by "lifting" the eigenvalues, regularization can reduce the con-
dition number, thus improving numerically stability.

Notice that the complexity of is O(D?*M) and the computations are not
easily paralellized. Because of this, a class of faster methods which do not involve
matrix inversions and are based on the gradient (gradient-based methods)
have gained more traction in supervised learning.

The full gradient descent algorithm takes a step in the opposite direction of the
gradient to minimize the loss:

wt = w® — 4V L(w?) (1.13)

K(A) = (1.12)

where v is the step size. This is essentially a local approach to a global problem: if
the function to optimize is convex, using an appropriate step size, we are guaranteed
to reach the optimal solution; if not, we can still reach a local minima which is close
to the optimal one, but there are no guarantees. In practice, the full gradient descent
algorithm takes a lot of time to compute and leads to a small number of updates in
a certain time frame. For this reason, batch gradient descent (BGD) updates the
weights after the gradient of the loss is calculated for a batch of b samples (e.g.,
100). The gradient for a batch B; is the average of the gradients of its b; = |B;|
randomized samples taken from the training set:

VL (w

(1.14)

nEB



An important point is that the batch gradient is an unbiased estimator of the full
gradient, i.e., E[VLp(w®] = VL(w®). Nowadays, batch gradient descent is the
core of deep learning methods, since the computation of the gradients for each batch
can be paralellized easily in a GPU.

1.2.2 Linear LASSO Regression

Linear LASSO regression is a linear regression problem where the ¢ norm regular-
ization in (1.8)) is replaced by an ¢; norm regularization [12]:

min o~ » (f(@n) = ym)* + A|w], (1.15)

This is very well studied problem in signal processing, especially in the field of com-
pressed sensing. Since the ¢ regularization is known to promote sparse solutions
[12][13], it can be used to reduce the search space and solve under-determined sys-
tems. For example, in magnetic ressonance imaging (MRI), acquisitions are known
to be sparse in a given transform domain [14], so this knowledge can be incroporated
in the loss function with an ¢; regularization.

1.2.3 Classification Algorithms

Unlike in regression problems, in classification tasks the output assumes values in
a finite set. FEach possible value y € {0,1,2,..., K — 1} represents a class. In
the cats/dogs example, K = 2, and the label 0 is used for cats and 1 for dogs
(binary classification). We are going to present a high-level overview of two classical
classification algorithms: Logistic regression and Support-vector machines.

Logistic Regression

Logistic regression is based on the logistic/softmax function (figure [1.3a)):

z

o(z):

. 1+ e?

which is used to transform (—oo,c0) predictions from a linear model 7w + wy
into a probability. Since it predicts a real probability value, this method contains
"regression" in its name, despite being used for classification. We refer to the simpler
case of binary classification (e.g., cats/dogs), although it can be extended to multi-
class learning:

p(1] z,w) = o(xw + wp) (1.16)

p(0] ®,w) =1—o(x"w + wp)

The goal is to choose the parameters w which explain the data (1.1)), i.e., maximize
the likelihood p(y | X, w) = [[X_, p(tm | Zm) (assuming i.i.d. samples). Instead,

6
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Figure 1.3: Classification losses.

we can minimize the additive inverse of the log-likelihood, transforming it into a loss
function. Deriving the formulas (see [2]), we get:

M
Liw) =" In(l+e*") —yzhw (1.17)
m=1

This cost function can be proven to be convex and so it can be optimized using the
batch gradient descent method described in the previous section. An /5 regulariza-
tion with weight £ is often also added to the the loss function [11].

After training the model, for a new sampled dataset (test set), we can simply
apply it and predict the label 1 if o(z7w + wy) > 0.5 and 0 otherwise.

Support-Vector Machines

Consider again the case of binary classification but where now the two classes are
represented by —1 and 1. SVM optimizes the following loss, containing an ¢, regu-

larization term:
M

. A
min > 1yl + 5 ol (1.18)
m=1

The first term is called the Hinge loss, [2] := max{0, z} (figure[L.3b). The essential
characteristic of this loss function is that it does not penalize datapoints which are
already "well" classified: if the label is y,, = 1 and the prediction Zw > 1 then
the data point «,, does not contribute to the loss; and similarly if y,, = —1 and
xl w < —1. The vectors x,, for which this happens are called non-support vectors
(hence the name of the method). The loss can be again optimized with a
gradient descent algorithm. However, duality theory is often used to derive the
following dual problem formulation:
1

T T
1-— — , 1.19
arer[lgi](Na 2)\01 Qo ( )

where Q := diag(y)XX"diag(y), and w relates to a through the relation w(a) =
%XTdiag(y)a. This problem can be solved by coordinate ascent on a and has some
advantages: the dual is kernelized,

K = XX" (1.20)



so we can use the kernel trick by specifying K directly without the need to specify X
that originated it; and the solution « is only non-zero in positions corresponding to
vectors which are essential in determining the decision boundary (essential support
vectors).

1.3 Learning Over Function Spaces

In contrast to the classical methods we have seen so far, which solve minimization
problems formulated in terms of the parameters w of the model f, another class
of methods exists which tackle problems expressed directly in terms of f and not
its parameters (learning over function spaces). This shift in perspective will be
important in the rest of the thesis.

In this section, we briefly address the role of reproducing kernel Hilbert Spaces
(RKHS) in Machine Learning [I5], and then discuss generalized Total Variation
regularization (gTV), which promotes sparsity in continuous domain. In particu-
lar, we will examine an algorithm based on B-splines which exactly discretizes the
continuous problem formulation.

1.3.1 Learning Over Reproducing Kernel Hilbert Spaces

Suppose H is a Hilbert space on a set X. H is a reproducing kernel Hilbert space
if, for each x € X, there exists a unique function k, € H such that [16]:

1. k has the reproducing property, f(z) = (f, k), Vf € H.

2. k spans H, H = span{k,(-) : z € X}.
From this, we can define the reproducing kernel of H, k: X x X — R, as:

Kz, y) = (ks ky) - (1.21)

Scholkopf et al. proved a general version of the following Representer Theorem,
which created a more unified framework for learning.

Suppose we have a kernel k£ : X x X — R, and which has a corresponding RKHS
Hj.. Consider a problem of the form:

M
argmin » (f(®m) = ym)* + Ag(II£]) (1.22)

feHy —
where ||| is the Hilbert space norm and g is a strictly monotonically increasing

function, e.g., g(||f]l) = A||f||>. Then, the minimizer f* is of the form:

[ (x) = Zaik(m,wi) (1.23)

where o; € R. Note how the problem is formulated in terms of f and not its
parameters. Several algorithms can be seen in the light of this theorem. For example,
in SVM (L.20)), we have a kernel of the form k(z;, ;) = x! z;.

In the next section, we introduce a more specific problem which will be solved by
spanning the space of model functions with a B-spline basis dictionary, motivated
by a corresponding Representer Theorem.

8
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Figure 1.4: Canonical Green’s function for the D? operator (ReLU). (source: [22])

1.3.2 Generalized Total Variation

The problem introduced in this section deals with important concepts which will be
used in the rest of the thesis; it is of the following form:

arg min D (F@m) = ym)® + ALL g (1.24)

where f: R — R, L is a continuous linear shift-invariant (I.ST) operator and the M
norm is associated with M(R), the space of Radon measures (1.26). Notice here
that the regularization is applied to the function itself, like in the RKHS case.

Regularization

Let us now explain the meaning of this regularization term. L is a spline-admissible
operator, which is defined as an LLSI operator which satisfies the following properties:

1. There is a locally integrable function of slow growth pr, : R — Rs.t. L{pL} =
(L admits a Green’s function).

2. Its null space NV, has finite dimension.

We will only focus on linear differential operators L (which admit a Green’s function
and have a finite null-space). One important example is L = D?, in which case the
notation TV® (total variation-2) is used for the regularization term; the nullspace
of this operator consists of all linear functions, i.e., Np2z = span{l,z}, and its
corresponding Green’s functions (non-unique) can be written as:

ppz = alz]+ + u, u € Npe. (1.25)

The first term alz]; is a ReLU function with slope a; the fact that there are sev-
eral Green’s functions for D? and that they differ by a linear term arises from the
nullspace Np2. We call pp2 = [z], the canonical Green’s function (a.k.a. ReLU),
which is shown in figure [1.4

The regularization term then consists of the M norm of the operator applied to
function. The M(R) space of radon measures, associated with the norm |||, is

9



defined as:

MB) ={feS®):Ifly2 sw  (fph<oc} (120

PESR):[Ipll o <1

This formula is shown here for the sake of completeness (for more details, see [7]).
For the purposes of this thesis, it suffices to mention that M(R) is a slightly larger
space than L;(R), since it also includes the dirac delta function ||0(- — = )|, = 1,
while 0(- — z,,,) ¢ L1(R). Moreover, the associated norms have a strong connection
in the sense that functions with a finite L; norm have the same M norm, i.e.,
1fll, = Il fll for any f € Li(R). This property hints that the M norm can also
be used to enforce sparsity, as will become clearer soon.

Now, we are in a position to understand the effect of the regularization term
|IL{f}||\: it promotes sparsity of the function in the range of the L operator.
Take again the example of the TV®, L = D?; in this case, the regularization term
promotes sparsity of the second-derivative of the function, which will favor piece-
wise linear solutions. Notice that a ReLU (canonical Green’s function of D?) is
sparse in this sense, since TV@{ReLU} = 1, because ||§(z)]|,, = 1.

Search Space

The continuous domain Representer Theorem in [9] (Thm. 1) states that the ex-
treme points of the solution set S of problem (|1.24) are a sum of shifted Green’s
functions of the operator L, with a bound on K:

No

fla) =D awpu(r = z1) + Y bupu(a) (1.27)

k=1

where ag, 2 € R, and {pn}n=1. N, form a basis of M. The dictionary basis
pr(- — T),cg only depends on the operator L and not on the measurements.

Therefore, we can reduce our search space to functions of this form . This
has the advantage of parameterizing the learning problem, given that these functions
are entirely defined by the location of the knots {x;},, the Green’s functions
coefficients {a;,}1_,, and the null space basis coefficients {b,}2_,, with a bound on
K.

To make the task of finding a solution more practical, two ideas have been pro-
posed. The first one, in [§], is the elimination of knot discovery by restricting the
knots of the Green’s functions to a grid with spacing h. This makes the problem
computationally more treatable because discovering the knots {z;}X | is an expen-
sive process. Moreover, as the grid becomes finer, we are able to represent any

function. With the addition of this (infinite) grid, (1.27) becomes:

)= apele — k) + 3 bupa(a) (1.28)

kEZ n=

The second contribution, in [9], is the realization that functions of the form
have an alternative formulation in terms of a B-spline dictionary basis. Here,
we will focus on the D? operator (for a general statement, see [9] proposition 1).
In fact, is a piece-wise linear function, which is also spanned by a Bl-spline

10
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(a) Constructing a Bl-spline basis (b) Constructing a ReLU with
with ReLUs. Bl-splines.

Figure 1.5: Bl-splines/ReLU formulation equivalence.

dictionary basis. An intuitive way to see why this is the case is shown in figure
[1.5]- we can represent a ReL.U with Bl-splines and vice-versa. Notice that a linear
term can also be spanned by a Bl-spline dictionary. This alternative formulation in-
creases numerical stability, since small perturbations in the coefficients lead to small
perturbations in the measurements; in the case of the Green’s function formulation,
the system is poorly-conditioned: a perturbation of the coefficient of a ReLU with
knot at xy propagates to all measurements at x > xzy, and the greater x — xq, the
greater the change in measurements.

With these new basis functions, (1.28) becomes:

fle)=> " ap'(x — kh) (1.29)

kEZ

Note that this basis is interpolatory, which means that ¢, = 8'(kh). We can derive a
useful relationship between a; and c¢g; assuming a grid spacing h = 1, for simplicity,
we start from the definition of the canonical Green’s function for the D? operator,
p(x) = [x]4:

Fo. 1
D*p=6"p= " (1.30)

Using now the Bl-splines Fourier definition [6]:

5 sin(w/2)\ " )2 _ gmiuw/2) ™t
)= (ﬁ) - ( (jw)r ) (1.31)
P2 5w = (2 5 wm

Transforming this expression into time domain, gives the result expressed in figure

(a):
A(z) = [1,-2,1] % p(x). (1.33)
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Replacing this result into the spline expansion above (1.29)), we get

Z app(x — k) + by + bz = chA(x — k)

kEZ kEZ

& Z%P(I —k)= chA(x — k) — by — b1z

keZ kEZ
& Y apple—k) =) (e —bo—bip)Ax — k)
keZ keZ
= dA(x — k)
keZ
= dep(m —k+1)— 2dep(:r;— k) +dep(x— E—1)
keZ keZ keZ
= de+1p(x —k)—2 dep(x — k) + de_lp(x — k)
keZ keZ keZ
= (dis1 — 2di + dy_1)plz — k). (1.34)
keZ

where dk = Ci — bg — bl,k;- Now notice that ap = dk:+1 — Qdk —f—dk_l = Ck4+1— 20k+ck_1,
because the linear term by + by lies in the nullspace of the second-order finite
difference operator. Finally, we get the following relationship between the Green’s
function and Bl-spline expansion coefficients:

a=1[1,-21]xc (1.35)

where a is the ordered list of a;’s and * is the convolution operation. In the general
case, the filter coefficients are divided by the grid spacing h.

Exact Discretization

The advantage of this formulation is that it allows us to discretize exactly the prob-
lem ([1.24). We continue to focus on L = D? (recall that [|[D*{f}||,, = TVA{f}).

Replacing (1.28) into the minimization objective (T.24)), given that D*{pp2} = 6 and
16(- = @)l o = 1, we get

TVO) = 3 fanl = all, = |12 1 xe (130

kEZ

1

At the end, reducing the search space led to a simple formulation: the TV® of
any function in our solution family is simply the ¢; norm of its Green’s function
coefficients. This result also makes a direct connection between the M norm and
the ¢, norm and makes it clear how the TV leads to sparsity of the Green’s function
coefficients, given the sparsifying effect of ¢, regularizers. The exact discretization
of the problem, after the search space restriction, becomes:

argmcinZ(f(mm,c) —ym)Q—f—)\H%[l,—Zl] * C 1 (1.37)
fla,e) = B (x — kh)

keZ
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Finite-Dimensional Problem

In practice, we can assume that the signal we are trying to model has a finite support
[—L, L], so we can have a finite-dimensional coefficient vector ¢ whose coefficients are
within this range. Then, by imposing linear boundary conditions, we can represent
the linear term by + bz and construct an unbounded domain function which is not
penalized by the regularization outside [—L, L]. The formula is still valid in
this case. We will discuss this in more detail in section

Finally, we have the following finite-dimensional discrete optimization problem:

arg min [He — yI2 + A Lel) (1.38)
ceRN

This problem can be efficiently solved through an ADMM-simplex mixed algorithm
[9][8]. More details on this will be provided in the second part of the thesis, where
this algorithm is applied.

To summarize the important ideas of this section: we started from a continuous
formulation in for f: R — R; motivated by the continuous domain (1D) Rep-
resenter Theorem, we reduced the search space to the family of functions spanned
by a sum of shifted Green’s functions, parameterizing the continuous-domain prob-
lem . We then restricted the search space by placing the knots of the Green’s
functions in a grid (eliminating knot discovery) and equivalently representing the
functions in our model family with a Bl-spline expansion. At the end, we were able
to exactly discretize the continuous domain problem, transforming it into a discrete
one of finding finitely-many coefficients c.

This algorithm is elegant, has an interpretable result and is mathematically mo-
tivated, but it only allows learning of functions f : R +— R. The rest of the thesis
will explore higher-order methods f : RY — R.

One of the machine learning objects which allows us to go to a higher-order is a
neural network, the object of study of Deep Learning. Since they will be used in the
rest of the thesis, they are briefly discussed in the next section. Notice that they fit
in the parameteric framework, being therefore more closely linked to the algorithms
we saw in the section [[L.2

1.4 Deep Learning

Deep Learning started gaining traction in 2014, after AlexNet [17] shook the com-
puter vision community by outperforming all the classical computer vision algo-
rithms by a large margin. It is now used for diverse tasks such as inverse problems
in imaging [18], style transfer [19], face generation [20], amongst others. Mathemat-
ically, a neural network, the object of Deep Learning, is a sequence of linear and
non-linear functions [7], i.e., L layers (see figure [L.6):

f@)=(opof oo 10---0050 fy0010f)(x) (1.39)

1. f,: RNe-1 — RN (linear)
forvm filz) = W + b (1.40)
with weight matrix W, = [wy - wy,,] € RY*Ne-1 and bias vector b, =

(blyg - le’g) € RMe,

13



Figure 1.6: Example of a neural network.

2. o : RM — R (nonlinear)
op:x= (21, - ,zN,) — oo(x) = (010(1), - ,on,0(TN,)), (1.41)

They can be used to tackle problems of the form:
M
arg min Z(f(wm, Ow) — Ym)” + 1R (6.) (1.42)
et m=1

where R(Ow) is any regularization term applied to the parameters 8,,. One common
type of regularization, called weight decay, is an Ly penalty on the weight parameters
of the network - it is the neural net equivalent of ridge regularization. Neural nets
are parametric models and the regularization is again applied to their parameters,
in contrast to the previous algorithm in which regularization was applied directly to
the function. The MSE loss is given in ({1.42)) as an example but other losses such
as cross-entropy can be used.

One family of activation functions which has been particularly successful is the
ReLU family [21]|22]]23]; its most basic form, a ReLLU activation, is the function
shown in figure [[.4] ReLU-based networks have an important link with continuous
piece-wise linear functions (CPWL), which were the focus of the algorithm in the
previous section. Specifically, these networks construct CPWL functions [24], and
any CPWL function can be represented by a neural network of this kind [25].

Given the CPWL behaviour of this sucessful family of activation functions, if
our goal is to learn the activations of a neural network, reducing the search space
to piece-wise linear functions seems to be a sensible option. Unser justifies this
intuition mathematically with a Representer Theorem of deep neural networks [7].
Much like the Representer Theorem alluded to in section [I.3.2] which motivated
reducing the search space to the span of a Green’s function basis dictionary, in 1D,
Unser proved a similar result in the context of deep learning, again by using a TV®
regularization to promote piece-wise linear solutions [7]. We will briefly present this
fundamental result (Thm. 3 in [7]), to provide the foundations for the first part of
the thesis.

1.5 Deep Splines

Given a neural network with overal composition function as in (1.39)), linear weights
Up=[uis - un, )" € RV>Ne-1 which are normalized (||u, || = 1), nonlinear acti-
vations oy : RV — R™ and which gets as input a series of data points (€, y,,)M_,,
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consider the following TV(Q)—regularized problem:

M L N
g win (3 B fl) + Z URESS 9 SENCINY
m=1

(Uﬁ)v(an,ﬁeBV(Q)(R)) /=1 n=1
(1.43)

where £ : RVe x RV — R* can be any convex loss function, R, : RV>Ne 5 R+
can be any convex cost on the weights, such as weight decay, and Apy, u € Rt are
two adjustable regularization parameters. If a solution of exists, then one of
the solutions is a "deep spline" network with individual activations of the form

Kn,l
(@) = D + Dot + Y (T = Tom) 1, (1.44)
k=1
with adaptive parameters K, < M — 2,710, , Tk, ;ne € R, and by ¢, b2 0,

A1ney aKn’g,n,Z cR.

So, in a similar fashion to section [I.3.2] this theorem states that, if a solution to
exists, one of them is of the form , i.e., a sum of a bounded number K
of ReLLUs with uknown slopes and locations, plus a linear term. As we will see in
the experimental section, the strength of the TV regularization can be adjusted
to produce solutions far from the upper bound, i.e., K << M. Again, the linear
term is not penalized by the regularization; however, it can still contribute to the
reduction of the data-fidelity part of the loss.

1.5.1 Discretization

Notice that the the activation functions in ([1.44]) are of the same form as the func-
tions in our reduced search space (1.27)), for I = D?, from the gTV method in section
1.3.2] Hence, the same exact discretization applies here:

nZ

|, Ziakne\

And we reach the following discrete optimization objective, which can be minimized
by training a neural net in a GPU, using batch gradient descent:

(1.45)

(2){01172} _ ‘

L N
arg min (ZEym, () + Z (Uy) +)\Zi||ang||l> (1.46)

(Ue),(04,0€BVA (R (=1 n=1
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Chapter 2

Learning Deepsplines

This chapter puts in practice the Representer Theorem of deep neural networks,
which was the focus of the previous section, by learning the activations of a neural
network using deep splines. In the first section, we formulate the problem in terms
of B-splines in a finite-dimensional setting. In the second section, we present the
numerical results.

2.1 B-splines Formulation

From the result of the Representer Theorem (1.44), the same questions as in the
gTV section [1.3.2] are raised.

First, discovering the location of the knots of the ReLUs is slow. To solve this
issue, we can again restrict the knots to a grid (with the grid spacing going to zero
we can still approximate any function in the limit). If the solution is composed of
only a few knots, we hope that the regularization TV® will eliminate most of the
non-relevant knots through its sparsifying effect (or make negligible). This will be
seen in the experimental validation.

Second, the formulation in terms of RelLUs is poorly-conditioned; in order to
compute the output of the activation we need to know the value at that position
of all ReLUs which have knots before, which makes the cost of backpropagation in-
crease exponentially with the number of knots - the linear increase in a single layer
is exponentially propagated through layers-. This was experimentally verified (but
not shown here). This issue can be circumvented by using the alternative B-splines
formulation, whose details were given in section With this formulation - with-
out considering the computational cost of the regularization term, which is neglible
for sufficiently large networks - the cost of the backpropagation becomes O(1) with
respect to the number of coefficients, since we only require the two closest coefficients
to determine the output value at a given location, through linear interpolation; this
is the advantage of using localized basis functions.

2.1.1 Finite-Dimensional Problem

As mentioned in section for a practical implementation, we need to transform
this problem into a finite-dimensional one. If we assume that the large majority
of data points falls within a region of interest [—L, L], we can restrict the B-spline
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Figure 2.1: Finite spline representation;
dashed red: Bl-spline basis functions;
dashed gray: boundary basis functions.

coefficients ¢, to be in that region. Outside this domain, we can perform linear
extrapolation, so that the function is not penalized by the TV® there.

The constructed function is shown in figure with L = 4. Mathematically,
these linear boundary conditions can be done with carefully chosen boundary basis,
shown in dashed gray. In the implementation, we use the first two coefficients
(not shown in , but corresponding to x = —4 and x = —3) to perform the
left extrapolation, and similarly for the right extrapolation. Note that, in this finite
representation, the linear term is determined by the left extrapolation and the ReLU
knots are restricted to the region of interest (the first and last ReLU knots are at
L+ 1 and L — 1, respectively). We can summarize this statement and express the
relationship with the Green’s function expansion as follows:

S oAz — k) for z € [~ L, ]
Ospline(¥) = S c_p+ (c.p —c_py1) - ((=L) —x) for x € (—oo, L) (2.1)
cr1+ (cp—cpq)-(x—(L—1)) forzxe (L)
(L-1)
=by + box + Z aglr — K|+
k=—(L—1)

The relationship between the coefficients is given by a = Lc (see [1.38)), where L is
a (2L —2) x (2L) Toeplitz matrix and the two degrees of freedom correspond to the
linear term (null space):

1 -2 1 0 .

a4 0 1 -2 1 0 0] e psa
= (2.2)

ar—1 : L. 00 CL—1

10 0 1 =2 1] | ¢ |
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In summary, the regularization term in (1.46[) is computed through a valid con-
volution of the B-splines coefficients ¢ with the discrete D? filter and then taking
the ||-||; of the result.

2.2 Numerical Experiments

In this section, we use deep splines in an area classification problem. The aim of these
experiments is to better understand the behaviour of these objects by restricting
ourselves to learning functions which map a two-dimensional real input to a discrete
value. Their performance will be benchmarked against other common activations,
the ReLU and the PReLU.

The task at hand consists of classifying points in a 2D space as being inside or
outside a circle which occupies half the area of the square [—1,1]?. The underlying
function f: [—1,1]*> — {0,1} maps a 2D data point to the value 1 if it is inside the
circle, and to the value 0 otherwise:

1, fora?+y?<?2
fla,y) = ) T (2.3)
0, otherwise

A training set S; consists of M (= 1000), position/label pairs: each (x,y) position is
randomly chosen within the square [—1, 1] and the corresponding label is assigned
according to (2.3). One training set is shown in figure 2.2

To be able to interpret the results, we tackle the problem using a simple archi-
tecture, shown in figure [2.3a] This network takes a 2D input, which is fed to a single
hidden layer of Np;q4en, neurons and outputs a real-value. A sigmoid function (figure
1.3a)) is applied to convert this real value into a probability (of the input belonging
to the circle), such that fs(z,y) € [0,1]. During training, binary-cross entropy is
used to update the network parameters:

Ls(fs) = 37 3~ log(fs(w,0) 2.4

The test set consists of a fine grid with spacing 0.01 covering the [—1,1]? square
(200-200 datapoints). During testing, the output value is quantized into a prediction:

1, if fg(l‘,y) > 0.5

. (2.5)
0, otherwise

fs(x,y) :{

And the test accuracy is computed as:

# correct predictions
accuracy (%) = # total predictions <100 (2:6)

We will benchmark the deep spline against two different activations: the ReLLU
and the PReLLU. The PReLU, shown in figure is a piece-wise linear function
with a single knot at zero, like the RelLU, but which has learnable slope a in the
negative part of the domain.
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Figure 2.2: Example of a training dataset S
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(a) Deep spline network architecture;
Nridden 18 the number of hidden neurons.

(b) PReLU activation.
(source: [22])

Figure 2.3: deep spline network architecture; PRelLU.

An L, penalty (weight decay) is applied to the weight parameters of the net-
work. The weight decay, u, is gridsearched with a logarithmic step in the range
[107191072)].

Five training datasets {Si,..., S5} are independently sampled for training. For
each weight decay, one model is trained on each dataset and then the corresponding
test accuracies are computed, including the median accuracy of the five models.
The weight decay which achieved the best median accuracy is selected and, for that
weight decay, the test results of the model trained on the median accuracy dataset
are reported.

For the deep spline network, the TV regularization weight (\) is computed
from the weight decay according to (theoretical work in preparation):

16
A= —
33

The Pytorch framework [26] was used for the experiments. The models were
trained for a total of 250 epochs with an Adam optimizer [27], which uses the
gradients in a smarter way than the vanilla-BGD discussed in the introduction; the
initial learning rate was set to 1072 and was decreased by 10 at epochs 175 and 225.

(2.7)
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A small batch size of 10 was necessary to avoid local minima (by introducing more
stochasticity in the gradients).

In the next two sections, we show the results of the experiments, first for the
baseline networks and then for the deep spline. In terms of performance, what we
are concerned about is the relationship between the accuracy and the size of the
network /total number of parameters, so both these quantities are shown alongside
the test accuracies. The color value of the plots represents the network prediction
(probability map).

2.2.1 Baseline Networks

1.0 1.0
0.8
0.5
I 0.6
0.0
0.4
-05
02
%0  -o0s 0 05 10 90 1%, _o5 o0 0. 0 00
(a) Nhidden = 2, (b) Nhidden = 10,
test accuracy: 74.65%, test accuracy: 98.15%,
N.o parameters: 9. N.o parameters: 41.

Figure 2.4: ReLLU; median results for the best weight decay.

1.0 1.0 1.0
0.8

0.5 0.5
0.6

0.0 0.0
0.4

-0.5 -0.5
0.2

%0  -o0s 0 05 10 90 1%, _o5 o0 0. 10 00
(a) Nhidden = 2, (b) Nhidden = 10,
test accuracy: 89.42%, test accuracy: 98.19%,
N.o parameters: 11. N.o parameters: 51.

Figure 2.5: PReLU; median results for the best weight decay.

The results for the baseline networks are shown in figures 2.4 and 2.5] As we
can observe, with only two hidden neurons, both the ReLU and PReLLU networks
do not perform very well (although the PReLU performs much better). To achieve
an accuracy above 98%, we need 10 hidden neurons and a total number of 41/51
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network parameters. Notice that the increased number of parameters in the PReLLU
starts to make less of a difference as the network size increases.

2.2.2 Deep Spline Network

For the deep spline network, we initialize the activations with an even/odd initial-
ization: half of the activations in the hidden layer are initialized with the absolute
value function and the other half are initialized with the soft-threshold /shrink func-
tion, shown in figure from compressed sensing [28]. This initialization is more
intelectually satisfying than a random one since any function can be represented as
a sum of an even and an odd function and this idea is encountered throughout signal
processing (e.g., Fourier series).

Softshrink activation function

Output
o

—6 -4 -2 0 2 4 6
Input

Figure 2.6: Softshrink.

As mentioned previously, the TV® regularization of the activations promotes
piece-wise linear solutions which have a reduced number of non-zero slopes (few
knots). In practice, negligible slopes are never fully eliminated. As an attempt to
have a tight control on the number of knots, we propose a "sparsification" algorithm.
This algorithm goes from the B-spline expansion coefficients to the Green’s function
expansion coefficients (¢ — a), "kills" the knots with negligible slope (a — a), and
finally goes back to B-spline expansion coefficients again (@ — ¢). The algorithm is
as follows (assuming grid spacing h = 1, WLOG):

1. a = Lc, as in equation ([2.2)).

2. Apply threshold: for j € {—L+1,...,L— 1},

(2.8)

a;, otherwise

. {O, if |a;| < atol
Clj =

!https://pytorch.org/docs/master/nn.html
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C_r, [}
|:6—L+l:| - _C—L—&-l]
[ 1 0 cie oo 0 O] _CALLH_
C_L+42 2 1 e 000] |a—pye CoL+1
Lol = : P S (2.9)
éL 2L—-3 2L-—-4 --- --- 1 0 dL_Q C_I+1
2L—-2 2L—-3 --- -+ 2 1 ar—1

Step 2 of the algorithm eliminates all slopes whose absolute value is smaller than
atol. To choose the absolute threshold we procede as follows: after training the
model, we observe the training accuracy; then, we start from a low atol value and
slowly increase it until the train accuracy drops by more than 1%; finally, the highest
threshold for which the accuracy drops by less than 1% is chosen.

Step 3 goes back to the B-spline representation, after the elimination of the
negligible slopes. Since the linear term vanishes in the previous transformation,
c_r, and c_p 1, which define the linear term, are saved before the last step and are
assigned the same values. The rest of the coefficients are computed as shown, taking
into account the value of c_p 4.

Here we present the results for deep spline network with just 2 hidden neurons
and 21 Bl-spline coefficients in each activation.

1.0 1.0
0.8

0.5
0.6

0.0
0.4

~0.5
0.2
109 o5 0.0 0.5 10 00

(a) Nhidden = 2,
test accuracy: 98.54%,
N.o parameters: 23

Figure 2.7: deep spline after sparsification, 21 B-spline coefficients.

The activations and the effect of sparsification are shown in figure[2.8] The dotted
points correspond to knots with a non-zero slope. Note that, before sparsification,
some of the present knots are visibly neglible. Sparsification provides a tighter
control by "killing" these knots. The number of parameters mentioned in figure
accounts for the number of non-zero ay, slopes after sparsification (12 in total), the
bo, by coefficients which define the linear term for each activation (4 in total), and
the remaining network parameters. Note that one of the activations has the shape
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-5.0 g =5.01

-7.5 =75

(a) Before sparsification; (b) After sparsification;
the dotted knots have a non-zero slope. the dotted knots have a non-zero slope.

Figure 2.8: Activations of the model corresponding to figure .

of a parabola, which makes sense given that the decision boundary is of the form
>+ —c<0.

We observe in figure that using a deep spline with only two hidden neurons
and a total of 23 network parameters we were able to achieve a better accuracy than
the ReLLU and PReLU networks, with 41 and 51 parameters, respectively. We can
conclude that deep splines allow us to use smaller networks and that the transfer of
capacity from the network weights to the activations is beneficial.
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Chapter 3

Hessian-Schatten Regularization

3.1 Introduction

The complex implicit parameterization of neural networks leads to a reduced model
interpretability, so alternative higher-order methods based on a stronger mathemat-
ical foundation are worth exploring. In this Part 2 of the thesis, we approach again
the ideas from the gTV B-splines method (section by presenting a new reg-
ularization framework for learning functions f : R? — R and proposing a method
to solve the continuous domain problem via exact discretization. This framework is
called Hessian-Schatten, because the regularization is based on the Schatten norm
of the Hessian (more on this later).
The problem we which to solve is of the form:

M
arg m;nmzjl(f(a:m, Ym) — 22)2 £ NHS(f) (3.1)

Note the change in notation: 2% is now used for the observations instead of y,,

and the input, which was previously denoted as x,,, is now explicitly written as
(T, Ym)- This emphasizes the 2D nature of the problem. The problem formulation
is non-parametric like in the RKHS and gTV cases.

Before defining HS(f), we first need to mention the concepts of SVD, Schatten
norm and Hessian matrix, in which it is based; this is the purpose of the first three
subsections. The remaining subsections of the introduction will define and discuss
this regularization term and overview the work that has been done on it.

3.1.1 SVD

The SVD is a matrix decomposition of the form A = USV”* where U and V are
unitary matrices (UU* = U*U = I) and S is diagonal. Every matrix A € F»*™
has an SVD decomposition [29]. The elements in the diagonal of S are called the
singular values, defined as the square roots of the non-negative eigenvalues of AA*
(the same as of A*A). The number of non-zero singular values determines the rank of
the matrix. Note that if A is a normal matrix, i.e., AA* = A*A (e.g., an hermitian
matrix), the spectral theorem applies and A will have an eigen-decomposition of the
form A = UAU where U is unitary. Then, VAA* = U|A|U*, which means that
the singular values are equal to the absolute values of the eigenvalues of A.
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3.1.2 Schatten Norm

Given a vector space V over a vector field F, a norm is a function p : V +— [0, +00)
which satisfies the following properties for any uw,v € V and any scalar a € F:

1. Triangle inequality; p(u + v) < p(u) + p(v)
2. absolute homogeneity; p(au) = |a|p(u)
3. positive definiteness; p(u) = 0 iff u = 0.

The Schatten norm is a matrix norm, i.e., it satisfies the conditions above with
V =TF™ " defined as:

min(ni,n2) %
[Alls, = lloll, = ( > Ui(A)> (3.2)

k=1

From this definition, we see that the Schatten norm of a matrix A is computed
by taking its SVD decomposition and then computing the ¢, norm of the vector
of singular values. Apart from the basic norm properties, the Schatten norm also
satisfies several additional properties, one of which is unitary invariance:

IUAV|s = |lAllg,, for U,V unitary matrices. (3.3)

In this project, we expect to find symmetry in the results because of this property.

To better understand the definition of the Schatten norm, let us highlight the
equivalence with other well-known norms, for specific values of p. The last case,
where p = 1, will be the focus of this part of the project.

p=00:
[Alls, = omar(A) = supf[|Az], : [lz], = 1} = [|A[, (3-4)

When p = oo, the Schatten norm is equal to the operator/spectral norm, i.e., the
maximum singular value. Since U and V are unitary, they only perform "rota-
tions", and S scales the vectors after the V transformation. Hence, we can view the
maximum singular value as the maximum possible "stretch" of a vector after the A
transformation.

p=2:

min(ni,n2)

lals, = (Y oha) = V@A = >N ja = 1Al 35)
k=1 i=1 j=1

When p = 2, the Schatten norm is equal to the Frobenius norm, which is the matrix
norm induced by the inner product (A, B) = tr(A*B). The second equality comes
from the fact that tr(X*X) is equal to the sum of the eigenvalues of X*X which,
by definition, is equal to the sum of the square singular values. This norm arises in
multiple contexts - in the context of neural nets, it is called weight decay.
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min(ni,n2)
IAllg, = D ow(A) =tr(VATA) = A, (3.6)
k=1
When p = 1, the Schatten norm is equal to the nuclear/trace norm ||A||,. This norm
is a convex envelope of rank(A), so it is often used in mathematical optimization to
search for low rank matrices. Since the rank of a matrix is the number of non-zero
singular values - a.k.a. the Ly "norm" of the vector of singular values, which is not
convex - it can be relaxed to a convex minimization problem using the L; norm
instead [30].
As mentioned previously, for normal matrices, the singular values are equal to
the absolute value of the eigenvalues. Hence,

IAlls, = " |A(A) = A(A)]l,,, for A normal (3.7)
k=1

So the S; norm of a normal matrix is equal to the ¢; norm of its eigenvalues.

3.1.3 Hessian Operator

The Hessian matrix H f(x,y) € R?*? of a twice-differentiable function f : R? — R
at (x,y) is the matrix of second partial derivatives:

Elxy) 2L(x,y)
Hf(x7y) = [ 22]0 8@2?;‘11 ]

3.8
dyoz (m, y) a_y2<x> ?/) ( )

Henceforth, we will use the notation H := H f(z,y) unless it is important specify
the function f or the coordinates (z,y) for which the Hessian is computed.

Schwarz’s theorem states that if the second partial derivatives are continuous in
the neighborhood of (z,y), then H is symmetric. However, there might be cases
for which this condition is not satisfied but H is still symmetric; we will see such
a case in our method. For now, it is important to get a geometric intuition of the
eigen-decomposition of a symmetric Hessian. With that goal in mind, first note that
the Hessian is useful in computing second directional derivatives [31]:

Vif =v'Ho (3.9)

where v is a unit vector. If the Hessian is symmetric, according to the spectral
theorem, it will have an eigen-decomposition of the form:

H = UAU* (3.10)

where the columns of U are formed by orthonormal eigenvectors (U is unitary).
The eigenvectors of H have an important geometric interpretation: they point in
the direction of minimal and maximal magnitudes of the second derivative. This can
be seen as follows; note that we can write any unit vector as a linear combination
of the eigenvectors, since their combination spans R:

v =a v + agvy, al +a;=1 (3.11)
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So, the directional derivative in the direction v is:

V2 [ = (a1v1 + ayv2) " H(ayvy + agvy) = (3.12)

= \aj + Mpa3.
where we used the orthogonality of the eigenvectors (v1 vy = 0). The last expression
is a convex combination of the eigenvalues so, assuming |A\;| < |Ag| (WLOG), it is

easy to see that:
0= M| <|Vof| <N (3.13)

where the limits are attained when a; = 1,a5 = 0 and a; = 0,as = 1, respectively.
From this expression we conclude that the eigenvalues of the Hessian provide the
bounds for the magnitude of the second directional derivatives at (x,y), with the
minimum and largest values being attained in the direction of the eigenvectors.

One final point to consider is the following: the Hessian H f(x,y) of a function
f which is locally linear function at (x,y) is the O matrix. This will be important
later.

3.1.4 Hessian-Schatten

We are now in position to define the HS(f) regularization, first introduced in [10]:

HS(f) = /( 5 ), dedy = / lo@.y)l, dedy — (3.14)

(z,y)EN

2

SR>

oz, y)) dxdy
=1

where oy (z,y) is the k-th singular value of H f(z,y). The last equality comes from
the fact that the singular values are non-negative (o (x,y) = |ox(x,y)|). It is worth
emphasizing the steps required to compute this regularization: we calculate the
Hessian of f at each location (z,y) € ; we then take its SVD decomposition and
compute the ¢; norm of the vector of singular values; finally, we integrate over the
whole space () to get a single value.

This regularization (and its most general S, form) enjoys several good properties:
it is scale, rotation and translation-invariant [10]; the rotation invariance is linked
to the unitary invariance of Schatten norms. These properties make the Hessian-
Schatten particularly suitable for natural images, which preserve their structure
under these transformations.

3.1.5 The Effect of the Regularization

For future reference, let us repeat here the minimization problem we wish to solve:

M
arg m;n;u(xm, Um) — 200°)% + AHS(f) (3.15)

Now that we defined the Hessian-Schatten, we can discuss its effect. The presence
of the ¢ term in (3.14)) means that the regularizer will promote solutions with fewer
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non-zero singular values (sparser). For a normal matrix, o}, = [\f, [|o(z,y)|l,, =
[A(x,9)|l,,, so this is equivalent to promoting sparsity in the eigenvalue sense. This
sparsity-promoting behaviour is the reason why we restrict ourselves in this project
to S; norms, even though a more general version of exists [10].

As mentioned before, if the function is locally linear at (x,y), the Hessian there
is identically 0, which is the sparsest result possible (both singular values are zero).
Therefore, this regularization will favor piece-wise linear solutions, by analogy with
the D? operator in 1D.

3.1.6 Discrete Hessian

Lefkimmiatis et al.|[10] addresses the problem above by descretizing the Hessian
matrix using second finite differences, in a context where the underlying function
corresponds to an image (takes discrete indices as input and outputs a real value);
the image intensities on a N, x N, grid are rasterized in a vector 2% € RM (M =
N, - N,). Then, the discrete Hessian operator H : RM — RM*2x2 ig applied to the
vectorized image intensities z°% as follows:

[Arlrlz()bs}m [ArlTQZObS]m

Hzobsm:
il N TN,

C om=1,....M (3.16)

where A, are second finite difference operators (see [10] for more details).

Discretizing the Hessian with finite second differences has several disavantages.
First, it naturally leads to discretization errors. Second, it hides the implicit as-
sumption that the underlying function is piece-wise constant (step function), which
is unnatural and not intelectually satisfying. We can argue that images can, in fact,
be seen as step functions in continuous domain, but we have to remember that they
are only samples of a continuous, and usually smooth, underlying signal. More in-
sight and greater flexibility is achieved by modeling this underlying signal instead
(learning over function spaces), without changing the nature of the problem.

In this thesis, we follow an alternative path, analogous to the gTV B-splines
method, where we exactly discretize the problem by restricting the search
space to the space spanned by shifts (in a grid) of hexagonal box-splines. This is
the topic of the next section.

3.2 Continuous Formulation

3.2.1 Search Space

To solve the problem (3.15]), much in the spirit of the gTV B-splines method, we
reduce the search space to continuous piece-wise linear functions, which are already
favored by the Hessian-Schatten, thus reflecting the properties of the regulariza-
tion. Note that, in this case, we don’t have (yet) a corresponding 2D continuous
Representer Theorem stating that piece-wise linear functions are solutions of the
problem (3.15)), as Thm. 1 in [9]. However, this restriction will allow us to find a
simple expression for the Hessian-Schatten, while achieving an exact discretization
- transforming the continuous problem into one of finding finitely many coefficients
z.
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F1 F2 F1
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=
{r=
[T

F4 F3

Figure 3.1: Antenna frequency reuse pattern.

A convenient way of parameterizing a CPWL function f : Q +— R, Q C R?, is by
triangulating the function space. Consider the construction of a 2D lattice, centered
at (0,0), formed by lattice vectors vy and vo. The lattice is a set A of lattice
points (standard coordinates), each corresponding to an index pair in © (lattice
coordinates):

. . P P P P
@::{(717]) :Z7j€{_57_5—"17"-75_17_}} (317)

A= {il/l + jvy (Z,j) S @}

where P € NT is the grid size. We use the following notation for the lattice vertices:

(i, Y1) = 1+ jva (3.18)

Each lattice point is assigned a value, so we have a a corresponding set f(A):
J) =A{f (@i, u15) « (@i, 915) € A} (3.19)

Since each group of three vertices can define an affine subspace, we are able
to parameterize continuous piece-wise linear functions with the pair (A, f(A)), by
analogy with the 1D case. This will become more evident in the next subsections.

We might now ask what is a good way to tile the space, i.e., choose vy, vs.
One solution that is often seen in the literature is hexagonal tiling, based on a
regular hexagonal structure. This tiling is used in several contexts including antenna
frequency reuse patterns (figure |3.1) and is motivated by the proved Honeycomb
conjecture, which states that an hexagonal grid is the optimal way of dividing a
surface into equal-area regions, having the least total perimeter [32], thus providing
a dense tiling of the space.

To replicate this regular hexagonal structure, we can choose v; = % -(1,0) and

vo=1-(3, ‘/73), leading to a lattice shown in figure @ with P =6 and h = 1. As
we will see later, this will allow our CPWL function space to be spanned by shifts
of hexagonal "box-splines". The next section will explain how the pair (A, f(A)) is

able to parameterize a CPWL function space over ().
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(a) Lattice, up view. (b) Lattice, side view.

Figure 3.2: Hexagonal triangulation for P = 6;
the vertex values are randomly initialized.

(xz, y1) e
P=uR+vh +whk - ) (x2, ¥2)
a<0
(a) Barycentric coordinate system.  (b) Barycentric coordinates inside

the triangle are all positive.

Figure 3.3: Barycentric coordinates.

3.2.2 Barycentric coordinates

Barycentric coordinates allow computing f(x), for any x € €, from the pair (A, f(A)).
They are used in computer graphics to interpolate data from vertices (vertex shad-
ing); for example, by defining a normal for each vertice, which determines how light
is reflected there, we can compute the normals at other points inside the triangles
by interpolating the corresponding vertex normals, so that we know how light is
reflected at every location [33].

The barycentric coordinates A of a point p = (z,y) w.r.t. the triangle with ver-

tices p1, p2, p3 € A, which we write as the set {p1, p2, p3} = {(z1,91), (T2, y2), (23, y3) },
allow expressing that point as an affine combination of the triangle vertices:

1 X9 I3 X
yioy2 Yzl A= |y (3.20)
1 1 1 1

The last row constrains this combination to be affine, i.e., > .\ =a+ [+ v = 1.
We use the notation A = Bar(p, {p1, p2, p3})-

The matrix above is invertible iff the three triangle vertices do not fall along a
line (the triangle is not degenerate), so we can get the barycentric coordinates of

(x,y) through:
-1

« r1 T2 X3 T
A=|81=||n v2 us Y (3.21)
~ 1 1 1 1
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Barycentric coordinates are very useful in checking to which triangle a point belongs
to, since they follow the property shown in figure (a): if all the barycentric coor-
dinates are positive, the point is inside the triangle, otherwise it is outside (or in the
boundary) [33]. This is used in the algorithm for this purpose. After knowing the
triangle to which a point (x,y) belongs to and its corresponding barycentric coor-
dinates, we can compute f(x,y) through interpolation. Suppose the plane equation
of the triangle with vertices (z1,¥1), (z2,¥2), (x3,y3) € A, and corresponding values

fl@1, 1), f(x2,y2), f(3,y3) € f(A), is:
z=f(z,y) =ax+by+d (3.22)

- to find this plane equation we can simply define a linear system with three equations
(one per vertice), z; = ax; + by; +d, i € {1,2,3}, and solve for a, b, d.- Then, the
value at (z,y) of a point with barycentric coordinates A = (a, 3, 7) is:

fla(zi,y1) + B(w2,y2) +v(73,y3)) = (3.23)
= a(axy + Bry + yas) + blayy + By2 +yys) + (a+ S+ v)d = (3.24)
= af(zy,y) + Bf (22, 92) + 7/ (w3, 93) (3.25)

where we used a + f + vy = 1. We conclude that f(z,y) can simply be obtained
through an affine combination of the values at the vertices, with the barycentric
coordinates of (z,y) being the weights.

An useful property of barycentric coordinates, that will be used later, is that they
are invariant under affine transformations of the point p and the triangle vertices
D1, D2, P3 to which it belongs to, i.e.:

X = Bar((z,y), {(z1,11), (22, 12), (x3,y3)})
= Bar(T(z,y) + a, {T(z1,y1) + a, T(z2,y2) + @, T(x3,y3) + a}) (3.26)

where T € R?*2 and a € R?.

3.2.3 Regularization With the Restricted Search Space

The regularization term in can now be further discussed in light of this search
space restriction. As the functions in the restricted search space are locally linear
inside the triangles, there, the Hessian and the regularization cost are zero; this
means that only the junctions between the triangle affine subspaces will have a
non-zero Hessian and pay a regularization cost.

As mentioned in subsection the regularization promotes sparsity of the
eigenvalues of the Hessian matrix (if symmetry is assumed), and the eigenvalues give
bounds to the second directional derivative of the function (VZf) in a v direction
(llvll, = 1), where the minimum and maximum magnitudes are attained in the
direction of the unit norm eigenvectors. Consider figure |3.4] which shows the three
types of possible plane junctions. It is easy to see that the second derivative in
the direction pointing along the junction of two planes, vy, is always zero (Vf,lf =
vIHv; = 0), which is the minimum possible magnitude, so v; has to correspond
to one of the eigenvectors. Since vTHwv, = A, |[v1* = 0, then A; = 0, by positive-
definiteness of the norm. We thus expect to have rank-deficient Hessian matrices
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along the junctions of the planes. The second eigenvector v, is perpendicular to
this one; in this direction, the magnitude of the second derivative is maximal. Two
arrows are shown in figure in the direction of each of the eigenvectors v; and vs.

Since A\, is always zero, the sparsity-promoting effect of the regularization can
only be seen through \o; if it is positive, then the two contiguous planes form a
convex shape (mef > 0); if it is negative, they form a concave shape; if it zero, then
they lie in the same affine subspace, i.e., have the same normal (no "2D knot"). The
latter situation will be promoted by the regularization, since it increases sparsity.

Now we have a clearer geometric understanding of the effect of the Hessian-
Schatten regularization. The next section will highlight that our restricted search
space can be spanned by shifts (in the lattice) of symmetric, hexagonal "box-splines",
in analogy to the B-splines in the 1D case.

A

/3

(a) )\1:0, Ao > 0. (b) )\1:0, Ao < 0. (C) A1 =0, A =0.

Figure 3.4: Possible triangle junctions;
the line segments corresponds to the eigenvectors v; and vq

3.2.4 Basis function

To solve the problem, we would like to write any model in our restricted search
space as a linear combination of shifted basis functions k:

fle)= > ke =25y —vij) (3.27)
(4,5)€©
= Z (@i, vig)k(® — @i,y — Yis)
(4,)€©

Where the set of values f(A) = {f(xi;,vi;) : (%ij,v:i;) € A} are our parameters.

It is easy to see that our restricted CPWL space (figure can be spanned with
the basis functions k shown in figure |3.5] called a box-splines; these are symmetric,
finitely supported, piece-wise linear, and interpolatory, since k; ; is 1 for (z,y) =
(wij,v:;) and O for any other vertice point, by analogy with the Bl-spline basis.
Note that placing the centers of the shifted basis functions in a 2D lattice eliminates
the need to discover the "2D knots".

In light of this basis function interpretation, it seems natural that we are able to
exactly discretizate of the problem[3.15] and that, with suitable boundary conditions,
we can express that problem as:

arg min |Hz — zObSH; + A||Lz[[,,, N = P-P = Number of lattice vertices
zeR

The goal of the next section is to reach this exact discretization.
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Figure 3.5: Box spline basis function.

3.3 Exact Discretization

ol

Figure 3.6: Lattice scheme, for vy = (1,0) and v, = (1, 2).

Consider the lattice scheme shown in figure , with lattice vectors vy = (1,0),
vy = (%, \/7‘5’) Our objective is to write the Hessian-Schatten regularization along
the three junctions shown in red as a function of the vertice values (parameters).
The result for the remaining junctions is written in the same way. M,, with lattice
coordinates (k,l) € ©, will be called the reference vertex, and the list of highlighted
vertices (M,, My, M., A, B,C'), which define the Hessian-Schatten along the three
junctions MyM., M, M., M,M,, will be called the neighbors of the reference vertex
M,.

Define also [y as, ans,> Lar, a,00, 80 and e, a0, » @s the open sets formed by
the points inside the parallelograms with vertices (M,, My, A, M..), (M, M, M., B),
and (C, My, M., M,), respectively.

In the appendix, we show the computations of the Hessian operator along the
junction M, M., and refrain from doing so for the other junctions because the mathe-
matical reasoning behind it is the same. Here, we will summarize the Hessian results
for this junction and then show the overall Hessian-Schatten results.

Let us start from the following definitions of x¢, and yo,:

o for y:y € [ym,, ym,], define xgy =z : (z—2xp,) = —\/Lg - (y — yng, ), such that
(xoy,y) represents a point in the line segment M;,M..

o for v : 1w € [wyy,, 72y, define yo, =y (y—yag,) = —V3- (¥ — 1), such that
for x € [xar,, 0], (2, Yoo ) represents a point in the line segment M, M...
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And define the vector z;; as the vector formed by the values of the neighboring
vertices of M,, with lattice coordinates (k,1):

Zy, = (ZMQ, ZMys My RA5 ZB) ZC) (3-28)

After the derivation (see appendix), the results we get for the Hessian operator
along the junction M,M, are:

V(2,y) €00, mpan,

Hf(x,y) :5(y_y0cn) ' <a2_m2) : |:\§§ ﬂ :5(y_y0$) 'Kl y

()‘1)K1 =0, ()‘Q)K1 =4 (a2 - m2) )

[

(ag —ms) = h - 1 -1 =110 0]-2y

we can see that the matrix is symmetric, even though it does not satisfy the (suffi-
cient) Schwartz’s theorem condition along the junction. Note that, as expected, the
first eigenvalue is zero and the second eigenvalue is a function of the values of the
neighboring vertices of M,.

3.3.1 The Regularization Operator L

Having computed the Hessian along the junctions of the functions in our restricted
search space, we now present the final results (exact discretization) of the Hessian-
Schatten regularization. Define:

D ={(z,y): (z,y) € Oaapan.t, 2 ={(x,y): (z,y) € DMaMbMCB}

Q3 ={(z,y) : (v,y) € DCMI,MCMG}> Qi =M U UQ,

HS(Dlo, = [ M (w5, dudy
(ac y)EQij
=/ WﬁmMuW@+/ Wﬁ@whW@+/ IHf(x,y)ll5, dedy
(z,y)e (z,y)€2 (z,y)€Q3

:%§< “1 -1 =110 0}'Zm'+“_1 1 -101 0]z,

1 1100 1]eay) )

0
1

£y

To compute the Hessian-Schatten over the whole domain €2, we simply have to sum
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the results of | L'z, [, for all reference points (i, j), where L' is fixed and z;; contains
the values of the neighboring vertices, which for (i, j) = (k, 1) are given in [3.28

HS(fla =D HS(Nlg, =Y 1Lzl (3.30)
(i) (i)

Equation ({3.30) shows an exact discretization of HS(f). Aternatively, we can write
this in a more concise way:

HS(N)lg =Y Lzl = |ILe], (3.31)
(i.0)

In order to obtain this concise representation, first, we create a rasterized parameter
vector z of size N = P - P, where P is the size of the lattice, containing the values
of the function in all the vertices; second, we construct a matrix L with 3 - N
rows and N columns: we can think of L as a vertical stacking of N submatrices,
each of size 3 x N, with 6 columns corresponding to the columns of L' and N — 6
additional zero columns; the indices of the non-zero columns correspond to the
indices of the neighbors of a certain vertex, such that the correct neighboring vertices
are "selected" from z. We can conclude that L will be very sparse since, for each
row, at most 4 out of N columns will have nonzero values.

To ensure that the function does not pay a regularization cost outside the lattice
domain, zero boundary conditions are enforced. This can be done by assuming that
the function is zero in the lattice boundary vertices (and outside):

2y =0, if (m — g) v (m - g) (3.32)

In practice, we can simply set the columns in L corresponding to these vertices to
zero.

Finally, note how this formula reflects the properties of the Hessian-Schatten.
First, we can check that does not depend on the lattice spacing h. This reflects
the scale-invariance property of the Hessian-Schatten. Second, we can observe that
the rows of the matrix L’ (3.29) are all very similar and resemble a finite difference
filter. This reflects the rotation and translation-invariance of the Hessian-Schatten.
If we look carefully (in conjuction with figure [3.6), we can see that there is a simple
algorithm, which is the same for all junctions, to compute the Hessian-Schatten in
a given junction; the steps are (take the junction M,M, as an example):

1. take the two triangles forming the junction and the four corresponding vertices
(Ma> Mbv A7 Mc)7

2. multiply the values of the vertices in the junction (M,, M.) by —1 and sum
them;

3. sum the result with the sum of the values of the other two vertices (M,, A);

4. multiply the result by %g (due to the geometry of the hexagonal lattice).
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3.3.2 The Forward Operator H

We will now address the exact discretization of the forward operator, after which
the data fidelity term will become:

M
ST (f (@ yn) — 22)% — || Hz — 2| (3.33)
m=1

For this, the key will be barycentric coordinates (subsection [3.2.2). Recall that we
can write any f(x,y) as the convex combination of the values of the vertices to which
(z,y) belongs to:

f(z,y) = af(x,yn) + Bf(w2,y2) +7f(23,93) (3.34)
=z, + Bz + Y23

Let us use the notation (Z,,¥,) for the lattice coordinates of a point (Z,,,Ym)
represented in standard coordinates:

((L’m, ym) - inmyl + ngZ (335)

The lattice coordinates of the vertices are integer pairs, by definition.

Our first goal is to assign each (z,,y,) to a triangle. Knowing the lattice
coordinates (Z,,¥n) of a point already reduces the search to just two triangles;
for example, if the point has lattice coordinates (Z,,, ) = (4.3,2.5), then it be-
longs to the parallelogram {(4,2), (5,2), (5,3), (4,3)}, which contains two triangles:
{(4,2),(5,2),(4,3)} and {(5,2), (5,3), (4,3)}. To know exactly which of these is the
correct one, we compute the barycentric coordinates of (z,,, y,,) with respect to both
triangles and check for which one of them all of the coordinates are non-negative,
as mentioned previously.

For this computation, the affine-invariance of barycentric coordinates is use-
ful; the first consequence of this property is that we can compute them from the
lattice coordinates of the points, since they are independent of the choice of v
and v,, in which case the vertice positions are represented as index pairs. Sec-
ond, since for large grid sizes P the triangle vertice coordinates might be almost
collinear (e.g. {(232,234),(233,234), (234,233)}), which can lead to numerical is-
sues when inverting the matrix in , we compute instead the barycentric co-
ordinates of (|Z,, ], [9m]) with respect to the "origin" triangles {(0,0), (0,1),(1,0)}
and {(0,1),(1,1),(1,0)} (translation-invariance).

Assigning each data point to a triangle and computing the respective barycentric
coordinates is cheap and can be done "offline", before solving the minimization
problem.

After this step, we can simply use the previous equation to compute
f(Zm, Ym). This operation can be written concisely as Hz; the matrix H will have
M rows (number of data points) and N = P - P columns (number of vertices).
Each row m of H will have only three non-zero values, the barycentric coordinates,
in the indices corresponding to the vertices of the triangle to which it belongs to.
Therefore, as is the case for the regularization operator L, H is very sparse.

For example, suppose our lattice is composed of only two triangles: {(0,0), (1,0), (0,1)}
and {(1,0), (1,1),(0,1)}; and our training data consists of two data points: (z1,y;) =
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(0.1,0.1), belonging to the first triangle, and which has barycentric coordinates
(o1, B1,m), and (z2,y2) = (0.9,0.9), belonging to the second triangle, and which
has barycentric coordinates (g, 32,72). Then, the discretization of the forward
operator is as follows:

20,0
f(»’l?l’ 3/1) ar B 0y |20
— Yl =H 3.36
{f(xm yz) 0 a B2 7 21,1 z ( )
20,1

Having defined the discrete forward and regularization operators, we finally reach
the exact, finite-dimensional, discretization of our continuous problem:

arg min |Hz — zObSHi + Al|Lzll, , N = Number of lattice vertices (3.37)
z€R
Note that the problem became of the same form as (1.38)), from the B-splines method.
The algorithm used to solve it will be discussed next.

3.4 Algorithm

To solve (3.37), we will use an ADMM-simplex algorithm, based on [8] and [9]. We
will first discuss it in the context of the gT'V B-splines method.

Theorem 2 in [9) states the solution set Sp of the B-spline optimization problem
is a compact convex set whose extreme points c* are sparse, i.e., |[Lc*||, < M —
Ny, where M is the number of datapoints and N is the dimension of the null space of
the operator L. The first step of the algorithm uses the alternating direction method
of multipliers (ADMM) to solve ([L.38)), reaching a solution capmm. This solution
is not guaranteed to be sparse, i.e., have low |[Lcapmul|,, since different ADMM
solutions with the same changes in slope (||Lcapal|;) can both be minimizers (this
will be made clearer in the experimental part). To circumvent this issue, Lemma
1 states that all solutions in the set Sp have the same measurements He = y,.
So, after the ADMM, assuming it converged to a solution, we can compute y, =
Hcapyvu and recast the problem ((1.38) as:

argcnelﬂig}v |Lell,, , st Hec=y, (3.38)

The problem above can be transformed into a linear program (see [9] for more
details). Then, we can use the simplex algorithm to solve it, which is known to
converge to the extreme points of the solution set. By Theorem 2 in [9], the extreme
points are sparse solutions. Note that will not lower the value of ||Lc|,,
if the ADMM reached an optimal solution to problem - by contradiction,
if the simplex finds a solution Cgmplex with lower [|Lc||, , while keeping the same
measurements Hcgmplex = ¥, then this solution achieves a lower loss than capyw,
hence the ADMM did not reach an optimal solution. However, it might find a new
solution which has the same measurements and regularization loss, but is sparser
than CADMM -

In summary, the job of the ADMM is to find a solution to the problem and
the job of the simplex is to find a (hopefully) sparser solution, which has the same
measurements as the ADMM solution.
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To solve our problem , we will use the same ADMM-simplex mixed algo-
rithm, since it has the same form as (1.38).

Regarding the implementation: the code is writen in Python (available in[[). The
ADMM uses the odl library E] while the simplex uses the cvxopt library E]; sparse rep-
resentations are used for the operators L and H (scipy.sparse E], cvxopt.spmatrix).
The values of the grid vertices z (parameters) are zero-initialized before the algo-
rithm.

In the next chapter we will validate the theoretical findings with experiments.

'https://c4science.ch/diffusion/9422/
2https://odlgroup.github.io/odl/

3https://cvxopt.org
“https://docs.scipy.org/doc/scipy/reference/sparse.html
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Chapter 4

Hessian-Schatten Experiments

The first section of the experiments deals with a simple problem of learning a pyra-
mid function. Its focus is in accessing the two following points:

1. the solution reached by ADMM is not guaranteed to be sparse (have low
|Lzapwmm||), since different ADMM solutions with the same changes in slope
|[LZzapwmmll,, can both be minimizers;

2. the simplex reaches sparse solutions Zgmplex. Hopefully, we will be able to
reconstruct the pyramid, which is the sparsest solution possible.

In the second section, we will attempt to reconstruct a function with large planes
from a few measurements, and compare the result with ReLU networks. Both our
method and the ReLU networks learn CPWL functions but, in our case, we promote
sparsity with the regularization term.

The following section tackles the problem of data fitting, 2%° = f(x,, ym) + €.
Here, we will see that the sparse CPWL models that our method constructs are much
better adapted for approximating smooth images. RelLU networks are very good at
learning from high-dimensional signals (complete images), but produce much more
arbitrary results when learning from 2D inputs.

Finally, we will see the advantages of learning over function spaces in a problem
of "2D super-resolution", where we only have access to a downscaled version of an
image and attempt to reconstruct the original image. Again, we will compare our
method with ReLLU networks.

4.1 Incomplete Pyramid

In this "incomplete pyramid" experiment, our data consists of M = 12 samples from
a pyramid function, which are positioned in the lattice vertices; the dataset is shown
in figure together with the zero-initialized lattice of size P = 18 (total of 324
parameters).

We run the algorithm for several different regularization weights A and numbers
of ADMM iterations. The learned models, after the ADMM and simplex steps, can
be seen in figures [4.2] and the colors of the triangles are plotted accord-
ing to their normal vectors, so that sparsity can be visually identified. Table
summarizes the numerical results: the two "sparsity" columns show the number
(and percentage) of triangle junctions for which || > € (recall that A; = 0), with
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(a) up view. (b) side view.

Figure 4.1: Incomplete pyramid dataset (black dots) and the lattice triangulation
with zero-initialized vertices.

5
4
3 2 (] (] ~
‘2
L L]
&
(a) ADMM up view. (b) ADMM side view.
5
4
z 3 L] L]
2 ° °
1 .
& .
-6

(c) Simplex up view. (d) Simplex side view.

Figure 4.2: ADMM-simplex with 50.000 ADMM iterations, A = 1071

€ = 1075, after the ADMM and simplex steps, respectively (the lower the value, the
sparser the solution). We will now analyse the results, one by one.

Model ADMM sparsity | Simplex sparsity
A= 1071, 50.000 iter 234 (23.31%) 150 (14.94%)
X = 102, 100.000 iter | 234 (23.31%) 132 (13.15%)
A = 1072, 50.000 iter 234 (23.31%) 144 (14.34%)

Table 4.1: Incomplete pyramid results.
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(a) ADMM up view.

(¢) Simplex up view.
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(b) ADMM side view.

(d) Simplex up view.
Figure 4.3: ADMM-simplex with 100.000 ADMM iterations, A = 1072,
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(c) Simplex up view.
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(d) Simplex up view.
Figure 4.4: ADMM-simplex with 50.000 ADMM iterations, A = 1072
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In the first learned model, [4.2] we can see that the ADMM reached a very good
solution. Starting from the lattice grid shown in figure [4.T] it lead to a reduced num-
ber of facets, with only 23% of the "2D knots" being nonzero (table [£.1)). However,
the base of the exterior hexagonal polygon is not sparse, even though no datapoint
is in there - notice the shades of blue color, which indicate that there are different
facets -. The simplex corrects this behaviour, by making only 15% of the junctions
non-zero.

In the second model, the ADMM does not present the previous behaviour,
and visually seems to converge to the same solution as the simplex in the previous
example. However, the simplex was able to reach an even sparser solution (very
close to the pyramid), with only 13% of the 2D knots being nonzero.

Finally, in the last example, nothing appears to visually change. However, the
numbers in table tell us something different: there were several "almost zero"
junctions in the ADMM solution, where the normals of contiguous triangles are very
close to each other. The simplex effectively eliminated these cases, given that the
number of non-zero junctions (144) actually corresponds to what is shown visually.

We conclude by going back to our two initial points. First, the ADMM did not
guarantee sparse solutions. This was especially visible in the last example where the
ADMM solution looked visually the same as the simplex but the simplex had 40%
less 2D knots, which means that the ADMM had several "almost zero" junctions
which it was not able to eliminate. Second, we saw how the simplex reached very
sparse solutions and, even though we didn’t get the perfect pyramid, we got very
close to it.

4.2 Incomplete Planes

Nhidden

FEGEEBHD
FETETTTV0

o
CNONONONON OB OB O)

Figure 4.5: ReLU network architecture.

Model MSE | Simplex sparsity
Hessian-Schatten, A\ = 1072 | 0.0092 23.13%
ReLU network, = 10~* 0.0441 NA

Table 4.2: Results for the second planes experiment.

In this section, we wish to compare our algorithm with ReLLU networks (which
also produce CPWL functions) in the task of reconstructing a structure with large
planes. Here, we will see the advantages of having a sparsity-promoting framework.
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(a) Large planes data,

. (b) Large planes data, side view.
up view.

(d) Large planes data with lattice

(c) Large planes data with lattice triangulation, side view.

triangulation, up view.

Figure 4.6: Large planes data.

In this experiment, the test set consists of a very fine sampling of the underlying
function and the training set corresponds to 2% of the test samples, with these
samples being randomly chosen, as shown in figure

For the Hessian-Schatten algorithm, we use a lattice of size P = 50 and run
the ADMM for 50.000 iterations, with a regularization weight A = 1072, before
performing the simplex. The ReLLU network architecture is shown in figure 4.5; we
set Npigaen = 100, resulting in a total of 30701 parameters. The network is trained
with a mean-squared-error (MSE) loss, so that the data fidelity term is of the same
form as the Hessian-Schatten and set the weight decay to g = 1072, The training
is ran for 250 epochs with an Adam optimizer [27] and batch size 64. The inital
learning rate is 10~% and is decreased by 10 at epochs 175 and 225.

The test MSE and model sparsity are reported in table and the visual results
can be seen in figure [L.7] The first row shows the Hessian-Schatten model, after the
simplex, where the colors of the triangles are again plotted according to the normals,
so that sparsity can be assessed. The following two rows show the evaluation of the
model on the test set (black dots), together with the ground truth, first for the
Hessian-Schatten (second row) and then for the neural network (third row). For
each method, the plot on the left shows an opaque ground truth, and the plot on
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(c) Hessian-Schatten, opaque gtruth, (d) Hessian-Schatten, translucid gtruth,
side view. side view.

(e) ReLU network, opaque gtruth, (f) ReLU network, translucid gtruth,
side view. side view.

Figure 4.7: Large planes reconstruction results.

the right shows a translucid ground truth. Both are shown so that it is clearer to
see that the Hessian-Schatten produces sparser and less "chaotic" solutions.

We can observe that the Hessian-Schatten created a much more smooth (and
sparse) signal than the ReLU network, with only 23.13% of the 2D knots being
nonzero. It also lead to a much lower test MSE (0.0092 vs 0.0441). This experiment

highlights the advantage of a sparsity-promoting regularization in modeling CPWL
functions.

4.3 Data Fitting

In this experiment, we address the problem of data fitting, exemplified in figure |1.1
from the introduction. We assume our dataset consists of noisy observations from
an underlying function f:

2905 = F (L, Ym) + € (4.1)
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Figure 4.8: Lenna in lattice.

where € ~ N (i, 0%). Our goal is to model the underlying function f.

We use the classic example of a grayscale, 512 x 512, Lenna image, with pixel
values {zflj’s ij=1...512, which are scaled to the range [0, 1]. We assign each (i, j) pixel
in the image to a position (x;;,v;;), such that the value of each pixel corresponds
to sampling the function f in a grid, i.e., f(z;;,vi;) = zi ;-

The noisy image is created by adding a zero-mean gaussian noise (¢ = 0.1) to
the unit-range-scaled original image. The original and noisy images are shown in
figure , The training set corresponds to the noisy image (M = 512 - 512
observations) and the test set to the original image. Our interest in this experiment
is to show how our 2D CPWL parameterization is more fit to model smooth signals
like images than a ReLU network, and that the regularization is well-suited to fight
overfitting, through its sparsifying effect.

In our algorithm, we fit the square image in the lattice as shown in figure
and set P = 820 such that, in the region of the data, there are slightly more
parameters than the number of datapoints. In this case, we should ensure that
the parameters outside of the data region are not taken into account and do not
increase the computational cost of the algorithm. This time, due to the extremely
high number of parameters (P - P = 672.400), which largely exceeds the limits of
linear programming, simplex was not performed. The ADMM algorithm is ran for
50.000 iterations.

The ReLU network is the same as in the previous section; we grid-search the
weight decay (u) in [1e8,1le—2] and choose the model which produces the lowest
test MSE.

The results are shown in figure [£.9 We can observe that the Hessian-Schatten
results are much better then those of the ReLU network. Neural networks perform
well when they have access to the full image as input, thus being able to exploit its
spatial structure. However, taking only a 2D value as input, they perform poorly.
Observe how sparsity increases when we increase the regularization weight: from
19.41% to 14.90%, where the nonzero slopes are those such that [Ay| > 10~ More-
over, as we increase A, the images get smoother. The hyper-parameter \ provides
a bias-variance tradeoff; if it is very small, the model will fit the noise and pe-
form poorly; if it is very large, we restrict the model too much, such that it cannot
approximate f sufficiently well.
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4.4 2D Super-Resolution

Super-resolution is the task of increasing the resolution of an image. Usually, an
input image € RV*M is given as input to the algorithm and its job is to output
an image of k times greater resolution y € RF¥N*FM where k is the expansion
factor. In our case, we learn over function spaces, modeling f : R? — R instead
of taking a discrete € RY*M input. This continuous domain treatment is in line
with the observation that images are samples of a continuous and usually smooth
signal, which we are trying to model. What we want to show here is that modelling
the continuous signal f provides much greater flexibility since we can then sample
it as finely as we want, knowing the value f(z,y) for each position (z,y). This
allows us to do super-resolution in a natural way, through learning the model f
on a downscaled version (training data) of an image and then sample more finely
(depending on k) to get a greater resolution image which can be compared to the
original one (test data).

In these experiments, we again use the Lenna 512 x 512 image and downsample
it by a factor of 4 to a size 128 x 128. The training data consists of the downscaled
image samples and the test data of the original image. They are shown in figure
[M.10b, The downsampled image was zoomed in to occupy the same space as
the original one.

In the same way as the previous section, we assign each pixel (4, 7) in our training
data to a real-valued position (x; ;,v;;) lying in a grid (see , and normalize the
pixel values to [0, 1]. For testing, we sample the values in a new grid, occupying the
same space as the training grid, but which is 4 times finer.

The grid size P = 820 is chosen such that, in the data region, there are roughly
the same number of parameters as pixels in the original image (and 4 times more
parameters than pixels in the subsampled image). The ADMM algorithm was ran
for 50.000 iterations. Again, due to the large number of parameters (820 - 820),
simplex is not performed.

The neural network and the training details are the same as in the previous
section, and the model with the lowest test MSE for the neural network (after grid-
searching p) is chosen.

The results are shown in figure - here, it is useful to zoom in the pictures,
for better visualization -. Again, the ReLU network performs much worse than the
Hessian-Schatten, since it cannot take well into account the structure of the signal.
For the Hessian-Schatten, we show the results for the A which gave the lowest test
MSE, after grid-searching A, as well as for three higher regularization weights. Notice
that, as \ increases, the images get smoother given that the algorithm favors smaller
signal variations, and the number of non-zero junctions is increased: from 19.46%,
15.63% and 13.46% (percentage of junctions with |\o| > 107%).

In this experiment, we see the benefit of learning over function spaces: we have
much more flexibility since we can sample the model as finely as we want. Of course,
we are restricted by the number of parameters, so the result is naturally less precise
the finer you sample. Note also that the piece-wise linear assumption is more suited
for images than the implicit piece-wise constant assumption which discretizing the
Hessian, as in [I0], entails.

46



(a) 512 x 512 grayscale Lenna. (b) Lenna + gaussian noise,
(Original) SNR = 14.49 dB.

(d) Neural network, u = 1073,
PSNR = 31.45 dB

(¢) Hessian-Schatten, A = 1071,
ADMM sparsity: 19.41%,
PSNR = 32.93 dB.

(e) Hessian-Schatten, A = 2- 1071,
ADMM sparsity: 14.90%,
PSNR = 32.82 dB.

Figure 4.9: Data fitting results.
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(¢) Neural network, u = 1074, (d) Hessian-Schatten, A = 1073,
PSNR = 31.09 dB. ADMM sparsity: 19.46%,
PSNR = 33.59 dB.

(e) Hessian-Schatten, A = 5- 1073, (f) Hessian-Schatten, A = 1072,
ADMM sparsity: 15.63%, ADMM sparsity: 13.46%,
PSNR = 33.47 dB. PSNR = 33.07 dB.

Figure 4.10: 2D Super-resolution results.
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Chapter 5

Conclusions and Future Work

In this chapter, we summarize the main conclusions of this thesis and refer to possible
future work.

This project explored higher-order regularization methods whose sparsifying na-
ture allowed us to have parametric solutions to continuous domain problems and
to grid the search space, leading to simpler and more interpretable results. It also
reinforced the use of splines (in particular, Bl-splines and box-splines) in connecting
the continuous and discrete worlds of signal processing.

In the first part, we discussed deep splines, a method to learn the activations of
a neural network. This method enabled the use of smaller networks to reach the
same level of performance as ReLLU-based networks, with a reduced total number of
parameters. This indicates that the transfer of capacity from the network weights
to the activations is advantageous. The visualization of the learned activations also
emerges as a new way of gaining insight into the inner workings of deep spline
networks and possibly infer information about the learning task, as we saw from the
parabola-shaped activation in the area classification problem.

In the second part, we developed a novel learning framework based on the
Hessian-Schatten regularization. Restricting the search space to CPWL functions
with 2D knots on a lattice grid lead to an exact discretization of the continuous
domain problem and a simple expression for the Hessian-Schatten. Moreover, it pro-
vided a box-spline basis intepretation for our model space. Addressing the problem
in its continuous formulation successfully avoided the discretization of the Hessian
operator with second finite differences, which contains an implicit and unmotivated
piece-wise constant assumption about the signal and introduces discretization errors.

A crucial component of this regularization framework is its sparsity-promoting
effect, which can be visually interpreted as reducing the number of non-zero junctions
(2D knots) of the CPWL model.

We also presented this method as an alternative to ReLLU-based networks in mod-
eling CPWL functions. Neural networks are known to perform well when learning
from high-dimensional signals, but our framework was shown to be better suited for
smooth CPWL 2D functions. In addition, the complex parameterization of neural
networks does not provide a clear understanding of how the parameters affect the
overall model function, which our framework does.

In the experimental section, we also highlighted the role of the Hessian-Schatten
regularization in preventing the model from fitting the noise present in image sam-
ples, and showed how learning over function spaces leads to greater flexibility, al-
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lowing us to sample the signal at any location.

Table summarizes the methods discussed in this thesis. Neural networks
solve parametric problems and the gT'V B-spline and Hessian-Schatten methods
learn over function spaces. In the deep splines case, since regularization is applied
to both the weights of the neural network and its activation functions, it can be
viewed as middle ground between neural networks and the gI'V B-splines method.

Problem formulation
gTV B-splines argmfinllf(w) —yl + AL

Hessian-Schatten | arg mm 1f(x) — yll5 + XHS(f)
Neural Networks arg min Hf( z,0.,) — Y| + 1R (0.)
Deepsplines arg m mm ||f(:v, 0, 0) — y||§ + uR(0w) + ARy (o)

Table 5.1: Summary of methods.

In the future, there are several possible research directions which are worth
exploring.

First, we would benefit from reducing the complexity of the algorithm, whose
bottleneck is the simplex. Reducing the dimensionality of the simplex or finding an
alternative sparsification method is an important step in expanding the domain of
application of the Hessian-Schatten which, due to its two-dimensional nature, can
quickly reach the limits of linear programming.

Second, we would like to compare the Hessian-Schatten with deep splines, veri-
fying if the deep spline network could better overcome the difficulties faced by the
ReLU-network in learning images in 2D.

Third, we could explore the problem of finding the knot locations by learning on
an adaptive grid, which relates to the idea of bit-rate allocation for images.

Finally, we can consider using the Hessian-Schatten as a module in a neural
network, replacing the deep splines, by pairing the neurons in a layer so as to have
2D inputs to the activation.
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Chapter 6

Appendix

6.1 Hessian Operator along MM,

of

Figure 6.1: Lattice scheme, for vy = (1,0) and v, = (3,

).

Let X € R**2 be formed by the lattice vectors:

< | 1 N1
= |V vy| = E . 0
.
where h is the grid spacing. X! is given by:
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We use the following notations for the plane equations of each of the triangles shown

in 6.1k

T,Y) > M + may + ma, for (x,y) € A, (6.3)
(I,y) Ha1x+a2y+a3, for (ﬁ,y) € AMbAJWC

Each A;ji is the closed set formed by the points in the triangle with vertices 1, j, k.
We start with by defining z¢, and yo,:

e for y:y € [ym,, yr. ], define xo, =2 : (v —xp,) = —\/Lg - (y — yar,), such that
(xoy,y) represents a point in the line segment M;,M..
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o for z:x € [wpy,, was)], define yo, =y : (y —yan,) = —V3- (. — 234, such that
for x € [xar,, Ta,], (2, Yo ) represents a point in the line segment M, M...

Define also [ ]y ys, 40, as the open set formed by the the points inside the parallel-
ogram with vertices M,, My, A, M.. Then, we have:

V(z,y) € O ans, »

& f (. .
%:(m—mﬁ.é(:ﬁ—my), %yy): (as — ma) - 6(x — 0y),
0? 52

%Z(Ch—ﬂh)-(;(y—y%)? %: (a2_m2)‘5(y_y0z)'

We can establish a relationship between (a; —m;) and (a2 — ms), using boundary
conditions in the junction M,M, connecting the planes:

V y such that y € [ya,, yar],

Moy + Moy + M3 = a1Toy + a2y + a3 <= (a1 — mq)xoy + (a2 — Mm2)y = ag — mg

(a1 —my)xpg, + (ag — ma)yn, = az — mg
(ay — my)xpr, + (ag — mo)yn, = ag — mg

Subtracting the two equations,
(a1 —ma)(zm, — oar,) + (a2 — m2)(ym, — ym,) =0

= (ag —my) = (ag—m2)~% = (ag—m2)~t(m(%) = (az —my) - V3

where the value % reflects the geometry of the regular hexagon. So, the Hessian

V(z,y) € O, m,an, is:
V3 6(z — xoy) S(z — 20 )}
Hf(x,y) = (ag —mo) - Y Y 6.4
floy) =@ 2 [\/3'5(19—?/095) 0(y — You) (64)
This matrix does not seem to be symmetric, however, this is actually the case. First
notice that the 1D diracs in the two directions are related:

1
>:\/§ = v — oyl =y — You| - —=

v — You| tan([
V3

|z — 2oy N 3

Using the following identity:
4]
§(ax) = o(z)

o (6.5)

and the fact that the dirac does not depend on the sign of the argument due to
symmetry (0(—z) = d(z)), which also follows from the identity, we get:

d(x — xoy) = V3. (Y — Yoz) (6.6)
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Finally, we obtain a symmetric matrix, even though the function does not satisfy
the Schwart’z theorem condition (continuity of the second derivative) along M, M.,

V (2, y) €00 an,

_ 3 0(Y — You) \/5‘5(?/—9096)
Hf(z,y) = (a2 — mo) [\/g 5y — o) Oy — you) 1

= 6(y — Yoz) - (ag —my) - [\% ﬂ =6(y — yoz) - Ku

where K/ is:

y \/ﬂ (6.7)

=t [3 Y

Now, we are ready to compute the eigenvalues of the hessian, A(H f(x,y)). The
details are involved and beyond the scope of the thesis (require functional analysis),
but it turns out that:

A(é(y - yOx) ’ KI) = 6(y - yOac)A(Kl) (68)

So, we can simply "take the dirac out” and compute the eigenvalues of the matrix
K;. As we expected, the matrix has rank 1 (if ay # mo, otherwise the rank is 0),

thus a zero eigenvalue, since [%, —@} € Nk,. Then, the second eigenvalue is equal

to the trace of the matrix:
M)k, =0, (A)k, = tr(Ky) = (ag —ma) -4

Finally, remembering our initial objective (3.27]), we want to write (ay — my) as
a function of the parameters:

Zi) = (ZMys ZMys ZM, s ZA5 2B, 2C) (6.9)

where z, = f(xy,y,), for v € (M,, My, M., A, B,C), and (k,1) are the lattice coor-
dinates of the reference point M,. For (z,y) € Ang,m,n., We have:

(2 —2m,) = may - (v —2pg,) + M2 (Y — Yus,),

AMy = Mo | _ [TMy — TMs YM, = YM, | |T1| _ xT. my
“Me — ZM, TMe — TM,  YMe. — YM, m2

m _ Zp — 2
? 1 _ (X 1)T . My M,
mo M, — ZM,

For (z,y) € A, an,, we have:

(za—2)=a1-(xa—2)+as (ya—y),
FAT AM | _ |PAT IMe YA T YMe | Q) T |
ZA — ZM, TA— Ty, YA —Ywm, P a2

= [ = 525

a9 ZA — ZM,
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ZA T ZM, ZM. — AM,
ZMa
1 -1 -1 1 zZ
_ -1 T ) M,
= (X7)e2) 1 -1 -1 1] 2,
ZA

= ((XHea)" - _1} 1 =1 =11 0 0] -z

11
(S0 B A 10 i
3
:h-\/?_-[l -1 -1 1 0 0]z

In summary,
Y(z,y) €0l man,

Hf(z,y) = 0(y — Yor) - (ag — m2) - [\% ﬂ =0(y — yo.) - K1,

(AM)k, =0, (Mg, =4- (a2 —ma) ,

(Gz—m2>:h'

?-[1 -1 =1 1 0 0] -zt
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