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Abstract

Title: Study of the aggregation procedure : patch fusion and generalized Wasser-
stein barycenters

Abstract: This thesis is focused on patch-based methods, a particular type of im-
age processing algorithm. These methods include a step called aggregation, which
consists in reconstructing an image from a set of overlapping patches and statistical
models on these patches. The aggregation step is formalized here as a fusion oper-
ation on distributions living on different subspaces but not disjoint. We introduce
first a new fusion method based on probabilistic considerations, directly applied to
the aggregation problem. It turns out that this operation can also be formulated in
a more general setup, like a generalization of a barycenter problem between distri-
butions. This lead us to study this new problem from an optimal transport theory
perspective.

Keywords: Image restoration, Denoising, Optimal Transport, Wasserstein barycen-
ter, Baysesian modeling, Patch aggregation.

Titre: Etude du probleme d’agrégation : fusion de patchs et barycentres de
Wasserstein généralisés

Résumé: Cette these porte sur une classe particuliere d’algorithmes de traite-
ment d’images : les méthodes par patchs. Ces méthodes nécessitent une étape
appelée agrégation, qui consiste a reformer une image a partir d’'un ensemble de
patchs, et de modeles statistiques sur ces mémes patchs. L'étape d’agrégation est for-
malisée ici comme une opération de fusion de distributions vivant sur des espaces
différents mais non-disjoints. On propose d’abord une méthode de fusion basée sur
des considérations probabilistes, directement applicable au probleme d’agrégation.
11 se trouve que cette opération peut aussi se formuler dans un contexte plus général
comme une généralisation d’un probléme de barycentre entre distributions, ce qui
amene a l’étudier dans un deuxieme temps du point de vue du transport optimal.

Mots clefs : Restauration d’image, Débruitage, Transport optimal, Barycenter
de Wasserstein, Modeles Bayesiens, Aggrégation de patchs.
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Notations

Here are the conventions and notations used in this thesis :

e For two real numbers a and b, [a, b] refers to the set of all integers i such that

a<i<b.
: : E —E. :
e The Identity function on any space E : is denoted by Ir and, if there
X —x
isno ambiguity by I. In a context of square matrices, I, means the n x n identity
matrix.

e 1, is the vector of ones of size n.

e In a probabilistic context, Random variables are denoted with upper-case let-
ters (X for instance), while their values are denoted with lower-case letters (x).
If v is a probability distribution, then X ~ v means that v is the density of X.

e If E is a space, then P(E) is the set probability distributions on this space.

e If X is a continuous (resp. discrete) random variable, we denote by p(X = x)
the value of the probability density function (resp. the probability) of X at x.

e X ~ N(y,X) means that X is a Gaussian random variable, with expectation
u and covriance X. With a slight abuse of notation, we shall use the same
notation for the Gaussian density function of expectation y and covariance ©
with respect to the Lebesgue measure oy on R?, namely

1 1
Vx € H{d,./\/'(x“/l,Z) == W—d\/ﬁexp <—2(x - ]J)Tzil(x - ‘H)> .

e Matrices are denoted with uppercase letters, and vectors by lowercase letters.
The coefficients of a matrix M (resp. a vector) of size n x m (resp. of size n) are
denoted by M;; (resp. a;) fori € [1,n] and j € [1,m]. The trace of a matrix
M is denoted by Tr(M), its determinant by det(M), its adjoint by M7, and its
Frobenius norm by || M||r,0p = v/ Tr(MTM).

e The Kronecker’s product between two matrices M € R"*" and M’ € R"*"
is denoted by M ® M’ € R™ *""" and is defined as:

M1,1M/ Mlle/ ce Ml,mM/
Mo M — MyiM' MppoM' -+ My, M
Mﬂ,lM/ Mn,ZM/ Tt Mn’mM/

eForf: X —- Randg : Y — R two functions, f®g : X XY — Risa
function defined by V(x,y) € X x Y, (f® g)((x,y)) = f(x) + g(y). Similarly,
for two vectors a € R" and b € R™, a ® b is the matrix of size n x m such that
V(i,j) € [1,n] x [1,m],(a®b);; = a; + b;.
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e Let E be a finite set and consider a map ¢ : E — R, and F a subset of E. We
denote by ¢ the restriction of the map ¢ to F. If v is a probability distribu-
tion on RE, we define Vi the marginal distribution of v on RE.IfF = Q, by
convention, we define vjp = 1.

e In the context of image processing, u will refers to a natural image, i to a noisy
version of u, and # to a restored (denoised) version of u.



Introduction

Humanity took over 1.000 billions pictures in 2017, which represent over 30.000 pic-
tures each seconds. Each of these pictures were taken by a digital camera, and most
of them from a smartphone. With the recent explosion of this device, digital images
became extremely accessible and are widely used in many aspects of life. Smart-
phone cameras enable to make photographs very easily, thanks to their small size
and their automation. These aspects make it an incredible tool as well as a big tech-
nical challenge: how to obtain high-quality pictures from a so small and light device?

A digital camera is roughly speaking a lens and a grid of sensors. Each sensor
can count the number of photons it receives during a short amount of time (the shut-
ter time). The smaller the sensor, the less light is receives and therefore the fewer
photons it counts, which means a low luminosity. To increase it, we can increase the
shutter time, but this is not always possible and leads to blurry images if the object
or the photographer is moving. The other solution is to numerically increase this
number by multiplying it by a constant: it is called the ISO. In theory, this enables
to obtain images as bright as we want even with very small sensors. But in practice,
the ISO also multiplies the errors of measurement (it also exists for analogue cam-
eras). Imagine a very reliable sensor, that counts an additional photon from time to
time. If this sensor, receives 1000 photons during the shutter time, it may count 1001,
which makes an imperceptible difference. Now, let us imagine the same sensor, but
10 times smaller, if would receive instead 1000/10> = 10 photons and would count
11, which makes it 1100 instead of 1000 on the same scale of luminosity. This error
is an example of noise, and more generally of image degradation. The description
above is obviously a huge simplification of the actual functioning of a digital camera,
and many other issues and phenomenons have to be dealt with to obtain a photo-
graph. Between the RAW image (the genuine information measured by the sensors)
and the actual image saved in the gallery, lots of algorithmic treatments have to be
made to transform this information into a deliverable image (this is besides why the
previsualization of the smart phone camera is in "real time" on the screen while we
have to wait a few seconds after taking a picture). Among them, some must correct
the degradations and improve the imperfections of the RAW signal: it is the goal of
image restoration.

There are many types of image degradations: noise, missing data, deformation,
compression, blur, etc... Even the noise, while being the most basic example of im-
age degradation, can be of many different forms (shot noise, white noise, anisotropic
noise, film grain, etc...). Images can also be taken in lots of context and by lots of
devices: MR, satellite, camera, smartphone camera, drawing, etc. ... Image restora-
tion is the answer to the following inverse problem: given a degraded image (and a
model of the degradation), recover the underlying "original" image. It is a wide and
rich topic, as there is a big variety of degradations and original images: the restora-
tion heavily depends on the type of image. The restoration of a MRI result is very
different from of satellite images or from a portrait. Besides, in most practical case,
there is no real "original image", it has to be created by the image restoration algo-
rithm according to some criteria (help the diagnostics, look nicer, help the algorithms



2 Contents

of automatic surveillance, etc...).

In this thesis, we focus on photographs that could have been taken by any per-
sonal imaging device, that we shall call natural images. We shall also only consider
the noise degradation, and in particular white Gaussian noise. Yet, the ideas de-
veloped here can be extended to wider type of problems. As we shall see, this as-
sumption is quite reasonable for practical applications on natural images, and still
includes the main challenges behind image restoration: How to mathematically cap-
ture and reconstruct the essence of natural images ?

The first part exposes a first work linking Bayesian model and an image process-
ing operation called aggregation. This work introduces a new framework which can
be naturally extended to a more general formulation on distributions. The second
part is concerned by this problem from an optimal transport perspective.

Part I: A unified view on patch aggregation

In part I, we present a study on patch aggregation, based on Saint-Dizier, Delon, and
Bouveyron, 2020. After presenting the conceptual and mathematical background of
patch based methods for image denoising in Chapter 1, we show the limits of the
actual patch aggregation schemes and propose a new one in Chapter 2.

Patch-based methods are efficient in image restoration and image processing in
general. A patch is a small part of the image, generally square and connected, i.e.
a set of n X n adjacent pixels. Patch-based methods rely mainly on the same frame-
work divided in 3 steps:

e Patch extraction: It consists in transforming the image into a set of patches.
Usually, a given size s is chosen, and all the overlapping patches of size s x s are
extracted. Some work have been made on more sublte patch extractions, like
the adaptative patch size methods presented in Deledalle, Duval, and Salmon,
2012, and some recent developments in texture synthesis suggest that careful
patch extraction can greatly improve the computational time for a minor loss
of performance (see Launay and Leclaire, 2019).

e Patch editing: It consists in processing the set of patches obtained from the
patch extraction instead of directly the image u. It enables to use powerful
data processing tools that would not scale to the size of the image. The patches
are usually used to infer a model which serves to restore the patches, with a
MLE or a MAP estimator.

e Patch aggregation: After the patch editing step, the patches a priori no longer
agree, which means that they do not have the same value on their overlap. The
reconstruction of the image is therefore not straightforward.

The concept of patch and patch-based methods are illustrated in Figure 1. These
methods implicitly assume the self-similarity principle, which states that the image
is redundant and that small parts of the image (the patches) are repeated with only
slight variations. The success of patch-based methods on natural images have shown
the relevance of this principle, however it would not be valid on different type of
images, like MRI or images in Fourier space.

Patch editing step have suscited a lot of attention in the past few years and
have benefited from the recent development of statistics, data science and machine
learning. Lots of different models and inference methods have been proposed for
this step. Among them, we have some main categories: dictionary based methods
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FIGURE 1: Illustrations of the different step of patch-based denoising.
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FIGURE 2: Illustration of the new proposed paradigm for the patch
aggregation. The aggregation is no longer a fusion of estimations of
patch model, but instead a single estimation of patch models fusion.

(Aharon, Elad, and Bruckstein, 2006 for instance), sparse reresentation based meth-
ods (Yu and Sapiro, 2011, Danielyan, Katkovnik, and Egiazarian, 2012), non-local
category (Buades, Coll, and Morel, 2005, Chatterjee and Milanfar, 2011) and Bayesian
inference (Zoran and Weiss, 2011). Lots of them rely on Gaussian models (Lebrun,
Buades, and Morel, 2013) and Gaussian mixture models (Houdard, Bouveyron, and
Delon, 2017, Zoran and Weiss, 2011).

We first show that, with the current state of the art of the patch editing step, the
main limitation of patch based methods comes from the aggregation step. Indeed,
most methods estimate a restored version of each patch (using their model) and
only aggregate them into the image, using the so-called uniform aggregation (simply
averaging the patches together) or some basic variations. This approach prevents
from using efficiently the information of the model to reconstruct the image, and
assumes (mistakenly) that the restored versions of the patches are independent.

To tackle this limitation, we propose a new paradigm in patch aggregation as
presented in Figure 2. This implies extending the definition of patches to what we
called the patch models. A patch model P is defined by

P=(Qv),

where Q) C R? is the domain of the patch model (its location on the image) and v €
P (RO is the distribution of the patch model.
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This formalization enables more flexibility when handling patches, and permits
to define the notions of the agreement and fusion of patch model. We define the
fusion of two patch models (with bounded densities), P; = (4, fidx) and P, =
(Qz,dex), by PLoP = (Q,fdx) with Q) = O Uy and

filxja,) f2(x0,)
Leero fi(zj0,) f2(2)0,)dz

This operation is symmetric, associative and transitive, and thus enables to de-
fine a patch model aggregation as a fusion of all patch models. This new approach
of patch aggregation turns out to embed all the previous aggregation schemes, and
generalizes the notion of EPLL of Zoran and Weiss, 2011. This operation also has
a close form solution for Gaussian distributions, which makes it directly applicable
for Bayesian patch-based methods.

This idea of merging patch models to create a bigger patch model "containing”
them seems promising, but the proposed fusion suffers from limitations. The prob-
lem can be considered with more generality as such: how to merge (or interpolate)
different distributions living in different space but having some overlapping com-
ponents. This question is more deeply related to distribution theory and led us to
consider it using optimal transport, as a tool to handle distributions. This problem
is the core of part II.

Vx € RY, f(x) =

Part II: Generalized Wasserstein Barycenter

In this part, we present a natural extension to the problem raised in part I for patch
models. Chapter 3 is a survey of a classical optimal transport theory and some of

its variant like Wasserstein barycenter, multi-marginal optimal transport and the en-
tropic regularization. Chapter 4 introduces a new problem raised by the study of
Chapter 2 adapted to optimal transport theory. It turns out that it can be casted as a
generalization of the Wasserstein barycenter problem.

Optimal transport theory is centered around the Kantorovich (or Monge-Kantorovich)

problem:

L.(u,v) = Inf / cdry.
() Yel(nv) JXxY 7

i and v are the original and target distribution. L.(y,v) is called the transport cost
and enables to define a (non-trivial) distance between distributions. Chapter 3 is
devoted to introduce this problem and the main tools and results that will be useful
throughout this thesis, with some insight on extensions and deeper studies. It will
introduce in particular the multi-marginal optimal transport problem, as a general-
ization of the Kantorovich problem, that will turn out to be of special interest to our
original motivation.

We will consider the following problem: Given (vy,...,vk) some probability
distributions, cy, ..., cx some cost functions and Pj, . .., Pk linear applications, with
Pi: R — R%, find

K
veggzd) k; L., (vi, Pi#tv). (GWB)

A solution of Equation GWB is called a generalized Wasserstein barycenter. P#v
is called the push-forward of v by P;, and corresponds to the distribution naturally
induce on R% by v through P;. In the case where P;s are the canonical projections
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R? — R%, P#vs are the marginals of v according to the variables involved in the P;
and we find the setup corresponding to the patch aggregation (or fusion) presented
in Chapter 2. The aggregation of a set of patch model can be seen as a generalized
Wasserstein barycenter.

Chapter 4 presents a study and a characterization of generalized Wasserstein
barycenter in the case where the cost functions c; are all square of Euclidian norms.
This problem is deeply related to the thoroughtful study of 2-Wasserstein barycen-
ter problem by Agueh and Carlier, 2011, and the multi-marginal approach for tomo-
graphic reconstruction of Carlier, Oberman, and Oudet, 2015. However, those two
problems are particular cases of (GWB) which requires more subtleties, especially in
the definition of the dual.

Still, we provide some similar results, and show that (GWB) is linked to a multi-
marginal problem

inf / cdy,
YEI (Ve vk) S Xy % x Xk

with ¢ carefully chosen. This enables to solve the problem through generalized en-
tropic regularization and Sinkhorn iterations. The problem also turns out to be Gaus-
sian friendly. We show some results applied to geometrical reconstruction and to the
fusion of patch models.
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Patch-based methods and image
denoising

Introduction

This chapter presents the mathematical and conceptual background to the ideas pre-
sented in this first part. Most of the ideas presented here will be useful to develop
the work presented in Chapter 2, and to understand the motivation behind it. This
involves the basics of the EM-algorithm and some of its applications, especially to
the Gaussian Mixture Models (GMM) and some extensions in Section 1.1. Section 1.2
presents the state-of-the-art for patch-based image denoising and some of the main
concepts behind the most popular algorithms. I included besides some leads which
naturally arise from this presentation that I have unsuccessfully explored and even-
tually let down. Yet, they still have their relevance, as they complete my thoughts,
and they may be the basis for some future deeper explorations.

1.1 EM-algorithm and mixture models

1.1.1 Gaussian Mixture Models (GMM)

A mixture model is a way to model data with a distribution obtained by combining
several other distributions.

Denoting (¢ )ke(1.k) @ set of K probability distributions on R” and 7 € [0,1]*
such that ) ; 7, = 1, we can define the mixture model

K
Vx e R, p(x) = Y mgr(x),
k=1

where K is called the number of components, (¢) ke[1..x] are the components and 7
is the vector of mixture coefficients. The components can be any distribution chosen
arbitrarily, even other mixtures. The distribution p can be seen as a blend of the ¢,
according to the proportion 7r;, which explains the terminology "mixture". This is
a very powerful way to combine simple models in order to obtain a more complex
and generic one.

A simple way to sample from the mixture distribution p is to choose first one of
the component ¢, with probability 7, and then sample from it, which leads natu-
rally to a classical and very powerful way to model the mixture model. It consists
in considering a latent variable Z, unobserved, which refers to which component of
the mixture the corresponding observed variable X should be sampled. The couple
(X, Z) follows the graphical model presented in figure 1.1. From a data set perspec-
tive, Z is then an indicator telling from which component X is coming. This way of
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FIGURE 1.1: Graphical model of a mixture model (Image from
Bishop, 2006)

seeing a mixture model is very useful in regards to its applications, for instance for
clustering purposes, which consists in finding the “right” z for every observed data
X.
In this regard, Z is naturally modeled using a multinomial distribution Z =
(Zi)keq1,x) With
p(Zx =1) = 7.

Z could be as well modeled by a discrete uniform distribution on [1, K] for instance,
but the multinomial modelling is more convenient, since we can easily write the
distribution of Z in a close form :

K
p(z) = H Tk,
k=1

Then the distribution of X conditionally to Z is naturally defined by p(x|zx = 1) =
$x(x), which gives the final formula:

=

p(x,2) = [ [(me(x)).

k=1

We can check that, indeed, we have p(x) = Y, p(z) x p(x|z) = Yr_; midr. We
can also use the Bayes formula to have the posterior distribution

pilx) (1.1)
Y Tii(x)

All these considerations enable to use the powerful tools of the graphical models
theory to work efficiently with mixture models. One of their biggest strength is that
they can in most case approximate any kind of distribution, which makes them very
useful in data processing. However, most of the mixture models lead to complex in-
ference, even with simple and well-understood basic distributions such as Gaussian
distributions.

A mixture model with only Gaussian components is called a Gaussian Mixture
Model (GMM). This mixture model is very widely used because of its flexibility, its
low complexity and, as we shall see, its compatibility with the EM-algorithm. The
components of a GMM can there be written as

plz =1|x) =

O = N (e, Zi),
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where (py, Lx) corresponds to the parameter of the k-th Gaussian. The mixture mod-
els have then additional parameters, that we can regroup into 0 = (6k)icp1.x] =
(77, u,2), which yields our GMM distribution:

K
p(.10) = kZ N (| pix, Zic).-
-1

Thanks to their flexibility, GMMs can be used to approximate distributions. The
inference consists in estimating a vectorial parameter 6. A very natural and popular
way to infer 0 is to use the maximum likelihood principle. We need for that to ex-
press the total log-likelihood L(x,0) for an arbitrary set of samples x = (x)nci,n]
and our parameter 6 of the GMM:

N K
L(x,0) = Z log(z TN (X0 |1k, L) )- (1.2)
n=1 k=1

Even if this expression seems easier to work with than the regular likelihood,
maximizing it doesn’t lead to a convex problem and is not tractable in practice. To
tackle this issue, some iterative method must be used to try to obtain some local
maximum, like a gradient descent (see Gepperth and Pfiilb, 2019 for instance) or the
EM-algorithm (see McLachlan and Krishnan, 2007) which will be described in the
next section.

Before going any further in how to optimize the (log-)likelihood, it is interesting
to think about what we really wish to obtain. The maximum likelihood is in general
a good estimator, since we can prove its consistency and normality under certain
standard conditions. But in our case, the log-likelihood function is not bounded. For
instance, if one of the component is exactly located at a point and if the others are
chosen randomly, then the likelihood of the configuration can tend arbitrarily fast to
infinity as the variance of the component on the point tends to zero.

Proposition 1. We have
sup L(x,0) = +oo.
0

Proof. We choose 0, = (71, jix, Tk ke k] Such that Vk € [1 K], me = £, (p1,%1) =
(x1,0%Tand Vk > 2, (g, Z¢) = (0,1).
Then, we have

L(x,0) =) log <11< Zk:N(onk,Zk))
N
Z log (
n=2

A +log <11<N(x1|x1,(721)>

N
=

Y

./\/(xn|yk, Zk)> +10g <11< ZN(X1|Vk/Zk)>

k=2 k

Y]

with A = YN , log (% YK N (xu i Zk)> , which does not depend on ¢.

We have besides N (x1|x1,c%1) = #20’ so we have

(27)

ﬁ(x, 9(7) _)g-_>0 —|—OO,



12 Chapter 1. Patch-based methods and image denoising

This shows that we do not wish to achieve a global maximum (which will always
be 4-00), but rather find the “best” local maximum, which should be obtained among
the set of "good" 6, which corresponds to mixture of non-degenerated Gaussian dis-
tributions.

1.1.2 EM-algorithm

The EM algorithm is a powerful way to find local maxima of the log-likelihood func-
tion following the graphical model of figure 1.1. There are several ways to under-
stand the EM algorithm. One of the most intuitive, as presented for instance in
Bishop (2006) (see for more details), is to interpret it with the Kullback-Leibler diver-
gence, or KL-divergence.

Recall of information theory

We recall here some basics on information theory. The quantity of information given
by an observation x of X is defined by

I(x) = —logp(x).

The idea behind this definition is to consider that the rarest an event occurs, the
most information it contains when it happens. We have then I(x) = 0 if the event
x is "obvious" (p(x) = 1), and I(x) = +oo if the event x is "impossible" (p(x) =
0). Indeed, observing something impossible breaks the model and therefore gives
infinite information. The choice of the log function is somewhat arbitrary, mainly
due to commodity.

Then, we define the entropy of the random variable by

- / p(x) log p(x) = E[I].

The entropy is the average quantity of information one could expect to have with
one observation of X. The entropy is always positive for discrete random variable
(the integration becomes a sum of positive quantities), but can take negative values
for variables with density.

In our application, we consider an unknown probability distribution p, and we
want to approach it with another distribution g supposed to be known (a GMM for
instance). A way to measure the distance between those two distributions from a
probabilistic point of view is to consider the amount of information lost by getting
them mixed up. It is then unavoidable to lose information by thinking that X ~ g
instead of X ~ p. In order to quantify this loss, we define the KL-divergence as:

L(plla) = /P ) log( Li))dx =Ep [Ij] — By [1].
This is the difference between the average information given by a random variable
following g and by an independent one following p (which is optimal since it is
the real distribution). The KL-divergence has some nice properties: it is a pseudo
distance (non symmetric), but non-negative and vanishes if and only if p = g. For
discrete variables, the KL-divergence is defined identically, with a sum instead of an
integration.
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FIGURE 1.2: Illustration of the Kullback-Leibler divergence behav-

ior. The green lines represent p, a Gaussian distribution we want to

approximate with g, a circular Gaussian distribution (red lines). On

the left, KL(g||p) is minimized, so the red distribution cannot afford

to take large values outside the green lines. On the right, KL(p||q) is

minimized, so the red lines must include the green ones. (Image from
Bishop (2006))

Minimizing the KL-divergence corresponds to minimizing the loss of informa-
tion induced by our approximation g, which is a decent goal in our problem. Hence,
it is interesting to think about what will make this quantity small.

e If pis smallin a region where g is large, then the log term will take large values,
but the contribution of this region will still be small due to the linear term in p.

e If gis small in a region where p is large, then the log term will take large values,
but won’t be reduced by the linear term.

This behaviour is highlighted on Figure 1.2. Hence, minimizing KL(p||q) with re-
spect to g is trying to approximate p where it is large, and minimizing the inverse is
trying to avoid p where it is low.

Motivation of the EM algorithm

Suppose that X and Z are two random variables, following the graphical model pre-
sented in Figure 1.1. We introduce a new density distribution g on the latent variable
Z. Recalling Equation (1.2), we can now observe the following decomposition:

log p(X|0) = L(q,0) + KL(q||p(-[X)) (1.3)
with L(q,0) = L7 q(Z) log(2224%) and KL(q|p) = — £z q(Z) log(2252).

Since the KL is non-negative, we have a lower-bound L(g, 6) on the log-likelihood,
which is more likely to be convex. Instead of maximizing directly the likelihood
function, we can maximize its lower bound, and then refresh it from the new posi-
tion and so on. The EM-algorithm is the succession of these two steps, which are
called the E-step and the M-step.

e E-step : Maximize the lower bound, which is equivalent to minimize KL(q||p (| X))

with respect to g. If this is tractable, this simply corresponds to set g to be
p(+|X) (See Section 1.1.2).

e M-step : Maximize L(g,0) = Y., q9(Z) log(%) with respect to 6. This is

equivalent to maximize ), q(Z)log(p(X, Z|6)) = E,[log(p(X, Z|0)].
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Algorithm

Algorithm 1 EM-Algorithm

Input: Li.d. observations x = (xy, ..., x,) of the random variable X
Output: Parameter 0

1: Initialize the parameter 6

2: while not converged do

3: Set q = p(.|x) = argmax, L(q,6)

4

5

Set @ = argmaxg IE,[log(p(x, Z|6)]
: end while

The EM-algorithm is presented on Algorithm 1. It consists in an alternate maxi-
mization of a function of two variables. But, since we have from (1.3) thatlog p(X|6) >
L(gq,0) for any g and 6, the likelihood only increases through the steps of the algo-
rithm. This ensures that the algorithm converges to a maximum, which will likely be
local if the initialization is not ill-conditioned, i.e. if the likelihood does not diverge
next to the initialization. This fact shows that the EM algorithm is very initialization
dependent, and how to correctly initialize it depends on the problem and is most of
the time still an open issue.

EM in practice

As for all the iterative algorithms, the initialization is crucial in order to use properly
the EM algorithms, also because we already know that there are no global maximum,
so we have to be close to the local maximum that we are looking for before the be-
ginning of the algorithm. When used for clustering purposes, the most popular way
to initialize it is to use a K-means algorithm, which can also be seen as a version of
the EM-algorithm (Bishop (2006)). However, this is mostly chosen for convenience:
there is no proof of its efficiency and it does not necessarily give the best results
in practice. Several techniques have been proposed to help finding the best local
maximum like Small EM, CEM, SEM. For instance, some work have been made in
Biernacki, Celeux, and Govaert (2003) to optimize the EM procedure specifically for
the Gaussian mixture problem. Another interesting idea introduced by Ueda and
Nakano (1998) is to smooth the likelihood function in order to remove the saddle
points between the local maxima which prevent the algorithm from being stuck on
bad local maxima and helps it reaching the highest ones. These methods are dis-
cussed in details in He et al., 2004 for clustering purposes. As said, initialization is
still an open problem and have no general good solution. One must look up for each
problem which solution suits the most.

1.1.3 Application of EM to Gaussian mixture inference

The EM-algorithm is very general and can be applied to any type of mixture. How-
ever, in the case of GMMs, the iterations have a close form solution, which makes it
particularly useful to infer it.

As seen in Algorithm 1, the E-step for Gaussian mixtures consists in calculat-
ing the posterior distribution p(.|X), and the M-step consists in maximizing the
expected value of the total log-likelihood according to this distribution and with
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respect to the model parameters. Recalling Equation (1.1), we have

o N (x| pr, Ze)
Z]- an(x\yj,Z]')

p(zr = 1|x) =

Considering (xy),e(1.n] @ i.i.d sample of the mixture, we write T,y = p(z,x =
1]xy). The E-step consists finally simply in calculating the T, .
For the M-step, we have to maximize

N K N K
.| [log L(x,z]0)] = Z Z k] X Log (TN (x| pig, Zi)) = Z Z Tk X Log (TN (x| pig, Zi))
n=1k=1 n=1k=1
with the constraint ) ; 77y = 1 and 77 > 0. We can rewrite this expression

1
E, | [log L(x,z[6)] ZNkrck Z Ny log det(Zy) —ZENkTr(skz;l) + cst
k

with Ny = ¥, Tux and Sx = ¥, T (X0 — k) (xn — px)T. The maximization has a
close form solution which can be found using a Lagrange multiplier, which gives
the expressions for the M-step :

2k Tk Xk Nj Sk
- - = — Z = —. 1'4
M N » T N’ k N (1.4)

1.14 High Dimensional Data Clustering (HDDC)

Even if the EM-algorithm is very useful and efficient to infer GMM, it has other
limitations than the initialization. Performing the E-step and the M-step require to
compute and invert the covariance matrices, which can become problematic as the
dimension of the problem grows. Besides, applied to clustering in high-dimensional
space can create numerical issues as the data become sparse (matrices are no longer
full rank for instance). For these reasons, Bouveyron, Girard, and Schmid, 2007 in-
troduced the High-Dimensional Data Clustering (HDDC). The idea is to add more
control onto the covariances of the componentes of our Gaussian mixture model. In-
stead of considering the covariance matrix, we consider directly its diagonalization.
For the sake of clarity, we will reason here on one cluster, but what follows can be
applied on each cluster independently.

Let fix k € [1,K]. We consider the diagonalization of the covariance matrix X =
Q,t{Aka with Ay a diagonal matrix. We assume that the signal (or cluster) that we
are trying to model lives in a subspace of dimension dy, i.e. that the covariance
matrix has dj informative eigenvalues and that the p — dj remaining ones come from
uniform noise, and therefore are identically equal to by € R. Hence, Ay has the form

Ay = %hd . (1.5)

by

This assumption is not restrictive, since any covariance can be written in this
form for dy = p — 1, but it greatly helps focusing on the dimension reduction. The
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regularization can be toughed with some similar additional assumptions, that the
different classes share the noise, or even impose that the first eigenvalues take the
same value. All these models have been studied in Bouveyron, Girard, and Schmid
(2007), and we will only consider the most general model called [ay;bxQxdy] (to re-
spect the notations of the paper), because it’s the most adapted to our application.

This hypothesis doesn’t constraint the space of considered distributions, since
for dy = p — 1, we have the general Gaussian mixture distributions. Infering this
model will naturally correspond to the standard GMM maximum likelihood since
the other cases are just some more compact ways to write very particular cases of the
GMM. But, as we wish to model the presence of noise and have a model as sparse as
possible, we would like to have dj as low as possible without altering too much the
accuracy of the model.

Let us fix dj for now. We can now compute this particular M-step:

0 = E, [l X, 716
arg max qllog(p(X, Z|0)]

where O is the restricted set of GMM parameters with covariance that can be diago-
nalized like in (1.5).

Using the notations of Section 1.1.3, having Ay1, ..., Ay, the eigenvalues of the
empirical covariance Sk, the parameters that maximize the complete log-likelihood
(see Equation 1.4) are the same, except for the covariance, whose parameters are:

ay; = Agjforje [1,di] and b —M
kj — 7Yk, ] Uk k — p_dk .
The result is very intuitive, since the eigenvalues corresponding to the signal are un-
touched, and the one corresponding the noise are averaged. Qy correspond also in a
natural way to the eigenvectors of ;. It is important to note that in this parametriza-
tion, only the dj first eigenvectors are useful to store. The p — dj other directions can
be chosen arbitrary as an orthonormal basis of the remaining space. Furthermore,
we can write by as follows
Tr(e) — Xk Ay
p—d

which enables to estimate by precisely, since the eigenvectors corresponding to the
largest eigenvalues are well estimated by the algorithms.

We considered here the case of a single cluster (and therefore of a single Gaussian
distribution). More generally, we work with several clusters, each of them having its
own intrinsic dimension dj and potentially its own noise by. All the formulas above
can be applied independently to each cluster. It is also possible to add more limita-
tions to the GMM,, for instance by forcing that they share the same dimension or the
same eigenvectors. This leads to slight modifications in the formula, see Bouveyron,
Girard, and Schmid, 2007 for more details.

Thanks to the introduction of the intrinsic dimensions djy, . .., dx of the clusters,
the HDDC extension of the EM algorithm applied to GMM has lot of computational
avantages which become really relevant when working with high-dimensional spaces.
The parameters are then simpler and faster to compute and store. If the dj are known
a priori as the data of the problem, HDDC is preferable to regular GMM.

If the intrinsic dimensions dy, ..., dk are fixed before starting the EM algorithm,
HDDC has the same convergence properties than the latter. However, in practice,
we want to infer the intrinsic dimensions simultaneously and choose the dy, ..., dk
according to some criterion. In this case, the M-step becomes in general slightly

by =
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FIGURE 1.3: Evolution of the likelihood during the learning of the
GMM and the HDDC model

suboptimal and the algorithm no longer has theoretical convergence guaranties. But
in practice, the algorithm still converges to a local maxima (see figure 1.3).

The real issue of this technique is to be able to estimate the dimensions dy, ..., dx,
which are almost never inputs of the problem but often an important feature to es-
timate. As we said, if we relax this parameter, the maximum likelihood is obtained
fordy = --- = dx = p — 1, which corresponds to a classical GMM. Therefore, the
problem of estimating the right dj in this context is ill-posed. We would like the dj to
be as small as possible, but without loosing too much information, i.e. with a good
estimation of the noise.

We could compute the likelihood with respect to the di to see how it behaves.
This can be seen with this proposition :

Proposition 2. The maximum likelihood of the M-step of the HDDC model is obtained with
d1:"~:d1<:p—1.

Proof. The result is pretty obvious, since the HDDC model is equivalent to the GMM,

so they have the same maximum likelihood. We can yet compute how the likelihood

behave with the di, even if this dependence is very complex. We consider for sim-

plicity only cluster, as this reasoning can be applied independently to all of them.
Let f(d) = max L4(x,6). We know that

Zf:d—&-l Ai
p—d

arg nzaé L4(X,0) = ((M)icp.a) , eigenvectors from X.)
ab,

Besides, argmax, , 0,4 £(X,0) = argmax, f(d) because d is discrete. And we have

1.& 1 & 1 _
f(d) = cst — E[Zlog)\i +(p—d) log(fd Z A — ETr(Zk 1Sk),
i=1 P—a, -3

where

>

d p
Tr(Z 'Sk) = Tr(Qf AeQrQ{ diag(A)icp.)Q) = Y f ) TP ).
=17 i=d+1 p—d Zj:d-i-l j

A
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So argmax, 0,4 £(X,0) = argmax, Y4 ; log A; + (p — d) log(p 2 X0 4iq ). Fi-
nally, Jensen’s inequality tells us that

1 ¢ 1 &
[,p(X,G) —L4(X,0)=(p—4d) (log(id Z Aj) — P Z logA;) >0
P—4a T P—ai 3
so argmax,; 04 L£(X,0) =p — 1. O

The proof of Proposition 2 gives the expression of the likelihood with respect to
d:

1 4 1 4
L4(X,0)=(p— d)(id Y logA; —log(—— y Y Ai)) +ocst.
P—a, .5 P—a, 7

The estimation of the dimensions dj,...,dk is really a central problem in the
model, and is very tedious in practice because of the ill-posedness. Furthermore, due
to the exponential number of possible choices pX (with K clusters) for the dimensions
of the clusters, we cannot compute all possibilities and then use a certain criterion.

Estimating the dj is very closely related to the estimation of the noise(s). It can
be reasonable to assess that the noise is the same for every cluster. Hence, we could
replace the estimation of dj, ..., dx by the estimation of a single noise b, which is
likely to be known from a prior assumption. This method has lots of advantages ; it is
much more intuitive, it can be known or guessed independently from the algorithm,
and can be inferred with a Bayesian criterion as well. This is the idea behind HDMI
(Houdard, Bouveyron, and Delon, 2017), presented in Section 1.2.4.

1.1.5 Maximum likelihood denoising

As we shall see later on, modeling the noise is very powerful for denoising purposes,
more than trying to reduce it by averaging independent data. It enables then to
use estimators like the Maximum Likelihood Estimator (MLE) or the expectation,
depending on the goal and the context.

In the case of Gaussian noise, which will be our case of interest, those two esti-
mators are the same and have a close form formula that we will recall here. As we
shall see, we even have access to the posterior distribution.

Let X, Y be two Gaussian random variables, with the given probability distribu-
tion, p(x) = N (x|u, A7) and p(y|x) = N (y|Ax + b, L71).

Then we have

p(y) = N(y|Au+b, L7+ AATTAT)
p(xly) = N(x|Z(ATL(y — b) + Ap), L),

withZ = (A + ATLA)™!
In our case, we have Y = X + ¢, with Y ~ ¥, N (.| px, Z¢) and € ~ N (.|o?]), so

(1.6)

X ~ Y N (pg, S — 071).
k

So we have p(x|y) = Y, p(x|y, z)p(zly) = L p(x|y, 2) T (y) using the same notation
as in Section 1.1.3. So, using (1.6) for each cluster, with A =1, L l=c¢and b =0,
we obtain

p(xly) = ZN (xlp+ EF 2, B ly) (1.7)




1.1. EM-algorithm and mixture models 19

with £ = ((Z — o?1) 1+ 1)L,
Having an observation y of Y, we have then easily access to the expected value
of X :

EXly) = 1 (e 2 ) i) 18)
k

and to the maximum a posteriori estimator

Y~ Pkw
o2

Hk,, + ik,,, (1.9)

T (V)

vV det ikm

, which gives in both case an interesting candidate for

the denoised value.

1.1.6 Hyperparameters estimation

As we saw in Section 1.1.4, having some hyperparameters (i.e. parameters outside
the model) like the intrinsic dimension d in GMM or the number of classes K in a
clustering problem helps a lot when they are known thanks to some prior knowl-
edge. However, it is rarely the case, and there is rarely a "unique" good solution and
like the other parameters, they must be estimated to reach a decent solution.

Hyperparameters estimation is really crucial and is a complicated issue, since it
is in general ill-posed. For example, to choose the number of classes in a clustering
context, the "perfect” solution (in term of pure clustering objective) will always be to
take one class for each point. This solution is obviously not what we want to achieve.
The real goal in hyperparameter selection is to find the "optimal" trade-off between
accuracy and complexity, and therefore to find a criteria which leads to such a trade-
off. The difficulty becomes then to be able to compare quantitatively accuracy and
complexity, which is problematic since they are already hard to measure indepen-
dently and there is a priori no common scale between the values to which they can
be associated.

Still, some methods have been developed to estimate the hyperparameters, try-
ing to take advantages of an underlying Bayesian framework. The accuracy is then
measured by the posterior probability of the observation and the complexity is an
(increasing) function of the number of parameters. This idea have led to the so-
called penalization criterions, which are the most popular hyperparameters estima-
tion tools. Some other heuristics exist, like the popular slope heuristic, presented in
detail in Baudry, Maugis, and Michel, 2012 and can offer some nice alternative.

On general penalization criteria

The idea of penalization criteria is to add a penalization term to the likelihood of
the model to be able to compare different model with respect to a certain point of
view. Obviously, as the number of parameters grows, the likelihood is supposed
to grow as well since the model will be able to better fit the data. This leads to
two main drawbacks, first, an over-fitting of the training data, and secondly that we
may overparameterize the model. This is typically the case in clustering, where the
correct number of clusters is the "lowest possible". Otherwise, the best clustering
would be to consider each point as a single cluster.

This lead to the idea of penalizing the likelihood with a quantity which depends
on the numbers of parameters K. The criterion is then defined as crit(M,K) =
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log(0ML) — pen(K). We then select the best K as

K = argmax crit(K)
Ke[Kmin“ICmax]

This idea is pretty similar to adding a prior to a hyper parameter, like an expo-
nential law and try to compute its maximum likelihood. But the Bayesian frame-
work is not very convenient in this context, because we rarely have non-heuristical
prior on the hyperparameters and mainly this "hyperprior" would introduce another
hyperparameter. Besides, the penalization term can only depend on the value of one
of the hyper parameters, we cannot choose between models differing by more than
one hyper parameter.

Several penalization criteria have between studied in the literature. General re-
sults have been proved by Nishii (1988). He considered penalization of the form
pen(K) = ¢, x K, with K the complexity of the model, and n the number of in-
put data. He proved that if the true distribution does not belong to the considered
model, then :

e If ¢, = o(n), then the criterion cannot underestimate the complexity of the
model

o If logclﬁ — 00, then the criterion is strongly consistent, which means that the

chosen model will converge towards the simplest model among those who

minimize the KL-divergence to the true distribution.

More details can be found in Baudry (2009). These kinds of results can give hope
that these criterions will work, but there are still not very precise and strong.

Even if these criterions have been largely studied, most of the work remains ex-
perimental, and to my knowledge, no complete review have been made on the sub-
ject. The rest of the section exposes the main facts on the considered criterion, with
some references for further precision.

AIC

Criterion The Aikake Information Criterion (AIC) was one of the first selection
model criterion, introduced first by Akaike (1973). The penalization is simply the
dimension of the model. Thus, the criterion is

AIC = log p(x|0ML) — K

This correspond to ¢, = 1 in the Nishii framework, which doesn’t guaranty the
consistence of the criterion, and Nishii (1988) showed that AIC can be inconsistent.

Motivation Theidea behind it is to consider the empirical likelihood 4 log p(x|6ML)
as an estimator of E[log p(.|0MF)] = —KL(p||p(.|6ME)) + cst, which is asymptoti-

cally correct thanks to the law of large numbers. Hence, maximizing the empirical

likelihood enables to minimize the KL-divergence between the true distribution and

the estimated one. However, the same data are used to compute ML and to estimate

E[log(p(.|0ML)], a bias is therefore induced. It is shown in Akaike (1973) that this

bias could be asymptotically estimated by the dimension of the parameter space,

which makes AIC an estimator of E[log p(.|6MF)].
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Properties The AIC tries to find the closest distribution to the real one in the sense
of the KL divergence, which is already intuitively the kind of behavior one could
have expected of a criterion. Furthermore, it has some other very important prop-
erties, studied by Yang (2005). The AIC criterion is not consistent in general, but
is asymptotically optimal under the average square error loss. It means that under
some conditions, if the true distribution does not belong to the models, then the
model selected by AIC will be the “best” model in terms of average square error
loss.

BIC

Criterion The Bayesian Information Criterion was introduced by Schwarz (1978).
The penalization is stronger than the AIC criterion :

BIC = log p(x|6MF) — %Klogn

with n the number of points. The BIC tries to select the model with the highest
posterior model probability.

Motivation The idea of the BIC is to estimate the marginalized likelihood of the
model: [, p(X, 6| M) with the Laplace approximation. Let xo be a mode of the likeli-
hood, then we have log £(x,0) = log £(x, ML) — 1 (6 — oML)T(—V210g L) g—emL (6 —
OML) + 0 ((6 — 6ML)?). We can therefore approximate the distribution near its mode
with a Gaussian distribution. The Laplace approximation consists in generalizing
this approximation to the whole space, giving an approximation for the integral :

log. | p(X,61M) % log p(x|s™) + log [ 00" T8 00
0 0

This can be very efficient in practice if the distribution is concentrated around its
mode, but completely false in general, especially if the distribution has several modes.
It has been shown by Schwarz, 1978 that this integral could be approximated by
—1Klogn

p A 1og 1.

Properties The main result on BIC is its consistency. If the true distribution belongs
to the model, then the probability of selecting the right model by BIC will converge
to1asn — oo. See Yang (2005) for further details.

ICL

Criterion The ICL was introduced by Biernacki, Celeux, and Govaert (2000) in or-
der to mimic the derivation of the BIC in a clustering purpose. We have

ICL = log p(x|oME) — %Klogn — ENT(x,0)

with ENT(x,0) = — ¥, Y T (M) log 7; 1 (M) is the entropy. The idea behind it
is that, in a clustering framework or to avoid overfitting, we don’t really want to be
close to the distribution, but rather aim at finding the right number of cluster. More
details can be found in Baudry (2009).
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Motivation The ICL criterion is specific to mixture model, and its value, like for
the BIC, comes from the Laplace approximation, but applied to the classification
likelihood, in which Z is supposed to be known (in contrast with BIC where its
expected value is considered):

log Lc(x,2]0) =Y Yz, xlog (N (X|p, k) = log L(x]60) + )Y "z, slog(ic(x,0)),
k Tk

n

which gives in average ICL = BIC — ENT(x,0).

Properties This criterion was introduced to be applied on a classification problem,
with the idea that some of the components we wish to obtain could not precisely fit
the model, and could need several classes for only one component. This explains
why BIC can tend to overestimate the number of components, because it tries too
much to fit to the distribution. On the other hand, ICL penalizes similar classes, and
therefore seems more adapted to clustering purpose. See Baudry (2009) for more
details.

Discussion

Figure 1.4 presents a comparison of the different penalization criterions on the noise
estimation problem of an image and the number of cluster estimation using an al-
gorithm based on HDDC. The context of this experiment will be better explained
in Section 1.2.4. For now, we can just consider the noise ¢ and the number of clus-
ters as hyperparameters. As we see, the penalization criterions are quite efficient to
estimate the noise, on which they almost all agree. It is interesting to note that the
noise, even if considered as a parameter, corresponds to a real quantitative value, in
opposition to the number of classes, which is way more subjective and has a more
subtle impact on the efficiency of the model.

Hyperparameters estimation is a very appealing problem. As shown in Figure
1.4, it can be an efficient tool to tune hyperparameters in an automatic or semi-
automatic fashion. However, their main drawback is that their computation implies
doing a dichotomy on the value of the hyperparameter, which involves inferring a
new model each time and is not feasible in practice when they are a bit elaborated.
In the application that we shall make of the presented models, their use would not
be relevant, that is why we won’t use them in the rest of this thesis.

1.2 Image denoising

In the field of image processing, lots of challenges have arised in the last decades,
with the explosion of digital images. Among them, one of most basic and fundamen-
tal is the problem of image restoration. Unlike analogical images (argentic cameras),
after the capture of an image by a digital device (camera, scanner, IRM, ...), the pic-
ture is rarely ready to be used, and has to be post-processed by algorithms that im-
prove its quality, based on what is known and expected of the result. This is the main
difficulty of image restoration: the algorithms have to guess what can improve the
image, relying on their objective and/or every prior knowledge on the nature of the
degradation. As a matter of fact, most problems of image restoration are ill-posed.
Among them, the denoising problem has a particular place : it is one of the simplest
since the signal is only degraded by addition of noise and still remains fundamental.
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FIGURE 1.4: Comparison of all the presented criterions for the noise

estimation (related to the instrisic dimension) and the number of

classes for the inference of an HDDC model on the patches of an im-

age with artificial white Gaussian noise of standard deviation o = 30.
See Section 1.2.4 for further details.
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In the following, we will only consider this problem on natural images, obtained
from camera, but everything that we will discuss could be extended to wider appli-
cations.

1.2.1 The denoising problem

The denoising problem is posed as followed: given an image with noise, be able to
estimate it and recover the image without the noise. The assumption behind this
problem is that it exists a genuine noise-free image u, and that we observe the image

U=1u-te,

where € is the noise that we can model depending on the context of the problem.

This problem is completely ill-posed, since theoretically, all images are possible,
even those with noise. A photograph of a noisy image of a scene becomes a natural
image once it is captured. There are no way that one could hope to be able to solve
the problem without any further assumption, and the way of solving it has to be
related to the purpose behind it. For instance, in the field of medical imaging, the
denoised image must help the diagnostic, which gives already some contraints and
ideas to work with. In the case of photography, we want to obtain a nice-looking
image that our eyes could have observed, corresponding to what we call the visual
quality. Even if it is the ultimate criterion, it is highly subjective and does not help
formalizing the problem.

Yet, in most cases, what we really want to achieve is to have nice looking im-
ages. The most popular way to measure and compare the efficiency of a denoising
algorithm is the PSNR (Peak Signal to Noise Ratio) defined by

dZ

psnr(ﬁ,u) =10 x loglo(m)

with MSE the mean square error: MSE(uy,uy) = ﬁ Y pixel p(41(p) — u2(p))? and d

the dynamic of the signal (255 in the standard cases). It is equivalent to the MSE (or
the RMSE as sometimes used (for Root Mean Square Error)) but enables to measure
with decibels in a increasing scale: the higher the PSNR, the better the result.

In order to test an algorithm, one has to artificially add noise to a test image, con-
sidered to be noise-free, and see how far the result of the algorithm is to the ground
truth, thanks to the PSNR. This measurement is not really justified and far to be op-
timal, but it remains really simple. Some works have tried to improve the criterium,
trying to better mathematically catpure the notion of visual quality. It is the case of
the structural similarity criterion (SSIM), introduced by Wang et al., 2004. This cri-
terium became quite popular but remains a second choice after the PSNR due to its
complexity and the lack of clarity of its added value. In particular, Hore and Ziou,
2010 compared it to the PSNR, and showed that they are somewhat related.

The key challenge in image denoising is to understand and express mathemati-
cally what makes an image look natural. The first observation we can make is that
natural images are somewhat piecewise smooth, as they are most of the time a com-
bination of objects. As a first approximation, we can suppose that they are composed
of constant zones delimited by the contours. A first idea is therefore to impose regu-
larization conditions on the noisy image while trying to preserve as much as possible
the contour, and then hope that is will lead back to the natural image. This have led
to the so-called varational methods, which were first very popular in the 90’s, see for
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instance Rudin, Osher, and Fatemi, 1992. However, this assumption is very limited,
the smoothness of a natural image is more subtle than piecewise constantness. This
idea doesn’t take into account many particularities of images, like the textures for
instance, which are very crucial in natural images.

A second idea for denoising algorithms is the so-called "self-similarity" principle,
which states that an image is made of the complicated combination of a limited set
of small and simple patterns. This idea have led to patch based methods that we
shall develop in Section 1.2.3.

A third type of methods comes from the recent developpement of neural net-
works, which became very efficient in image denoising. They can be seen as a very
powerful and automatic way to make use of the two previous ideas. Some neu-
ral networks are trained on patches, like Zhang et al., 2017 for instance. The real
strength of neural network is that they can handle different level of noise, as pre-
sented in Wang and Morel, 2014, Zhang, Zuo, and Zhang, 2018 and Islam et al.,
2018. Their drawbacks are the following : they need a huge training data set and
they do not help better understanding and improving the concept behind the image
denoising problem. Some work like Soltanayev and Chun, 2018 have been made to
tackle the issue of the size of the data set.

1.2.2 Denoising generalities

We refer to the review of Lebrun et al., 2012 for more details on the idea developped
in this section.

About the noise

The presence of noise is unavoidable in photography. In a numerical camera, pixels
of the image are captured by small sensors that are never perfectly similar and ac-
curate. This always adds some noise to the picture. Besides, the quantum nature of
light itself adds noise in any situation. For standard setting on a personal camera,
this phenomenom is not quite visible, but as soon as the luminosity is low and/or
the shutter time is fast, images become very noisy. We can even observe noise with
our own eyes in the dark (even if our brain is used to ignore it).

Hence, the noise in cameras has most of time the same origin and can pretty
acurately be modeled at each pixel using a i.i.d. Poisson distribution. For large
enough values of the expected value (i.e. not excessively low luminosity), this can
accurately be approximated by a Gaussian distribution : A (u(i), u(i)). However,
in this approximation, the variance still depends on the signal. In order to get the
white Gaussian noise, way more convenient to work with, one can apply a Variance
Stabilizing Transformation (VST) to the signal, process the image, and then apply an
inverse VST to get the final result. More details on this can be found in Makitalo and
Foi, 2010. Hence, it is relevant, for practical applications, to assume that the noise is
a white Gaussian noise.

The noise model mainly depends of the context of the scene and the quality of
the camera. It is therefore pretty accurate to assume that it is the same for the whole
image. Hence, the only remaining uncertainity to model properly the noise is the
variance, which will differ on every input. There are several ways to estimate the
variance of the noise from a single image that we will not discuss here, but we can
therefore assume that the noise variance is known. More details can be found in
Colom, Buades, and Morel, 2014.
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Eventually, most images nowadays are color images. Since the captors of the
different color channel are very similar, we can still suppose that the noise on each
channels is added in a similar fashion. A first idea to process a color image is to
denoise each channel independently. However, this does not work very well, since
it creates color artifacts to which the eye is very sensible. Fortunately, the RGB data
is not the only way to store an image, and it appears that this idea works fine with
other representations, like YUV, which can be obtained from an RGB image by a
multiplication by the following matrix:

030 059 011 % % %
YUv = 1| =015 —-029 044 | or YoUpW = % 0 —%
061 —-051 -0.10 % _% %

Therefore, an algorithm on black and white images can directly be applied to color
images.

In the rest of the thesis, we will therefore consider only black and white im-
ages with a white Gaussian noise whose variance is known.

Main denoising principles

As we said in Section 1.2.1, the main challenge of denoising problems is to find a way
to capture the subtle regularity of natural images without destroying the textures.
Most of the denoising algorithms rely on these 3 main ideas :

o The self-similarity principle, which states that a natural image is a combination
of similar lower-scale patterns. This idea has led to the so-called patch-based
methods, discussed in detail in Section 1.2.3.

e Sparsity of patches in a fixed basis, which has led to transform thresholding
methods (based of the thresholding of the signal in a sparse representation).
This is the same assumption as the one behind the famous JPEG compression,
that, in a proper basis, the image can be sparsly represented. However, these
methods often create ringing phenomena.

e Sparsity on a learned dictionary. Instead of assuming that the image is sparse
in an universal basis, the idea is to learn a dictionary which will represent
sparsely the image. These methods lead to optimization problem with sparsity
constraints, for example finding & = arg min, ||a||o such that ||&i — Da||> < A
where D is the dictionary, and A a data-fidelity parameter.

Denoising tools

In addition to the main ideas and mathematics behind a denoising algorithm, there
are other "meta" ideas that can be plugged to any method in order to slightly im-
prove the results. Those are useful when one tries to reach the highest possible
performance, but can prevent from developing new ideas and from identifying the
flaws of a method. We will present some of the most popular ones here, but will not
use them in the rest of this thesis.

o Aggregation of estimates : if we have m "independent" different estimate, we can
try to average them to decrease the variance. For example, we can denoise an
image by averaging the output of all the algorithms presented in Section 1.2.4.
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e Iteration/oracle filters : The idea is to first denoise roughly the input image using
any algorithm, and then use this result as an oracle to help the main algorithm
to perform its task (for clustering for instance). For instance, in NL-Bayes,
this idea helps greatly to detect similar patches, and then to average more effi-
ciently the noisy ones (see Section 1.2.4).

o Twicing : After having a first result with a denoising algorithm, one can com-
pute the residual noise with a simple subtraction to the original input. There
are often lots of information left in the estimation, and another algorithm can
be applied to this residual to better estimate the noise.

e Multiscale algorithm : One of the difficulty faced by most of denoising algo-
rithms is the low-frequency noise which is harder to differentiate from the true
image than the high-frequency one. A way to solve this issue is to denoise
the image at different resolutions. Starting at the smaller one (where it is way
easier since the noise is highly reduced by the scaling), we can then use each
result as a basis for the next resolution until the one of the input image.

o Constant zone enforcement : The eye is very sensitive to small variations in a
constant region, therefore it can be useful, inside an algorithm, to detect these
constant zones (if the variance of a patch is below a certain threshold for in-
stance) and apply a different treatment to these patches.

1.2.3 Patch-based methods

Patch based methods were first introduced in the end of the 20" century, have led to
a new paradigm in image processing, and were applied to various image processing
problem such as inpainting (Wexler, Shechtman, and Irani, 2007, Newson et al., 2014,
Criminisi, Pérez, and Toyama, 2004), image synthesis (Efros and Leung, 1999, Kwa-
tra et al., 2005), denoising (Buades, Coll, and Morel (2005)) or editing (Barnes et al.,
2009, Frigo et al., 2016), improving the state of the art. The non local methods have
been largely studied and improved, with some variants (Kervrann and Boulanger,
2006), adaptation to other type of noise (Deledalle, Tupin, and Denis, 2010) and ex-
tensions to more complex inverse problems (Peyré, Bougleux, and Cohen, 2008).
Concerning the denoising, most of the state of the art methods rely nowadays on
probabilistic models, such as NL-Bayes (Lebrun, Buades, and Morel (2013)), or in the
works of Yang (2005), Zoran and Weiss (2011), and Wang and Morel (2013). These
works have led the state of the art until recently where they were overcome by neu-
ral networks. However, patch-based methods are still interesting, as they don’t need
data set to train and can perform image-based denoising, they are better understood
theoretically.

A patch, as illustrated Figure 1.5 is a small piece of image (in practice, between
3 x 3 and 25 x 25). In our context, it should be of the size where the self-similarity
principle applies. We focus here on the case of images, which are 2D-signals, but
all the concepts presented hereafter are much more general and can be defined for
signals with any number of dimensions. As presented in Figure 1.6, there are 3 main
steps in patch-based signal processing methods :

1. Patch extraction : divide the image into patches

2. Patch editing : perform learning, computation and restoration of the patches
from step 1.
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FIGURE 1.5: Illustration of the patch transformation of an image (im-
age from Houdard, Bouveyron, and Delon, 2017)

1. patch extraction

FIGURE 1.6: Illustration of the 3 steps of patch-based image process-
ing. Patches are small image pieces, they can be seen as vectors of a
high dimensional space. Patch-based methods decompose images in
overlapping patches (step 1) and make these patches collaborate for
restoration, synthesis or editing purposes (step 2). At this point, the
processed overlapping patches do not necessarily share the same val-
ues on their common pixels. Aggregation techniques aim at combin-
ing all these different overlapping patches into a single image (step 3).
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3. Patch aggregation : reform the image from the restored patches from step 2.

We will present in the following these steps more in details. Let ) be a discrete
rectangular grid of size sy X s, in RZandletu: Q — Rbea grey level image on Q).

Patch extraction

A patch of an image u can be written as a sub-image u|n € R? where QO C Q is
the domain of the patch. The number of pixels |Q)| is called the size of the patch.
Patches usually considered in the literature have connected domains. For example,
if Q = [1,Vd]? u|q is the square patch of size d at the top left corner of u. The
image u can be considered itself as a (large) patch of size s, x s, and contains N =
(sx — Vd +1) x (sy — V/d + 1) overlapping square patches of size d.

The patch extraction is characterized by an extraction operator xy which gives a set
of patches from an image. In most applications, this set is composed of all overlap-
ping square patches of size d of u. Assimilating u to a sy X s, matrix and patches
as vectors of size d (read column-wise), this extraction operator can for instance be
written

X RS<%Sy ]RdXN,

where the i column y; of the matrix x(u) is the i patch of u. Since x is a linear
operator, Im() is a linear subspace of R**N of dimension sy x s, at most. Therefore,
Im(x) # R¥N. For commodity, we shall write x = (x;)ic; with (x:)ic; the set of
linear operators such that x;(u) refers to the i*" patch.

In the general case, x is not surjective, and an element of Im(x) has lots of redun-
dancies, since each pixel may appear in many different patches.

Patch-based editing or restoration

Given an extraction operator x returning a set of N patches, patch-based signal pro-
cessing consists in processing the set of patches x(u) instead of the signal u. How-
ever, after this processing, the set of patches is usually not in Im() anymore. It
means that a pixel which belongs to several patches can have different values in all
these processed patches.

For example, in image restoration, we have access to i, a distorted version of the
true signal u. In order to construct i, an estimate of u, we first extract the patches
(7i)iep,n) = x(@1) and we try to infer their restored versions yj;. For instance, in
a Bayesian framework, if we have access to a posterior probability distribution for
each patch, we can estimate each yj; by

yi = argmax p(y|7)-
y

However, after this estimation, there is no guaranty that (;);cp1,n) € Im(x), i.e. no
guaranty that we can find # such that x(u) = (¥i)icpi,n]-

Patch aggregation

The patch aggregation is the action of recovering an image from a set of patches. It
is characterized by an aggregation operator ¢, which reconstructs an image from a
set of patches. Most of the time, it satisfies ¢ o x = L, « sy7 but it is not mandatory.

If x extracts all N overlapping square patches of size d from u, { can be seen as a
map from R?*N to R®**%. In this case, the most common aggregations are the central
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FIGURE 1.7: Test images, from left to right: Lena, Barbara, Cartoon,
Squares.

pixel aggregation, which consists in keeping only the central pixel of each patch and
the uniform (resp. weighted) aggregation which consists in taking, at each pixel, the
uniform (resp. weighted) average of the d different values provided by the patches
it belongs to.

1.2.4 Detail on some patch-based algorithms

The framework of patch based methods presented in Section 1.2.3 is very general
and has led to a large variety of algorithms in the literature. They sometimes devi-
ate a bit from this formalization (like in Section 1.2.4, where the two last steps are
merged), but they always contain in one way or another these three steps. We will
present in this section some particular patch-based algorithms, with their results on
a bench of images presented on Figure 1.7 and for three different noise standard
variation: ¢ = 10,0 = 30 and ¢ = 50.

NL-Means and NL-Bayes

NL-Means, for Non-Local Means, was introduced in 2005 by Buades, Coll, and
Morel, 2005. It is considered to be the first patch-based denoising algorithm. At
the time, this algorithm stroke by its simplicity and its obvious potential and yet its
good PSNR results.

The idea of the algorithm is to first extract all the overlapping square patches
of size k (the author found best results by setting k = 3) and then for each patch,
average it with all the patches in a search window (used for computational time
purposes) weighted by the (minus exponential of the) square Euclidean distance to
the considered patch. The idea is that we perform a noise reduction by averaging
each patch with its most similar ones. The complete process is detailed in Algorithm
2.

NL-means gives quite good PSNR results because it works well in constant zones.
Even if the authors studied and proved some consistency results (see Buades et al
2006), its strategy remains basic. It implicitly assumes that the noise is Gaussian but
does not use any model on the patches which, as we shall see, limits the restoration.

A direct extension of NL-means is NL-Bayes (introduced by Lebrun, Buades,
and Morel, 2013), which keeps almost the same idea, simply adding a model to the
patches coherent with the one of the noise. It is presented in Algorithm 3. Instead of
averaging directly the patch of the search window, the algorithm infers a Gaussian
model with all the "close" patches and uses this model to compute the most likely
restored patch. The authors also adds some general denoising tricks, in particular
an oracle step and a constant zone enforcement (see Section 1.2.2) to improve the
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Algorithm 2 NL-means
Input: Noisy image i, standard deviation o
Output: Denoised image u
Set parameter size of the patch: k =3
Set parameter size of the search window : A = 31
Set parameter bandwith filtering parameter : C = 0.60
for each i pixel of the image do
P : patch of size k x k whom i is the center
for each Q in the search window of size A x A do
d(P,Q)* « |IP— QI

d(P,Q)>
wo +— exp(— (CZ) )

end fgr 0

jag QZUQX

P+ DYYTE

—_
<@

: end for
: for each pixel i do

Set i as the average of all the patches whome it belongs
end for

e e

performances of the algorithm. NL-Bayes remains basic: the model is simple and the
use of the [ norm to compare similar patches is not ideal (a patch almost identical
but with a slight shift is considered far although it is similar for our eyes), but its
results are way better than those of NL-means: it shows how powerful and crucial it
is to have a model on the patches and by extension on the image. The visual results
of these two algorithms are presented on Figure 1.8 and Figure 1.9.

HDMI

NL-means has shown that patch-based methods have potential, and NL-Bayes that
they need a model to be efficient. In the recent years, lots of powerful statistical
tools have been developed to process data and can almost directly be applied to the
patches. This new paradigm have led to many methods in the denoising literature.
The idea is to consider the whole set of patches of the image (or a transformation of
the image, like the Fourier transform) as a single data set and infer a single model on
it. Introduced by Houdard, Bouveyron, and Delon, 2017, HDMI is one of the most
recent and efficient one, and makes use of HDDC (see Section 1.1.4).

Even if NL-means uses very small patches (3 x 3), they can be taken larger (10 x
10 for instance). Considering all overlapping patches of an image, this constitutes a
large data set of reasonable dimension (compared to the image) which remains high
for statistical models. This makes HDDC particularly useful, as it is adapted to high
dimensional data. Besides, the underlying assumptions of the model are besides
justified in the case of patch data :

e The noise is the same in all patches, and therefore in all the clusters

e The patches inside a cluster live in a lower dimensional space: real world im-
ages seem to satisfy this criterion, as demonstrated by the success of patch
based and of dictionary method in denoising.

e This model uses a lot of information redundancy, which fits the "self-similarity"
principle.



32

Chapter 1. Patch-based methods and image denoising

Algorithm 3 NL-bayes

In

put: Noisy image i/, standard deviation o

Output: Denoised image u

—_

G
@ N P Q

14:

15:
16:
17:

18:
19:

: Set parameter size of the patch k, Set parameter size of the search window A, Set
parameter close patches C (see Buades, Lebrun, and Morel, 2012)

for each i pixel of the image do > First loop to compute the oracle
P : patch of size k X k whom i is the center
P(P) +—{Q[Q—-Pl[ < C}
Compute Cp and P with
Cp = 1 Loer(»)(Q—P)(Q—P)Tand P = \73(1713)\ Yoep(p) Q
P!+ P+ (Cp — o*@)Cp (P~ P)

end for

Obtain a first denoised version ! by averaging all the patches

: for each i pixel of the image do > Second loop to denoise the image

P : patch of size k x k whom i is the center extracted from the noisy image,

and P! the corresponding patch in i1 N N
P(P) <+ {Q patch of ii; such as the corresponding Q! in #! verifies || Q! —
P'|| < C} and P(P) < {Q" patch of #’';||Q! — P!|| < C}
Compute Cp and P with
— . 1 o ~ . = ~ . = T = . 1 N ~
Cp = PP Yoepr)(Q—P) (9 P)Tand P = 00 Yoepr) Q
P2« P+ (Cp—c2@)Cp (P—P)
end for N
Obtain the final denoised version i by averaging all the patches P2
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Original image Denoising o = 10 Denoising o = 30 Denoising o = 50

FIGURE 1.8: Experimental results of NL-Means on the test images.
The parameters used the standard parameters recommended by the
authors and explicited in Alogrithm 2.
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Original image Denoising o = 10 Denoising o = 30 Denoising o = 50

FIGURE 1.9: Experimental results of NL-Bayes on the test images. The
parameters choice follows the recommandation in Buades, Lebrun,
and Morel, 2012.
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In practice, HDMI follows the 3 steps of patch-based methods presented in Sec-
tion 1.2.3, using HDDC to infer and restore the patches in the patch edition step.
However, the estimation of the intrinsic dimension d; of the cluster is a capital prob-
lem. But, as we said in Section 1.1.4, the noise is closely related to the intrinsic
dimensions and it is here supposed to be known. So the dimension of each cluster is
chosen in order to fit the value of the noise with the one implied by the choice of the
intrinsic dimensions of the clusters d1, . .., dx. We have therefore this formula:

P
Vk € [1,K], di = argmﬁin(i Yy A g, (1.10)
T Y i=6+1

The complete algorithm is presented in Algorithm 4 and its visual results are
presented on Figure 1.10.

Algorithm 4 HDMI

Input: Noisy image i/, standard deviation o
Output: Denoised image u

1: Extract the patches of I

2: Learn HDDC using (1.10) and estimate the dimension
3: for each noisy patch P do
4
5

Find the cluster k whose P belongs
P+« Y, m (;uk + Qe(I— A1) QL(P — yk)>, where (7, 4, Q,A) are the in-
ferred parameters of HDDC (see Equation (1.8)).

end for N
: Average all patches P to obtain the denoised image u

N

EPLL

Until now, we only saw methods using the so-called standard or uniform aggrega-
tion. More complex strategies including both patch restoration and aggregation into
a single variational formulation have also been considered in the literature. This
idea was first introduced by Zoran and Weiss, 2011 with the Expected Patch Log
Likelihood (EPLL) and remains, to our knowledge, largely unexploited. Similarly
to NL-Means, they introduced this new strategy into a basic framework, showing
the potential of it. Some work has extended their algorithm, for instance addind a
multiscale framework like Papyan and Elad, 2015, or using more general prior mod-
els like Deledalle, Parameswaran, and Nguyen, 2018, but these extensions remained
focused on the edition step and have left the aggregation step untouched, although
it was one of the main innovation of EPLL.

In details, starting from a noisy image i1, the authors reconstruct a restored ver-
sion of u as one of the solutions of

A 2
argmmﬁHu—uH — EPLL¢(u), (1.11)

u
where EPLLs(u) = };log f(xi(u)), with x; the patch extraction operators presented
in Section 1.2.3 and f a given prior density on the image patches.

In their paper, Zoran and Weiss used as a prior a huge GMM on patches learned
previously on a big data set of noise-free natural images, which is their second main
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Original image Denoising o = 10 Denoising o = 30 Denoising 0 = 50

FIGURE 1.10: Experimental results of HDMI on the test images. For
the experiment, we used patch of size 10 x 10 and 80 clusters.



1.2. Image denoising 37

idea derived from machine learning. The rest of the method consists of an opti-
mization step, made by a "half-quadratic splitting’, which makes use of an auxiliary
variable Z = (z;)c corresponding to the set of extracted patches. Their goal is then
to optimize the quantity

Al —ul[> + 328 (I1xi(n) — zil[*) — Y log f(zi), (1.12)

on both u and Z, where f is an additional hyperparameter (ratio between prior and
data term) chosen heuristically. Algorithm 5 presents the details of the method, and
more information can be found in the original paper. The visual results on the test
images are presented in Figure 1.11.

The authors of EPLL interpret the quantity EPLLs(u) as the empirical expecta-
tion of the log-likelihood of a patch (up to a multiplicative factor % with N the num-
ber of patches). We believe that this interpretation is reductive and we will show in
Chapter 2 that it has another intuitive interpretation.

Algorithm 5 EPLL
Input: Noisy image i/, standard deviation o
Output: Denoised image u

1: Learn a GMM on a large patch dataSet

2:
3: for A certain amount of time while inscreasing § do
4: U+ (A+BLixlxi) - AU+ BY;zi) > Solving (1.12) according to u
5:
6 for Each patch P; = x;(u) do > Approximate the solution of (1.12) according
toz
7: ki < max; Tk > choosing the most likely component of the GMM
8: zi + (Zg, + 0'21)_1 (Zp, 1+ 0%y,
9: end for
10: end for
BM3D

BM3D, introduced by Dabov et al., 2007, is one of the most famous and competi-
tive patch-based algorithm for denoising. It relies on the NL-Means structure, but
instead of adding a Bayesian framework like NL-Bayes, it makes use of a transform
thresholding, applied on a 3D group of similar patches (all the 2D-patches are piled
up in a third direction), in order to restore the sparsity the structure is supposed to
satisfy, with an additional second step (the oracle trick, see 1.2.2). This leads to a
quite complicated algorithm, presented on Algorithm 6.

Even if it is quite efficient, BM3D is optimized and contains lots of heuristic and
empirical parameters tuning. Another paradigm in the patch-based denoising liter-
ature is the use of a sparse dictionary. It can be either a learned dictionary, like in
Aharon, Elad, and Bruckstein, 2006 or a fixed basis, like the Fourier or Wavelet trans-
form, like in Yu and Sapiro, 2011. Among those methods, which are very technical,
one of the most competitive is BM3D.



38 Chapter 1. Patch-based methods and image denoising

Original image Denoising o = 10 Denoising o = 30 Denoising o = 50

FIGURE 1.11: Experimental results of EPLL on the test images. These
results have been made with the original code that the authors of Zo-
ran and Weiss, 2011 provided.
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Algorithm 6 BM3D

Input: Noisy image i, standard deviation ¢
Output: Denoised image u

1:
2:

b

10:
11:
12:
13:

14:

15:

16:

17:

18:

19:

20:
21:

22:

23:

24:

25:
26:

27:

28:

29:
30:

First iteration or Oracle iteration to obtain a basic estimate of the image
Set parameters for the first round : «, A, Npax, s, Asp, T, see original paper for
more details
for Each patch P of size x x x with a step s in rows and columns do

(Qi) <« Set of square patches in the square neighborhood of P of size A x A
such that ||Q; — P|| < T

if There are more than Ny 4x similar patches then

Keep only the Njjax closest
else
Keep 27 patches, with p as big as possible.

end if

Construct a 3D group P(P) from the patches (Q;)

Apply a biorthogonal spline wavelet on every patch in P(P)

Apply a Walsh-Hadamard transform along the third dimension of P(P)

Apply a hard thresholding with A3p to P(P) and set

{Npl If Np > 1,
Wp = ’
1 Otherwise.

where Np is the number of non-zero coefficients remaining

Apply an inverse Walsh-Hadamard transform along the third dimension,
and inverse biorthogonal spline wavelet on every patch Q; of P(P) and make
it an estimate Q; for the patch Q; associated with the weight wp.
end for
Reconstruct the image by averaging all the estimator Qj created with their asso-
ciated weights.

Second and final iteration of the algorithm
Set parameters for second round : x, A, Nyax,s, Asp, T, see original paper for
more details

for Each patch P from the basic estimate of size ¥ x x with a step s in rows and
columns do

Select (Q;) a set of close patches to P from the basic estimate like in first
round

Construct two 3D group from the patches (Q;), P(P) and P(P) from the
noisy image and the basic estimate

Apply a 2D-DCT and then a Walsh-Hadamard transform along the third axis

on every patch in P(P) and P(P)
PP
|P(Py)[?+0?
Apply a Wiener collaborative filtering by mulptiplicating element-wise

T3p(P(P)) with the Wiener coefficient wp
llwpll3? 1 [lwp||2 > 0,
1 Otherwise.

Apply an inverse Walsh-Hadamard transform along the third dimension,
and inverse 2D DCT on every patch Q; of P(P) and make it an estimate Q; for
the patch Q; associated with the weight wp.
end for
Reconstruct the image by averaging all the estimators Q]- created with their as-
sociated weights.

wp <

wp <
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Original image Denoising o = 10 Denoising o = 30 Denoising 0 = 50

FIGURE 1.12: Experimental results of BM3D on the test images. The
parameters choice follow the recommandation of lebrun12analysis.
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NL-Means | NL-Bayes | EPLL | HDMI | BM3D

Lena 34.30 35.84 35.15 | 35.90 | 35.91

=10 Barbara 33.28 35.17 33.26 | 35.18 | 35.09
Cartoon 36.12 37.90 36.39 | 37.86 | 37.45

Squares 43.21 47.22 46.68 | 54.85 | 50.70

Lena 29.45 31.20 30.44 | 31.08 | 31.24

o — 30 Barbara 27.06 29.83 27.07 | 29.68 | 29.76
Cartoon 28.92 30.45 28.84 | 30.64 | 30.40

Squares 38.39 40.73 3947 | 46.54 | 41.25

Lena 27.41 28.81 28.04 | 28.68 | 28.88

o =50 Barbara 25.58 25.97 2410 | 26.76 | 27.10
Cartoon 25.11 26.88 26.65 | 2718 | 26.76

Squares 37.66 36.79 35.78 | 42.04 | 37.31

FIGURE 1.13: PSNR of the different aggregation methods with NL-

Bayes inference, on the test image of Figure 1.7, with standard devia-

tion of o = 10, ¢ = 30 and ¢ = 50. This corresponding visual results
can be found in Figure 1.8, 1.9, 1.10, 1.11 and 1.12

Performance comparison

We present in Figure 1.13 the PSNR comparison of the different algorithms presented
in this section, on the test images of Figure 1.7, with noises of standard deviation
o =10, ¢ = 30 and ¢ = 50. Visual results can be found in Figure 1.8, 1.9, 1.10, 1.11
and 1.12.

As we can see, the quality of the results highly depends on the images. Simple
images like squares are easier to denoise.

The results at low noise (¢ = 10) are almost perfect, and it is hard for the eye to
differentiate with the ground truth. Indeed, natural images like Lena or Barbara are
already a bit noisy. For higher noise (¢ = 50), the problem becomes very difficult
as there are almost more noise than information. This enables to see the differences
between these algorithms. Even if they have similar PSNR, their results on the same
image differ a lot visually. EPLL has very poor performance for high noise in terms
of visual quality (see Barbara in Figure 1.11) although its PSNR remains competitive.
This highlights the idea mentioned in Section 1.2.2, that the PSNR is not an ideal
criterion and must be considered with care.

It is also interesting to see that EPLL and NL-Means, even if they remain com-
petitive, are a bit less effective (of 1 or 2 dB) than the other algorithms, which are
more optimized and tuned. This shows that relevant improvements in efficiency
come more from the paradigms than from the technical optimizations and from the
tuning, even if they are important to exploit an idea to its maximum potential.

1.2.5 Conclusion

We reviewed some basics on Bayesian models and how to apply them to patch-based
algorithms. As we saw, these models participate a lot in the success of patch-based
methods.

These methods are an interesting approach to tackle the denoising problem, as
they seem well adapted to natural images and the recent computer modeling devel-
opment. Even if they are all based on the same principle, there is a huge variety of
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approaches. Small details in the models and in how they are learned and inferred
can change a lot the results.

Among them, the most competitive have very good results, but as the noise in-
creases, lots of visual flaws appear in their estimations: they can still be greatly im-
proved and these flaws are a good starting point to analyze and improve the models
and the frameworks. Indeed, some similarities and pattern can be observed in the
defects and artifacts in the image. By studying and classifying them, one can hope
to better understand their origin and to remove them. This will be the main concern
of the next chapter.
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Chapter 2

Patch aggregation

This chapter is based on the publication:

Alexandre Saint-Dizier, Julie Delon, and Charles Bouveyron (2020). “A unified
view on patch aggregation”. In: Journal of Mathematical Imaging and Vision 62.2, pp.
149- 168.

Introduction

As we saw in Chapter 1, patch-based methods have shown promising results for
image denoising. They all rely on three steps: the patch extraction step, the patch
editing step and the aggregation step (see Section 1.2.3). In most of the literature, all
the attention has been put into the patch editing step, which benefits from the recent
progress in statistics, machine learning and signal processing. While powerful and
complicated models have been used for patch editing, most methods share the same
basic ideas for the patch extraction and the patch aggregation steps.

For the patch extraction, most methods simply take all overlapping square patches
of a given size. The question of how to choose properly the patch size and more
generally of the patch extraction has been less studied. This question could be ap-
proached with hyper-parameters estimation (see Section 1.1.6), but different patch
size implies different patches and thus different data, which makes the model selec-
tion even more intricate. Some work has also been made to desing methods with
adaptive patch size, like in Deledalle, Duval, and Salmon, 2012 and Kervrann and
Boulanger, 2006. Besides, taking all the patches of an image can form very large
data set. Recent study in texture synthesis have shown that choosing carefully the
patches can improve greatly the speed of an algorithm for almost no loss of perfor-
mance, by using determinantal point process for instance (see Launay and Leclaire,
2019). These ideas could be applied to image denoising to speed up the computation
time. I decided in this PhD to focus on the aggregation step, as I believe that this step
deserves more attention in patch-based methods.

In the aggregation step, the processed patches are merged together into a single
image. While much attention has been paid on statistical or geometrical patch rep-
resentations and interpretation, little work has been dedicated to explore this merg-
ing or aggregation step. Going from the image space to the patch space is a linear
and straightforward operation, but recovering an image from a set of overlapping
patches is straightforward only if all of these patches share the same values on their
common pixels. Even for patches coming from the same image, this property is lost
as soon as the patches undergo non trivial operations. For patches of size d, each
pixel belongs to d different patches (neglecting the borders) and these patches yield
d different estimates for the pixel value, as illustrated by Figure 1.6. In the literature,
there are essentially four ways to answer the aggregation question:
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1. For each pixel, keep only the estimator provided by the patch centered at this
pixel (central aggregation);

2. For each pixel, average the d estimators with uniform weights (uniform aggre-
gation);

3. For each pixel, average the d estimators with adapted weights (weighted aggre-
gation);

4. Reconstruct the image from the patches as a solution of a variational problem.

The first solution is the one chosen in the first version of NL-Means (see Section
1.2.4). This approach ignores the information available in the rest of the patches.
As a result, when applied in the context of image denoising for instance, residual
noise can often be observed around edges or rare regions. A majority of meth-
ods tackle this issue by averaging the d estimates of the pixel, either with uniform
weights Kervrann and Boulanger, 2006 or with weights taking into account the pre-
cision of each estimator Dabov et al., 2007; Salmon and Strozecki, 2010; Talebi, Zhu,
and Milanfar, 2013, in order to minimize the variance of the aggregated estimator.
A recent approach Romano and Elad, 2015, called SOS boosting, proposes to im-
prove iteratively a denoising algorithm by reducing the gap between each restored
patch and its value after uniform aggregation. The BM3D algorithm Dabov et al.,
2007 uses weights which are chosen inversely proportional to the total variance of
the sample of noisy patches used to estimate the denoised patch. More recently, the
DCT-based denoising approaches Guleryuz, 2007; Pierazzo, Morel, and Facciolo,
2017 use weights chosen inversely proportional to the number of non-zero coeffi-
cients of the DCT after thresholding, giving more weights to patches that have a lot
of coefficients set to 0 (flat patches for example). Other approaches draw on similar
ideas to derive optimal weights Dengwen and Xiaoliu, 2009; Sezer and Altunbasak,
2009; Kervrann, 2014; Feng et al., 2015. Instead of the variance, some authors also
attempt to minimize the risk of the final estimator at each pixel, by making use of
Stein’s Unbiased Risk Estimator (SURE) Deledalle, Duval, and Salmon, 2012; Van De
Ville and Kocher, 2009. In Carrera et al., 2017, a comparison is led between global
optimization and weighted aggregation for denoising purposes.

The last solution for patch aggregation, explored for instance in Elad and Aharon,
2006; Zoran and Weiss, 2011, consists of a global variational formulation of the
restoration problem, including a global prior. These global formulations intrinsi-
cally include the aggregation problem, which is treated iteratively during the opti-
mization process. In Zoran and Weiss, 2011, the log of the global prior (the expected
patch log likelihood, or EPLL) is a sum of local priors on the patches and inter-
preted, up to a scalar, as “the expected log likelihood of a randomly chosen patch
in the image”. However, it can also be interpreted, up to a constant, as (the log
of) a global image probability distribution, as already noted by Tabti et al., 2014.
Other attempts Roth, Lempitsky, and Rother, 2009; Cho et al., 2008 have been made
to construct a global image probability distribution from local patch priors, such as
the field of experts Roth, Lempitsky, and Rother, 2009 which uses Markov Random
Fields priors on pixels. We will see that the approach developed in the current chap-
ter has strong links with these global interpretations. In a related direction, the fact
that patches should coincide on their intersections can also be written as a hard con-
straint that can be included in any variational framework, as explored in the recent
paper Paulino, 2018.
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In texture synthesis, alternatives to aggregation have been considered, such as Efros
and Freeman, 2001 which finds a minimal error boundary cut between two overlap-
ping patches, or Raad, Desolneux, and Morel, 2016 which uses conditioning to force
the new patches to be coherent with the part of the image which has already been
synthesized.

In this chapter, we propose a novel perspective on this aggregation stage. To
this aim, we focus on the case where each image patch is given a stochastic model
on RY, for instance a Gaussian distribution or a mixture of Gaussian models. This
situation is quite classical in Bayesian image restoration, where each patch is restored
with a prior model (see Section 1.2.3). It is usual that these different models do not
coincide on overlapping patches. In order to overcome this limitation, we introduce
the notion of patch fusion, which draws on all the prior models to construct a global
model on the whole image (up to a normalization), by taking into account the fact
that these models should coincide on their overlaps. At the end, the final models for
overlapping patches coincide but are not generally the same than the ones prescribed
as input. As we shall see, the classical aggregation techniques described above can
be interpreted as special cases of our fusion framework. Our notion of patch fusion
also reconciles the point of view developed in EPLL Zoran and Weiss, 2011 and the
conditioning approach suggested in Raad, Desolneux, and Morel, 2016 for texture
synthesis.

2.1 Motivations

2.1.1 Directions of improvement

The different algorithms presented in Section 1.2.3 have good results in term of
PSNR, but can still be improved, especially visually. By comparing their differences
and similarities among the different images and methods, we can have an idea of
which aspects of the methods work and which aspects limit the performances (see
Section 1.2.3). As we saw, for low standard deviation of the noise, the results are al-
most perfect, and thus difficult to compare. The reconstruction issues become more
and more visible as the standard deviation of the noise increases. At o = 50, they
are particularly noticeable while still being representative of the general behavior of
the algorithms. This makes this level of noise a good choice to study these issues.
The main reconstruction issues that we identified for ¢ = 50 of all the algorithms are
presented in Figures 2.1,2.2,2.3,2.4 and 2.5.

NL-Means (see Figure 2.1) is unique among the presented patch-based methods,
as it is the only algorithm which uses central aggregation (some version using the
uniform has been developed). This gives usually good results, but with some sort
of blurry noise. This is due to a lack of structure, one of the main problem of cen-
tral aggregation, which considers the pixel independently and does not favor local
coherence. Besides, NL-Means uses very small patches, which does not help restor-
ing border and textures as well. With a closer look, we can see that, in addition to
the general noise impression remaining in the restored version, a bigger artifact re-
mains next to the border and in some particular areas. This effect called the "rare
patch effect", is due to the fact that some patches in the image are too singular (like
the eyes of Barbara for instance), so that the algorithm does not find enough "close
patches" to perform a large enough average in the case of NL-Means. This effect is
inherent to patch-based methods and difficult to tackle since it is a counter example
to the self-similarity on which they all rely. One way to tackle this issue it is to use
a larger data set, like in EPLL, but it does not really solve the problem and raise



46 Chapter 2. Patch aggregation

FIGURE 2.1: Issues on the reconstruction of Barbara and Cartoon with

the NL-Means algorithm for o = 50. As we can see, the images con-
tains strong artifacts, especially around the borders.

other issues (computational time, over fitting, etc...). Eventually, we can see on the
arm in Cartoon that NL-Means added some extra lines to it. This is also a general
problem of patch-based methods that we call "wrong patch effect", when different
patches are associated together by the algorithm (also as a consequence of the "rare
patch effect"). This is one of the main source of creation of "artifacts" (a nonsense tex-
ture addition of the algorithm) by patch-based methods. This effect is particularly
present in NL-Means and NL-Bayes because they use [, norm to compare patches.

The result of NL-Bayes on Cartoon (see Figure 2.2) shows a good example of "ar-
tifacts" : the weird contrasts on the table or on the hands. It can as well be explained
by the "rare patch effect". This phenomenon occurs mainly around borders, and es-
pecially when the borders are not straight (like in this example). The right image
of Figure 2.2 shows an opposite phenomenon, the algorithm has removed a whole
part of the image (the antenna on the robot), but explained by the same rare patch
effect : the algorithm has associated most of the patch of this area to patches from the
nearby constant zone, having no better candidates. This leads to assimilate this zone
to its constant surroundings. Yet, the algorithm works well for uniform areas, con-
trary to NL-Means. This shows the power of the Gaussian model, which is the main
improvement of NL-Bayes. Yet, the transition between the two gray zones is impre-
cise, although it is still a simple type of frontier. I think that it can be explained by
the use of small patches and the simplicity of the limitations of the single Gaussian
model.

The result of EPLL are also very special. This method has two main differences
with the others : its aggregation step, which is the (approximated) solution of a
variational problem and the learning of its model, which is not performed on the
image itself but rather beforehand on a large data set. We can see on the left picture
of Figure 2.3, that the stripes of the trousers of Barbara are really poorly restored.
This is probably due to the lack of such a particular pattern in the training data of
EPLL (or in insufficient quantity). Besides, the algorithm has a strange behavior, it
seems that it applies by default some uniform areas in regions where the model has
a low variance. This leads to these visually unpleasant flat tints, which are very bad
in term of visual quality but do not decrease too much the PSNR. Indeed, a stripe
shifted of one pixel would have a smaller PSNR than a uniform gray area, which
shows one again the limitation of this criteria. This phenomenon may be caused by
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FIGURE 2.2: Issues on the reconstruction of Cartoon with the NL-
Bayes algorithm for o = 50. We can see on the left lots of artifacts on
the table, and the disparition of the antenna of Bender on the right.

FIGURE 2.3: Issues on the reconstruction of Barbara and Cartoon with

the EPLL algorithm for & = 50. We can see on the left some gray
flat tints instead of the stripes. On squares, the estimation is quite
accurate, with still some fluffy effect in the gray square.

the "Half quadratic splitting” of the aggregation procedure, which may be stuck in
a local maxima, but it is difficult to say with all the different steps involved in the
algorithm involved. On the image Squares, all the patches seem to be successfully
restored by the model. However, in the grey square, we can see some low-frequency
variation in this region, supposed to be uniform. This is what we call a fluffy effect
(see Section 2.1.2). It may have the same origin as the flat tints, and also be due to the
presence of the data term which drags the estimation toward the noisy image and to
the low-frequency noise that the regularization by the prior is enable to compensate.

As we have seen in Figure 1.10, HDMI performs very well on artificial images
like Cartoon. Figure 2.4 shows its main limitations. As we can see, the stripes of Bar-
bara are very well denoised, since this pattern occurs a lot in the image, it has been
well integrated to the model. However, the stripes are also visible on the floor next
to the face of Barbara and even in the door. This problem is due to the predominance
of the stripes in the learned model on the image. This could be tackled with more
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FIGURE 2.4: Issues on the reconstruction of Barbara and Cartoon with

the HDMI algorithm for ¢ = 50. We can see on Barbara that the stripes
are well-denoised, but they are still (wrongly) visible on the floor and
in the door. On Lena, their is no such defect, but a strong fluffy effect.

careful patch extraction which keeps some balance between the patterns of the im-
age. The other main issue of HDMI is the fluffy effect, which becomes very present
in textured zones, like in the face of Lena.

BM3D leads to different kinds of flaws. Like for HDM]I, it performs well on the
stripes of Barbara, but it (almost) does not add stripes on the constant zones. Yet, it
creates lots of artifacts, like in the arm of Barbara or in the hat of Lena. The algorithm
also behaves like if it would favor piecewise constant zone in its estimation (but
with more general geometry than EPLL). Yet, because of the complexity of BM3D, it
is difficult to track the origin of the encountered issues.

2.1.2 Fluffy effects and artifacts

In the previous section, we have seen that patch-based methods face two main diffi-
culties : the fluffy effect and the presence of artifacts. We call fluffy effect the effect
visually similar to cotton, that we can see for instance in the gray area of Squares in
Figure 2.3. HDMI has a very strong fluffy effect and few artifacts while BM3D, on
the contrary, has almost no fluffy effect and lots of artifacts. The origin of artifacts
is hard to identify especially for complex algorithm like BM3D. On the other hand,
the fluffy effect seems related to the low-frequency of the noise. Indeed, even if the
noise is perfectly i.i.d., there are inevitably some local effects, for instance some spots
where all the noise is higher or lower than its expectation. This effect is highlighted
on Figure 2.6. This phenomenon justifies the use of large patches, since the probabil-
ity of such a spot decreases greatly with its size. Besides, it questions the validity of
uniform aggregation. Indeed, the low-frequency of the noise induces a small bias on
each patch on a dark spot, and averaging all these patches does not have any effect
on this bias. This is the motivation behind the next section.

2.1.3 Independence of the patches

The main assumption behind the inference of the models used in patch-based de-
noising is the independence of the patches, and thus of the noise added to it. Even if
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FIGURE 2.5: Issues on the reconstruction of Barbara, Lena and Cartoon

with the BM3D algorithm for o = 50. On Barbara and Lena, we can

see some important artifacts, and also some piecewise constant effect

in the hat of Lena. The results have also some edge artifacts, similar

to those of NL-Bayes, that we can see in Cartoon around and on the
hand.
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FIGURE 2.6: Illustration of the fluffy effect. From left to right: the
noisy image (¢ = 30), the result of HDMI and the original image. We
can see a good example of the fluffy effect on the shoulder of Lena
in the central image. If we pay attention to the bottom left of these
images (under the curls), we can see a small dark spot in the denoised
image which is completely absent from the original image, but seems
to exist in the noisy one. This is due to low-frequency noise, when
the local expectation of the noise is higher than the global one. This is
one of the main origin of the fluffy effect that patch-based algorithms
struggle to avoid creating.
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it is obviously false, it does seem realistic, since the value a pixel does not appear at
the same place in all the patches it belongs to. It is well-known that this assumption
is mandatory for inferring, but it is often forgotten that it is also the case for the ag-
gregation. This step is less formalized and is most of the time justified by heuristics,
but the main idea behind it is that the "i.i.d." values of the patches averaged at each
pixel will decrease the noise. And as we saw in Section 2.1.2, this is not the case.

In a real world scenario, it is impossible to achieve real independence of the
noise. Yet, in an experimental study, it is possible to add the noise directly to the
patch after the patch extraction instead of adding it to the image. This enables to
obtain data which are genuinely ii.d. and to see how the algorithms behave on it.
We have then four possibilities : we can learn the model with or without this oracle
data set, and then restore and aggregate the patches with or without it. The result
of this experiment with HDMI (patches of size 10 x 10) is presented on Figure 2.7. It
is important to mention that in order to reconstruct the image using the oracle data
set, each pixel was given the value of the patch of which it is the center, instead of
averaging its value on all the patches it belongs. Otherwise, this experiment would
have been useless, since averaging 100 version of the same image with different
noise divides the noise standard deviation by 100.

Unsurprisingly, the utilization of the oracle data set has no influence on the
model inference. As we said, this assumption is quite reasonable for learning pur-
poses: the patch extraction takes the pixel values apart. On the contrary, the aggrega-
tion brings pixel values together, and the non-independence becomes problematic.
This is clearly shown in the second column of Figure 2.7. With the oracle data set,
the estimations look almost perfect, whatever the learning procedure.

2.1.4 Conclusion

As we saw, patch-based methods show a lot of potential, but are far to be perfect.
The patch edition step has been widely studied and discussed in the literature, to
the detriment of the two other steps of the framework : patch extraction and patch
aggregation.

More careful patch extraction could benefit to the computation time of the patch-
based methods, and help solving some small learning over-fitting. But one of the
main limitation to patch-based methods appears to be the aggregation. Indeed, it
seems irrelevant to perform a simple averaging on data on which much energy has
been spent to model precisely. This is yet what most methods do, as if there were
no relation between the patches and the whole image. This appears to be a loss of
precious information that could be used to better aggregate. This following study
is a first attempt to incorporate the aggregation fully into the Bayesian framework
used in patch edition.

2.2 Patch model, agreement and fusion

In this section, we define what we call a patch model, which extends the classical
definition of a deterministic patch in a stochastic setting. This model will be used
thereafter to define a notion of patch fusion, motivated by the situation described in
Section 2.1.
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(A) Learning : real data, (B) Learning : real data,
aggregation : real data. aggregation : oracle data.

(C) Learning : oracle data, (D) Learning : oracle data,
aggregation : real data. aggregation : oracle data.

FIGURE 2.7: Experiment on Lena with HDMI (¢ = 30) using real or or-

acle data on the learning and/or on the restoration and with a central

aggregation, so that the comparison remains relevant. Each picture
corresponds to one of the four different possibilities.

2.2.1 Patch model: a probabilistic patch representation

Let us define a patch model of size d on the discrete grid ). The notion is illustrated
by Figure 2.8.

Definition 3. A patch model P on the grid Q) is a couple (Q),v), where QO C Q and
where v is a probability distribution on R2. We refer to v as the distribution of the
patch model, and to () as its domain. We denote by P the set of all patch models on
Q.

This definition is a generalization of the classical definition of a patch on a grid.
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P=(§2,v)
2
<V

probability distribution on R9

FIGURE 2.8: A patch model on ) is composed of a domain () (a sub-
set of Q) and a probability distribution v on R®.

Indeed, a deterministic patch P can be assimilated to a Dirac distribution on R*. We
do not impose any connectedness of () in our definition.

We are now in the position to define the notion of agreement between two patch
models (see Figure 2.9), which says that two patch models agree if they share the
same distribution on their intersection.

Definition 4 (Patch model agreement). Let P; = (Q4,v1) and P, = (O, 12) be two
patch models in P. We say that these two patch models agree and we write P; =P, if
and only if

V1|Qlﬂﬂz = VZ\Qsz-

Therefore, two disjoint patch models (P; and P> such that ()1 N (), = @) agree
automatically. The = relation is reflexive and symmetric, but not transitive.

Observe that this definition can also be applied to deterministic patches. We say
that they agree if their values on their overlap coincide. We will also denote this with
the symbol =. We now define the notion of compatibility between patch models,
which is much less restrictive that the patch agreement, and will be important to
introduce the notion of patch fusion in the next section.

Definition 5 (Patch model compatibility). Let (Pn),cqing = (Qn, fu(x)dX),,cp1 np be
a set of N patch models with bounded densities fi, ..., f,. We say that these patch
models are compatible if

N
/ N g [1/:(z0,)dz > 0.
zeRVn=1

n=1

2.2.2 Patch model fusion

We can now define the fusion of two patch models. As explained before, this defini-
tion is motivated by the situation where we end up with one or several distributions
on the different patches. The fusion operation permits to construct directly a distri-
bution for the whole image from the different patch models. It simply consists in
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(A) The two patches agree, (B) The two patches do not
the aggregation is straight- agree, the aggregation is
forward ambiguous

FIGURE 2.9: Illustration of the notion of agreement between two de-
terministic patches.

aggregating patch models by merging their domains, and defining a novel distribu-
tion on this merged domain as a (specific) product of their original distributions.

Definition 6 (Patch model fusion). Let P, = ()1, v1) and P, = (), 1) be two com-
patible patch models. We suppose that the distributions v; and v, have bounded
densities f1 and f>.

The fusion P; ® P is the patch model defined by (Q), v) where QO = ()1 U (), and
v(dx) = f(x)dx, with

x X
VXGIRQ, f(x) _ fl( |Ql)f2( \02) '
Jrera fi(z10,) f2(210,)dz
Remark 7. o For the sake of simplicity, we restrict ourselves to the set of patch models

with bounded densities. This strong assumption is convenient because it is stable for
the fusion operation, and it is always satisfied with the distributions we consider, but
it could be relaxed. In practice, we only need to ensure that

/ f1(zj0,) f2(z)0,)dz < +oo.
z€RQ

o With this definition, the notion of patch fusion does not directly apply to deterministic
patches if we see them as Dirac distributions. However, as we shall see in Section 2.3,
the notion of fusion extends well to deterministic patches, if they are modeled by Gaus-
sian distributions with their value as expectation, and with a covariance proportional
to the identity.

This fusion definition has a very intuitive motivation, as we shall see in the next
proposition.

Proposition 8 (Interpretation of the fusion). Let Py = (Qq,11) and P, = (O, 12) be
two compatible patch models and define Py © P, = (Q,v). Assume that the distributions
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vy and vy have bounded densities f1 and f,. Let Z1 ~ vy and Zp ~ vy be two independent

. X .
random vectors. We write Z1 = (Y1> , where Xy corresponds to the coordinates of Z; on
1

Q1 Ny (so Xy ~ (v1)|0,n0,) and Y1 to the coordinates on O \ Qp. We write Zy = <>§2>
2

in the same way, where X, corresponds to the coordinates of Zy on (21 Ny and Y, on
O \ O (Yy and Y, may not have the same dimension). Then v is the conditional probability
X1
distribution of the vector (Yl) given X = Xp.
Y2

Proof. In the following, we denote by p(X = x) the value of the density of the ran-
dom variable X at x. For z = (x1,y1,42) € RAUNY ¢ RN R2\D1 we want to
calculate the conditional density

() ()e-)

This conditional density can be written

p((X1,Y1, X2, Y2) = (x1,y1,%1,2))
p(X1 — X2 = 0)

where

p((X1, Y1, X2, Y2) = (x1,¥1,%1,42)) = p((X1, Y1) = (x1,y1)) X p((X2, Y2) = (x1,12))

(1)) <5 () = st

by independence of Z; and Z,. Moreover,

p(Xl — X2 = 0) = /p(Xl = x1,X2 = xl)dxl = /p(Xl = X1> X p<X2 = xl)dxl.

pxi=x) = [A((J)) dnandpe=x = [ ((31)) e

we conclude that

Since

p(X1 — Xp = 0) = /fl(zml) % fa(zi,)dz > 0.

O

The fusion operation is therefore a way to combine two patch models while im-
posing these models to be equal on the intersection of their domains.

In order to extend this fusion operation to larger sets of patches, we need the
following proposition.

Proposition 9. For any compatible patch models with bounded densities Py, P, and P in
P, the fusion operation © is well-defined and satisfies

e Py © P, € P and has a bounded density.
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¢ (PLOP)®P;=P O (PO D).
e PLOPL=P0OP
Proof. Let Py = (), fi(x)dx), P, = (O, f2(x)dx), P3 = (Q, f3(x)dx) and (O, f(x)dx)
Py ©® P,. We have () = ()1 U(); and
f(x) & fi(xjq,) X f2(x)0,),

which clearly shows the commutativity. So P; ® P, has also a bounded density and
it is straightforward from the definition that P; ® P, is compatible with Ps. Besides,
if we have (Q), fdx) = (P, ® P,) ® P3, we get

fx) < filxia,) X fa(x)0,) X f3(x0,),

which clearly shows the associativity.
O

Remark 10. This proposition ensures the stability and coherence of the operation, which can
therefore be extended to any number of compatible patch models without ambiguity. For any
set of compatible patch models with bounded densities written

(Pu)neping = (Qu, fu(x)dx)uep,Ng,

we will denote this fusion by

O Py = (Q, f(x)dx), with Q = JQ, and

Vx € R?, f(x) < [ fulx|q,)-

Merging patch models in any order will always yield the same result (under the
condition of compatibility and bounded densities). This operation can be used to
propagate and connect all patch models to obtain a single image model.

2.2.3 Fused image model

The previous fusion operation can be used to define a global model on the whole
image space from a set of local patch models.

Definition 11. Let E be a set of patch models. We say that E covers the image support
if every pixel of (2 belongs to the domain of at least one patch model of E, i.e.

Vie Q,3P = (Q,v) € Esuch thati € Q.
We say that E is coherent if all patch models in E agree, i.e.
¥ (Py, P,) € E?, PiZP;.

We say that E represents an image if E covers the image support and is coherent.

For a set E of compatible patch models which covers the image support, Propo-
sition 9 ensures that it is possible to fuse all the patch models of E to obtain a global
model (Q,v) = Opcg P on the image. As a by-product, this constructs a new set E
by

E:={(Q,vq) with P=(Q,v) € E}.
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For each patch (Q,v) in E, there is a patch (Q, 4 Q) in E with the same domain, but
with the marginal of v on () as a distribution instead of v. Therefore, E covers the
image, according to the previous definition.

Observe that this coherent set L is generally different from the set E, even in the
case where E is obtained as all the marginals of a patch model on the whole image.
Indeed, even if they agree, fusing two patch models does not preserve their common
distribution on their intersection. Indeed, the fusion is not stable, in the sense that
in general P ® P # P. Fusing a patch model P adds some information: having two
patches with the same distribution gives more confidence in this distribution than
having only one. Furthermore, this property is not compatible with the associativity
and the commutativity: if P and Q are two patch models such that P © P = P, then
one must have (P ® Q) ® P = Q ® P, which is not desirable because P ® Q # Q in
general. Still, the fusion ensures a weaker stability, but well-suited for our applica-
tion: MLE(P ® P) = MLE(P) where MLE is the Maximum Likelihood Estimator.

In practice, the previous definitions lead to generic algorithms which consist in
fusing all patch models iteratively, in any order. This is justified by proposition 9, but
is not necessarily efficient. How the fusion is performed in practice should depend
on the considered distributions.

In the case of normal or uniform patch models, we will see in the next section
that the fusion has a closed-form solution. We did not investigate more involved
models, but we think that approximate schemes could be used for more complex
distributions.

2.3 Application to particular distributions

2.3.1 Uniform distribution

A very simple example of patch model fusion can be derived in the case of uniform
distributions.

Proposition 12 (Fusion of uniform patch models). Let A C R and B C R be
two bounded borelian sets, and Py = (Qa,va), Ps = (Qp,vp) be two patch models with
uniform distribution on A and B, i.e. such that v4 = \11T|]1A/ vg = %‘HB. Let QO =

Q4 UQpand C = {x e R% x)q, € Aand xq, € B}.
If C is of strictly positive Lebesgue measure in R, then P4 and Py are compatible and
denoting Py ® Pg by (Q,v), v is a uniform distribution on C.

In other terms, the fusion of two uniform patch models is also a uniform patch
model. Its distribution is the only uniform distribution on R whose marginal dis-
tributions on ()4 and Qg are P4 and Pg.

This illustrates the behavior of the fusion operation, which forces patch models
to agree on their intersection. As a consequence, a patch model with a peaked dis-
tribution will impose its opinion to the other patch models: we expect a confident
model to be given more credit in the final aggregation. As we shall see, the Gaussian
case keeps this behavior, but in a softer way.

2.3.2 Gaussian distributions

The Gaussian distribution also yields a closed form expression for the fusion opera-
tion.
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Proposition 13 (Fusion of Gaussian patch models). Let P; = (Qq,17) and P, =
(o, v2) be two Gaussian patch models with positive definite covariances. We write x the
variable representing the common pixels of the two patch models (i.e. those in (31 N ) and
y for the others (i.e. those in Oy \ O for Py, and those in Oy \ Oy for Py), and we write

_ Hx Ly ZX}/ _ .u;c X X
n=~ ((y)(z 2>> amdvy =N <<u;)'<<z;y>T = ))

Then (O, v1) and (O, v) are compatible and the distribution of ((q,v1) © (O, 12)
is Gaussian with parameters

iy Ty (Zy + X))
= V/y + (ny)T (Zx + Z;c)_l (?‘x - IJ;)
Hy —(Zay) T (Za A2

and

< P ny> 0 S (S +20)7 ! o\ !
= \Ey)" I | @) @+ Ty |
! -1 —

0 2y —(Zh)T (Zx +2) Ly

X . .

Yz ~ 17 be two independent Gaussian ran-
2

dom vectors. From proposition 8, we know that the distribution we are looking for

Proof. Let Z; = <>§1> ~ v and Zp =
1

is the conditional probability distribution of }1511 knowing X; = X5. The random
variable W = X; — X, follows a Gaussian distrinZution with expectation y, — p’ and
covariance X, + X/. Similarly, we know that )Z(; is a Gaussian random vector
W
with parameters 1, ¥ such that
i = Zi and £ = gy Oy 7, _leygy
px = My LT Ty X, e+

Indeed, since Z1 = (ifl) and Z, = <};2> are independent, the covariance between
1 2

Z1 and W can be written

by
Cov(Z1,W) = Cov(Zy, X1 — Xp) = Cov(Z1, Xq) = <fo > ,
Xy
and the covariance between Y, and W is

Cov (Y, W) = —Cov(Yz, X3) = =4,
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X3

It follows that the conditional density of (Y1) knowing W = 0 is a normal distri-
Y2

bution with expectation

4= @) n <(ég§((§; ZV.V;) Cov(W, W)~ (0 — E(W))

iy Sy (Zy + z;)‘ll
= |+ o (Ze 2 1 (M — px)
My 2T (T +2)”

and covariance matrix
Y — Cov 71 Z1\\ _ (Cov(Z, W) Cov(W, W)~ Cov(Zy, W)T
o Yz ! Yz COV(Yz, W) ! COV(YZ, W)T

< P zxy) 0 S (Ty+320) 7 >\ T
=\ \E" ) )= (zxy)T(zxw:;)*jl Zay |
0 By) \=(E)" B+ 2) 2y

O]

Remark 14. We have defined the fusion only for distributions with densities, but in this case
we see that we could extend the fusion to singular Gaussian distributions such that X + X/,
is invertible.

As a consequence, the set of all Gaussian patch models is stable by fusion. So
if we have a set E of Gaussian patch models which covers the image, the resulting
fusion of all the patch models from E will be a huge Gaussian model on the whole
image support.

If we merge N Gaussian patch models (Qy;, Vi) ye1,n7 With expectations (py) nepi Ny
and precision matrices ! (An)ne[[l,N]], a very simple formula can be derived to link
the parameters (y, A) of the fused Gaussian model and the set (py, Ay)neqi,ny- Be-
fore giving this formula in the next proposition, note that we see the expectations
as vectors of R and matrices A, as matrices of R?*?, which means that y, (i) is the
expectation of the patch 7 at the pixel 7, and is thus defined only if i belongs to ().

Proposition 15. Let (O, Vi) nepi,ny be N Gaussian patch models, with expectations (pin ) ueqi, Ny
and precision matrices (An)nep,n)- Let P = (Q,v) = Opepi,ng(Qu, vn) the patch model
obtained by fusing all these patch models.

Then P is a Gaussian patch model, whose precision matrix A and expectation y satisfy,
forall (i,j) € QA x Q,

A j) = )3 An(i,])-

1<n<N,i€Qy,jeQy,

(AW = Y (D) (D).

1<n<N,ieQ),

2.1)

1The precision matrix is the inverse of the covariance matrix.
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Proof. From Proposition 13, we know that v is a Gaussian distribution A/ (, A~1).
Denoting the density of this distribution by f, we have

1
—log f(x) = i(x — y)TA(x — u) + cte.
According to remark 10, we also have

—log f(x) = — ) _log fu(x|q,) + cte

I\J\P—‘

N
Z X, — Hn) An(X|q, — Hn) + cte.

Equations for A and p follow by identifying the covariance matrices and expecta-
tions of these Gaussian distributions.
O

Remark 16. Observe that while the precision matrices can be easily derived, the value of
the expectation of the whole Gaussian is not directly accessible from (2.1), since the precision
matrix needs to be inverted.

2.3.3 Fusion algorithm for Gaussian distributions

From the previous results, we can derive a simple and explicit fusion algorithm for
normally distributed patches. In practice, if we aim at merging a set E of Gaussian
patch models covering an image, keeping in memory and computing the covariance
of the global Gaussian model is not tractable, since it requires to deal with a (s; x s,)?
matrix. Thanks to Proposition 15, we know that the precision matrix is sparse, but
we have no such result on the covariance matrix. Still, if necessary, we can approxi-
mate the global covariance matrix by noticing that pixels which are far enough from
each other do not much influence each other. For instance, using standard Gaussian
models for the image Lena, we observe that beyond a distance of 21/d, patch models
do not influence each other anymore, as illustrated by Figure 2.10. It means that the
covariance matrix of the whole image is almost sparse. This gives us the possibil-
ity to compute and store this covariance matrix much more easily, as described in
algorithm 7 and figure 2.11.

In practice, this algorithm permits to compute the whole fused model. The com-
putation is however quite slow: for a 512 x 512 image and 10 x 10 patches, fusing
all patch models takes several minutes on a recent computer.

2.4 Link with classical aggregation methods

2.4.1 Standard aggregations

In the previous section, we have seen how to construct a distribution on a whole
image from a set of compatible patch models. This construction, while theoretical,
actually contains the main aggregation procedures used in the literature as special
cases. More precisely, we shall see that these aggregation procedures can be seen as
special cases of the fusion of Gaussian patch models with diagonal covariances.



60 Chapter 2. Patch aggregation

0.200

0175

0150

0125

0.100

0075

0.050

0.025

0.000

FIGURE 2.10: In this experiment, we compute a complete Gaussian
model for the image Lena thanks to our fusion algorithm. The figure
shows the resulting (absolute values of the) correlation map of a pixel
in a 100 x 100 patch. As we can see, the correlation decreases to 0
very fast when we move away from the center. This experiment was
made using 10 x 10 patches, which justifies to approximate by 0 the
correlation between pixels at distance greater than 2v/d.

Algorithm 7 Approximation of the fusion procedure for Gaussian models with spar-
sity hypotheses on the covariance matrix
Input: Set P of square patches of size d, block-size b
Output: Aggregated image 1
1: Compute B, partition of the image domain composed of disjoint blocks of size
b xb.
2: 5 < 2 x \/d (sparsity parameter)
3: for B € Bdo
4: B < block of size (b +s) x (b +s) centered in B
5. Pz« {PeP|PCB}
6: Compute u by fusing iteratively all patches from Pz using proposition 13
7 1/~l| B < u§|B
8: end for
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Proposition 17. Let (Oq,v1) and (O, 1) be two Gaussian patch models with diagonal
positive definite covariances

. Ux 2y 0 _ .u;c Z;c 0
n=n () (5 2)) = () (5 23))

where the variable x represents the common coordinates of the two patch models (py and ),
may not have the same dimension). Then the patch models (O, v1) and (Qy, v7) are compat-
ible and the distribution of ((q,v1) ® (O, v2) is a Gaussian distribution with parameters

(B ) T (S e+ ) =+ )7 0 0
u= Hy and X = 0 Zy 0
Hy 0 0 X
Moreover, the matrix (£7' + X/, 1) 1 is diagonal, and so is E.
Proof. This proposition is a direct application of proposition 13. O

The previous proposition states that if covariance matrices are all supposed diag-
onal, then the resulting fused image has also a diagonal covariance. This boils down
to assume that all the pixels are independent.

In the final image model, the mean at each pixel is simply a weighted average
of all the expectations of the patches containing this pixel. The weights are given
by the precisions of the marginals at these pixel. We recognize here a special case of
the weighted aggregation procedure described in the introduction. The more precise an
estimate is, the more it counts in the final estimate.

A more specific case is the one obtained when all covariance matrices are iden-
tical and proportional to the identity matrix. In this case, the covariance of the re-
sulting image model will be simply a diagonal, counting for each pixel the number
of patches it belongs to. The resulting expectation at a given pixel will be a simple
average of all the expectations of the patches containing this pixel. This corresponds
to the widely used uniform agqregation.

Finally, the limit case where each patch model has a covariance with infinite val-
ues except for its central pixel corresponds to the central aggregation.

2.4.2 Expected Patch Log Likelihood

More complex strategies including both patch restoration and aggregation into a
single variational formulation have been considered in the literature. This is the case
of the Expected Patch Log Likelihood (EPLL) of Zoran and Weiss, 2011. Starting
from an image

= Au+e, (2.2)

degraded by a linear operator A and an i.i.d. Gaussian noise ¢ ~ N(0,021d), the
authors reconstruct a restored version of # as one of the solutions of

A —~
arg min ﬁHAu —al||* — EPLL¢(u), (2.3)
u

where EPLL¢(u) = ) ;log f(x;), with {x;} the set of all square patches of size Vid x
V/d extracted from the image u and f a given prior density on the image patches.
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The authors of Zoran and Weiss, 2011 interpret the quantity EPLL¢(u) as the
empirical expectation of the log-likelihood of a patch (up to a multiplicative factor
% with N the number of patches). This quantity has another intuitive interpreta-
tion, as highlighted in the following proposition, whose proof follows directly from
Remark 10.

Proposition 18. Let u be an image on the domain Q and assume that v(dx) = f(x)dx isa
prior on all square patches of size \/d x \/d with domain inside Q. Define E the set of all of
of these square patch models sharing the same distribution f(x)dx. Then if P = Qpeg P =
(Q), f(x)dx) is well defined, there is a constant ¢ such that

EPLL¢(u) = log f(u) +c.

The function EPLLy is the log of the density obtained by fusing all square patch
models on the grid with the same prior f(x)dx. Up to a constant, it can thus be
interpreted as the log of a prior p(u) on the whole image u. Consequently, by choos-
ing A = 1 in equation (2.3), the solution of (2.3) can be interpreted as a maximum
a posteriori and be written argmax, log p(u|if) on the whole image, since the term
—;‘7| | Au — i1]|? is, up to a constant, equal to log p(ii|u) under the white Gaussian
noise assumption.

Propositions 8 and 18 also clarify the link between the EPLL approach and the
iterative conditioning strategies used for instance in Raad, Desolneux, and Morel,
2016 for texture synthesis. Indeed, the fused image prior used in EPLL can be inter-
preted as a probability distribution of a global random image obtained by fusing all
patch distributions, conditioning by their equality on all their intersections.

Now, consider the pure denoising case (A = Id). In this case, the solution
of (2.3) can also be interpreted as a maximum likelihood for another fused distri-

bution f (x)dx on the whole image, as shown in the following distribution.

Proposition 19. Keeping the notations of proposition 18, let P = Opcg P be the image
model obtained by fusing all patch models of E. Let Py = (Q,N (1, ‘772151)> be an image
model on the whole grid.

Then if (Q, f(x)dx) := P ® P;, we have
A 2 -
argmm7Hu—uH — EPLL¢(u) = argmax f(u).

Proof. We just have to remark that

Fd = |lu—i)?
logf(u) = logf(u> + log (e/\ 202 > _|_ Cst
— EPLLy() — oyl — [ + cst
B f 202 .

O]

In the light of this proposition, the result of the EPLL algorithm in the denoising
case is simply the maximum likelihood of the probability distribution obtained by
merging all the patch models with a large Gaussian model centered on the noisy
image and with variance ‘772

Under the full degradation model (2.2), a last interpretation of (2.3) is possible,
using the fusion of posterior patch models. To this aim, we have to assume that the
degradation operator A is diagonal, which means that it acts separately on pixels.
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The restriction of A to a domain () can thus be written A\ and the model (2.2)
restricted to () becomes
1;1\‘0 = A|QM‘Q -+ 6‘0.

For a given patch model P = (Q, f(x)dx) in E, the corresponding posterior patch
modelisjust (O, fap(x)dx) where fu,(x)dx is the posterior obtained under this degra-
dation model on Q) and the prior f(x)dx. For the sake of simplicity, we assume in
the following proposition that each pixel is covered by exactly the same number of
patch models. This is true if we assume that the image is periodic. In practice, it is
satisfied for all pixels except those lying close to the image borders.

Proposition 20. Keeping the notations of proposition 18, assume that each pixel of €} is
covered by exactly d patch models of E. For each patch model P = (Q), f(x)dx) in E, we
define the corresponding posterior patch model as Pyp = (Q, fap(x)dx) with

1
fap(x) “f(x)m

e*ﬁHA\Qx*ﬁmHz-

We define Egp, the set of all these posterior patch models,
Eop = {(Q, fap(x)dx), such that (Q), f(x)dx) € E}.

Then, ifpap = @peEaP P = (Q,fap) is well defined, we have

_ d R
log fap(u) = EPLLs(u) — ﬁHAu — 11| [® + cst.
Proof. We just have to remark that

Y [ Aqun — o> = || Au — ] >,
PeE

O]

In other words, for A = d, the solution of (2.3) is a maximum of a fused posterior
model on the whole image, assuming that all patches have the same prior f(x)dx.

2.4.3 Bayesian Model Averaging

We can ask ourselves the question of the link between the fusion operation intro-
duced in this chapter and the notion of Bayesian Model Averaging (BMA) Hoeting
et al., 1999, which also attempts to combine information provided by different mod-
els on data. For the sake of simplicity, assume that we have two patch models P;
and P, on the same domain (), and an observed degraded patch y on (). In the
BMA framework, the a posteriori distribution of the (unknown) clean patch x can be
written

p(xly) = Y. p(xly, P)p(Pely),
k=1,2

where each p(x|y, Py) is simply the a posteriori distribution of x knowing y for the
patch model Py. Since p(Px|y) is a scalar, the BMA of two posterior models is merely

a linear combination of these models. It can be interpreted as a generalization of the
weighted aggregation, but is different from the fusion operation.
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2.5 Experiments

In this section, we illustrate the behavior of the fusion operation on different exam-
ples. We start with toy examples showing the main difference between the fusion
and the classical uniform and weighted aggregations. Then we focus on the particu-
lar case of patch-based image denoising and we give some insight on the advantages
and limitations of the fusion. We conclude with two simple extensions: the first one
consists in mixing the fusion and the uniform aggregation in order to keep the best
of both worlds, and the second one consists of a sparse fusion relying on a very few
number of patch models.

Throughout this experimental section, we focus on the case of Gaussian distri-
butions and we compute the expectations and covariances of the fused models ex-
plicitly, as explained in Section 2.3.3. However, let us underline that this is usually
not the most efficient way to take advantage of the fused model. Indeed, we have
seen in Remark 10 that the logarithm of the fused density can be written directly by
summing the logarithms of these densities. As a consequence, it is very easy to inte-
grate such a model in any variational framework, without any explicit computation
of the fused model, even if this won’t necessary yield a convex formulation (it will
be convex for normal densities though).

2.5.1 A toy example

Figure 2.12 shows two toy examples clarifying the difference between the fusion de-
fined in this article on the one hand, and the weighted and uniform aggregation on
the other hand. In these examples (a) and (b), two Gaussian patch models (shown re-
spectively in red and blue on the left) are fused and the three aggregation strategies
lead to quite different results. In both examples, the red model has a high variance
and the blue model is more precise (or more confident, if we see patch models as per-
sons with more or less solid opinions). On the right, we show only the expectations
of the fused models.

In both examples, the uniform aggregation gives the same credit to both patch
models, whatever their covariances. In (a), although both patch models seem to
almost agree on their overlap, this results in a quite noisy result on the patches over-
lap, even if the blue model has a very high precision in this region. The weighted
aggregation takes into account this precision and yields a more satisfying result. The
fusion operation also gives much more credit to the blue patch model than to the red
one and yields a much smoother result. As we shall see in the section devoted to im-
age denoising, this behavior permits to obtain very regular results, free from the
usual artifacts created by standard aggregation procedures, but at the price of some
blur.

In example (b), both patch models strongly disagree on their overlap. The uni-
form aggregation yields a result which can be seen as a compromise between their
opinions but is in contradiction with both of them. The weighted aggregation takes
into account the greater precision of the blue model but still yields a result which
is quite unlikely from both models point of views. Again the fusion yields a quite
smooth result, which is likely for both patch models (even if it is more likely for the
blue model than for the red one).

Notice that the uniform and weighted aggregations do not update the pixels out-
side of the patch overlap zone, while the fusion operation also affects these pixels,
as shown in Proposition 13.
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(A) In this case, the two patch models almost agree, but the red one has a very
large variance compared to the blue one.
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(B) In this case, the two patch models completely disagree.

FIGURE 2.12: Illustration of the behavior of the different aggregation

schemes for two adjacent Gaussian patch models. On both figures,

the two patch models on the left are aggregated in three different

ways to form the patches on the right, either with the uniform aggre-

gation, the weighted aggregation (taking into account the precision
of each pixel) and the fusion operation.
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NL-Bayes
Aggregation Uniform Weighted Fusion A = d Fusion
A =104
Lena 30.58 30.49 30.28 30.66
Barbara 28.99 28.94 28.83 29.04
Cartoon 30.04 29.98 29.57 30.35
Squares 45.28 46.87 47.35 46.54
EPLL Model
Aggregation Uniform Weighted Fusion A = d | Half Quadratic
Splitting
Lena 30.69 30.42 29.88 30.71
Barbara 26.56 26.18 25.45 27.55
Cartoon 29.89 29.62 28.65 30.49
Squares 37.38 39.09 36.96 39.51
HDMI
Aggregation Uniform Weighted Fusion A = d Fusion
A =104
Lena 31.12 31.10 28.16 29.96
Barbara 29.55 29.54 25.57 28.72
Cartoon 30.55 30.52 25.67 29.34
Squares 4424 48.77 46.37 35.62

FIGURE 2.13: PSNR of the different aggregation methods with NL-
Bayes inference.

2.5.2 Application to denoising

For the sake of simplicity, we restrict the rest of our experiments to denoising prob-
lems. We also restrict our experiments to the case where the patches of E are all
square patches of size v/d x v/d in Q.

We recall here the patch-based restoration framework applied to denoising. In
image denoising, in order to restore an unknown image u from its noisy version
u + ¢, we usually start by extracting all square patches {yx, k € {1,...,|Q|}} from
il = u + €. The noise model on patches can be written

Y = xk+€k1

with xj the (unknown) patch before degradation. As explained in Section 1.2.2, we

will assume that the noise is i.i.d Gaussian of variance 2.

In this situation, Bayesian patch-based methods use a common restoration frame-
work to restore u from u + e€:

1. Estimation: estimate a prior density fi for each clean patch xj.

2. Restoration: compute a denoised version £ from y; using the knowledge of
the noise model and the prior f;.

3. Aggregation: reconstruct a whole denoised image i from the set of denoised
patches {%, k € {1,...,|Q]|}}.

The restoration step can for instance take the form of a maximum a posteriori

» 1
% = argmax, o~ ||y — x|[* — log fi(x).
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Several methods in the literature use the previous restoration scheme, with slight
variations. In the following sections, we will focus on three of them, which are rep-
resentative of different choices in the three previously mentioned steps:

e NL-Bayes (Lebrun, Buades, and Morel, 2013), which estimates a specific Gaus-
sian model NV (i, £ ) for each patch x (see Section 1.2.4).

e HDMI (Houdard, Bouveyron, and Delon, 2017), which estimates a low-dimensional
Gaussian Mixture model for the whole set of patches xx, k € {1,...,|Q|} (see
Section 1.2.4).

e EPLL (Zoran and Weiss, 2011), which estimates a Gaussian Mixture model for
patches on an external database, and replaces steps 2 and 3 above by the vari-
ational problem (2.3) and solves it by Half Quadratic Splitting. (see Section
1.2.4).

All of these methods yield a prior model fi for each patch x;. In the case of
Gaussian Mixture Models, for the sake of simplicity, we choose to keep as a prior for
x, the Gaussian component which is the most likely for x.

Since the noise model is also Gaussian, these methods also yield Gaussian poste-
rior models for each patch. We write these posteriors f;, and

llx=ylI?

Fre(xlyk) o fi(x)e™ 22

In the following, we will illustrate how these prior or posterior models can be
fused using the framework introduced in the previous sections. If we compute a
fused prior model, the maximum a posteriori under the noise degradation model
can be used to restore the image. In other words, if f is the fused image model
density, the restored image is computed as the solution of

1 12 -
argmin, 5 |\u — it]|* —log f(u). (2.4)

If instead we compute a fused posterior model f(u|ii), the restored image can be
computed directly as the maximum of this posterior, i.e.

argmax, f(u|if).
Now, writing x; for the patches of u,

0]

—log f(ult) = - 10gIka(xk|yk)
=1

o] X 2
- _ Zlogfk(xk + Z H k202yk||
k=1

o loeF Hu—ﬁHZ
= —logf(u)+d 7z

Thus, both strategies boil down to minimize an energy of the same form

A . =
argmin, 5 |u— @||* —log f(u), (2.5)
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Uniform aggreg. Weighted aggreg. Fusion A =d EPLL algorithm Original image

FIGURE 2.14: Comparison of the different aggregation procedures on
the 4 test images using EPLL for the inferrence of Gaussian models.
Images are degraded by a noise of standard deviation o = 30.




70 Chapter 2. Patch aggregation

with different values of A. The value A = 0 corresponds to the fusion of the prior
models and A = d corresponds to the fusion of the posterior models. Fusing with
higher values of A gives much more weight to the noisy image .

2.5.3 Results for the three different inference methods

Experiments are led on four different 512 x 512 images, Lena, Barbara, Cartoon and
Squares. We will see that the behaviors of the different aggregation procedures strongly
depend both on the image content and on the way patch Gaussian models are in-
ferred from the noisy data.

For each of the three inference methods described in the previous section, we pro-
vide different visual results illustrating the visual effects of all aggregation strategies.
PSNR values are also provided in Table 2.13. As we shall see, while the complete fu-
sion operation is not really competitive PSNR-wise, it leads interesting visual results,
quite different from the simpler aggregation strategies. Our goal here is to study and
highlight these different behaviors.

NL-Bayes

The NL-Bayes algorithm infers a specific Gaussian models for each patch and uses
small patches (5 x 5). As a consequence, most Gaussian covariances are quite well
approximated by their diagonal, and the different aggregation procedures only dis-
play minor differences on natural images. Table 2.13 shows that the fusion slightly
improves the PSNR results, but the difference is more significant for very simple
geometric images like squares, even if the visual differences are quite subtle and con-
centrated around the junctions and edges of the rectangles.

EPLL

The EPLL model (Zoran and Weiss, 2011) makes use of 8 x 8 patches and learns a
Gaussian mixture model with 200 groups on a large external set of images. In the
original paper, patches are centered (their DC component is removed) before pro-
cessing and all the Gaussian models from the GMM are assumed to have zero means.
Additionally, in order to minimize (2.3), the authors of Zoran and Weiss, 2011 intro-
duce an auxiliary variable and make use of Half-Quadratic Splitting, which means
that the restoration iterates between patch estimation and image reconstruction (by
a uniform aggregation). In consequence, while the EPLLy term is a particular case
of the fusion operation, their model is not directly comparable to our framework.
First, in order to use the closed-form expressions of Proposition 13, we need a
Gaussian model for each patch and not a full GMM. As explained above, we chose
to keep as a prior for each patch the Gaussian of the mixture which is the more
likely for it. However, observe that by making this choice we loose some of the
information of the full GMM model. Second, we need a model on patches, and not
on centered patches. To cope with this limitation, we remove the mean value of each
patch, select the most likely Gaussian component in the GMM, and give the mean
value of the original patch to this Gaussian model. As a result, the expectations
of the different Gaussian models contain an important low frequency noise. For
these different reasons, the comparison of the different aggregation strategies with
the EPLL algorithm (which makes the fusion on the full GMM model) should be
made with caution. Figure 2.14 provides the result of these different strategies for
the images Lena and Barbara with o = 30. The results of the fusion operation on these
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Uniform aggreg. Weighted aggreg. Fusion A =d Fusion A = 104 Original image

FIGURE 2.15: Comparison of the different aggregation procedures on
the 4 test images, using HDMI for the inferrence of Gaussian models.
Images are degraded by a noise of standard deviation o = 30.
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models are very smooth but present what we call a “fluffy” effect (see Section 2.5.4
and Figure 2.16), due to the way the Gaussian means are handled.

HDMI

In the HDMI algorithm (Houdard, Bouveyron, and Delon, 2017), a GMM is learned
on 10 x 10 patches, with only a few dozens of low-dimensional Gaussian models
in the mixture. Again, we keep as a prior for each patch the Gaussian of the mix-
ture which is the more likely for it, so we loose part of the richness of the original
model in our experiments. Figure 2.15 provides the result of the different strategies
for the images Lena and Barbara with ¢ = 30. In this case, the different aggregations
procedures produce quite important differences. The uniform aggregation is effi-
cient PSNR-wise, but suffers from numerous artifacts (see Section 2.5.4). Using the
whole fused model provides results which are below PSNR-wise but are also much
smoother, and removes numerous artifacts. Some of the results suffer from a loss of
contrast, explained in Section 2.5.4.

It is noticeable that the fusion operation tends to improve the results for the mod-
els inferred by NL-Bayes while it does not for the HDMI and EPLL models, at least
PSNR-wise. We think that it can be partly explained by the fact that at this point, we
are able to take fully into account the Gaussian models inferred by NL-Bayes and
that it is not the case for the GMM in HDMI and EPLL.

2.5.4 Visual effects
Fluffy effect

We call fluffy effect the effect visually similar to cotton, appearing in constant regions
when using single scale patch-based methods. This effect was presented in Section
2.1.2.

As we can see in Figure 2.16, when using HDMI Houdard, Bouveyron, and De-
lon, 2017, the fusion aggregation clearly reduces this defect, whereas it does increase
when using EPLL Zoran and Weiss, 2011. We can explain these results as follows: in
HDMI, patch priors have (almost) independent expectations, since they are inferred
using numerous different patches on the whole image. The remaining inconsisten-
cies between overlapping patch models are thus removed by the fusion. With EPLL,
since each noisy patch has its own DC component as a model expectation, and since
these DC components are not independent for overlapping patches, the white noise
low frequencies are reinforced by the fusion and the results show a very pronounced
fluffy effect.

When the model is appropriate, the fusion aggregation is a solution to the prob-
lems raised in Section 2.1.2, namely the fluffy effect and the visual artifacts as shown
in Figure 2.16. It still assumes that patches are independent, but it takes into account
the influence of their overlap on their reconstruction, by forcing them to agree. Nev-
ertheless, this constrains the patch models to reduce their possibilities, which results
in a blur and a loss of contrast, as developed in Section 2.5.4 (blur and contrast).

Artifacts

The main advantage of the fusion aggregation is to reduce the artifacts. This is quite
understandable, since the method creates a model for which all overlapping patches
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(A) HDMI with uniform (8) HDMI with fusion
aggregation
(¢) EPLL model with uni- (D) EPLL model with fu-
form aggregation sion

FIGURE 2.16: Influence of the fusion on the fluffy effect (low fre-
quency noise visually similar to cotton and visible in constant regions
after patch-based processing). On the first line, when using the HDMI
algorithm, the fluffy effect is highly reduced by the fusion, since the
hypothesis that the patch models are independent is almost fulfilled.
On the contrary, when using EPLL, the average of the noisy patch be-
comes the expectation of its prior model. In this case, the fluffy effect
is amplified by the fusion.

have to agree. An artifact is created when one or several of the original overlapping
patch models are badly estimated. In this case, even if the uniform aggregation
averages several correct estimates with this wrong estimate, the artifact can remain
noticeable. When using the fusion approach, if this artifact is inconsistent with the
other models, it will completely disappear. This is illustrated by Figure 2.17.
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(A) HDMI with uniform (B) HDMI with fusion
aggregation

FIGURE 2.17: Examples of artifacts created in patch-based image de-

noising. On the left, we can see that the uniform aggregation cre-

ates numerous artifacts, for instance around the fingers. These ar-

tifacts, which are inconsistent across overlapping patch models, are
not present in the fusion result.

Blur and constrast

The main drawback of the fusion operation is a loss of constrast and sharpness
around some geometric structures, which makes the PSNR decrease. This is partic-
ularly striking in regions where the patch models are not well learned. In practice,
flat patch models tend to come with higher precisions than patch models represent-
ing geometric structures or contrasted textures. If, across an edge or a geometric
structure, some patches are wrongly attributed to a flat patch model, this model will
count significantly more than others in the fusion operation, and will result in an im-
portant contrast loss. These shortcomings can be reduced by increasing the weight A
of the data term in the final restoration (Equation 2.5), at the cost of a slight increase
of noise. Besides, if a texture or an edge is not captured by the model, then the fusion
cannot restore it properly and the resulting texture will appear blurry. This effect is
illustrated on Figure 2.18 and can be reduced for instance by using the information
of the fused model, see Section 2.5.5.

2.5.5 DPossible extensions
Precision estimate

As we have seen, the fusion yields good results in regions where the estimated
model is confident and has been well trained. This "confidence" level can be ac-
cessed through the covariance of the fused model. A simple way to exploit it is to
consider the precision of the marginal at a given pixel. If this precision is high, we
can consider to keep the estimate provided by the fusion, and use another estimate
otherwise, like the uniform aggregation. This way, we can construct the precision es-
timate, defined as an average of the images obtained by the uniform aggregation and
the fusion, weighted by the precision of the marginals for each pixel. This idea is il-
lustrated on Figure 2.19. The figure shows the precision map obtained on Lena with
the Gaussian models of the HDMI algorithm, and the resulting precision estimate,
which clearly keeps the best of both worlds, reducing the artifacts of the uniform
aggregation but providing a much less blurry result than the sole fusion.
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(A) HDMI with uniform (B) HDMI with fusion
aggregation

FIGURE 2.18: Illustration of the loss of sharpness and constrast due
to the fusion operation. As we can see, the stripes of the legs of Bar-
bara are perfectly restored by the fusion aggregation, since the model
is well-trained on this region. However, on the sides of the leg, the
texture looks blurry. This is explained by the lack of patch examples
for this geometry. The bound of the shadow on the arm is also well-
restored by the fusion, but the "dark spot" on the elbow is another
good example of contrast loss: many patch models of this region are
considered to be uniform and highly reduce the obscurity of the area.
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»
.l -
\
- A
(A) Precision map (B) Uniform aggregation

(C) Fusion (D) Precision estimate,
mix of (b) and (c)

FIGURE 2.19: The inverse of the diagonal of the covariance matrix

gives us the precision of the marginal of each pixel. This is a basic

estimate of how confident the model is for each pixel. This enables to

compute the precision estimate, which tries to keep the best of both
worlds.
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(A) Fusion with 4% of the (B) Uniform aggregation
patches with 4% of the patches

(C) Fusion with all the (D) Uniform aggregation
patches with all the patches

FIGURE 2.20: Comparison of different aggregation procedures on the

Cartoon image. On the top row, only 4% of the patches are used, and

on the bottom row, all the patches are used. On the left the fusion,
and on the right the uniform aggregation

Sparse aggregation

The fusion does not need numerous patches at each pixel to achieve visually smooth
results. The image can therefore be reconstructed using a reduced number of patches,
chosen either at random or using some heuristics to select the best model among
them, as in Tabti et al., 2014 for instance. This could be a way to speed up the learn-
ing phase, or to spend more time learning more complicated models. Figure 2.20
shows an example of a simple sparse aggregation, using only 4% of the patches (of
size 10 x 10), so that each pixel belongs to only 4 patches.

2.5.6 Limitations

If we look closely at the formula to merge Gaussian patches presented in Proposition
13, we can see that the resulting covariance matrix of the fusion does not depend on
the expectations of the two Gaussian distributions. This is problematic. Intuitively,
a compromise made between converging opinions (patches) should be considered
with more assurance than one made between diverging opinions. This would be
the behavior of an ideal fusion, which would more efficiently deal with "isolated"
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A\
M A
(A) Ideal behavior (B) Behavior of the
proposed fusion

—_—

NN~ J\
J\

FIGURE 2.21: Schematic comparison of the behavior of the proposed
fusion and the ideal behavior of the patch model fusion.

opinions. This behavior is presented in Figure 2.21. In comparison, the proposed
fusion does not adapt to the proximity of opinion of the patches. This would result
in an influence of the original expectations on the value of the resulting covariance
matrix when merging two Gaussian patches.

2.6 Conclusion

We have presented a new way of aggregating patches in the Bayesian framework
of patch-based methods. This study was motivated by the problem raised in Sec-
tion 2.1 and the experiment of Figure 2.7. We have shown that Bayesian patch-based
methods were mainly limited by the non independence of the patches during the
aggregation step. We constructed an aggregation procedure based on more realistic
hypothesis than the independence of the patches and on a deeper utilization of the
model inferred in the editing step. This has led us to introduce a new formal defi-
nition of a patch model, and the notion of agreement between overlapping patches.
We have built on this notion to propose a general common framework for the aggre-
gation operation, seen as a fusion of different overlapping patch models. As we have
shown, this common framework includes all previous aggregation schemes used in
the literature, and reduces the design of new ones to the design of a fusion operation.

Our approach also permits to compute a fused image model which generalizes
the Expected Patch Log Likelihood introduced by Zoran and Weiss, 2011. When
patches are assumed to follow Gaussian distributions, this fused model is also Gaus-
sian, with tractable expectation and covariance. This whole fused model can in turn
be used to restore the whole image. In practice, the fusion operation can be used for
any model which leads to tractable computations.

We have compared experimentally several special cases of this fusion operation
for patch-based image denoising. As we have seen, using the fusion to aggregate
does not necessarily improve the result PSNR-wise, but highly reduces the visual
artifacts and the fluffy effects, identified as the main reconstruction issues of stan-
dard aggregation procedures in Section 2.1. On some images, it sometimes outper-
forms the standard uniform and weighted aggregations. The fusion is preferable
if the model is well trained, since it takes advantage of all the provided informa-
tion. However, it has some severe limitations, like the fact that estimates are less
contrasted and sharp, and the computational time.

The proposed patch fusion is a first idea toward more general and efficient ag-
gregation schemes. It was motivated by the prior knowledge that the patches should
agree. Even if this fusion has some nice properties and intuitive interpretations, its
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behavior is not ideal, as explained in Section 2.5.6. This suggests the introduction of
a new fusion operation that would follow a more suitable behavior, and naturally
led us to the optimal transport theory, which is a powerful and well-studied way
to interpolate and compare distributions. Merging patch models, as formalized in
this Chapter, with optimal transport theory can be formulated as a generalization
of Wasserstein barycenter. Even if some applications of optimal transport theory to
tomographic reconstruction led to similar considerations (see Abraham et al., 2017),
it remains a particular case of this new problem, which has not yet been addressed
in the literature. The next part present a study of this problem, that we called Gener-
alized Wasserstein Barycenter (GWB).
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Chapter 3

Requirements: Optimal Transport

Introduction

This chapter presents some basis of the optimal transport theory which will be useful
to expose the work presented in Chapter 4. I will mostly present the problems mo-
tivating the theory and the main theoretical and computational tools to solve them.
This includes the Kantorovich duality, the network simplex algorithm, the entropic
regularization and finally the multi-marginal formulation of optimal transport.

3.1 General optimal transport

3.1.1 Kantorovitvh formulation

Optimal transport is the mathematical answer to a very basic and practical question:
how to displace mass from a pile of soil to another with the lowest cost possible, as
roughly illustrated on Figure 3.1. There are several ways to formulate this mathe-
matically.

Before everything, we need two spaces X and Y where the piles are located. A
natural way to mathematically model a pile of soil is using a distribution. The pile
we want to move will be denoted by y and the target pile we want to obtain by v. In
order to be able to move y to v, we must ensure that they have the same mass, so we
have to assume that

uIX] = v[Y]

So without loss of generality, we can assume that # and v have a unitary mass, and
hence that they are probability distributions. The space of Borel probability distri-
butions of a space E is denoted by P(E).

Then, we have to define what we mean by "displace". We are only interested in
the theoretical procedure of moving the soil and therefore what really matters is the

A 4

FIGURE 3.1: The goal of optimal transport is to find a way to displace
the first distribution yu to the target distribution v with the lowest pos-
sible cost.
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cost of displacement. Hence, we model the displacement (or rather its consequence)
by a cost function
c: XxY =Ry,

In the real world, c(x,y) would correspond to the total amount of energy needed to
load a unity (1kg for instance) of soil at the location x € X, to moveittoy € Y and
unload it there, or the price that we would pay someone to do it, in a more capitalist
mindset.

We then need to model our goal, i.e. the procedure to follow in order to move the
first pile to the other. A natural way to do it is to consider, for each location x € X,
to which location y € Y we have to displace it. This implies defining a function

T:X =Y,

that we call the displacement map. This modelization leads to the Monge formulation,
presented in Section 3.1.2. However, this formulation excludes the possibility to di-
vide the mass. For instance, if all the soil lies in x € X, this would imply that we can
only move this pile to another single point pile. The Monge formulation is therefore
a bit restrictive, and we shall relax it to the so-called Kantorovich formulation. This
is the same idea, with the additional assumption that we should be able to divide the
mass. Instead of asking us where to move the mass lying in x € X, we shall instead
ask how much mass lying in x should we move to y € Y. This implies having what
we call a transport plan, i.e. a distribution yon X x Y. Forx € Xandy € Y, v(x,y)
would correspond to the amount of mass displaced from x to y.

But, so that the transport plan 7 remains acceptable, we need to ensure that we
would actually end up having all the mass of y exactly displaced to v if we follow
the plan <. This means that y should satisfy

VA C X,v[A, Y] = ulA]land VB C Y, v[X, B] = v[B] (3.1)

Formally, we say that u and v are the marginals of y. We can also write it by

V(g p) € L) x L), [ g(ir(ny) = /X P (x)du(x)
and /X Pty = /Y p)dv(y) ()

and also more succinctly by

(g, p) € L} (dp) x L (dv), /

XxY

@0+ puNdrey) = [ pdue)+ [ pavy)
(3.3)

The set of all acceptable <y satisfying either (3.1), (3.2) or (3.3) is denoted by
II(p,v).

Finally, "to transport” means to move all the mass of yu to v according to the
displacement procedure or transport plan y. The cost of the displacement is the sum
of all the infinitesimal costs of moving the mass y(x,y) from x to y. The transport
cost of a transport plan vy is therefore

[ .
(xy)eXxY
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We can now define formally the Kantorovich formulation of the optimal trans-
port problem :

Problem 1 (Kantorovich formulation). Given two probability measures p € P(X)
and v € P(Y), and a cost function ¢ : X X Y — R, find

inf / cdy (3.4)
YE(pv) JXxY

with IT(p, v) the set of admissible transport plans, defined by

(3.5)

T(p,v) = {’y e M(X xY); {VA C X, v[Ax Y] = u[A] }

VB C Y, 7[X x B] = v[B]

The value of (3.4) is called the transport cost and will be denoted by L.(p, v).

Problem 2 (Probabilistic interpretation). Given two probability measures y € P(X)
and v € P(Y), and a cost function ¢ : X x Y — R, the Kantorovich optimal trans-
port problem can equivalently be formulated as

inf__ E[c(U,V)]
(WV)em(p,)

with ITT(y, v) is the set of all pairs of random variables (U, V) such that U ~ u and
Ve~

3.1.2 Monge formulation

The first formulation of the optimal transport problem was introduced by Monge.
He gave his name to the so-called Monge formulation. As we saw in the previous
section, it consists in assuming that we cannot split mass and implies defining a
displacementmap T: X — Y.

Again, for a given displacement map, we need to ensure that it displaces cor-
rectly pu to v. It means that the total mass displaced to y following the procedure
implied by T corresponds to the actual mass we need to move to the location:

VB C Y,v[B] = u[T'(B)]. (3.6)

We write equality (3.6) as
v=T#u

and we say that v is the push-forward of y by T. This leads to the Monge formulation
of the optimal transport problem

Definition 21. Given two probability measure y € P(X) and v € P(Y), and a cost
functionc: X x Y — R4, find

i . 7

T;Ji‘i#y - c(x, T(x))dp(x) (3.7)

The Monge formulation is finally a particular and degenerated case of the Kan-
torovitch formulation. We can indeed notice that every displacement map T induce
a transport plan defined by V(x,y) € X x Y, yr(x,y) = J,—r(x)p(x), which indi-
cates to move the mass .(x) from x to y if y = T(x) and nothing otherwise. This is
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equivalent to

v € L(dy), /X () = /X o (x, T(x))dp(x).

We could define other problems as well, for instance assuming that each tar-
get location y € Y should receive the mass from only one location. The Monge
formulation is often presented for historical reasons and because it remains quite
intuitive, but most of the results and development of optimal transport rely on the
Kantorovich formulation.

Since the Kantorovich formulation is a relaxation of the Monge formulation, we
have always

Le(p,v) < L8 (u,v).

But it appears that the solutions of the two problems coincide in some (quite gen-
eral) cases, which mainly depends on c. For instance, if ¢ is the power of a distance,
or if c is stricly concave and y vanishes on supp v, then the Monge and Kantorovich
formulations are equivalent. A general result proven by Pratelli, 2007 is presented
in the following proposition.

Proposition 22. If X and Y are Polish spaces, y and v are nonatomic measures (their mass
can be split indefinitely) and c is continuous, then the Monge and Kantorovich formulation
of the optimal transport problem have the same solution.

When this occurs, the Monge formulation is very useful to characterize solutions.
For example, for the quadratic cost, it can be shown that the displacement maps are
gradients of a convex function.

We will only consider the Kantorovitch formulation in the rest of this thesis.

3.1.3 Particular costs

The solution of the problem will highly depend on the properties of the cost (con-
vexity, regularity, ...) and the characteristic of the input distributions (discrete, con-
tinuous, Gaussian, ...). For some special cases, the optimal transport problem takes
particular forms that can more easily be solved.

The case X = Y and c(x,y) = 1,4,

This cost basically means that the cost of displacing mass from x to y is independent
of the distance from x to y. For a given transport plan -, we have

[t =1 [ )
(xy)eXxY xeX

In this setup, the problem boils down to leave as much mass as possible immo-
bile. The only mass that we can afford to leave in place is the one already at the
target location. The total cost of the transport will be half of the total mass of the
difference of y and v, which is exactly the total variation. This is a consequence of
the Strassen’s theorem (Valadier, 1974). We have then

1
Le(p,v) = §|\V —v||rv
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Wasserstein metric : case where c is the power of a distance

When c is the power of a distance d (and therefore when X = Y), the transport
cost enables to define a distance on the space of the bounded measures, called the
Wasserstein distance. It is one of the reasons which made optimal transport very
popular, as it becomes an efficient tool to define the distances between distributions.
These distances are widely used in machine learning.

Theorem 23 (Wasserstein distances). We denote by P,(X) the set of probability measures
on X with finite moments of order p, i.e. the set of measures y such that for some xo we have:

/ d(x, x0)Pdu(x) < 4o0.
xeX

Then we have
e Forallp >1, W, = E;/,,” defines a metric on Py(X).
e Forall p € [0,1[, W, = Ly defines a metric on P,(X).

The transport cost is in general symmetric. The point-separation property relies
on the one of d, so that the cost is null only on its diagonal. The triangle inequality is
a consequence of the Minkowski inequality and the gluing lemma. More details can
be found in Villani, 2008.

One dimensional transport

When the space X is one-dimensional and ¢ = (d), with d a distance and ¢ a convex
function, the Wasserstein distance has a closed form expression.

Definition 24. For a measure « on R, we define the cumulative distribution function
Cy: R — [0,1] by

X
Vx € R, Cy(x) :/ du,
and its pseudo inverse C,—1 : [0,1] — R by
vt € [0,1],C L (t) = min{x € R|C,(x) > t}.

Proposition 25. Then, for p > 1, we have

1
Wy, B = [ 1670~ 5 e

The particularity of the one dimensional case is that the space can be ordered.
With this in mind, the introduction of the cumulative function becomes quite natu-
ral.

Quadratic cost

Among all costs, there is one particularly convenient to work with, as it behave
nicely with the problem. The transport cost associated to the quadratic cost will be
denoted by £,. Here is for information a part of Theorem 11 of Villani, 2003.

Theorem. Let y and v be two probability measures on R" with finite second moment. Then,



88 Chapter 3. Requirements: Optimal Transport

1. v € II(u,v) is optimal if and only if there exists a convex lower semi-continuous
function ¢ such that

suppy C graph(d¢),
where d¢ is the subdifferential of ¢.

2. If u does not give mass to sets of Hausdorff dimension less than n — 1, then there is a
unique optimal vy, which is

dy(x,y) = dp(x)0y—v(x),

where V ¢ is the unique gradient of a convex function which pushes forward y onto v,
ie. Vp#u =v.

3. Asa corollary, V¢ is the unique solution to the Monge transportation problem:
[ 15 = Vo@Pan(x) = inf [ | TCo)Pdp(x).
THu=v Jx
V¢ is called the Brenier’s map.

Gaussian with quadratic cost

In case of a quadratic cost, we have a closed-form solution for Gaussian distribu-
tions, which behave in general nicely in l-norm optimizations. It is also a good
example of the advantages of the probabilistic formulation.

Proposition 26. Let ux = N (mx, Xx) and uy = N (my,Zy) be two Gaussian distribu-
tion. Then, the optimal transport quadratic cost between these two distribution is

1 1
Lo(px, uy) = |mx —my[* + Tr(Zx + Ty — 2\ 23y %3),

And in the case where Lx and Xy commute, we have

Lo(px, py) = |mx — my|* + [|[V/Ex — Vv || Frop-

Proof. The proof uses the probabilistic interpretation of the Kantorovich formula-
tion :

L , = min E[|X-Y/?].
2(pcpy) = omin Bl ]

First we reduce to the case where myx = my = 0. As we shall see, the reasoning
is very general, and we do not need to assume that we work with Gaussian distri-
butions. We just have to remark that

E [|(X - E[X]) = (Y = E[Y]) "] = B[|X - Y] + E[[E[X] — E[Y]]*] - 2(E[X — Y], E[X] - E[Y])
=E[|X - Y|"] - [E[X] - E[Y]]?,
So we have
E[|X - Y[*] = [E[X] - E[Y]]* + E[|(X - E[X]) - (Y = E[Y])|"],

which reduces the calculation to the case where the variables have 0 mean.
Then we prove that the optimal case is attained for a Gaussian. We know from
the Kantorovich theorem that the infimum is attained (see Theorem 33). Let suppose
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that it is attained for a coupling (a probability distribution on X x Y) 7. Then let o/
be a Gaussian distribution with the same covariance as <y. Then clearly we have

E, [|X - Y|2] =E, [|X- Y|2] :

All this together reduces the problem to look for a Gaussian random variable
Z = (X,Y), with marginal yx and py and with covariance

7z = () (& 5,))

where C is such that X7 > 0, which is equivalent to Xx — CTZ; Ic>0 by the Shur
complement. This transitions to

E [|X - Y|*] = EX"X] +E[Y"Y] - 2E[X"Y].

We have E[XTX] = E[Tr(XX")] = Tr(Zx) + mkmx and E[YTY] = Tr(Zy) +
mImy and E[XTY] = Tr(C) + mimy. So the minimization is equivalent to

max Tr(C)
CEy—CTE'C>0

LetS = Xy — CTZ;(lC. Then >y — S = CTZ;(lC > 0. We can write Xy — § =
ubn?u = U,D? UrT with U an unitary matrix, r the rank of Xy — S and U, of size n x 7,
u=[u,, U,—_,]. U,_, corresponds to the eigenvectors of £y — S for the eigenvalue 0,
so CU,_, = 0 because Z}_(l > 0.

Then we have the identity

_1 T _1
(zxzcuer) (zxzcuer) =I,.

1
So we have CU, = 2}0D; for O a given orthonormal matrix. Furthermore, we
have CU,,_, = 0. So

1
C =cuu’ =cuu; =x30D,Uu;.

We just showed that for each C such that S = Xy — CTZ§1C > 0, we have S =

1
Yy — C’TZ)_(lC’ > 0 for all C' = 20D, U/ with O an n X r matrix.
Now, let us fix S. We want to calculate

1 1
sup Tr(X30D,Uf) = sup Tr(O'23U,D,) = sup Tr(O'B) (3.8)
oTo=I, oTo=1, oT0=1,

1
with B = XU, D,.

We can express the constraint with a Lagrangian, denoting O = [vy, ..., 7], we
have v]v; = §;;, expressed by Y, Aij(0lv; = 6;5) = Tr(A(OTO —I)). The dual
problem is

inf sup Tr(O'B) + Tr(A(OTO —I))
A€Sr 0e M,
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The optimum exists because of the Kantorovich theorem (see Theorem 33), and
the admissibility condition is

BT +2A0T =0and OTO = 1,,

so we have OA = —2B. Furthermore, O is of rank  and B as well, so A is invertible,
and O = —2BA 1. So we have

BTB = 4ATOTOA = 4A?

We conclude that A is a square root of BTB, so Tr(OTB) = —2Tr(A"'BTB) <
Tr(vV BTB+), where /- " is the square root with only positive eigenvalues. Equation

3.8 is therefore maximized for A = —v B B+.
What we have shown is that

sup Tr(O'B) = T(VBTB ) = Tr (VBET ),

oro=I,

since BT B and BBT share the same eigenvalues (except 0).
Replacing B by its value, we find

1 1 1 1
Tr (VBBT) = Tr (Vz;umgu}z;) = Tr (\/Z%(Zy - S)2§(> .

So for a given S > 0, we have

1 1
sup Tr(C) = Tr <\/Z§((Zy - S)Z%) .
C;Zy*CTZXCZS
1 1 1 1
Then we have, Vx € R", xT2%(Zy — S)E3x < xTE2(Zy — 0)2x because S is
1 1
symmetric positive. Therefore, the eigenvalues of X3 (Ly — S)X} are lower than the
1 1

eigenvalues of £} (Xy )X}, thanks to the Courant-Fisher theorem stating that

) xT Mx
Jij41 = min max .
Ve revi xlx

So the maximum is attained for S = 0, which gives
1 1
sup Tr(C) = 2Tr (\/ Z§(Zy2§(> ,
CZy—-CTzilCc>0

and we can conclude that

1 1
inf  E[|X - Y]] = Tr(Zx) + Tr(Zy) — 2Tr <\/2§(2Y2§(> .

Xeopx,Y~py
O

Proposition 27. Let ux = N (mx, Xx) and uy = N (my,Zy) be two Gaussian distribu-
tions. Then, the Brenier's map V¢ for the quadratic cost that pushes px to py is linear and
we have

—1/2
Vo(x) = IV (TYExmyt) T
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A proof of this result can be found in Knott and Smith, 1984.

3.2 Discrete optimal transport

3.2.1 Discrete formulation

The optimal transport problem remains relevant when the distribution are discrete,
i.e. can be expressed as a (finite) sum of Dirac masses. We have in this case y =
Y aidy; and v = Y i1, bjoy, witha € RY and b € RY.

In this framework, admissible transport plans are also discrete. Indeed, for ¢ &
IT(y,v), from condition (3.1), we have

y({ay,...,an} xY)=u{{a,...,a,}) = 1and similarly v(X x {by,...,bn}) = 1.
So y({a1,...,an} X {by,...,bn}) = v(({ar,...,an} x YY)D (X x {by,...,by}) = 1.
As a consequence, we can write

v =2 Piidy)
ij

and v is fully characterized by the matrix P. Condition (3.1) becomes

Yiz1 Pij = b
Yt Pij=a

7

which can succinctly be rewritten as
Pl, =aand 11P = b. (3.9)

where 1,, is the vector of 1 of dimension n.
Then, the transportation cost for a given transport plan can be written

/ cdy = ZPZ‘,]'C(xi/yj)- (3.10)
XxY ij
We see that the spaces X and Y, and the cost function ¢ disappear. The input

can be reduced to two vectors representing the distributions a = (ﬂi)ie[[l,n]] and b =
(b)) je[1,m), and a matrix C such that

V(i j)[1,n] x [1,m], Cij = c(x;,y;).

This matrix is called the cost matrix. The transport plans can also be represented
by a matrix, and the sum in Equation (3.10) becomes a matrix scalar product. This
leads to the discrete formulation:

Definition 28 (Discrete optimal transport). Given a cost matrix C € R*", and two
vectorsa € R" and b € R™, find

min (C,P),
PeIl(a,b)

where I1(a,b) C R'*™ is the set of admissible (discrete) transport plan satisfying
(3.9).
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Remark 29. The cost matrix can also go to +co and take negative values, as adding a
constant to it does not change the optimal transport plan. This also applies in the continuous
setting, the cost function can take negative values as long as it remains bounded below.

As definition 28 suggests, the discrete optimal transport problem, besides being
convex, is linear. Birkhoff’s theorem, a fundamental theorem of linear programming
states that any linear program with a non-empty and bounded feasible set attains its
minimum at an extreme point of the feasible set. In our case, I1(a,b) is non empty
and bounded, so we can restrain the search for solutions to these extreme points,
which have interesting structure.

3.2.2 Graph interpretation

We will recall here some basic definitions of graph theory that will be useful to char-
acterize our graphical representation of the optimal transport problem.

Definition 30. A bipartite graph (or bigraph) is a graph whose vertices can be divided
into two disjoint and independent sets S and T, such that each edge of G connects a
vertex of S to a vertex of T. We will here only consider undirected bipartite graphs.
A bipartite graph is said to be complete if each vertex of S is connected to each vertex
of T.

As we saw, the original motivation behind optimal transport was the problem
of moving a pile of soil to another, which led to the continuous formulation. The
discrete problem is more intuitive.

A Dirac mass can be seen as a location, e.g. as a shop or a factory, which needs/provides
a certain amount of supply, represented by the mass of the given Dirac mass. A sum
of Dirac masses is by extension a natural representation of a set of locations with
different needs/productions.

In our classical optimal transport setup, we shall see the first distribution y =
Y.i-1 aidy, as arepresentation of n factories at the locations x, ..., x,, and v = Z}ﬂ:l bjéyj
as a representation of m shops located at y1, ..., y,. The factory i produces a; copies
of a product, and the shop j sells b; copies of it. We suppose that the total production
of all the factories equals the total consummation of all the shops. Transporting 1
product from x; to y; costs c(x;,y;). In order to launch the business, we have to find
a plan, saying how many products the factory i delivers to the shop j. This is exactly
a transport plan, and the optimal transport plan corresponds to the cheapest way to
supply the shops. This interpretation is illustrated on Figure 3.2.

In this setup, it becomes natural to introduce a bipartite graph to represent the
problem. The source distribution is represented by a set S of n vertices and the target
distribution a set T of m other vertices. Two vertices i and j are connected by an edge
e € Eif and only if P;; > 0. In this case, we associate the flow P; ; to this edge.

This gives a bipartite graph G(P) = ((S,T), E). In this setup, the cost matrix
naturally induces a cost on the edges of G. A transport plan can be represented by
a flow on this graph, i.e. a value on each edge (i, j) referring how much "flow" goes
from vertex i € Stoj € T. A transport plan is admissible when the capacity of
the vertices are saturated, when the total flow going out of the source vertices of S
equals their capacity and the same for the total flow going in the target vertices T.
This is illustrated on Figure 3.3.

The discrete optimal transport is very different of the well-known maximum
flow problem. It consists in finding the admissible flow with the least cost. This
representation does not enable to use directly a graph algorithm to solve the prob-
lem (like for linear solvers in Section 3.4.1), but will turn out to be very useful when
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FIGURE 3.2: Illustration of the discrete optimal transport problem.
The mass of u (the products of the factories) must be sent to v (the
shops) with the lowest cost possible.

combined to the dual representation to use the general network simplex algorithm
(see Section 3.4.3). For now, it will help us characterize nicely the extreme points
of the polytope I'l(a,b) and thus to have a better idea of the form of the potential
solutions.

Proposition 31. An extreme point of 11(a, b) is a flow with no non-null cycle. In particular,
it cannot have more than n + m — 1 zeros.

Proof. Let X be an extreme point of II(a,b), and E the set of edges of G(X), i.e.
edges with (strictly) positive flow. Let suppose that we have a cycle, so we have
a path iy, j1,..., i, jk, 11 with positive edges. Let € > 0 be a positive number lower
than all the flows on the path, e.g. € = min(; ;g X;;. Then we can define X™ by
augmenting X by € the flow on the odd edges of the cycle, so VI < k, Xll+ i =i TE€
and VI < k, thim = Xj,j — € and X~ by augmenting by € the even edges of the
cycle by the same way. So we have clearly X+ € II(a,b) and X~ € I1(a,b) and
X = (X" 4 X ), which contradicts the extremality of X. O

Remark 32. This proof is quite insightful and, as we shall see in Section 3.4.3, its main idea
will be central in the network simplex algorithm. However, this result can simply be seen
as a consequence of a general linear programming result, stating that if a linear program
with M constraints has an optimal solution, then it has an optimal solution with at most
M nonnegative entries. As we shall see in Section 3.4.1, the optimal transport problem can
be recasted as a linear problem with n + m — 1 constraints, and has an optimal solution by
theorem 33.

3.2.3 The affectation problem

In case of discrete distributions with uniform weights and the same number of
points, we can assume that Vi € [1,n],a; = b; = 1.
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FIGURE 3.3: Example of a transport plan between two discrete dis-

tributions, modeled by the black arrows. As we see, this transport is

not extreme, as it has 5 nonnegative values and 5 > 2 4 3 — 1. It may

be optimal, but it can be modified to a (non necessarly strictly) better
extreme transport plan.

A coupling P would in this case be a positive square matrix whose columns and
lines sum to 1. The resulting optimal transport problem becomes

min P;.C;
Pell(ab) Z Chelh

As we saw in Section 3.2.2, the solution of the problem is necessarily an extremal
point of I'l(a, b). In this case, it can easily be shown that P must be binary, and thus
have exactly one non null entry equal to 1 for each line and column. Such a matrix
naturally encodes a permutation. The problem becomes therefore

Lc(a,b) = min ZCW

ceS(n

which coincides with the matching problem or affectation problem (also corresponds to
the discrete Monge formulation).

This problem, originally formulated on graphs, as the problem of finding an op-
timal perfect matching on a bipartite graph is well-known in Informatics and can
efficiently be solved by the Hungarian algorithm (see Kuhn, 1955).

3.3 Kantorovitch duality

The main result in optimal transport theory is the Kantorovich duality, which under
weak conditions on the cost c states the equality with the dual problem. It serves as
a basis for most of the further results and study of optimal transport.
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3.3.1 General Kantorovich duality

Theorem 33 (Kantorovich duality). Let X,Y be two (Polish) space with probability mea-
sure yand v, and ¢ : X x Y — Ry U {400} a lower semi-continous function, then:

min )/XWC(x,y)dvzs;})/}(¢(X)du+/Y¢(y)dv,

yell(pv

where @ = {(¢, ) € L'(dp) x L1(dv);V(x,y) € X x Y, ¢(x) + 9 (y) < c(x,y)}.

A detailled proof of this theorem can be found in Villani, 2003. We will present
here a formal proof which helps understanding the underlying process of the dual-

ity.
Proof. The idea is to rewrite the constraints of the problems as indicator functions
and see that they can be derived from each other. The difficulty of the real proof lies
in the careful verification of the condition of a general duality theorem.

We have

. . 0if y € IT(u,v)
f dy = inf dy + 3.11
Wehn(w) “ ;IZIO (/ “r {+oo otherwise ( )

Recalling the compact definition of IT(, v) of Equation (3.3), we can write the indi-
cator function of (3.11) as

<{Oif’r € I(p,v) ) — sup [/¢dy+/l[)dV—/(¢(x)+¢(y))d7(xry)}

+oo otherwise b

which gives :

ety = infsup | [ cdr-+ [ [y = [lpo) +pda ()]

720 gy

supint | [ciy+ [ g [piv— [lpto) + plda ()]

o >0

= sup [ [ odn+ [ pav—sup [ fo(v) +9(0) —c<x,y>1dv<x,y>] .

R 720 JXXY

The inversion sup/inf above is formal and needs to be justified properly using a
duality theorem.

If it exists (xo, yo) such that ¢(xo) + ¢ (yo) — c(xo,¥0) > 0, then for y4 = A
we have

Xo,yo) 4

[P(x) +¥(y) — c(x,y)]dvalx,y) Nt

Otherwise, if V(x,y) € X x Y, ¢(x) + ¢(y) < c(x,y), the supremum is obviously 0
and is obtained for v = 0. So we have

0if (¢, ) € P,
+o00 otherwise

sup [P(x) +¥(y) — c(x,y)ldy(x,y) = {

7>0 J XXY
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Therefore, this gives

L(p,v) = sup [/(])dy—k/l[]dv].

(P p)ed.

3.3.2 Discrete duality

The duality problem in the discrete setting is a direct application of the general re-
sult, but can also be proven using a similar reasoning and a min-max theorem.

Proposition 34. Let a € R" and b € R™ be two vectors and C € R'*™ be a cost matrix.
Then,
Lc(a,b) = max (f,a) + (g,b), (3.12)
(f.8)edc
where ¢ = {(f,g) € R" xR™ : V(i,j) € [1,n] x [1,m], fi + gj < C;;} is the set of
admissible potentials.

Duality plays a crucial role in computation and characterization of solutions.

3.3.3 Interpretation

We follow here and extend the graphical interpretation given in Section 3.2.2.

We saw that the source distribution can be interpreted as a set of factories that
must deliver their products to a set of shops, modeled by the target distribution. A
transport plan is a procedure telling how to dispatch to production while minimiz-
ing the transportation cost.

Now, we imagine that the operator of the business described above doesn’t know
how to compute such an optimal plan (he doesn’t have access to Section 3.4) but still
wants to make sure that he doesn’t lose money. He has no choice but to subcontract
the transportation. Since he doesn’t know the optimal plan, he can’t pay for each
transportation, the problem would remain the same (the truck company could use a
suboptimal plan and charge him more than needed). So he finds an idea to be sure
that he does not lose money : he offers the truck company the choice in the pricing,
at the condition that it would only charge the loading and unloading of the goods
(with the vectors f and g), and that the price f; of loading a product at factory i and
gj of unloading it at shop j cost less than if he would have done it himself, i.e. that
fi + & < Cij. The operator is then sure to make a good deal (by the so-called weak
duality) or at least to avoid making a bad one. But the duality theorem states that
if the truck company finds the right pricing, then the operator will pay exactly as
much as we would have with an optimal transport plan.

3.3.4 C-transform

The form of the dual problem suggests further study on the optimal couple of po-
tentials. Let consider (f, g) an admissible pair to the dual problem. Even if the pair
(f,g) is not optimal, we can try to check if at least g is optimal for this given f.

In this case, we have to maximize (g,b) while keeping the constraints satis-
fied, i.e. that Vi,j,¢; < C;; — fi. Since b is positive, it means increasing ¢ until
the constraints are saturated, which implies, by definition of the min, by choosing
Vj € [1,m],g" : min; C;; — f;. This is what we call the C-transform.
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Definition 35. Given a dual pair of potential (f,g) and a cost matrix C, the C-
transform of f, denoted by f<, is defined by

VJ S [[1, m}],fjc = rnani,j _fi-

Similarly, the C-transform of g, also denoted by ¢© (by a slight abuse of notation)
is defined by :
Vi e [[1, l’lﬂ,glc = mani/j -8
]

Remark 36. We can define a continuous version of the C-transform: for c a cost function
and ¢ a function, we define

Py — irylfC(x,y) —¢(x)

and similarly for the second variable. Most of the properties developed in the discrete case
have their equivalent in the continuous case, but they are difficult to apply directly to the
optimal transport problem because of definition and convergence issues that we will not de-
velop here. Still, they are central in the theory and the c-transform will play a big role in
the barycenter dual (see Section 3.6.3). For now, it is worth mentioning that the function
¢ — ¢ is concave.

The c-transform (resp. C-transform) has a lot of nice properties, which makes it
a useful tool to study discrete (resp. continuous) optimal transport solutions.

Proposition 37. If (f,g) is an admissible pair of the discrete dual problem, then (f, f©)
and (g€, g) are better ones, namely:

(f.a) +(f<,b) > (f,a) + (g,b) and (3, a) + (g, b) > (f,a) + (g, ]).

Proposition 38. We have the following properties for the C-transform :
.fgf/ :>fCZf/C
° fCC > f
° fCCC — fC
The same properties apply for the C-transform of g, as the problem is perfectly symmetric.

Proof. The first statement is trivial. For the second one, we write

= m].in Cj— ff = rrljin Cij — (min Gy — fi)

for k € [1,n]. Then, using min; Ci,j — f; < Ckj — fr, we find

> l'n],inck,j —Crj+ fr = fx

which gives the second statement. Combining it with the first one, we get fC¢C < fC€
and we have also, from the second applied to f¢, f¢¢C > €, which gives the third
one. 0
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Proposition 37 enables reducing the admissible pair of potentials to the set of
potentials of the form (f, f©) and even of the form (f¢C, f¢). This will be very useful
in practice to solve the discrete problem. In the continuous setting, this is known as
the double convexification trick, to assume that the pair are of the form (¢, ¢°) (the
c-transform of a function is often more regular). It is widely used in the proofs, but
can rarely be extended to the results because of the passage to the limit.

A similar work can be done for the primal problem and induces the notion of
c-cyclical monotony:

Definition 39. Let ¢ be a cost function. A subset E C X x Y is said to be c-cyclically
monotone if, for any K € N, and any family (x1,y1),..., (xk,yx) of points in E, the
following inequality holds:

K K

Z Yo k) < Y (X i) (3.13)

k=1 k=1

with YK+1 = Y1-
A transport plan is said to be c-cyclically monotone if its support is a c-cyclically
monotone set.

Intuitively, a c-cyclically monotone set is a set of correspondence (like a continu-
ous graph) that cannot be improved by shifting the correspondence along a cycle. It
can be shown that an optimal transport plan is necessarily c-cyclical monotone, and
the inverse holds under particular conditions.

This notion, central in the continuous setting, by its relation with the sub-differential
of convex functions, has also an equivalent in the discrete setting, as a condition to
the edges of the graph G(P). It is rather inefficient because of the impossibility to be
checked in practice.

Definition 40. Let C be a cost matrix. A bipartite graph G is said to be C-cyclically
monotone if, for any K € [1,min(n, m)], and any family (i1, /1), ..., (ix, jk) of vertices
of G, the following inequality holds:

K
Y Cij < kZ Ci ki (3.14)
=1

with YK+1 = Y1
A discrete transport plan P is said to be C-cyclically monotone if its graph G(P) is
a C-cyclically monotone graph.

It roughly says that we cannot construct a cycle with negative cost using edges of
G, which already gives the intuition of the crucial role of such cycle in the resolution
of the discrete optimal transport problem.

3.4 Solving optimal transport

3.4.1 Linear programming

We have

Lc(a,b) = Pergl(gb Z P;;Ci ;.
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with
V(i,j) € [1,n] x [1,m],P;; > 0
P e H(ﬂ,b) = V] S [[1, m]],zi P,‘,]‘ = b] . (3.15)
Vi e [[1,71}],2]- Pi,]' =a;

The objective function to optimize is linear, as well as the constraints on P. We
can therefore rewrite the above equation in a standard form for the linear program
literature, and use blindly their algorithms to solve it. We need for this to express
the constraints in terms of equality and nonnegativity using vectors, and therefore to
encode P in a vector fashion. For instance, we can transform P € R"*" to p € R
by saying that p;,,(j_1) = P;;. This simply consists in putting all the column of P
one after another in a vector.

In (3.15), there are n + m linear equality constraints, on n x m variables, which
can therefore be expressed with a matrix A € R+ (mx1)  With the encodage of

P, we need to define A by
_ (L@l
A= (In ® n;) ’

where © is the Kronecker’s product (see Notations for the definition).
With these definitions, the constraints of (3.15) can be written as

Pell(a,b) < peRY, Ap = (Z)

which gives
Lc(a,b) = min (c,p) (3.16)

This enables to solve exactly the discrete optimal transport problem, with any
linear programming solver, like the simplex algorithm. Even if this gives the right
solution and is simple to code, the use of a general solution to linear program is quite
inefficient, as we have more information on the problem (like the duality relation)
that we could take advantage of. This is the case of the network simplex algorithm,
presented in the Section 3.4.3.

Remark 41. The n + m constraints defined above are redundant, because the fact has been
omitted that ) ;a; = ) ;bj. The problem has in reality n + m — 1 constraints as stated
in Remark 32. For practical purposes, one needs to remove one line (any of them) of the
constraints to avoid degeneracy in the computation.

3.4.2 Characterization of the solutions

As we saw in Section 3.3.4, we have some independent characterizations on the opti-
mal solutions of the primal and dual problem. In addition, we can also characterize
their relationship.

Let us recall the interpretation with the shops and factories of Section 3.3.3. For
the truck company, moving a product from i to j costs C; ; and is charged f; + g; to
the operator. So if the constraints are saturated, i.e. if we have f; + ¢; = C; ;, then the
truck company can safely supply the shop j with the factory i. On the contrary, if we
have f; + ¢; < C; j, the company would suffer some loss that it will never be able to
compensate with another trip.
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In conclusion, if the truck company wants to make the deal work, it must trans-
port products only on the edges of the graph where the constraints is saturated, i.e.
either it must have f; + g; = C; j, or P;; = 0. This notion is called the complementary
slackness. It corresponds to a situation (not necessarily optimal) where the operator
and the company have a fair deal, i.e. when what the operator pays to the company
with pricing (f, g) corresponds to the cost of the company following the procedure
p.

Proposition 42. Let P* and (f*, g*) be optimal solutions for the primal and the dual prob-
lem. Then we have

V(i j) € [1,n] x [[1,m]],Pffj(ci,]~ i —g]*f) =0.

This condition is called the complementary slackness, and if it is satisfied, we say that P and
(f,g) are complementary.

Proof. From the strong duality relation we have
(P*,C) = (f"a) +{g"b).
So
(P, C) = {f*, P"1) +(g", 17P")
= (17, P") + (18", P)

This leads to
(P*,C—f"@g") =0.

where (f © g);; = fi +g;. And, by positivity of P* and C — f* @ g*, this gives the
result. O

Proposition 43. If P and (f, g) are complementary and feasible solutions of the primal and
the dual problem, then both are optimal.

Proof. From the proof of proposition 42, we know that P and (f, g¢) are complemen-
tary and feasible solutions implies

(C,P) = (f,a) + (g b).
Therefore, we have
Le(a,b) < (C,P) = {a,f) + (g,b) < Le(a,b)

which gives
Le(a,b) = (C,P) = (a, f) +(g,b) = Lc(a,b).

3.4.3 The network simplex

General solvers of linear problem use the convexity of the problem, but do not take
advantage of the strong duality relation and in particular of the complementary
slackness. The network simplex is a general iterative algorithm, alternating on the
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primal and dual formulation of the problem to reach the solution. We will present
here the (almost complete) adaptation to the optimal transport problem.

Starting from an extreme point of the simplex of the primal admissible solutions,
the algorithm is based on two principles :

e For the current admissible primal solution, we associate a complementary dual
solution. If this solution is admissible, then the primal solution is optimal (and
therefore the dual as well).

o If the dual solution is not admissible, we use it to improve the primal, and get
closer to the solution.

Obtaining a complementary dual solution from a primal solution

We will use here the graph formulation of Section 3.2.2 to explain the algorithm. We
associate, for a primal solution candidate P, a bipartite graph G(P) = ((S,T),E), S
being indexed by i, T by j and E being the set of nonnegative edges of P, i.e.

(l,]) €EE& Pl',]' > 0.

During the algorithm, we work with a graph G, that we initialize as G(P) with P
a starting candidate solution (extreme point of the polytope), but, as we shall see, G
can deviate from G(P) by having some additional edges. We will, however, always
ensure that G(P) C G and that G (and G(P)) has no cycle.

Since P is assumed to be an extreme point of the polytope, we have |E| < n+m
and G = G(P) has no cycle.

We are looking for a complementary solution (but not necessarily feasible), so
we just have to find f and g such that

V(l,]) € E,fi —|—g] = Ci,]'.

This is a system of |E| < n + m equations with n + m unknown. It is always solvable,
but undetermined, and any solution of this system is suitable.

Yet, there is a very practical way to compute a solution in practice. Since G has
no cycle, it is a forest (union of disconnected trees). Let consider H C G a tree of
G. Each vertex of H corresponds to a variable, and each edge to a constraint, which
involves only two variables. Starting from the root r, we set f, <— 0, and we follow
the edges (i, ) of the tree and set to the unassigned variable the value given by the
constraint, either f; < C;; — gj or gj «— C;; — f;, until the leaves of the tree.

By doing this to each tree of G, we obtain (f, g) a pair of potentials complemen-
tary to P. This procedure is efficient but quite naive. In practice, a little more care
must be taken to solve the system to ensure that the algorithm remains robust to
degeneracy. See Remark 45 for more details.

Network simplex update

Following the procedure of the previous section, we are now in possession of a pri-
mal solution candidate P, which is an extreme point of the polytope, and (f,g), a
complementary pair of potentials.

If (f,g) is admissible, it means from Proposition 43 that both P and (f, g) are
optimal.



102 Chapter 3. Requirements: Optimal Transport

Let suppose that (f, g) is not admissible. It means that we have (iy, jo) such that

fio +g]'0 > Cio,jo’

The edge (io, jo) is called the pivot. It may not be unique, and it must be carefully
chosen in order to avoid termination issues and optimize the computation time (see
Remark 45). We will not discuss the strategies here, we just consider one particular

pivot.
Let consider the graph G as defined earlier. We know that (ip, jo) ¢ G since all
edges of G have saturated constraints (and therefore we have P; j; = 0). So we add

the edge to G. We now have two cases :

1. (io, jo) connects two trees of G, which thus remains a forest. It means that P
remains an extreme point of the polytope. We can then construct a new com-
plementary solution (f, g) using the previous algorithm. This case is however
degenerated, since we will get an edge of G whereas P, ;, remains 0, and we
no longer have G(P) = G.

0/Jo

2. (ip, jo) creates a cycle. We have to remove an edge to get back a forest, and to
modify P so that we still have G(P) C G.

In the second case, we will follow the same strategy as in the proof of Proposition
31. Adding and subtracting successively a value 0 to all the edges of the cycle won't
affect the admissibility of P and, if the value is chosen carefully, will make some of
them vanish while improving the solution. From the truck company point of view,
at this point, the edge (io, jo) is very profitable (f;, + gj, > C;, j,) and yet unexploited
(Piyj, = 0): we want to add on it as much traffic as possible (change P) without
affecting our quality of the delivery.

Let consider the cycle we have just created: i, jo, 11, j1, - - -, i1, j1, 1141 = io-

We shall add 6 to the odd edges (of the form (i, jx) and including the null edge
(io, jo)) and subtract 6 to the even ones (of the form (ix.1,jx)). So, in order to keep
the positivity of P and to make at least one value vanish, we have to chose

0= n}(in Py jer
which is the biggest (and only) possible value. P is then modified only on the cycle
as follow:
Vk <1,P

ije < Pij +0and Vk < I, P; — P 0.

klk 1ok Uk

We finally remove from G one edge (7,j) where P;; vanished (see 45). We obtain
a primal admissible solution, which is an extreme point of the polytope, since its
positive graph, G, has no cycle.

This solution maximizes the earning of the truck company for the pricing given
by the dual pair (f, g). Therefore, it is closer to the optimal as shown in the following
proposition.

Proposition 44. The network simplex update improves the dual solution.

Proof. Keeping the notation of the rest of the section, we consider P and P’ the former
and new solution. We have

1
<C, P/> _ <C,P> = <C, P — P> =0 x (Z C,'k,]'k — Cik+1rjk>
k=0
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And since the constraints of the edges of P are saturated, we have
! I
Z Cikrjk - Cik+1rjk = Cio/J'o - Cilrjo + Z Cik/jk - Cik+1,jk
k=0 k=1

1
= Cio/]'o - fi1 —8&jot+ <Zfik + ik _fik+1 - gfk)
k=1
= Cio,jo - fio — 8jo-
which gives (C, P) — (C, P') = 0 x (Cy, j, — (fi, + &jp)) = 0. O

Initialise the network simplex

The last remaining step of the simplex is the initialization. We only need an heuristic
to start with an extreme point of the simplex. A simple way to do that is the West-
corner heuristic, which simply consists in managing the factory and the shop in an
arbitrary order.

The idea is to saturate the edges one after the other. At each step (i,7), Pi,]' take
the highest possible value, i.e. min(a;, b;) : either the factory i gives all its production
to the shop j, either the shop j receives all its products from factory i. In the first case,
we increase i (factory i has already given everything, we move on to the next one)
and in the second case, we increase j (same idea, shop j is full). If both saturations
occur simultaneously, we go directly to (i +1,j + 1).

As we move in a diagonal, we have at most n 4+ m — 1 nonnegative entries, which
ensures that the produced primal solution is indeed extreme.

Algorithm
The complete network simplex algorithm is presented in Algorithm 8.

Remark 45. The proof of Proposition 44 shows that the new transport plan P is not worst
than the previous one. However, 6 can be null when G and G(P) differ. In this case, P
doesn’t change, but G does. It may be problematic for the terminaison of the algorithm.

To ensure that the algorithm terminates, one needs to fix only one root, and initialize with
one tree (adding null edge at the beginning), and be careful when deleting the edge at each
iteration to ensure that we keep a strongly feasible tree. We can then show that the global
distance to the root strictly decreases if the cost doesn’t increase. This point is quite technical
and will not be developped here. See Bertsekas, 1998, chapter 5, proposition 5.2 for more
details.

3.4.4 Other methods

Even if the network simplex is a good way to compute the exact solution of the opti-
mal transport problem, it remains pretty slow and it is not very scalable in practice.
Other methods have been developed to quickly approximate the transport cost, like
the sliced Wasserstein distance, which project the original distributions on 1-D lines,
and use Radon inverses to estimate it (see Rabin et al., 2011 for more details).

Among all these methods, the most efficient and popular is by far the entropic
regularization, to which the next section is dedicated.
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Algorithm 8 Network simplex for optimal transport

Input: A cost matrix C, input vectors a and b.
Output: P and (f, g) respectively a primal and dual solution.
1: Initialize an extreme primal solution P, using for instance the West-corner
heuristic (see Section 3.4.3)
2: Construct the graph G(P) associated to P
3: while P is not optimal do
4 Compute a complementary dual potential (f, g) as described in Section 3.4.3
5. if (f,g) is admissible then
6 Return P and (f, g)
7 else
8 Update the graph G and P as described in Section 3.4.3
9 end if
10: end while

3.5 Entropic regularization

Solving the exact optimal transport problem is difficult. In practice it doesn’t scale
very well and in theory, only a few cases have a closed form solution. One of the
main difficulty is that the problem is quite "sharp" : the solution must be sparse. It
can therefore be interesting to "soften" the problem with a regularization. A classical
way to do it is to penalize with a prior function (similar ideas than in the Bayesian
framework and model selection of Section 1.1.6), and in particular with the entropy.
This regularization was introduced and popularized by Cuturi, 2013 in the field of
machine learning, but was already widely used in other fields such as economics. It
leads indeed to very useful theorems and algorithms, but other regularization can
be considered, like the I, norm (see Essid and Solomon, 2018) or any strictly convex
cost (see Dessein, Papadakis, and Rouas, 2018). However this alternatives does not
lead to results as good and simple as with the entropy.

3.5.1 Discrete formulation

The main interest of the entropic regularization lies in its resolution in the discrete
case.

As we saw in Section 1.1.2, it is generally used in a probabilistic context, but we
can extend its definition to matrices (basically by seeing them as vectors):

H(P) = — Zpi,j log(P;,)
ij

with the convention 0 x log(0) = 0 and H(P) = —oo if P has a nonpositive entry
(this fact turns out to be crucial in the Bregman formulation of Equation (3.20)).

Remark 46. The entropy is sometimes defined with an additional —1, but then it is no
longer positive for transport plans.

Problem 3 (Entropic regularization). Given 4, b a source and target vectors, C a cost
matrix, and € > 0 a regularization parameter, we define

L¢(a,b) = min (P,C)— eH(P). 3.17
c(a,b) pé?&i‘,b)< ) —€H(P) (3.17)
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Since —H is strongly convex, and the scalar product is convex, the objective func-
tion of (3.17) is also strongly convex. This means that for all € > 0, Problem 3 has a
unique optimal solution.

Remark 47. The entropic regularization introduces a new hyper-parameter €. Even if the
influence of this parameter can be intuitively understood, and its limit behavior is stable, its
choice still remains an issue in practice. As we shall see in the interpretation of the impact of
the reqularization, it represents a trade-off between efficiency and dispersion, and therefore
cannot be optimized.

3.5.2 Entropic behaviour

As we saw, solutions of the discrete optimal transport problem lies in the extreme
points of I1(a,b), and hence have a priori a pretty low entropy. Problem 3 favors
solutions with high entropy. So the solution will no longer lie in the border of the
polytope but will be attracted toward its center, as a trade-off between entropy and
transport cost. The phenomenon is highlighted by the following proposition.

Proposition 48. Forall € > 0, there exists A > 0 such that

min (C,P) —eH(P) = min (C,P)
Pell(a,b) PeIl) (a,b)
with
I1)(a,b) = {P €1l(a,b);KL(Pla®b) < A}.

The proof can be found in Cuturi, 2013. Proposition 48 shows that solving the
entropic regularization consists indeed in forcing the solution to move away from
the extreme point of I1(a, b) and approach its (entropic) center, as the set of possible
solutions reduces from the convex set I'l(a, b) to the strictly convex set I, (a, b).

Proposition 49. The unique solution P of Equation (3.17) converges to the optimal solution
with maximal entropy within the set of all optimal solutions. So we have

P. — argmax H(P) (3.18)
€0 Pell(a,b)
<C/P>:LC(a/b)
and
L&(a,b) — Lc(a,b). (3.19)
e—0
Besides,

Pe — a®b=(aibj)(ijepnx,m-

€—+00

Proof. Let €; be a sequence of strictly positive real such that e, — 0. For each [, we de-
note by P, the solution of the regularized optimal transport problem. By compacity
of II(a,b) (closed and bounded), we can assume that a subsequence of P; (that we
do not relabel) converges : P, — P* € I(a,b).

Let P be a solution of the regular discrete optimal transport problem. We have
(C,P) = Lc(a,b). Then, for any I, by optimality of P;, we have (C,P;) — e H(P;) <
(C,P) — eH(P). Similarly, by optimality of P (for € = 0), we obtain

0<(CP)—(CP) <e(H(P)—H(P)).
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Since H is continuous, taking the limit / — +o0, we have
(C,P*) =(C,P) = Lc(a,b) and H(P*) — H(P) > 0,

which shows that P* is a solution of the right-hand side of (3.18). By strong con-
cavity of H, this solution is unique, and therefore is the only limit possible for a
subsequence of (P;). So we have P, — P*, which proves (3.18) and (3.19).

Similarly, having a sequence €; — +o9, (a subsequence of) P, = P*,and P =a®Vb
the solution of maxpcry(,5) H(P), we have

(CP)=(CP) _ pipy— H(P) <0
€]

which, by taking the limit / — 400, shows that H(P*) = H(P) and that P, converges
by uniqueness of P. O

Remark 50. These results still hold for any strictly convex reqularization functions.

In the case where € — +0o, the entropy regularization forces the solution to split
the mass and, at the limit, to spread it completely: each point of the source distribu-
tion sends mass to each point of the target distribution. For the shops and factories
interpretation, it would correspond to the introduction of a law that would force the
factories to share more their product with the rest of the shops. In the case of an in-
finite €, it means that each factory send a proportion of its production to each shop,
which gives the maximal number of edges in G(P). On the contrary, when € = 0, the
solution is an extreme point of I1(a,b), with at most n +m — 1 nonnegative entries,
the shops have less than 2 providers in average. For the in-between values of €, the
solution will be a balance between these two extremities.

The main impact of the regularization is the diffusion of the mass which "blurs"
the optimal transport plans. This can be annoying when we want to calculate the
actual transport cost and transport plan, but it can also be preferable in practice,
when we use optimal transport with neural networks or to optimize the distance
between distribution. But the main advantage of the entropic regularization is that
solutions are extremely faster to compute than the exact solution as we shall see in
the next section.

3.5.3 Sinkhorn algorithm

Even if the idea of entropic regularization is pretty insightful, there is another way
of formulating Problem 3 which is more convenient for practical applications.

Similarly as we did for the entropy, we can define the Kullback-Leibler diver-
gence for (nonnegative) coupling matrices:

L(P|K) = Z log< l,])
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With this definition in mind, we have

Lg(a,b) = min ZPZJC”—l—eZ jlog(P;;)

Pell(a,b)
= min € X ZPZ <log( P;i) — _Ci’j>
Pell(a,b) g A €
ZP log [ 4
—ex
=, min, VP log (-~
:exKL(P\K),

Cij

with K the Gibbs kernel associated to C defined by K;; = e™ .
Finally, we have

P* = argmin(C, P) — eH(P) = arg min KL(P|K). (3.20)
Pell(a,b) Pell(a,b)

Proposition 51. Let P be the unique solution to the Problem 3. Then there exist (u,v) €
R x R such that

V(i j) € [1,n] x [1,m], (Pe);;j = uiK; jo;.

Proof. We introduce two Lagrangian dual variables « € R" and g € R™. The opti-
mization problem then becomes:

L(P,«, ) = minmax(C, P) — eH(P) — («, P1,, —a) — (B, P11, — b).
P=0 fg

We know that this problem must have a solution (P, a*, %), which leads to

JoL(P.,u*, B*
—( SPZ']' 'B ) = Ci/]‘ — €10g((Pe)i,j) — N — ﬁ]‘ =0.
This gives
(Pe)i,]' = ¢"i/ee=Ciil<Pile,
Sowehave u = ¢* /< and v = ¢ /. O

From Proposition 51, we see that computing the matrix P. reduces to compute the
two vectors u and v, which are related to the constraints I, and IT,. It is tempting
to use for that an iterative algorithm, which would compute u so that the matrix
(uiKi jvj) ;) € 1l, for a given v, and compute v so that (u;K;;v;); € I for a
given u. It turns out that these iterations are fully justified by the general Sinkhorn
theorem, which gave its name to this particular procedure.

Following Sinkhorn and Knopp, 1967, the scaling procedure to compute P is :

(+1) — 4 sy _ b
Ko(l) and v K07 (3.21)
From Sinkhorn theorem, we know that the solution is unique up to a multiplica-
tive constant (if (1, v) is a solution, (%,AU) is also one), but the algorithm will always
converges to a pair (1, v) satisfying Proposition 51.
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Another way of seeing the Sinkhorn theorem is from a Bregman iterative projec-
tion point of view. Indeed, as Equation (3.20) suggests, the entropic regularization
of the optimal transport problem can be seen as a projection on I1(a, b) with the KL-
divergence of the Gibbs kernel of the cost matrix. This form suggests the use of a
Bregman iterative projection algorithm, introduced by Bregman, 1967. The principle
is to divide the constraints into simpler ones easier to handle and to alternatively
project on each corresponding set. Bregman, 1967 showed that under general as-
sumptions, this algorithm converges. It is the case for affine subconstraints. A deep
study of general Bregman algorithms and their application to optimal transport can
be found in Benamou et al., 2015.

In our case, the set I'I(a,b) can be seen as the addition (intersection) of two con-
straints I1, = {P; P1,, = a} and IT, = {P; PT1 = b}. These two sets are affine, and
therefore the iterative Bregman projections converges with the following procedure

PR+ = argmin KL(P|P?)) and PP = argmin KL(P[PZ*D).  (3.22)
Pell, Pell,

The two problems of Equation 3.22 can be solved using a Lagrangian multiplier,
following the same scheme as the proof of Proposition 51, we define

L(P,a) = KL(P|K) — (a, P1,, — a)

and we have
oL (P*,a)

T 0« P = A x Kij

with A; only depending on i. Using the constraints P* € I1,, we find that

. a;
Vi, Ai T K
which gives the result.

The second problem is solved exactly the same way, and this leads to exactly the
same updates as seen previously. The two approaches are perfectly equivalent and
two different ways of seeing the problem.

In practice, the Sinkhorn algorithm involves the Gibbs kernel of the cost matrix,
which can create some computational problems due to the exponentiation. So it is
more efficient and convenient to work in the log-domain. The detailed algorithm is
presented in Algorithm 9. It makes use of a logsumexp function, that is generally
implemented in standard computer science libraries, that efficiently computes the
logarithm of the sum of all the exponential of an array.

3.5.4 Continuous formulation

The entropic regularization can also be formulated in a continuous setting:

Problem 4. Let y,v € P(X) absolutely continuous with respect to the Lebesgue
measure and ¢ a cost function. Solve

inf cdy+eH(y|lp®@v). (3.23)
rell(py) Jxxx

As for the other problems, the continuous case is more subtle because of issues
of regularity and definition of limits. However, it is still relevant to study, as it is
can be related to physics, and in particular to a problem formulated by Schrodinger:
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Algorithm 9 Sinkhorn algorithm

Input: A cost matrix C, input vectors a and b, € > 0
Output: P. solution of the entropic regularization.
: Initialize log u and log v
: for A given number of iteration do
log X;; + —% +logv;
log u <+ loga — logsumexp(X)

log v < log b — logsumexp(Y)
: end for c
: Pe < exp(logu; — 2 +log v;)

1

2

3

4

5: logY;; < —% +log u;
6

7

8

9: Return P,

knowing the distributions of particles at an initial time fo and a final time #;, identify
the most likely flow of density of particles between these two times. The problem
seems indeed related to the entropy, which was originally introduced in physics to
measure the "amount of chaos in the universe", and turns out to be possibly recasted
in an entropic regularization optimal transport problem. It is interesting to note that
in this context, the parameter € can be interpreted as the temperature of the particles.
See Léonard, 2013 for more details.

3.5.5 Extensions of the entropic regularization

The Sinkhorn algorithm plays a central role in the application of optimal transport.
It enables to use optimal transport on problem where the network simplex algorithm
doesn’t scale. We presented in Section 3.5.3 the basic ideas, but it has been widely
studied and improved. Many works have been made to speed up its computation
using GPU (see Cuturi, 2013), multiscale approaches (see Schmitzer, 2019), conver-
gence acceleration (see Peyré et al., 2019) and approximations (see Solomon et al.,
2015 for instance). The Sinkhorn algorithm has also been generalized to a wider
type of algorithms in Peyré, 2015 and Chizat et al., 2018.

Still, as we saw, the entropic regularization is more than a computational friendly
application. Its use can be preferable to the regular transport cost in various practical
applications, as it models better some chaotic and spreading behaviors. Besides, a
similar duality relation holds for the regularized transport cost, which turns out to
be differentiable with a simple formula:

Proposition 52 (Dual of the discrete entropic regularization). For € > 0, we have

L& = ; b)Y — elee, Ked/<). 3.24
¢ fdrg;éw<fa>+<g> e(e’s, Ke*) (3.24)

Proposition 53. For € > 0 and C a cost matrix, (a,b) — L is convex and differentiable.
Its gradient reads
VLe(a,b) = (f7,8%)
where (f*,8") is the unique solution of Equation 3.24 such that }_,; f; = }; gj = 0.
Similarly, for a, b two vectors summing to 1, the function C — L (a,b) is convex and

smooth and
VCLE(Q,I?) = pP*
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where P* is the unique optimal solution of the entropic reqularization of the discrete optimal
transport problem.

These beautiful results make the regularized Wasserstein distance extremely use-
ful in fields of data science and machine learning.

3.6 Multi-marginal optimal transport

3.6.1 Continuous formulation

Until now, we considered the problem of optimal transport as transporting the mass
from a source distribution to a target distribution. This seemed at first unsymmetri-
cal (with the Monge formulation), but we saw with the Kantorovich relaxation that
it was more natural to search for an optimal coupling (a transport plan) instead of a
transport map. This formulation does not limit the number of marginals to couple.
When they are more than two, we speak of the multi-marginal optimal transport
problem.

Problem 5 (Multi-marginal optimal transport). Given p spaces Xj, ..., X, p distri-
butions v; € P(Xy),...,vp € P(Xp) called marginals,and c : X; x --- x X, =+ Ry a
lower semi-continuous cost function, we consider the following optimization prob-
lem:

inf / cdy (3.25)

YE(v1,p) J Xy 5 x X
where I1(vy, ..., vp) is the set of admissible coupling having vy, ..., v, as marginals,
i.e. such that
Vi e [1,p], mi(y) = v

where 71; : X1 X -+ - X X, = X; is the canonical projection.
The value of (3.25) is called the transport cost and is denoted by L(v1,...,1;).

For p = 2, the multi-marginal optimal transport problem exactly corresponds
to the regular optimal transport problem. Many of the results on regular optimal
transport apply to the multi-marginal case, with sometimes some technical adjust-
ments due to the scaling of the dimension. It appears that it also leads to special
results and form of solutions with no counter-part in the two marginal case. The
multi-marginality character of the problem increases its difficulty, and it has been
less studied. In particular, we can show that Problem 5 admits a solution, and com-
pute its dual problem :

Problem 6 (Dual of multi-marginal optimal transport). Let vy, ..., v, be p marginals
and c a cost function. Find

p
sup Y [ ¢idv, (3.26)

ulr---z”pe‘bc i=17Xi

with
O, = {ul,...,up € Li(dvy) x -+ - X Li(dvy);V(x1,...,xp) € Xy X - -+ X Xp,Zcp(xi) < c(xl,...,xp)}

the set of admissible potentials.

The form of the dual is not surprising and can be guessed from the two marginals
problem, which is obviously a particular case of this one. The same concepts can
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be derived from this formulation, like the multi-marginal c-transform (also called
c-conjugate) and the c-cyclically monotone set.

However, the strong duality relation is not as well-known as for the two marginals
case. From Kellerer, 1984, it holds for bounded costs. Some recent work have shown
that it holds for the Coulomb cost:

1

C(X’l,...,CK) - m

kA£K'

in some particular cases.
We can define similarly the Monge formulation of the multi marginal optimal
transport problem:

Problem 7 (Multi-marginal Monge formulation). Let v; € P(Xy),...,v, € P(X})
and ¢ : X1 X - -+ X X, — R alower semi-continuous cost function. Find

inf / C(To(xn), .., Ty(xp))dun (x)

) (x1,00%p) EXy X - X X

where T (v1,...,vp) is the set of admissible transport maps, and is defined by
T(Vl,. . .,Up> = {(Tl,. . .,Tp); Ti#l/l = 1/1',2 < i < p and T1 = I}

In this formulation, we consider having one source distributions and p — 1 target
distribution. It turns out that the results of Proposition 22 can easily be scaled by
recurrence to the multi-marginal case:

Proposition 54. If X, ..., Xk are Polish space, vy, . . ., vk are non-atomic probability mea-
sures, and c a continuous cost, the multi-marginal Monge formulation and the multi-marginal
Kantorovich formulation have the same solution.

See Nenna, 2016 for more details on the multi-marginal optimal transport prob-
lem.
3.6.2 Discrete formulation

The discrete multi-marginal formulation and its dual derive quite naturally from the
continuous two marginals ones.

Problem 8 (Discrete multi-marginal optimal transport). Let ay,...,a, be vectors of
R%, ..., R% and C € R%* %4 be a cost matrix. Find

min <C,P>= min 2 Z b i,,Cil ,,,,, iy
Pell(ay,...ap) Pell(ay,...ap)

with IT(ay, ..., ap) = {P € R, Vi, ¥y Yy Py iy = s }-

Problem 9 (Dual of the discrete multi-marginal OT problem). Let ay,...,a, be vec-
tors of R%, ..., R% and C € R%*" % be a cost matrix. Find

K di
max 2 Z flkazk,
eqDCk 11]{

where &¢c = {(f1,..., fX) e R x ... x IRdK;V(il,...,iK),Zkfl-]; < Ciy,ix }-
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Similarly to the two marginals problem, the multi-marginal transport problem
can be formulated as a general linear problem, and solved by a solver. However,
the primal (resp. the dual) problem has d; x - -- x dg variables (resp. constraints)
and d; + ... 4 dk constraints (resp. variables). This makes this very inefficient and
enables to solve the problem only when having a few marginals with a few points.

3.6.3 Barycenter and optimal transport

Having a metric on a given space enables to define the notion of barycenter on this
space. There are several ways to do so, the most popular follows the idea of the
Fréchet mean:

Definition 55. Given K points x1,...,xx € X, a "pseudo-metric" d on this space and
A1, ..., Ak € Ry some weights, a barycenter of x1, ..., xk for d is defined by

By(x1,...,xp) = argmin Z/\jd(xi; ).
yeR4 i

B, is called the barycentric map and is not in general single-valued.

When X is an Euclidian space and 4 is the square of the I, norm, the barycenter
of K points is unique and we have

Vxy,...,xk € X, Bg(xl,. . .,XK) = Z)\ixi. (3.27)
i

In this case, B, is single-valued and defines a proper function from XX to X.

As we saw, optimal transport theory can define a distance on the space of dis-
tributions thanks to the the Wasserstein distance. The question of a Wasserstein
barycenter arises therefore naturally.

Problem 10 (Wasserstein Barycenter). Given K probability distributions vy, ..., vk €
P(X)and Aq,..., Ak € Ry, find

inf Y AW, (v, 3.8
velg(X)Z p(vir) (029)

i

where W), is the p-Wasserstein distance.

Due to the high non-linearity of this problem, it is very difficult and it still re-
mains an open issue to compute and characterize the Wasserstein barycenters. How-
ever, some relaxations have been considered like the transport cost barycenter:

Problem 11 (Transport cost barycenter). Given K probability distributions vy, ..., vk €
P(X), M, ..., Ax € Ry and a cost function ¢, find

ingAi,Cc(vi, v). (3.29)

The main advantage of this formulation is that the objective function becomes
linear. In the discrete case, we have

min min {ZAk < P, Cx >;Vk, Py, = a, PkT]ln = bk}
k

aezn PlEIRanllm,PKG]RnXHK

it enables to solve it with a linear solver, or subgradient descent on the dual to tackle
the scalability of the problem, as presented in Carlier, Oberman, and Oudet, 2015,
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or can even be approximated using Bregman iterative projections, see Benamou et
al., 2015. The main result on the transport cost barycenters is due to Agueh and
Carlier, 2011, who have studied in depth the questions of existence and unicity of
the barycenters for the square of the 2-Wasserstein distance :

ll]’/lle:)LZI/Vz2 (1/1‘, 1/) = ill’/lf;)tiﬁz (1/1', 1/). (330)

They have shown existence, unicity and regularity of the solution, and that the solu-
tions of this barycenter problem can be related to the solution of the multi-marginal
optimal transport problem with a particular cost function (see also Gangbo and
Swikech, 1998), which can be written

N =

p
inf / Y- Aidilyi — yilPdy(ya va - yp), (3.31)
YEI(v1,v2,...Vp) JRA x ... xRY i

where IT(v1, 12, .. .,vp) is the set of probability measures on (IRd)V with vy, vp,...,vp
as marginals. More precisely, they show the following proposition.

Proposition 56 (Agueh and Carlier, 2011). Assume that v; vanishes on small sets for
i=1,...,p. If (3.31) has a solution «y*, then v* = B#vy* is a solution of (3.30), and the
infimum of (3.31) and (3.30) are equal.

It turns out that this equivalence remains relevant for barycenters of more gen-
eral transport costs, if the barycentric map B, is single-valued.

Proposition 57. Let vy, ..., vk € P(X) be K probability distributions, Aq,...,Ax € Ry
and a cost function c such that B, is single-valued. Then B#~* is a solution of the transport
cost barycenter, where v* is an optimal transport plan of the multimarginal optimal transport
problem with marginals v4, . .., vk and the cost

L [XioxXe SR
' (x1,...,%K) — Y c(xg, Be(xq, ..., xK))

Some other variations of the barycenter problem have been studied like replac-
ing the transport cost by its entropic regularization (see Cuturi and Doucet, 2014
and Cuturi and Peyré, 2016), or by restraining the constraint to Gaussian mixtures
(see Delon and Desolneux, 2020). This topic is still a very active area of research,
as Wasserstein barycenters have numerous applications in image processing, com-
puter graphics, statistics and machine learning. See Peyré and Cuturi, 2019 for more
details.

3.6.4 Interpretation

The two marginals optimal transport problem can be intuitively understood using
the shops and factory interpretation. We could try to extend it to the multi-marginal
case, saying that each factory produces K — 1 products and we have K — 1 shops spe-
cialized in each product. This approaches a Monge formulation (due to the asymme-
try of the marginals) and doesn’t work directly because the cost function concerns
all marginals at once, and not taken independently.
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FIGURE 3.4: Illustration of the burger making interpretation of the

multi-marginal optimal transport problem. The distribution can be

modeled by the different ingredients of the burgers, and a multi-

marginal transport plan is the set of made burgers (that can be seen

as team of ingredients). Each burger has a taste according to the syn-

ergy of its components, and the goal is to optimize the global taste
(the sum) of the production.

Multi-marginal interpretation:

The multi-marginal optimal transport problem is better represented in the context of
a restaurant: let imagine that we want to make burgers. The distributions vy, ..., v,
corresponds to the different ingredients needed, say steak, cheese, salad, etc.... Each

distribution indicates the supply of each ingredients. For instance, if v; =} ; agl)éxi,
then xy,...,x, refer to the different categories of cheese, e.g. cheddar, roquefort
and camembert, and 4; how much of each is available. To make one hamburger,
we need exactly one piece of each ingredient and its global taste will depend on the
synergy of the ingredients, given by the cost c. It is indeed a total waste to mix a high
quality rare steak with some tasteless cheddar, or to mix a well done steak with some
beaufort. The problem is to find the way to make the most tasteful burger production
from the ingredients at disposal. This is a way to find an optimal combination among
different populations, or a "team assignment" as it is called in the fields of economics
(with yet a slightly more restricted problem). This is illustrated in Figure 3.4.

Transport cost barycenter problem interpretation :

As we saw, the optimal transport problem is well-described by the notion of "trans-
portation", and the multimarginal optimal transport problem is more about assigne-
ment. The transport cost barycenter problem stands in middle ground. For two
point of the map x and y, c(x,y) still corresponds to the cost of transporting some-
thing from x to y. Let imagine that we are in possession of old cars that we want to
recycle. But recycling a wheel is different of recycling an engine : for each part of the
car, there is a specialized recycling center. The distributions vy, ..., v, correspond to
the locations and capacities of these specialized centers, for instance v refers to the
wheel centers, 1, the engine centers, and so on. Before recycling the cars with these
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FIGURE 3.5: Illustration of the interpretation of the optimal trans-

port barycenter problem. The input distributions vy, ..., vk are mod-

eled by different recycling centers, specialized in wheel, engine or

car body. In this context, the barycenter u is a set of dissassembling

centers that cut cars into its different components and send it to the
recycling centers.

centers, we need first to disassemble them and send the pieces to the corresponding
centers. The problem of the barycenter consists in choosing the locations of the dis-
assembling centers. We can create as much as we want, but we want to minimize the
cost of transporting the car piece to the recycling centers once they are disassembled.
This is illustrated in Figure 3.5.

Link between the transport cost barycenter and the multi-marginal transport :

Finding a solution of the transport cost barycenter problem corresponds to choosing
an optimal distribution of the disassembly centers following the previous interpre-
tation. However, in order to actually recycle the cars, each disassembly center has to
figure out where it has to send the disassembled pieces. The different parts are inde-
pendent, so it can be done by solving a regular optimal transport problem between
the disassambling centers distribution (the barycenter) and each of the correspond-
ing specialized recycling center distribution.

From another point of view, this corresponds to the knowledge of the final distri-
bution of the destination of the cars pieces, i.e. for each particular car, to which recy-
cling centers go its different components. This is exactly a team assignment problem,
a team being the set of recycling centers which will receive the different pieces from
a same car. And this information is enough to recover the optimal location of the dis-
sassembly centers: at the spatial barycenter of all the teams of recycling centers. This
highlights the fact that the transport cost barycenter problem can be reformulated as
a multimarginal optimal transport problem. This is illustrated in Figure 3.6.

3.6.5 Multi-marginal Sinkhorn iterations

The well-known Sinkhorn algorithm used to solve optimal transport regularization
can be extended to the multi-marginal case. It leads to similar Bregmann projections
(see Benamou et al., 2015 for more details).
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@y oy

~

FIGURE 3.6: Illustration of the link betwwen the barycenter and the
multi-marginal problem. The solution of the barycenter y, the dissas-
sembling centers, can be reduced to the teams of recycling centers that
will work together (receiving the components of the same car). With
a proper cost, these teams can be found by a multi-marginal transport

plan 7.

We will use in this section multi-indices. Let Z = [1,n1] x --- x [1,ng], and
i=(i1,...,ix) € Z, then we shall write C; for C;,,_;,.

We consider a; € R™, ..., ax € R™ the discrete marginals of our problem, and
C € R™M* ¥k the cost matrix.

The regularized OT problem can be generalized to the multi-marginal case by

Le(ay, ..., ax) = inf C;P,—eH(P
C( ! K) Pell(ay,...ak) 1621 o ( )
Similarly to the two marginals case (see Equation 1.3), this problem can be refor-
mulated as an optimization of a Kullback Leibler divergence:

Le(ay, ..., ax) = argmin KL(P|K)
Pel‘[(al,..,,uk)

with K; = e~ /e,
The solution P* can be approached by Bregman projections and can be written
in this form
K
Vi e I,Pi* =K; x H(uk)ik,
k=1
where uy, ..., ug are non-negative vectors uniquely determined up to a multiplica-
tive constant, which can be obtained following an iterative projection procedure,
similar to the Sinkhorn algorithm (see Section 3.5.3). Each u; must be updated as
follow:

' , (ak)i
Vi € [1mel, (") = — =
Cosgt)
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where Sy and gi are the marginalization along dimension k and the actual k-
multiplicative factor, and are defined by

vie L (g¢") = K; (H(uz(nﬂ))iz) (H(”z(n))z})

1<k I>k

Vi € [1, mi], Sx(P)i, = ) P i ik

1o lk—1 k410K

These operations are a direct generalization of the 2-marginal case. They can be
coded in Python and enable to approximate the solution of the multimarginal OT
problem with more points and dimension that the exact linear approach. It will be
used in the next chapter for several experiments.

3.7 Conclusion

Optimal transport is a very wide subject. We presented here the basic tools and
notions that we will use in the next Chapter, as well as some insights on related
parts of the fields, but we did not mention many other variations and extensions of
optimal transport.

Another big aspect of optimal transport is its application to physics model and
in particular to the fluid mecanics. Optimal transport problems also have a dynamic
formulation, called the Benamou-Brenier formulation, more related to interpolation
and partial differential equations. For a good insight on optimal transport, see Vil-
lani, 2003 or Villani, 2008 for a theoretical perspective, and Peyré and Cuturi, 2019
from a more computational point of view.
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Chapter 4

Generalized Wasserstein
Barycenter

In this chapter, we introduce a generalization of the Wasserstein barycenter, to a case
where the initial probability measures live on different subspaces of R?. This study
is motivated by the problem of patch model fusion introduced in Chapter 2 and aims
at finding a way to merge patch models using optimal transport.

4.1 Introduction

In recent years, optimal transport (Villani, 2008) has received a lot of attention and
has become an essential tool to compare or interpolate between probability distri-
butions. The apparition of efficient numerical approaches has made optimal trans-
port particularly successful in numerous applied fields such as image processing,
machine learning (particularly deep learning) and computer graphics (Peyré and
Cuturi, 2019), to name just a few.

An important tool derived from optimal transport is the notion of Wasserstein
barycenter. In the euclidean case, the barycenter of x1, ..., x, with weights A1,..., A,
(positive and summing to 1) is the point x of R? which minimizes Y% | A;|x — x;[3.
The Wasserstein barycenter is obtained in the same way in the space P, (IR%) of prob-
ability measures with second order moments, by replacing the euclidean distance by
the square Wasserstein distance W5.

In this chapter, we propose a generalization of the notion of Wasserstein barycen-
ter, to a case where the considered probability measures live on different subspaces
of R¥. Relying on the same euclidean analogy as above, for p vectors x; € R% and p
linear transformations P; : R - R%,i=1,..., p, a generalized barycenter between
these x; can be defined as a minimizer in R? of Y-/, A;|Pi(x) — x|3. A solution is
given by £ = (Zf:l )\iPiTPi)_l(Z /\iPiTxi) when the matrix Zle /\iPiTPi is full rank.
Our generalized Wasserstein barycenter is obtained by replacing the vectors x; by p
probability measures v; on their respective subspace R% and the euclidean distance
by W. In other words, we study the minimization problem

P
inf ) " AW3 (Pi#v, vy), (4.1)
Vs

where P#v denotes the push-forward measure of v by P;.

Observe that this formulation contains the Wasserstein barycenter problem as a
special case (choosing P; as the identity matrix on RY ). A particular case of this
problem, where all but one of the P; are 1D projections and the last one is full rank,
has been studied in Abraham et al., 2017 for tomography reconstruction.
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FIGURE 4.1: Illustration of the geometrical application of our gener-
alized barycenter.

Figure 4.1 illustrates an example in IR® for p = 4 distributions, where the trans-
formations P; are linear projections on four different plans. Knowing these four pro-
jections vy, ..., v4, we look for the 3d probability measure v which minimizes (4.1).

As a simpler example, for p = 2 probability measures v; and v, on R?, assume
that P : R? — R? is the projection on the first two coordinates, and P : R3 — R?is
the projection on the last two coordinates. If v and v, coincide on their only common
coordinate, the minimum of (4.1) is 0 and a possible solution is given by the gluing
lemma applied to v; and 1. A more interesting case is obtained when the measures
11 and 15 do not coincide on their common coordinate. In this case, a solution of
the minimization problem should realize a compromise between the marginals of 1,
and v, on this common coordinate.

A first application of this problem is the reconstruction of a measure from the
mere knowledge of projections of this measure on different subspaces. These pro-
jections can be noisy or contain errors, and therefore do not necessarily coincide on
their common subspaces. Another application, in image processing, is patch-based
aggregation Saint-Dizier, Delon, and Bouveyron, 2020. Patches are small overlap-
ping image pieces. Many Bayesian image restoration approaches Zoran and Weiss,
2011; Lebrun, Buades, and Morel, 2013; Wang and Morel, 2013; Yu, Sapiro, and Mal-
lat, 2012; Teodoro, Almeida, and Figueiredo, 2015; Houdard, Bouveyron, and Delon,
2017 work at the patch level and assume stochastic prior models on these patches.
Since these models are usually infered independently on all patches, they never co-
incide on their overlaps. In this context, the generalized Wasserstein barycenter is
a way to define a stochastic model on the whole image from a set of probability
distributions on patches.

The contributions of this chapter are the following. We first show the existence
of solutions for the minimization problem (4.1). We also show how it is related
to a multi-marginal optimal transport problem in dimension Y_!_, d;, and how to
solve 4.1 numerically.

The chapter is organized as follows. Section 4.2 studies the dual of (4.1), shows
the existence of our generalized Wasserstein barycenters and studies the link with an
associated multimarginal problem. Section 4.3 illustrates the notion of generalized
Wasserstein barycenters on Gaussian distributions, and finally, Section 4.4 proposes
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some numerical experiments.

4.2 Generalized Wasserstein barycenters between probabil-
ity measures on different subspaces

In the Wasserstein barycenter problem (see Section 3.6.3), the measures vy, ..., v, are
assumed to live in the same space R?. In the multi-marginal formulation (3.31), these
measures are seen as marginals on independent spaces of a probability measure on
the product space (R?)P. The generalized Wasserstein barycenters (GWB) can be
seen as a generalization of these problems, where the space to which the v; live can
intersect.

Definition 58 (GWB). Given p positive integers d,...,d,, p probability measures
(1, ..., vp) € Po(RM) x -+ x Po(R%), A = (Aq,...,A,) positive weights summing
to 1 and p surjective linear applications P; : RY — R%, a solution v of the minimiza-
tion problem

4
inf Y " A;W3 (v;, Ptv) (GWB)
Y=
is called generalized Wasserstein barycenter of the marginals v; for the applications
P;.

Observe that the previous energy is convex in v. In the following section, we
study the dual of this optimization problem and we show the existence of solutions
for the primal optimization problem.

Remark 59. o The case where X; = -+ = X, = X, Pp = -+ = P, = Id and
c; = Ajc corresponds to the optimal barycenter problem introduced in Section 3.6.3.

o The case where X = Xy x --- x X, and where P; : X — X; are the canonical
projections is trivial, and any p € I1(vy, ..., vp) is a marginal barycenter.

o We can assume without loss of generality that the projections P; are surjective, since
the spaces X; could be replaced by P;(X;).

4.2.1 Study of the dual
Definitions

We denote by M (IR%) the space of bounded Radon measures on R%, identified with
the dual of Cy(R%), the set of continuous functions on R% vanishing at infinity. We
also denote by M1 (R?) the set of Radon probability measures on R.

Following the same reasoning as Agueh and Carlier, 2011, we define

Fi = (1+|.]))Co(R%) = {fl e C(R%); lim fi(2)] = 0},

[l —eo 1+ [x]?

The dual of F; is identified with F/ = {y € M(R%); (1+ |.]>)p € M(R%)}. We
define as well F by

F = {f S (1—|— |.|2)CQ(Rd); El(flr---/fp) c Fl X oo X Fp;ifiopi :f},
i=1
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equipped with the norm

f(x)]
1+ x?

Vf € F||fllr = sup

x€R4

Proposition 60. The dual space F' of F is
F = {1/ € M(RY); Vi, Pt € F{} .

Proof. Let E = {v € M(R?);Vi,P#v € F/}. Leti € [1,p] and f; € F;.. We have, for
all x € R,

fioRi(x)| _ |fioP(x)] _ 1+ |Pi(x)P
1+ 1+ B2 1+ 2P

)
|fi o Pi(x) 2
< ————= xmax(|||%|||5,1) — 0.
T 1B D) o e
where [||.||| is the operator norm, namely |[|P;||| = max,—q [P;(x)|

Let ¢ > 0. By the previous equation, we can choose A; such that |P;j(x)| >
|fioPi(x)]
Al = T2 <e.
By continuity of f;, we know that K = sup,, 4, |fi(x)| < +oc0. So we can choose
Ajp such that |x| > A, = TI\(xP <e.
Let x such that |x| > max (A1, A2). We have then two cases:

e If |P;(x)| > Aj, then by definition of A;, % <e.

e If |Pi(x)| < Aj, then |f; o Pi(x)| < K and therefore |f{ip"£‘?‘ < 1+I\<x|2 <e.

This shows that Vx € R¥ such that |x| > max (A1, A2), |f{ipl")§;)‘ < € and therefore

o P
forel
1—Hx] | x| =400

SOfZ' oP; € F.
Let 4 € F/, we have

/ FidP#y = / fio Py < oo
]Rdi R4

because y € F'. As a consequence, Vi € [1,p], we have Pi#u € Fi’ , and therefore
F' CE.
Conversely, let u € E. For f € F,itexists fi,...,f, € Fy X --- x F, such that
f=Yl, fioP,sowehave u(f) = Y| [pa fid(P#u) < +oo.Sopu € F. O
We are interested in the following primal problem:
4

inf A W2 (v;, Pi#tv). GWB
veF'mMg(le); ! 2(1 ' ) ( )

We define, for f; € F; and x; € R%,

Sifi(xi) = inf Ajlxi —yil® — filyi).

yi€R%
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and we consider the following maximization problem

4
SUP Y. | Sifidvi. (GWB)
Vi fieF; Yh_, froP=0i=1 R
Duality relation

The proof of the duality between (GWB) and (GWB’) is a bit more complicated than
for the regular barycenter formulation, because of the singularity of the space F. We
will need the following assumption, whose validity shall be discussed later on.

Assumption 1. Let € > 0. It exists e > 0 such that for all f € F,

Al <ne = 3(fr,---. fp) € F1 X ... x F, such that ZfioPi:fandVi,HfiH <e.

We can now express the duality relation.

Proposition 61. Under Assumption 1, the following duality relation holds

(GWB) = (GWB’).

Proof. We suppose that Assumption 1 holds. The proof goes as follows: we first in-
troduce convex functions H;s which help us express the transport cost differently.
From those, we define a convex function H which enables to express the dual prob-
lem and the primal problem with its conjugate. We finally conclude thanks to a
duality theorem.

Using classical optimal transport results, we first express the individual transport
costs of the barycenter with respect to the function S;:

)Liﬁci(l/i, Pl'#l/) = sup {/d fidpi#l/ —+ /d gidVi;fi/gi € Cb(Rdi),ﬁ(xi) +gi(yi) < /\i|xi — yi|2}
R% R%

= sup {/]Rdfi OPidV+/x inf (Al —yil? = fi(y:)dv, fi € Cb(]Rd")}

,‘GIRdi yiE]Rdi

:sup{/dﬂopidl/—l—/ inf (Ai\xi—yi\z—ﬁ(yi))dvi,ﬁ € Fi}
R X

i €R% y,‘E]Rdi

= sup {/ fi oPi(x)dv+/ Sifidvi, fi € Fi}
R4 R%
The switch from C;(R%) to F; is valid since C,(R%) C F; is dense in F; and because

the expression we try to optimize is continuous in the functions f;.
We define, for f; € F,

Hi(fi) = — /.G]Rd' Sl‘fl‘dl/i
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It is then easy to show that f; — S;f; is concave, and that H; is convex. We will
now study the conjugate of the H;'s, namely

Hiu) = sup { [ 105}

Let ; € F/.

e If j4; is not positive, then it exists f; € F; such that f < 0and [ fidu; > 0. Then
considering tf;, for t > 0, we have tf; € F;, Hi(tfi) = [, sup,, tfi(yi) — Ailxi —

y;|>dv; < 0 because tf; < 0 and so

H; (pi) > f/fidﬂi — Hi(tf;) > t/fid,ui —tsteo 00

e If y;ispositiveand |p;| # 1,thenusing f; : x — t,t € R, wehavelim, |, % =

0, so f; € F;, which gives S;f; = t and
H} (ui) > sup/tdyl- - /tdvi =sup f(|pi| — 1) = +o0
¢ ¢

e Finally, if »; € P(IRY), then by Kantorovitch duality, we have directly that
H (pi) = Lo (vi, ).

Therefore
" Le. Vi, Wi ifu, € P R4 ﬂFi[
Hi (”i) { Cz( ) ( )

400 otherwise

And, in particular, forv € F':

H; () = {ﬁ (vi i) ifv € ML(RY) N F
+oo otherwise
If we denote by K(v) = Y; Hf (P#v), we have
( ) VEF’IF?P R9) Z ) Vlgl:/ ( ) ( )

For f € (1+.]2)Co(R?), we define

zinf{ZHz‘(fi)/‘ZinPi :f}

with the convention inf @ = +o0.



4.2. Generalized Wasserstein barycenters between probability measures on

different subspaces 125
H is convex, dom(H) = F and we have, forv € F/,
H*(v) = su dv— inf H;(f;
( ) feIF){ IRdf Y. fioP; fz f }
= sup fdv+ sup — ZHZ(fI)
fer ([ /R? YifioPi=f i
- sup {/ fdv—ZHi(fi)}
fEFY fioPi=f R4 i
= sup Z/ fi o Pidv — H;(f;)
fiek i d
=) sup {/ fidPi#tv — ﬂ)} =) H/(P#v) =K(v)
i fi€k i
So H* = K and we have (GWB) = —K*(0) = —H**(0) and —H(0) = (P).
Let us show that H(0) = H**(0). We have, using that v; € F/,
Hf) == [ indOulx =) = v = £0) <A [ [l > —eo
x;eR% Vi x;€R%

So H; and therefore H cannot go to —oo.

Then, using Assumption 1 for € = %min{/\l,...,)\p}, we have 7 > 0 such
that for all satisfying ||f||r < #, there exists fi,..., f, such that }; fio P, = f and
Vi, ||fil| < e. So we have, for such a function f:

) < ZH (fi) Z/xe]Rd sup — Ailxi — yil?)dv;

A
<Y sup (5 (1+ |yil*) = Ailxi — yil*)dv;
i x;€R% Yi
< E/ )\i(l + |Xi|2)d1/l' <1 +2)\1/ |xi|2d1/,- <
i x,-e]Rdi i x,'G]Rdi

So H is bounded around 0.

The function H = H £ is well-defined, convex, and (domﬁ ) = F. In particular

0 € (domH), so by standard convex analysis result (see for instance Proposition 5.2
Chapter 1 from Ekeland and Temam, 1999), 0H(0) # @.

[¢]

Since Vf € (1+ |.|2)CO(RY), H(f) = HUf) it f GF_ , we have 9H(0) C
+o0o  otherwise
dH(0), so 0H(0) # @. Therefore, by equality (5.3) from Ekeland and Temam, 1999,
we have H(0) = H**(0).
So we have (GWB') = (GWB)
O

Concerning Assumption 1, we were only able to prove it in particular cases, al-
though we conjecture that it holds in more general cases.
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Proposition 62. If at least one space R% has the same dimension as R?, we have F =
(1+ |.1>)Co(RY) and Assumption 1 holds.

This is roughly the case of study of Abraham et al., 2017 and the proof is obvious
(just take f; = f with jsuch thatd; = d and Vi # j, f; = 0). The following proposition
gives another case of validity of Assumption 1.

Proposition 63. If P\, ..., P, satisfy the coordinate projection condition, i.e. if there exists
a basis B such that
Vi € [1, p], Ker(P;) = Vect(B;),B; C B,

then Assumption 1 holds.

Proof. We show the result by induction on the number p of functions.
Initialization: For p = 1, since f € F, we have fi o P = f. We choose an

~ 1 ~ 1
arbitrary linear pseudo-inverse P; ~ of P; such that Vx; € R%, P (P, (x1)) = x1.
So we have,Vx; € R%,

A [AoPi(P (x)]

1+ |x1)? 1+ |x1)?
~ 1 ~ 1
_ P (@) 1+ ()
1+ [P (x) P 14 [x?

~ 1
< |[fIl x max(||[Py "[[*1),

€

max(([|P (|2 1)

Heredity: Let suppose the result for p > 1,and lete > 0and f € F.

Let B = (ey,...,e;) a common basis for all the Ker(P;). For all i € [1, p], it exists
R; C [[1, d]] such that Vx = Z] )\je]- € IRd, Pz-(x) = ZjGRi /\]-Pl-(e]-), and {Pl-(e]-);j S Ri} is
a basis of R% because of the surjectivity of P;.

For x; = Y, AiPilej) € R%, we define Eil(xi) = Yjer, Aiej. We have, by
construction, 131-_1 o Pi(XjAjej) = Ljer, Ajej-

We define f; by

so we can take 17, =

Vay € RY, fi(x1) = filx1) + ) fio Py o P (x1),

i>1
and f; fori > 1by
. ~ -1 ~-1
Vx; € RY, fi(x;) = fi(x;) — fioPio Pl oPyoD; (x;).
Then, we have by construction,
~ 1 ~
Vx, € IRdl,f(Pl (xl)) :fl(xl).

So, following the same reasoning as in the initialization, we have the property

Ve, > 0,3y such that ||f]| <7 = [|fi]| < e1. (4.2)
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Besides, Vx € R?

~ ~—1 ~—1 ~—1
ZinPi(X):Zﬁopi(X)+Z<inPiOP1 oPl(x)—fioPiopl oPloPl- OPZ‘(X)>
i i i>1

:f(x)+z(fioPionlflopl(x)—fz-oPZ-oPVliloploEiloPi(x)).

i>1

If x = 2]- Ajej, then

P;o 131_1 oPjo 131'_1 o Pi(x) = Z AiP;(e;)
jGRlﬂRi

and .
Pi ¢] Pl @) P1 (x) = Z A]Pl(e])
jERlﬂRi

It follows that for all i, we have
inPz'Oﬁl_l o P(x) =inPi0131_10P1 0B o Pi(x),
s0 Y fi o Pi(x) = f(x). Now, Vx € RY,

| Zion fio Pi(x)] _If(x) — fioPy(x)]
1+ |x|? 1+ |x]?
f(%)] fioPi(x) " 1+ [Py(x)]?
14 |x]2 0 14 |P(x)]? 1+ |x|?

1AL+ 11A2l] < max(L, [[[Py]]). (4.3)

IN

The rest of the proof is a combination of Property (4.2), Equation (4.3) and of the
induction hypothesis.

Applying the induction hypothesis for P,,...,P, to f = Y. fi o P;, we find
nép Y such that

||f~H < ﬂép_l) — Elfz,...,fp such that Zﬁ oP = fand vie[2,pl fill <e.

(p—1)

Using (4.2), we find 5 such that ||f|| < 7 = ||f1]] < WIHPHHZ) Eventually,
(p—1)
using (4.3), for f such that ||f|| < e = min(y, '762 ),
(p=1) (p—1)
= Ne e 2y _ (p-1)
o P < + x max(1, ||| P = ,
||1>21fl 1||— 2 2max(1,H|P1H]2) ( ||| 1||| ) Te
which concludes the induction. O

4.2.2 Existence of solutions for (GWB)

We show in the following that the primal minimization problem (GWB) has solu-
tions and that a solution is generally not unique. The duality is not used here.

Proposition 64. The problem (GWB) has solutions.
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Proof. First, assume that Y/, |Pi(x)|? is coercive. Let v" be a minimizing sequence
for (GWB). It follows that the whole sequence W, (P#v", v;) is upper bounded. For
any coupling (X, Y) of (P#v",v;), we can write (using Cauchy-Schwarz)

E(1X — Y[?) > [\/E(X]2) — /E(Y]2))

It follows that \/E(]X]?) < E(|X —Y[?) + /E(|Y|?) and this is valid for any
coupling (X, Y) of (Pi#v", v;), in particular for a coupling which attains the minimum
of E(|X — Y|?). For this particular coupling, we get

2
/ x[2d(P#v") = E(|XP) < (wz(p#u )+ 1// |x]2dvi>
R4 R4

The right terms are both bounded independently of n and since i takes only a finite
number of values, it can be upper bounded also independently of i. We call M such
an upper bound. It follows that

P P
/ 3 1P () Pty = 2/ Ix[2d(Pi#v") < Mp.
R? =1 i=1/R4

We have assumed that !, | P;(x)|? is coercive. It follows that for any € > 0, we
can find a compact K such that Vx ¢ K, Y/, |Pi(x)|* > @. Thus,

V"(RY\ K) < / Z]P )[Pdv” <0 Z|P )Pdv' < e.
RI\K j=

Such a compact K can be found for any positive €, so the sequence v" is tight. It
follows, by Prokhorov theorem, that there exists a probability measure v and a sub-
sequence of (v"") which converges weakly to v. Without loss of generality, we still
call this sequence (v"). It is easy to show that for each i = 1,...,p, P#v" also con-
verges weakly to Pi#v, and thus W, (P#v",v;) — Wh(P#v, v;) since W, metrizes the
weak convergence on P,(IR%). Thus, v is a solution of (GWB).

If Y7 |P;(x)|* is not coercive, it means that some directions of R (all directions
in N}_, KerP) are not seen by the projections P;. In these directions, the minimizing
sequence (v") has no reason to converge and could for instance oscillate between
different measures, without affecting the value of the cost Zle AiWZZ(vi, P#v"). In
this case, we can instead construct a solution v of the problem in (N/_, KerP;)*, since
Y7 |P;(x)|* is coercive on this subspace. Any probability measure on the whole
space R? with marginal v on (N}_, KerP;)* is a solution of (GWB). O

We don’t have uniqueness of the solution in general. Even if Y/ | |Pi(x)|? is
coercive, if v is a solution, any probability distribution y on IR? satisfying Pi#v = P#u
foralli = 1,...,p is also a solution of the minimization problem. The question of
the existence and uniqueness of probability measures with known and overlapping
marginals is a difficult and important problem in probability, see for instance the
recent paper Kazi-Tani and Rulliere, 2019.

Observe that if one of the P; is an isomorphism of R and the corresponding v; is
absolutely continuous, we have uniqueness since v — Y_!_| W2(v;, P#v) is strictly
convex in this case.
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Figure 4.2 shows an example where the measures v, ..., v, are several 1d pro-
jections of a discrete measure (in yellow) in R%. In this case, the problem (GWB)
has at least one solution given by the yellow distribution and for which the value of
the energy is 0. We show in black the reconstruction of a probability measure with
exactly the same projections. The algorithm used for this reconstruction will be ex-
plained in Section 4.4. We see that when the number of 1d projection increases, the
reconstructed measure tends toward the discrete yellow measure.

4.2.3 Link between (GWB) and multi marginal optimal transport

In the following, we write D = dj + --- +d, and we assume that Y/ | A;PTP; is
invertible. For ¥ = (xy,...,x,) € R% x - -+ x R%, we define

1
p p p

B(X) = B(x1,...,xp) = arg HGI]II{} Y Ailxi = P(y)|? = (Z /\iPiTPi> Y APl (x;),
yeR? = i i

and we also define the cost ¢(X) by

(%) = ém _B(BE)

We propose to study the multimarginal problem for the measures vy, ..., v, and cost
function ¢, i.e.

inf { /IR sy COAYE), Y €100y, . .,vp)} (MM)

Proposition 65. The infimum in (MM) and (GWB) are equal. If vy is a solution of (MM),
then v = Bi#y is a solution of (GWB).

Proof. Lety € II(vy,...,v,) and define v = B#vy. For all i, we define 7; the projection
from RP = R% x --- x R% to R% such that mi(x1,...,%p) = x;, and define 7v; =
(71;, P; o B)#y. We easily check that v; € I1(v;, Pi#v), since VA € R%, 4;[A x R%] =
(i, Pio B) 7 (A,R%)] = y[{x,x; € A}] = vi[A] and i[R" x A] = (P; 0 B)#y[A] =
Pi#(B#v)[A] = P#v[A]. Thus,

W2 (vi, Pv) < /

lx —yPdyi(x,y) = [ |xi— (PioB)(%)[dy(%)
R% xR% RD

As a consequence, for all v € I1(vy,...,vp),
Y AW Pit) < [ (@i (o).
i RP
This holds for any y € I1(vy,...,v,) and thus (GWB) < (MM).

Conversely, let y € F'N MY (R?) and ; € T1(v;, P#u). By the disintegration
theorem, there exists a family of probability measures (ﬂly) yeRY such that 1; = my ®
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FIGURE 4.2: In this example, the measures vy, ..., v, are several 1d
projection of a discrete measure (in yellow) in R?. The number of
projection varies from 2 to 5. The reconstructed generalized barycen-
ter is shown in black, illustrating the non uniqueness of the solution
(this black probability measure has exactly the same projections as
the yellow one). The more marginals there are, the more accurate is
the reconstruction. For 5 projections, the reconstructed generalized
barycenter is the same as the original distribution.
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(Pi#u), which implies that for all f positive and measurable on R% x R%

Lo it = [ ([ o) e )
R"i x IR% R% R%
= [ ([, #emonan ) dntw
R4 \JR%
— [ (] o ) x,) ) dto
R¢ \JRD
We define the probability measure 6 by

s@ase) = [ ([ @) ) ) i)
RD R4 RD

By construction, 6 € I1(vy,...,v,). Indeed,

[ seao = [ ([ sl ). .dn,f;m(xp)) i)
= /IR P AC O C / f(x)dvi(x

Finally, for any distribution p and 771, ..., 1, in I1(vy, Pi#p), ..., I1(vy, Py#u), we have

P
Y[, = vl =LA /. (/ xi—Pi<y>\2>dni’“”<x1>...dnp“”(xp))dy(y)
i 1X ]

P,
N RDzMxl— ()P (1) .y () (y)

/]RWDZA |xi — P(B(®))) P (x1) . ..d;yﬁ’”(y)(xp)dy(y)
= / o(X)do(X) > (MM)
R4

So we have, for any u € F'n ML (R?),
ZA W3 (v;, Pi#tu) = mf ZA / — yil*dni(xi,y) > (MM)
i IRle]Rd

It follows that (GWB) > (MM), thus (GWB) = (MM).
We have seen that if (MM) admits a solution v, then defining v = B#7, we have

(GWB) < Y AW3 (vy, Ptv) < / c(x)dy(x) = (MM) = (GWB)
i R?

This yields
(GWB) = Y A;W3 (v;, Pv)
i

O]

The previous proposition clarifies the link between the (GWB) and the (MM)
problems. Since the (MM) can be solved by linear programming, we can derive
from this equivalence a way to solve (GWB). Before that, we give in the following
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FIGURE 4.3: Left: A-shaped original distribution (in yellow) and

three 1D projections. Center: Solution of the corresponding multi-

marginal problem (MM) for these three projections. The solution of

the multimarginal problem (MM) is supported by a plane, as shown
in Proposition 66. Right: Generalized barycenter (in black).

some insights on a specific case where all the probability measures v; are projections
from the same high dimensional probability measure v.

Proposition 66. Assume that v is in P,(R?) and for each i in {1,...,p}, v; = Pi#v.
Let P : R? — R4 pe the linear application defined by P(x) = (Py(x),..., Py(x))
Vx € RY. The probability measure v is clearly a solution of (GWB), and v = P#v isa
solution of (MM). Ifd < D, vy is supported on a subspace of dimension d of RP.

Proof. The fact that v is solution of (GWB) is obvious by definition of the v;. Also,
by definition of B, we have for each x € R?, B(P(x)) = x. For v = P#v, clearly
v € I1(vy,...,vp) and we have

[ LA~ BB =0,

dytetdy =

which means that y = P#v is a solution of (MM). Since P is linear, and v lives in IRY,
if D > d then 7 lives in a subspace of dimension d of RP.
U

For instance, for a probability measure v on the plane (d = 2) and three linear
projections on lines P;, P>, P3, then the solution v = P#v of the multimarginal prob-
lem (MM) on IR? will be supported by a plane.

4.3 Solutions of (GWB) for Gaussian distributions

When vy, ..., v, are normal distributions, we show below that the generalized Wasser-
stein barycenter can also be a normal distribution, and how its parameters can be
computed in practice.

Proposition 67. If vy,...,vy are all non-degenerate Gaussian distributions with Vi €
1, pl,vi = N(ui, S;i) and v is a Gaussian distribution with expectation y and covariance
S, with

p=Bp1, - ip)

and S a symmetric positive definite solution of

52 (Zmpﬁa) s/ = yoa (s (pTsim) $7) ", (4.4)
i i
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then v is a generalized Wasserstein barycenter for the GWB problem associated with the v;.
Proof. The quadratic transport cost between two distributions # and ' is equal to

W3 (n,1") = [Ely] — E[y1|> + W5 (7 — E[q], 7" —E[y']) .

Therefore, we have
E[v] = irJ}fZ/\i]Pi(x) — IE[V,HZ = B(p1,.--, 1p)-
i

and we can assume that the v; have 0-mean.

Let S be a symmetric positive definite solution of (4.4) and let v = N (0,S). We
know from Villani, 2003 that there exist convex potentiels ¢; such that Vi; is the
Brenier’s map transporting v; to P#v and from Knott and Smith, 1984 that Vi is a
linear map represented by the matrix

—1/2
T, = S (s}/zpispfsj/z) S\,

1

Let K; = /> and L; = $”?P]. Using the identity

1/2

1/2 _
(LiKZ-ZLiT> — LK (KiLZ-TLiKi> KLT

17

we can rewrite Equation (4.4) as
T -2 1/2 T 1/2
Y ALK (KZ-L,. LZ-Ki> KL =SV [ Y AP, | S,
i i
which gives
_1/2
Y NSRS (S/°PSPIS)?) SRS = 8V (Z/\iPiTP,) s,
i i
and then, since S is invertible,
Z APIT, P, = ZAiPiTPi.
1 1

So we have,

;)\ZV(IPZ OPZ') = ;/\ZV B .

Integrating the previous equality, we have a constant C € IR such that

Vx € IRd,Z/\Z' <|PZ(2x)|2 — l[JZ*(Pl(X))> = C.

By Kantorovitch duality, we have

<’x2i’2 - 1Pi(xi)> dvi(x;) + /Rdi (|y2i‘2 — l/)?(yi)> dP#v(y;)

- [ (B i)+ [ (BDE e vt
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Therefore, summing over i we have
1 IW2(1,. D _ . |xi|2_ (e (e ‘ | P;(xi)
Z;Alwz(v,,Pl#v)—Zi:/\,/Rdi< i) dvl(xl)+/md;)\,
|xi?
:Z/\i - > —i(x;) | dvi(x;) + C.

- zpf(Pi(x))) v

Now, let u € F'NP(R%). For i € [1, p], using the conjugate inequality (x;,y;) <
¥i(x) + ¥¥ (y), we have

lxi —yil* _ |xl?

5 > ) _l/)i(xz>

|y1|2

— 97 (vi)

which gives after integration

Pt 5 [ (B =) ane+ [ (P - g ) duo

Summing over i, we obtain

;Zj:/\iwzz(vi/ Pitu) > ;Ai/d, (|x£|2 '(%’)) dvi(x;) + /Rd ;Ai <Pi(2x)‘2 - wf(Pi(x))) d(x)

R%
|xil*
> ZM/ — —¢i(x;) ) dvi(x;) + C
- R 2
1
> 5 Z:/\z‘vvz2 (vi, P#v),
1
which proves that v is a generalized Wasserstein barycenter.

O O

Proposition 68. Keeping the same notations as the previous proposition, if the equality
Y }\iPiTPi = 01 holds, with 6 > 0, then Equation (4.4) has a symmetric definite positive
solution.

Proof. In this case, Equation (4.4) becomes

=3 En (o oram) )

i=1

Let a; and B; be the lowest and highest eigenvalues of S; and «, B such that

0<n s TN g (1 B )

We define K, g the convex and compact set of symmetric matrices S such that
al < § < Bl For S € K, g, we define

S o (ren) )

i=1

<>, \
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We know that ) ; AiPiTPi = 0l;,sowehave forally € RY,

Y AP = dlyl>

Therefore, Yy € RY,3j € [1,p] such that |P;(y)| > Vily| and Yy € R, V] €

L pL B < /£ 1yl

Now, let x € R and j such that |P;(S"2x)| > v/5|S"2x|. We have
%752 (pst]-pj) SY2x|? > | Py(SY2x)|? x aj > i SV2x[2 > S| x|
So we have

e 1))

mini /\12061'
“ . S—

5 >Id > CKId.

Similarly, we have, for all x € R?andi € 1L, »l,
X752 (BTS;R) §72x| < [B(SVx) [ x p; < B2 s af2 < PP
Ai A
SO
1
Y (51/2 (PZ-TSiPi) 1/2) Z Mpib < BL,.
1
Eventually, we showed that
VS € Ky p,al < F(S) < Bl

So F is a continuous self-map of K, g. So, from Brouwer’s fixed-point theorem, it

exists a solution to (4.4) which is symmetric definite positive.
O

The condition Y ; A;PI P, = 61, is quite restrictive. Figure 4.7 shows an example
where such a condition is satisfied. If the P; are orthogonal coordinate projections,
then it means that each coordinate must be represented the same number of times.
In general, it is not satisfied. However, we can still recast Equation (4.4) into the
following fixed point equation:

-1
"7 <ZAiPiTPi> Y AST (51/2 (P iTSiPi) 51/2)1/2 57, (4.5)
i i

or formally into (up to the square root unicity)

5— <Z AiPZ-TPl) B YA ((PiTSiP,) s)l/z. (4.6)

using the identity

(s—l/z (51/2 (PiTSiPi> 51/2)1/2 51/2>2 - (PiTSiPi) S.
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Equation (4.5) and (4.6) could both lead to an iterative fixed point algorithm. How-
ever, these fixed point equations no longer being symmetric, we were unable to
prove existence of symmetric solutions. In practice, we tried to iterate on Equation
(4.6) (using the algorithm of Deadman, Higham, and Ralha, 2012 to compute square
root of matrices with no negative eigenvalues), alternatively with a symmetrization
of S, and this seems to converge toward a satisfying result. This is the algorithm
used to compute Gaussian solutions of (GWB) in Section 4.4.

4.4 Experiments

This section gathers some experiments illustrating the behavior of the generalized
Wasserstein Barycenters. Thanks to Proposition 65, we can compute the Generalized
Wasserstein Barcyenter for discrete distributions using the multi-marginal Sinkhorn
algorithm presented in Section 3.6.5. When the considered distributions are Gaus-
sian, we use the fixed-point equation algortihm as presented in Section 4.3. We first
show several results of generalized barycenters between disagreeing projections in
3 dimensions, illustrating how (GWB) solutions find a compromise between several
distributions which do not coincide on their common subspaces. The section con-
cludes with experiments on Gaussian distributions, first in low dimension and then
in larger dimension with experiments on image patches.

4.4.1 Generalized barycenters in 3 dimensions between disagreeing marginals

Figures 4.4, 4.5 and 4.6 show several generalized barycenters computed with the
Sinkhorn agorithm between different sets of disagreeing marginals. In Figures 4.4
and 4.5, we show on the left the three dimensional barycenter v (black dots) between
the original two dimensional distributions v; (colored dots, each color corresponding
to a different 7). On the right, we show for each i the superposition of P#v (black)
and v;. For instance, in the top row experiment, the red square is narrower than
the blue heart in their common dimension, and the barycenter has to compromise
between these two shapes on this dimension.

4.4.2 Generalized Gaussian barycenters

We are able to compute solutions for (GWB) between discrete distributions with a
few marginals, and between Gaussian distributions using the results of Section 4.3.
Figure 4.7 shows two examples of a three dimensional Gaussian barycenter between
2D dimensional Gaussian projections. For the 3d distribution v = N (y, S), we show
only an ellipse corresponding to a level line of v. In the experiment on the left,
the three projections satisfy ; A;PTP; = I, but the condition is not satisfied by the
four projections in the experiment on the right. Both barycenters are computed by
solving the fixed-point equation (4.6) which, in the left one, gives the same result as
Equation (4.4).

4.4.3 From patch distributions to image distributions

As explained in the first part of this manuscript, it is usual to assume stochastic
prior models on image patches (small square image pieces), and to use such priors
in a Bayesian setting for image restoration or synthesis. In most situations, these
models are infered independently on all overlaping patches and do not coincide on
their overlaps. In order to reconstruct a distribution on the whole image domain, we
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FIGURE 4.4: Generalized barycenters between disagreeing 2d distri-

butions. Each line corresponds to an experiment. On the left, the

three dimensional barycenter v (black dots) between the original two

dimensional distributions v; (colored dots, each color corresponding

to a different 7). On the right, for each i, we show the superposition of
Pi#tv (black) and v;.
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three dimensional barycenter v (black dots) between the original two
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FIGURE 4.7: Exemple of generalized 3d Gaussian barycenter between
2d Gaussian distributions on different subspaces. In the experiment
on the left, the three projections satisfy }; /\,-PiTPi = I, but the con-
dition is not satisfied by the four projections in the experiment on

the right. Both barycenters are computed by solving the fixed-point
equation (4.6).
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\
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FIGURE 4.8: We wish two compute a patch distribution on the rect-

angle below from two patch distributions on the squares above. The

rectangle is obtained here by fusioning the squares with an overlap of
a few columns.

need to compromise between all of these patch distributions and we propose to use
the generalized Wasserstein barycenters in this aim.

We focus here on simple experiments that can be seen as a proof of concept for
this application. Assume that we have two square patches with an overlap of a few
columns, as shown in Figure 4.8. Each patch i has its own Gaussian distribution v;,
and we wish to compute the Gaussian generalized barycenter vgwp of these v; on
the rectangle obtained by fusing the two squares on their overlap. This process shall
be called the GWB aggregation. As a comparison, we also show the results obtained
by computing the uniform average, v,if between the two distribution (the mean
and covariances are averaged on their overlap) called uniform aggregation, and the
distribution vy, obtained by fusion between the distributions (see Chapter 2 for
more details) called fusion aggregation.

The first experiment uses synthetic Gaussian patch models with a constant mean
and covariances shown on the left of Figure 4.9. The same Figure shows the covari-
ances computed for Vyif, Vfusion and vgwp. Figure 4.10 shows some samples of the
same distributions.

For the second experiment, we use Gaussian models infered from real images Zo-
ran and Weiss, 2011. Covariances and samples are shown on Figures 4.11 and 4.12.

The fusion aggregation forces the distribution to have the same value on their
overlap. In Figure 4.10, it makes the right side of the patch uniform, making the
horizontal border vanish, as it is the only way for the two patches to coincide. In
the experiment with real models, it gives more weight to the patch with the lowest
variance (the left one), leading to ignore the right one on the overlap.

The GWB aggregation and the uniform aggregation give quite similar results. It
can indeed be shown that if the covariance matrices S; and S, commute, the two
solutions vgwg and v,y will coincide. However, behaviour differences can still be
observed. As we can see in Figures 4.9 and 4.11, the resulting covariances of the
GWB aggregation has more intermediate values. This implies more smoothness and
coherence in the results. In Figure 4.10 for instance, we can see that both methods
divide the domain of the patch on the right into 4 blocs. As in the uniform aggre-
gation, they all seem independent, while they tend to agree more horizontally in
the GWB aggregation. This effect is however less perceptible with messier models,
like the one in Figure 4.12. Yet, in this experiment, the uniform aggregation makes
appear straight line that divides the patch in 3 blocs (we clearly see the distinction
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FIGURE 4.9: Covariances of the different models for the first experi-
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FIGURE 4.10: Set of independent samples for each distribution for the
first experiment.
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FIGURE 4.11: Covariances of the different models for the second ex-
periment.

between where the patches overlap and where they do not) that are not present in
the GWB aggregation, giving a slightly nicer visual result.

4.5 Conclusion

In this chapter, we have introduced a generalization of the Wasserstein barycenters
to a case where the initial probability measures live on different subspaces of RY. We
have studied the existence of this barycenter, its dual formulation and shown how
it is related to a larger multi-marginal optimal transport problem and a fixed-point
equation in the Gaussian case. We applied our results on small examples related to
the original motivations of this thesis. It appears that GWB behaves nicely in practice
on point clouds, and gives interesting reconstruction from different marginals, but
the patch application is not completely satisfying: the W, norm appears to be a poor
choice to compare patch models. However, this study gives a basis for investigations
on generalized barycenters with different norms or costs, as particular problems
arise from the utilization of projections.
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FIGURE 4.12: Set of independent samples for each distribution for the
second experiment.
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Conclusion and perspectives

Patch-based algorithms are an efficient solution to the image denoising problem,
and more generally to image restoration. They have been widely studied in the past
years and still have a lot of potential, and we believe that patch aggregation should
play a big role in their future development.

We focused in this PhD on the conceptual study of patch aggregation. The first
part proposed a new formalization of the aggregation step and a new way of com-
puting it, and the second part is a direct extension of this work aiming to design new
fusions with optimal transport theory.

The first proposed fusion operation has an interesting behavior but still suf-
fers from some limitations. We intended to improve and develop the idea using
quadratic optimal transport theory. However, as explained in Chapter 2, the quadratic
norm is not the most appropriate norm for patch models application. Unsurpris-
ingly, the experimental results of chapter 4 are not completely convincing. This work
still represents a first step toward an aggregation theory, raising some unexpected
problems, that would be interesting to explore in the future.

Wider class of restoration problems

Even if it is not fully satisfying, the proposed fusion of Chapter 2 showed some in-
teresting behaviors. We focused on the denoising problem for the sake of simplicity,
but this could be applied to a wider class of image restoration problem.

The classical linear degradation it = Au + € does not change the setup. This ex-
tension concerns more the editing step, which similarly provides a posteriori patch
models that we can merge in a similar fashion.

The strength of the fusion is its flexibility and its coherence. We think that the
presented ideas could be used to merge patch models in more exotic fashions, for
example when dealing with missing data and in a multi resolution framework. This
would obviously depend of the considered fusion, but maybe some general ideas
could emerge from these considerations and lead to interesting developments.

Development of an aggregation theory

In part II, we introduced the generalized Wasserstein problem, following the dis-
cussion of part I. As we saw, this problem has lots of similarity with the classical
barycenter problem, but raises new issues and theoretical question. This could be
the starting point of a hypothetical aggregation theory that would study the interac-
tion of overlapping objects.

In particular, the formulation of Assumption 1 is very simple but turns out to be
surprisingly tedious to prove. We managed to prove it in a particularly convenient
case, but it seems that this proof can not be generalized, as the problem is completely
different without the coordinate basis assumption. It appears that the problem is
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deeply related to the space F (defined in Section 4.2.1). In the coordinate basis as-
sumption, we are able to create functions of F thanks to the input functions f;. In
general, it is not possible and the problem appears to be somewhat degenerated.

In the simple case with 3 marginals and 2 variables, and with P;(x,y) = x,
Py(x,y) =y and P3(x,y) = x + y, the space F reduces to

F = {(AIXl,AIX2, —)\Ixs),‘)\ S R}
It means that in the conditions of Assumption 1, we have to show that
Vie {1,2,3},IA e R;Vx; € X; = R, fi(x;) = Ax; —i—ﬁ(xi) with HﬁH <€,

which is already tricky and difficult to prove.

We believe that Assumption 1 holds more generally. It seems that the prob-
lem, even if it does not look difficult at first glance, might be too hard to be tackled
frontally and must be formulated otherwise. We would be curious to shove in this
direction.

Application to GMM

All the algorithms presented in this thesis apply to single Gaussian distributions.
However, most of the models used in image restoration procedure are GMMs. We
chose to select the most likely components of the mixture, which may seem reason-
able (and justified by the success of NL-Bayes for instance), but we believe that this
is only valid in a context of uniform aggregation. One of the strength of the patch
model fusion is to keep track of the model. We believe that merging the GMMs
instead of the most likely Gaussian distributions can lead to a huge improvement
in performance. Indeed, it would give much more flexibility to the reconstruction
and enable to give more weight to the unlikely and unprecise components which are
mainly the borders. Delon and Desolneux, 2020 introduced a Wasserstein type dis-
tance restricted to GMMs, by imposing the transport plan to be a Gaussian mixture
as well:
2 2
MW= it [ ey,
where GMM,,; is the space of all Gaussian mixture models of dimension 24 and
u and v belong to GMM,. They showed that if we have y = ZkK:1 appy and v =
Zlel 1511/1, then
MW; (i, v) = min Y wi W3 (pg, vi).-
well(a,B) Kl

This distance could be used to perform a generalized barycenter for Gaussian
mixtures, roughly by replacing W7 by GWB in the previous equation. This would be
more adapted to our application, since working with single Gaussian is a big limita-
tion of patch model aggregation. However, it cannot be applied as such in the actual
fusion framework, as the number of components would explode exponentially in the
number of fusion. One needs to find a way to restrain the number of components of
the GMMs. This is a direct path of development that I intend to explore.
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Other costs

The I, norm is useful for its convenience and the well-understanding of its behav-
ior. It has lots of practical and theoretical advantages, but its behavior is far to be
ideal, as it for instance separates the expectation from the covariance. It was a good
starting point to study the generalized Wasserstein problem, but the application that
motivated it would benefit from extension to other costs, like the /{ norm. Some re-
sults presented in Chapter 4 can be written with more general costs. For instance,
the proof of the correspondence between GWB and the multimarginal formulation
(Proposition 65) does not use any specificity of the I norm, except for the well-
definition of B. However key results like the duality relation or the existence of
solutions rely on the particularity of the square norm, and we don’t know how they
could be generalized. This study should come along with the developments of the
regular Wasserstein problem and an hypothetical aggregation theory. It would, in
any case, be of major interest for the application to the aggregation step.
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