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Abstract

In this thesis we discuss how to model a Water Distribution System(WDS) by
means of a surrogate graph p-Laplacian model, with 1 < p < 2.

We exhaustively discuss both numerical and theoretical aspects, within the frame-
work of graph based inverse problems, convex analysis and Legendre duality.

As an application of the proposed techniques, we extend the results that we
achieved on WDS modeling to a larger class of graph-based optimization prob-
lems.

The basic idea is that, starting mainly from data on pipe characteristics and
measurements of water pressure and water fluxes inside pipes, it is possible to
accurately determine an edge-based distribution of edges weights and p-values
on the edges so that the corresponding weighted p-Poisson equation can be effec-
tively used as a Digital Twin of the WDS under study. The successful completion
of this part required the determination and subsequent numerical solution of an
appropriately regularized inverse problem (a variant of Calderon’s inverse prob-
lem) defined on the WDS graph.

The peculiar characteristics of a WDS, whereby neighboring pipes have typically
the same edge-constant properties (read weights and p-values) required the use
of a Total-Variation (TV) based regularization.

Thus, on the second part of this thesis we focused on the variational character-
ization by duality methods of TV regularizers embedded in the solution of the
weighted p-Laplace inverse problem.

We discuss how to properly rewrite a convex energy functional into an equivalent
saddle point formulation, to tackle the problem of finding it’s minimizers from
an alternative and more performing perspective. We extensively study the case
of the p-Dirichlet energy for 1 < p < 2, and of the Total Variation energy as limit
case for p — 1, including it’s application as a regularization term in various type
of inverse problems.

The derivation of these saddle point formulations is essentially based on the itera-
tion of the Legendre transform combined with ad-hoc substitutions and transfor-
mations of the involved variables. Indeed, this is a classical technique in convex
optimization theory and widely used in the variational formulation of partial dif-
ferential equations.

These resulting equivalent formulations based on duality theory, leads to a class of
saddle point problems that can be efficiently translated into accurate and robust
numerical methods based on variant of the Dynamic-Monge-Kantorovich(DMK)
equations developed earlier by the supervisors research group for the numeri-
cal solution of the L1 Optimal Transport problem. Moreover, we discuss both
theoretical aspects and numerical implementation of the proposed formulation
showing also the efficiency and robustness of the developed algorithms on both



classical problems and real-world examples.

On the third part of the thesis we focus on the development of numerical schemes
for the nonlinear eigenvalue problem of p-Laplace operators on graphs with 1 < p.
The aim of this part is to provide a proper efficient numerical scheme in order to
use eigen-information of the p-Laplace operator governing the specific WDS to
develop Machine-Learning and surrogate models. A family of Energy functions,
inspired again by the DMK approach, whose critical points can be proved to
be variational eigenpairs of the p-Laplace operators, have been used to develop
gradient-flow algorithms for the numerical calculations of p-eigenpairs.
Unfortunately, only partial results have been achieved in this topic due to two
main difficulties inherently related to the nonlinear eigenvalue problem. On one
hand, the non-regularity of these energy functions in the presence of eigenpairs
with multiplicity greater than one may cause non-convergence of the developed
gradient-based method. The second important difficulty is related to the position-
ing of the found p-eigenpairs within the p-spectrum. Indeed, the interpretation
of the DMK equations deriving from the KKT conditions of the proposed energy
functions as an appropriate weighted linear Laplace eigenproblem allowed the
definition of an approximate ordering of the numerically calculated p-eigenpairs.
However, a complete solution of this problem is still elusive and is left of a matter
of future developments.
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Introduction

This thesis is focused on modeling a water distribution system (WDS) through
a surrogate p-Laplacian model. This problem can be genuinely connected to the
framework of graph based machine learning and graph based inverse problems
with PDE constraints.

Different techniques has been appositevely developed for the numerical solution
of this problem and collected into three main chapters, which can be related but
also be of independent interest.

For this reason, we provide here a brief introduction, summarizing the main
concepts and ideas which are then presented in details on the relative chapters
and their exhaustive introductions.

When dealing with the mathematical modeling of a Water Distribution System
(WDS), it is natural to consider a graph-theoretic setting, where features such as,
e.g., pipes, intersections, house services, tanks, pumps, and valves are effectively
represented by means of nodes, edges and their related properties. It is natural
to express the physical laws that govern the hydraulic dynamics of a WDS, such
as mass and momentum balances, localized and distributed energy losses, input
and control structures, demands, etc. via tools from the graph theory framework.
This is explained in some details for example in [141], with predominant emphasis
on topological characteristics for WDS reliability analysis.

Accurate modeling of an operational WDS is a complex task mostly attributable
to the non-stationarity of the system inputs. Indeed, a considerable number of
variables and parameters involved in the model may have changed during the
WDS lifespan because of, e.g., pipe degradation, valve malfunctioning, varied de-
mand, added connections, etc., and the model developed in the design phase may
not be accurate forcing a re-development of the simulation model. In general,
this development together with the tuning of the new parameters is problematic
especially because of the frequent lack of available data [38, 122]. Therefore, aim-
ing at recovering a detailed Physics-Based (PB) operational model of the WDS is
very often an unrealistic task. This suggests the idea to look for surrogate mod-
els, namely simplified-reality models that are relatively easy to tune and capable
of describing the dynamics of the WDS with sufficient (controlled) accuracy.

In the last decade, Artificial Intelligence (AlI), alias Machine Learning (ML) and
all its derivatives such as deep or reinforced learning, has seen a dramatic devel-
opment and found extensive application in surrogate modeling of WDSs, espe-
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6 INTRODUCTION

cially within the field of leak detection [75, 86, 90]. These approaches are named
Data-Driven (DD) for their extraordinary ability to approximate data without
any knowledge of the underlying physical processes that generated the data. We
observe that pure DD methods, where the physics-based model is replaced by
machine/deep learning schemes trained on available data, turned out to be often
unsatisfactory as the dynamics of the WDS pressure is completely ignored [86].
In our view, the low prediction ability of ML-based surrogate modeling is es-
sentially based to the absence of physics in the modelling setting. Indeed, the
nonlinear regime governing a WDS increases the model sensitivity to parameter
variations and, as a consequence, the ill-conditioning of the related calibration
inverse problem. One of the founding ideas of this thesis is that the use of
a simplified but nonlinear surrogate model substantially reduces the danger of
over-parametrization and increases the prediction ability of calibrated surrogate
models in WDS simulations.

A typical nonlinear model problem extensively studied in the mathematical liter-
ature is the so-called weighted p-Laplacian operator, a nonlinear extension of the
classical Laplacian operator. To define this operator, one starts from the water
fluxes that are parallel to a pressure gradient and are characterized by a con-
ductivity constant w multiplied by the modulus of the pressure gradient raised
to the power p — 2. The mass balance arising from such fluxes produces the so-
called weighted p-Laplacian (or p-Poisson in the presence of a forcing function)
equation.

One of the goals of our work is to verify if and how a WDS can be effectively
described using a p-Laplacian-based surrogate modeling. For this purpose, we
recast standard WDS modeling approaches within the framework of a weighted
p-Laplacian operator. Once this has been established, we use synthetic and real
test cases to calibrate the weight w and power p to reproduce standard modeling
results and verify that the wanted prediction accuracy can be realized by the
proposed p-Laplace-based surrogate model.

Hence, in this thesis, we propose a surrogate Data-Based (DB) model for for the
simulation of operational WDSs, which lies in the middle between PB and DD
approaches. Indeed, we make extensive use of collected data for model calibration,
and we also take into account the physical aspect by considering a dynamics based
on the weighted graph p-Laplacian operator.

As a consequence, we find out that our task can be efficiency solved by introducing
a non-linear extension based on the graph p-Laplacian for the classical Calderon’s
inverse problem on graph [42].

Differently from the standard approach to this problem, which is essentially based
on harmonic extensions, medial graphs reduction and Schur complements, we
adopt the framework of the primal-adjoint method, typically used in parameter
estimation for the continuous based two dimensional Calderon’s problem [95],
[26]. This is ultimately due to the need of adopting a sufficiently flexible ap-
proach which leads us to easily include further constraints on our parameters to



INTRODUCTION 7

satisfy the physical lows governing a WDS i.e. the edges weights w must to be
positive and the exponents p should be such that 1.4 < p < 1.8. Due to the lack
of convexity of the Calderon’s inverse problem, over-parametrization typically
occurs and the consequential appearance of multiple solutions force the use of
Tikhonov-like regularization terms to arrive at a feasible solution [14, 30, 69].

A very efficient class of Tikhonov regularizers are based on the Total Variation
of the design parameters and naturally leads to solution in the space of bounded
variation functions BV. The Total Variation energy, due to it’s enhancing sparsity
property on the gradient, plays an important role in image denoising and signal
reconstruction [26], [33], [64], [104], [115]. In the case of WDS, the Total Variation
is particularly suitable as regularization term since it is natural, by construction,
that there are sequences of pipes with the same diameters and materials, so
that we are expecting to retrieve clustered parameters and the TV has optimal
clustering properties.

Taking inspiration from the Hazen-Williams water losses formulas in WDS, we
develop a Legendre duality based saddle point formulation for the p-Dirichlet
energy which, in the limit case when p = 1 naturally interconnects the space of
BV functions with the positive Radon measures. Thus, following the work of [18],
[55], [59] on the L' Optimal Transport problem, we introduce a new variational
problem which leads us to reduce the computation of the Total Variation for a
function in BV as the computation of a saddle point for a Lagrangian function
that can be easily discretized with the standard methods of numerical analysis.

As a case of direct interest for this thesis, we state the discrete counterpart
on graph of the proposed saddle point method, where the differential structure
is given by the graph signed differences matrix. We then introduce an oppor-
tune smoothed version of our saddle point formulation for the Total Variation
energy which leads to a class of very efficient numerical solvers based on the
DMK (Dynamic-Monge-Kantorovich) scheme [54]. This smoothed formulation
can be easily incorporated as a continuous and differentiable approximation for
the TV Tikhonov regularization term in our WDS p-Laplacian inverse problem.
Furthermore, in the general case when 1 < p < 2, the proposed saddle point
numerical method can be efficiently recycled as a very fast iterative linear solver
for the p-Poisson problem on graphs.

As a consequence, all the proposed algorithms were implemented and integrated
in our numerical algorithm based on the Calderon’s p-Laplacian inverse problem
for the parameters identification of the edges weights w and the esponents p in
order to reproduce the piezometric heads distribution (pressure plus elevation)
and the water fluxes from synthetic pressures, fluxes and demands data measure-
ments.

In the Last part of this thesis, as an introduction for future developments, we
propose a new reformulation of the p-Laplacian eigenpairs in terms of constrained
weighted linear Laplacian eigenproblems. In particular, we show that from this
reformulation of the p-Laplacian eigenproblem it is possible to deduce novel nu-
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merical methods, which are essentially an extension of the iterative numerical
solver for the p-Poisson problem that we developed for our surrogate p-Laplacian
WDS model calibration.

Thus, summarizing, the content of the thesis can be divided into three main
topics that are related but that can also be of independent interest.

1. In the first part we introduce the mathematical aspects of WDS modeling,
the available data and the physical laws governing a pressurize network.
Then, we introduce the role of the graph p-Laplacian as the main governing
operator describing the dynamics of piezometric heads and fluxes giving a
certain demand distribution. We enphasize the role of the various compo-
nents of a WDS network such as tanks, reservoirs, pumps, valves, emitters,
and their mathematical translation which in the p-Laplacian framework are
essentially various type of boundary conditions. We then propose our pa-
rameter identification model which will be the core of our model calibration
inverse problem, extending the notion of the Dirichlet-to-Neumann map on
graphs and introducing a variant of the classical Calderon’s inverse prob-
lem. Then, we describe our primal-adjoint based approach and the role of
the Dirichlet-to-Neumann map to ensure the well posedness of the problem
proposing moreover a topological based Line Graph Tikhonov type regu-
larization, based on the graph Total Variation energy. Finally we present
some numerical results based on synthethic data.

2. In the second part of the thesis we describe the main tool that we use for
the numerical solution of our WDS data calibration model as for the p-
Laplacian PDE constraint and mainly for the TV based regularization.

In particular, we propose a duality based saddle point formulation for the
p-Dirichlet energy 1 < p < 2 and it’s limit case when p = 1, namely the
Total Variation energy, both in the continuous and in the discrete graph
based setting. We also discuss how to properly rewrite, with similar argu-
ments, a larger class of convex energy functionals into an equivalent saddle
point formulation with the ultimate goal to tackle the problem of finding
their minimizers from an alternative and more performing perspective.
Our initial idea is based by observing that iterating the Legendre trans-
form, and selecting opportunely the state and conjugate variables, we can
translate the p-Dirichlet energy into a classical weighted Laplacian mixed
formulation plus a mass term in the conductivity weight variable.

Then, we further show how to extend our saddle point formulation to a
larger class of convex discrete energies, providing also an example of ap-
plication to the minimal surfaces discrete energy. We also state theorems
and proofs for the most important results, essentially based on duality ar-
guments and some ad hoc extensions of classical convex analysis results in
[46]. Moreover, we propose novel numerical schemes based on the Dynamic-
Monge-Kantorovich(DMK) scheme first developed for the L! optimal trans-
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port problem ([55], [58], [54], [59]), and opportunely modified for the prob-
lem of computing saddle points of the proposed energies reformulations.
The computation of these saddle points is proved to be equivalent to the
problem of computing minimizers for the original energies, showing also the
advantages of this approach.

As an application, we show how to use our proposed techniques to the
numerical solution of classical problems, such as an iterative numerical so-
lution to 1-harmonic Dirichlet problem and the p-Poisson Dirichlet problem
on graphs. We also show some other applications based on using the Total
Variation and the [; norm as Tikhonov regularization terms in some discrete
optimization problems such as the classical ROF(Rudin-Osher-Fatemi) TV
denoising [104] and the compressed modes for the graph Laplacian [106].

3. In the third part of the thesis we discuss the problem of computing the
p-Laplacian eigenpairs. This matter has recently been investigated by dif-
ferent authors [21, 72, 139] leaving, however, several open problems. In the
thesis, we show that it is possible to compute the p-Laplacian eigenpairs as
the limit of sequences of weighted linear Laplacian eigenpairs. In partic-
ular, we observe that, for any p € [2,00], it is possible to reformulate the
p-Laplacian eigenvalue problem as a weighted Laplacian eigenvalue problem
with constraints on the weights. Based on the weighted linear reformula-
tion of the p-Laplacian eigenvalue problem, we introduce a family of energy
functions such that the cardinality of the family is equal to the dimension
of the graph N, and the variables of the functions are weights on the edges
and on the nodes of the graph. Enumerated the energy functions from 1
to N, we prove that any smooth saddle point of the k-th energy function
corresponds to a p-Laplacian eigenpairs. In addition, we prove that the
first energy function has a unique saddle point, possibly not smooth, which
always corresponds to the unique first eigenpair of the p-Laplacian. Finally,
based on the above results, we investigate novel numerical methods devoted
to compute p-Laplacian eigenpairs in both the cases p < oo and p = .
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1 Modeling WDS via the graph
p-Laplace operator

1.1 Introduction

When dealing with the mathematical modeling of a Water Distribution System
(WDS), it is natural to consider a graph-theoretic setting, in which features such
as, e.g., pipes, intersections, house services, tanks, pumps, and valves are ef-
fectively represented by means of nodes and edges and their related properties.
Once a WDS has been defined over a graph, its modeling can take advantage
of the vast literature on graph theory (see e.g. Kepner and Gilbert [85] for a
recent exposition). This comprises important tools such as discrete analogues
of differential operators (graph Laplacians and p-Laplacians), divergence theo-
rems, and integration by parts, as well as linear algebra and related numerical
algorithms addressing, e.g., the numerical solution of linear systems and calcu-
lation of eigenvalues and clustering. Within this framework, it becomes natural
to express the physical laws that govern the hydraulic dynamics of a WDS, such
as mass and momentum balances, localized and distributed energy losses, input
and control structures, demands, etc. This is explained in some details for ex-
ample in Yazdani and Jeffrey [141], with predominant emphasis on topological
characteristics of the graph aimed at WDS reliability analysis. The latter has
seen a number of recent contributions based on graph theory, among which we
would like to mention [29, 31, 65, 66, 73, 97, 98, 107, 114, 127, 137]. All these
works leverage on the recent advances in complex network and cluster analysis
to determine aqueduct vulnerability to unforeseen and extreme conditions. How-
ever, the exploitation of graph theory results for modeling the hydrodynamics
and simulating the dynamics of a WDS is not yet developed.

In the past years a wealth of WDS simulators have appeared in the specialized
literature and are routinely used in engineering practice for their design and anal-
ysis (see [10] for a recent review). Various simulation approaches and techniques
together with the accompanying optimization methods have been developed in
order to obtain accurate simulations of WDS dynamics subject to complex de-
mands, both in terms of design and operational strategies [39, 81, 124, 133, 144].
Among the available software [10], EPANET is a well-known package and a de-
facto standard for the design of a WDS. It allows a precise planning of the WDS
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12 CHAPTER 1. WDS AND THE GRAPH p-LAPLACE OPERATOR

structure and its hydraulic dynamics, including an accurate description of all
the components and corresponding parameters, and it finds widespread use in
the WDS community. In this thesis it is assumed to be the reference model
for WDSs. Accurate modeling of an operational WDS is a complex task mostly
attributable to the uncertainty and non-stationarity of the system parameters
and the forcings. Indeed, aging certainly causes changes in the behavior of WDS
components because of, e.g., pipe degradation, valve malfunctioning, varied de-
mand, added connections, etc. This leads to changes in the parameter values that
best model the changed behavior of the system components. Hence, the model
developed in the design phase cannot be accurate for the entire WDS lifespan
and re-development or re-calibration of the simulation model is often required.
In general, this development forces a re-calibration and the tuning of the system
parameters, and this is often problematic especially because of the frequent lack
of available data [38, 122]. Therefore, aiming at recovering a detailed Physics-
Based (PB) operational WDS model is often an unrealistic task. In order to
resolve this concrete issue, various surrogate indices have been proposed in the
few last years and employed in WDS least-cost management tasks [108, 112, 126].
The aim of theses surrogate indices is to summarize in only a few numbers the
status of the WDS. Along this direction, one of the first approaches can be traced
back to [132], where a resilience index was designed as surrogate metric to assess
the dependability of a WDS. More recently, a further index built upon Todini’s
ideas has been introduced in [116] and compared in [117, 125] to other reliability
indices, such as the flow entropy or the flow-uniformity indices [93, 100].

The idea of surrogate metric naturally suggests to look for surrogate models, or
digital twins. These are simplified-reality models that are relatively easy to tune
and capable of describing the dynamics of the WDS with sufficient (controlled)
accuracy. In the last decade, Artificial Intelligence (AI), alias Machine Learn-
ing (ML) and all its derivatives such as deep or reinforced learning, has seen a
dramatic development and found extensive application in surrogate modeling of
WDSs, especially within the field of leak detection [75, 86, 90]. These approaches
are named Data-Driven (DD) for their extraordinary ability to approximate data
without any knowledge of the underlying physical processes that generated the
data. However, we would like observe that pure DD methods, where the physics-
based model is replaced by machine/deep learning schemes trained on available
data, turned out to be often unsatisfactory as the dynamics of the WDS pressure
is completely ignored [86]. Indeed, being ML essentially based on articulated re-
gression mechanisms, the prediction accuracy essentially depends on the training
data. In a non-stationary regime, where training data do not contain enough
information or do not reflect the changes in the WDS properties, an ML-based
model can be accurate only for short extrapolation times. This is a common
problem of ML and current research in Al looks for so-called “Physics-Informed”
Machine Learning (PI-ML) to add to the outstanding regression capabilities of
ML some physical knowledge of the system at hand [119].
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In our view, the low prediction ability of ML-based surrogate modeling, traced
back in the previous paragraph (and in the relevant literature) to the absence of
physics in the modelling setting, can be related further to the role of the nonlin-
earities introduced in the mathematical modeling of friction and energy losses in
a WDS. Indeed, the nonlinear regime governing a WDS has to main effects. On
one hand, it increases the model sensitivity to parameter variations and, as a con-
sequence, the ill-conditioning of the related calibration inverse problem. On the
other hand, the observations used for calibration are not in general representative
the entire interval of variation of the variables driving the system dynamics. This
latter problem, while negligible in a linear model, becomes highly critical in the
nonlinear case. The most important consequence of this is the so called over-
parametrization of regression models, which leads typically to ill-conditioning
and multiple solutions of both the direct and inverse (calibration) models. This
forces the use of Tikhonov-like regularization terms to arrive at a computable
solution [14, 30, 69]. One of the founding ideas of this thesis is that the use of
a simplified but nonlinear surrogate model substantially reduces the danger of
over-parametrization and increases the prediction ability of calibrated surrogate
models in WDS simulations and their concrete development.

A typical nonlinear model problem extensively studied in the mathematical lit-
erature is the so-called weighted p-Laplacian operator, a nonlinear extension of
the classical Laplacian operator. To define this operator, one considers water
fluxes that are aligned to the pressure gradient, i.e., they are parallel and go in
the same direction of the pressure gradient. The magnitude of the fluxes are
characterized by a conductivity that is a nonlinear function of the pressure gradi-
ent. The resulting flux is equal to the product of a constant w multiplied by the
modulus of the pressure gradient raised to the power p— 2 times the pressure gra-
dient. The mass balance arising from such fluxes produces the so-called weighted
p-Laplacian (or p-Poisson in the presence of a forcing function) equation. The
p-Laplace equation has mathematical properties that are similar to the linear
Laplace equation (p = 2) in terms of symmetry and dissipation properties that
provide well-posedness and well-conditioning of the related mathematical and
numerical formulations that can be easily related to those of the linear Laplace
operator. For these reasons, p-Laplace equations have been used extensively in
many different applications [20, 28, 47].

One of the goals of our work is to verify if and how a WDS can be effectively
described using a p-Laplacian-based surrogate modeling. For this purpose, we
recast standard WDS modeling approaches within the framework of a weighted
p-Laplacian operator. Once this has been established, we use synthetic and real
test cases to calibrate the spatial distributions of the weight w and of the power
p that best reproduce standard commercial simulations results (i.e., EPANET),
and verify that the desired prediction accuracy can be realized by the proposed
p-Laplace-based surrogate model.

In this chapter we propose a surrogate Data-Based (DB) model for for the sim-
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ulation of operational WDSs, and note that this approach can be position in
the middle between PB and DD approaches. Indeed, we make extensive use of
collected data for model calibration, and we also take into account the physi-
cal aspects by considering a dynamics based on the weighted graph p-Laplace
operator. More precisely, after motivating the introduction of such an operator
within this context, we show that it is possible to tune its two parameters, i.e.,
the value of the exponent p and the weight w, in such a way that the outputs
of an EPANET simulation can be reproduced within this simplified setting. We
test the accuracy of the proposed surrogate model by varying the number and
distribution of the data collected from the EPANET simulation in a small syn-
thetic aqueduct and in a real large scale aqueduct in the Veneto Region (Italy),
for which the design-phase EPANET model is available.

This chapter is organized as follows. First the mathematical notation is estab-
lished by providing rigorous definitions of all the mathematical objects, including
the p-Laplace operator, that are needed. We note here that, since the p-Laplace
operator has been studied mostly within the context of PDEs, we use a notation
that derives from it and make several references to the continuous case in an
effort to make the presentation more streamlined. All the relevant properties of
the used operators are discussed and proved if necessary. This first section will be
followed by a description of a standard WDS model, discussing standard nomen-
clature and components of a WDS, including examples of typical equations used
for localized and distributed energy losses, and types of simulations that are typ-
ically performed. The third section contains a discussion on typical data that are
available to a WDS operators and what are the data that will be available in the
future by the introduction modern metering technologies. Section 5 is dedicated
to the discussion and mathematical formulation of the inverse problems used to
calibrate the p-Laplace based model. This will include the development of the
needed mathematical theory as well as of the numerical algorithms that will be
used to solve the problem. Finally, Section 6 will report the numerical examples
obtained on synthetic and real aqueducts.
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1.2 The p-Laplace operator and the graph setting

The p-Laplacian operator is a non-linear generalization of the well-known Lapla-
cian operator. This operator, restricted to the graph setting, has received renewed
interest in the last few years because of potential application to machine learning
and data science [20, 28, 47]. In the continuous case, the p-Laplacian takes the

form
Ap(-) = —div([V()P2V ().,

The above equation is defined in an open domain 2 C R™ with Lipschitz boundary
and p € R with 1 < p < co. Obviously, for p = 2 we recover the standard Laplace
operator. The p-Laplacian operator naturally arises from the Euler-Lagrange
equation of the p-Dirichlet energy on W1P(Q), defined as:

1
£,() = /Q P

We are also interest in the p-Poisson problem, where given a profile function
g(z) : T — R defined on T' = 99, and a forcing term f € L¥' (), we consider
the following variational problem:

. 1 _
inf /\Vsow\p—/gﬂp, (1.2.1)

peWP(Q) Ja P

where @ is a lifting function such that @(z) = g(z), Vo € I'. The Euler-Lagrange
equation for problem (1.2.1) is indeed equivalent to the well-known p-Poisson
PDE with Dirichlet boundary conditions:

App=f, xecfl,

o(x) =g(z), =z=el. (122)

The value of p determines the regime of the non-linear diffusive dynamics, i.e.,
sub-diffusive if p < 2 or super-diffusive if p > 2. In particular, we highlight the
following two limit cases and their sample applications.

e Case p — oo: eq. (1.2.2) can be related to the PDE-based formulation
of the Monge-Kantorovich (MK) equations for the L' Optimal Transport
problem, if the Euclidean distance is assumed as cost function for the opti-
mal transportation problem [51];

e Case p = 1: the p-Poisson problem relates to the 1-Laplacian operator
and the Total Variation (TV) energy. These lead to solutions belonging
to the space of Bounded Variation (BV) functions [50, 52]. This case will
be exhaustively studied in Chapter 2, where we will also study the inter-
dependence between the p-Laplacian operator and the so-called Dynamic
Monge Kantorovich (DMK) approach, which has been introduced in [55-57]
to obtain approximate solutions of the above MK problem.
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Although the detailed analysis of our adaptation of the DMK approach is post-
poned, at the end of this chapter we will present its fundamental role in providing
effective numerical tools for tackling the p-Laplacian inverse problem of interest.
In the graph-based setting, the p-Laplacian is defined to mimic the behavior of
the continuous counterpart. Before getting into details, we recall some important
ideas from the theory of graphs operators. We define a weighted directed graph
as a collection of edges, nodes, and edge weights, G = (E,V,w), where E is the
set of m = |E| edges, V the set of n = |V| nodes, and w is a weight defined on the
edges. Each edge e; € F is characterized by the pair e; = vjvg, with v;, v, € V,
and we write w; for the weight associated to the edge e;. On a graph, we can
define functions on nodes and functions on edges. We denote as H (V) = R™ and
H(E) = R™ the Banach spaces of real-valued functions on V' and FE, respectively.
Therefore, we can directly use the vector notation h = [hy,, ..., hy,| € H(V),
and write h, = h(v) for the evaluation at v € V, or, equivalently, the v-th
component of the vector h. With the same notation, we write g. = ¢(e) and
q= [Qeu A QE7rL] S H(E)

Assume that ¢ € {1,...,m} is the index associated to an edge e¢; € F and that
ky,ky, € {1,...,n} are the indices associated to u and v in V. We define graph
gradient operator V : H(V) — H(E) as the m x n signed incidence matrix
whose (i, j)-element is:

—1 if § = ky,
(V)i =<1 ifj =k,

0 otherwise.

Although the gradient matrix relies on the edge orientations, we point out that
such orientation is arbitrary and does not affect the construction of the operator.
Next, we define the graph divergence operator div : H(E) — H(V) as the
negative adjoint of the gradient, or in other words:

div = - V7,

i.e., the negative transpose n x m matrix of V. Indeed, given h € H(V), ¢ € H(E)
and e =uv € E, u,v € V, direct calculations show that:

hs (Vh)e = hy — ha, (1.2.3)
g (dive)u = D g, (1.2.4)

where v ~ v means that v is connected to u by an edge of the graph.
In analogy to the continuous case, we can define the weighted graph Laplacian
operator for a function h € H(V) as:

Ayh = —div(w ® Vh) = VI Diag(w)Vh, (1.2.5)
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where w € H(E) is a weight function, Diag(w) is the diagonal matrix with diag-
onal equal to ¢, and © is the Hadamard or entrywise product:
u®v:R"xR" — R"
(u®v); = u; - v; i=1,...,n.

Note that (1.2.5) is the matrix-vector product of the w-weighted graph Laplacian
matrix

A, = VI Diag(w)V,

and the vector representation of the node function h € H(V).
The w-weighted graph p-Laplacian operator, p > 1, can be defined as:

Apuh = —div(w’ ' © | VAP 2 © Vh) = V! Diag(c"' © | VA[P2)Vh.

As done in the continuous case, we can associate to A, a p-Dirichlet energy
and a p-Poisson problem on graphs. First, we recall that given ¢ € H(E) and
1 < p < 0o we can define the edges-based p-norm as:

1
P
lall, = (z\qe@ |

ecE

while in the limit case p = oo we can consider the [,,-norm
allioe = sup [ge] -
eclE

Letting p > 1 and w € H(F)" be a positive weight function, we define the
weighted graph p-Dirichlet energy for a function h € H(V'), hy < 00, Vv € V as:

—1

lw'® @V h|P
lp o

Epw(h) == .

3y W (V h)el? . (1.2.6)

eclk p
Now we want to introduce the p-Poisson equation on graphs. Before we do
that, we need to define the boundary of a graph. Thus we consider a graph
G = (E,V) and characterize the node and edge sets as the disjoint union of
internal and boundary sets [63]. In other words, given a proper subset B C V
of G, called the boundary, we have V. = (V; U B) and F = (E; U Ep) where
Er={uwv € E:u,v e Vi}and Egp = {uv € E : uw € Vi,v € B}. Now, for given
functions f € H(V;) and g € H(B), we can introduce the following p-Poisson
problem:

(Apuh)y=1fu veV;

(1.2.7)
h'u = g'U RS B7
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This problem can be given a variational formulation. Indeed, for a forcing term
f € H(V;) and non-homogeneous Dirichlet boundary conditions on the graph
boundary B, we can consider the equivalent formulation:

p—1 A p
inf S (ViR Pl > foho, (1.2.8)

B
hery (V) eclk p veEV]

where HE (V) := {h € H(V) | h, =0, Yv € B} and h is a lifting function such
that h, = gy forallv € B, and h, = 0 for all v € V;. The Euler Lagrange equation
for (1.2.8) is indeed (1.2.7). Moreover, by virtue of the Poincaré inequality [91],
problem (1.2.8) is strictly convex and coercive, and therefore it admits a unique
minimizer. Thus (1.2.7) admits a unique solution.

We would like to remark that, in addition to the parameter p, A, ., includes the
positive weight w, which, analogously to the exponent p, is a function defined
on the edges of the graph and is introduced to ensures physical interpretability
when using the operator in modeling physical phenomena along the graph struc-
ture. Indeed, in many situations, the weighted p-Laplacian can be employed as
a surrogate of more complex non-linear operators. However, in order to obtain
an effective model, it is necessary to carry out a fine tuning of the parame-
ter functions p and w. Thus, a non-linear inverse problem on graphs must be
solved [9, 76, 80, 101]. In the context of partial differential equations, inverse
problems are a well-established topic [8, 45, 68, 94] and are used for model-
parameter identification [26, 96, 118]. Typically, inverse problems are carried out
by minimizing the least squares of the difference between model solution and ex-
ternal observations (see [129] for an interesting discussion on linear or nonlinear
least squares in the field of inverse problems in water resources). To be able to use
a weighted p-Laplacian as a surrogate model of an aqueduct we need to address
this problem.

We now focus our attention to properties of the graph gradient and the graph
divergence operators that will be useful in the sequel. From (1.2.3), it is clear
that the kernel of the graph gradient matrix are the constant functions on the
nodes. On the other hand, from (1.2.4), we can easily see that a basis for the
kernel of the divergence operator consists of functions defined on the edges that
are constant on directed loops. As a consequence, denoting by 1 € H(V) the
unit constant function, we also have that for any f € H (V') for which there exists
q € H(F) such that f = divq, then

<Lf> = <LdiVQ> = _<VLCI> :O,

where (r,y) = 2Ty is the standard scalar product between vectors in R™. In
other words, we can write the following mass balance constraint:

f=divg = Y f,=0. (1.2.9)

veV



1.2. THE p-LAPLACE OPERATOR 19

An important tool that will be useful is the discrete counterpart of the divergence
theorem, given in the following Proposition.

Proposition 1.2.1. (Graph divergence theorem) Let G = (V, E) be a graph with
boundary set B. Given two node and edge functions ¥ € H(V) and ¢ € H(E),

then:
Z %(@5 : 73:)1) - Z (diV ¢)v¢v = Z ¢e(v w)e >

vEB veVr ecE

where, for any v € B, the graph boundary normal flow map is defined as:
(v,0) = (¢ V)y :=—(dive)y, V¢ € H(E), VveB.
Proof. The proof is obtained by means of the following direct computation:
=D (dive)ythy — > (dive)uthy = (VI §,90) = (6, YY) = > ¢e(V ),
veB veEV] e€E

from which the thesis follows. O
Consider now the following general non-linear elliptic operator on graphs:
h— VT Diag(a(h))Vh, heHV), a:HV)—HE)T.

From Proposition 1.2.1, we can introduce the following definition of the Dirichlet
to Neumann (DtN) map for a general graph elliptic operator.

Definition 1.2.2. (Dirichlet-to-Neumann map (DtN)) Let G(V, E) be a directed
graph with boundary B and let V be the associated gradient matriz. Given some
Dirichlet boundary data g € H(B), a forcing term f € H(Vr), and a sufficiently
smooth and positive map o : H(V) — H(E)' such that the following Poisson
problem admits a unique solution:

(V! Diag(a(h)) Vh)y = fo, v eV,
hy = ¢y, vEDB,
define the flur ¢ € H(E) as:
q := — Diag(a(h)) V hy .
Then for any v € B the Dirichlet-to-Neumann (DtN) map is given by:

(gv) = Aoz(gv) = (_q : 7)1} = (div Q)v = (VT Diag(a(h)) \ h)’lh VveB.
(1.2.10)

Remark 1.2.3. Differently from the continuous case where the DtN map is con-
tinuous [3](even in the case of the p-Laplacian), surprisingly in the graph case we
loose many of the good properties of the continuous case. Indeed, the DtN map
is proven to be continuous only on circular, critical and planar graphs [42, Th.

44, p. 76].
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Note that, from (1.2.9) and Proposition 1.2.1, we have the graph-based counter-
part of the classical boundary conditions in elliptic PDE theory. In close analogy,
we can define the following boundary conditions:

e Dirichlet boundary conditions: this essentially corresponds to the im-
position of the grounding of the operator obtained by fixing h, = g,
Vv € B, where g € H(B) is the given Dirichlet data. Moreover, from
(1.2.9) and (1.2.10) we find immediately that the total flux injected or ex-
tracted in the graph domain by the forcing function must be balanced at
the Dirichlet nodes, i.e.:

> Aalge) = Y (VT Diag(a(h) Vh)y = — Y fu:

veEB vEB veEV]

¢ Neumann or flux boundary conditions: in the continuous case these
conditions impose a boundary flux:

a(h(z))Vh(z) -7 =g(x), Veel =00.

This condition can be translated to the graph setting by means of the
graph divergence theorem (Proposition 1.2.1). Indeed, as in the continuous
case, a Neumann boundary on a graph in the variational formulation is
implemented directly on the Lagrangian by moving the boundary fluxes to
the forcing term:

(Diag(a(h)) Vh- V), = (V! Diag(a(h)) V h)y = fo.

In the case of zero Neumann boundary conditions (no flow impermeable
boundary) eq. (1.2.9) requires the compatibility conditions that the forcing
term f must have zero-mean to guarantee the well-posedness of the problem.
The above equation has infinitely many solutions since the constant function
is in the kernel of the operator. The standard method to provide a unique
solution is to enforce zero mean to the solution, i.e., > -y hy = 0;

¢ Robin type boundary conditions: another typical class of boundary
conditions are the (generalized) Robin or third type conditions, which in
the continuous setting can be written as:

a(h(z)) V h(z)- T =~y(h(z))h(z) + g(z), Vzel =0

By virtue of Proposition 1.2.1, given a map v : H(V) — H(B) and a
function g € H(B), Robin type conditions in the graph can be written as:

(Diag(a(h)) V h-7), = (VT Diag(a(h)) V h)y = y(h)vhy + go, Yv € B.
(1.2.11)
In this case eq. (1.2.9) implies the following conservation equation:

Z(’Y(h)vhv +gv) = - Z fv-

veEB veVr
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Figure 1.1: Sketch of a portion of the graph underlying a WDS model.

For further details concerning the theory of graph operators, we refer the inter-
ested reader to e.g. [42].

1.3 The WDS model

We can genuinely consider a WDS as a weighted directed graph G = (E,V,w),
where edges are pipes and nodes are junctions. Positive edge weights w embed the
pipe attributes, including length, diameter, roughness coefficient etc. Figure 1.1
shows a sketch of the graph underlying a portion of a WDS.

Aside from the graph structure and operators, in the WDS model we need to
consider the following functions:

e a flux function ¢ € H(E), [¢] = [L?/T], which represents the volume of
water that flows inside the pipe in unit time. This quantity is defined on
edges;

e a piezometric head function h € H(V'), [h] = [L], which is defined as the
pressure (in meters of water column) plus the elevation from a reference
function. This quantity on a graph is defined on nodes;

e a forcing term f € H(V), [f] = [L?/T], which represents the global flux
entering or exiting the domain on the nodes, i.e.,

Ju= ZQea

u~v
E=UvV

This quantity is defined on nodes.

Next, we describe in more details how the main components of a WDS are mod-
eled in standard commercial softwares such as EPANET, and how the are re-
framed into our setting (cf. [1, §3.1]).

e Junctions are the points of a WDS where the pipes join and water can enter
or leave the network. They are the nodes of the underlying graph, whose
piezometric head is described by the function h. Moreover, the amount
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of water coming in or out, i.e. the required hydraulic demand on each
node must be balanced by the forcing term function f with the convention
(compatible with the graph divergence theorem) that f,, > 0 if it represents
an inflow in the network, while f, < 0 if it represents an outflow.

Pipes convey water from one junction in the network to another. Note
that each pipe is assumed to be full, i.e., it is always subject to a positive
pressure and no water surface develops. This implies that in each moment
the flux and the amount of water are uniform in all the regions of the pipe.
Pipes are the edges of G, and the flux of water flowing is quantified by the
flux function gq.

Reservoirs and Tanks. Reservoirs are used to model components such
as lakes and rivers and they represent an infinite source or sink of water
that is externally provided to the WDS. On the other hand, in tanks the
volume of stored water varies in time. In EPANET they are both modeled
as points (same as junctions). In our framework, both reservoirs and tanks
are represented as non-homogeneous Dirichlet boundary conditions that fix
the piezometric head at a node. Note that in principle tanks represent
a different type of boundary condition where the amount of stored water
changes in time. They are typically implemented as a nonlinear boundary
condition and take into account any transient that may occur in the WDS.
For simplicity we do not consider this type of boundary conditions and add
the hypothesis that the fluid is incompressible [82], that tanks behave as
reservoirs, and that the water demand is stationary. While the first as-
sumption is amply justified, the last two require careful definition of the
problems to be simulated by considering temporally averaged demands and
properly adapted data to absorb temporal variations in the tank. Never-
theless, we point out that it is easy in our framework to include also time
varying simulations and nonlinear boundary conditions.

Pumps and valves are typical components of a WDS, which are repre-
sented in EPANET as links in the network. The effect of pumps is modeled
by imposing a proper Dirichlet condition on the piezometric head of the
related node connecting the pump to the rest of the network. This pres-
sure is easily calculated from the flow-pressure graph of the pump or, if
not available, by measuring the flux and using the DtN map. On the other
hand, valves can be modeled by removing the corresponding edge from the
underlying graph, or by assigning a very small value to its weight w.

The same surrogate procedure applies to various further theoretical and
empirical components that are involved in the EPANET hydraulic simu-
lations, as for examples minor head losses parameters and emitters.
Among them, emitters are modeled as junctions and are typically used
to reproduce leaks and local dissipative phenomena. The corresponding
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hydraulic demand or forcing term f is imposed to be dependent on the
pressure:
fU = C’U|press'l)”yvi2p,ressv + g'U 9

where c is a positive node function which, roughly speaking, represents the
diameter of the leaking hole, press, := h, — z, is the pressure, z, is the
elevation of the junction at the node, -, is an exponent parameter which
is typically set to be equal to 1.5 (a direct consequence of the classical
Bernoulli Principle), with possible minor corrections depending on the ma-
terials, and g is a fixed distributed minimum leakage rate. Note that in our
framework this is exactly a Robin type boundary condition as in (1.2.11).

In the analysis of a WDS two main types of simulations are typically considered:

e Demand Driven Analysis (DDA): this is the most used approach. One
fixes a distributed demand f on every node of the WDS, and then carries
out the simulation with proper Dirichlet boundary conditions for the piezo-
metric head at source junctions, typically represented as reservoirs or as
tanks;

e Pressure Dependent Analysis (PDA): in this approach, in addition
to the a distributed demand f, a minimum pressure is required on every
junction of the network. Tanks are typically used as nonlinear Dirichlet
boundary conditions and the simulation is carried out multiple times by in-
creasing the tank level of stored water (and consequently changing Dirichlet
data), until the minimum required pressure is satisfied.

1.3.1 The graph p-Laplacian mathematical model of a WDS

In this section we would like to motivate the introduction of the graph p-Laplacian
operator. A WDS model has to include distributed (edge) and localized (nodes)
energy losses due to friction in the pipe walls and the presence of junctions and
valves, respectively. These are typically simulated by imposing head losses given
by empirical power-law formulas commonly used in practice and justified by con-
siderations related to conservation of momentum (second Newton law). The main
principles governing the flow of water in a WDS are:

L
Momentum Balance — (Vh), = Detée lge|™ qe, Vee E, (1.3.1)
evYe
Mass Balance (divg), = f,, VveV, (1.3.2)

where ne > 1 is the edge power law exponent, L. > 0 and D, > 0 are the length
and the diameter of the pipe, C. > 0 is the roughness coefficient (a unit-less
coefficient which depends mainly from age, material and diameter of the pipe),
and w, > 0 is a weight on the edges which typically depends from the physical
properties of the pipe and the flux regime(turbulent, laminar, etc. [1]). We point
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out that in general the exponent n is chosen to be constant on the edges and,
considering for example the Hazen- Williams formulation [1, §12.1], it varies in
the interval n. € [1.4,2.5] for each e € E.

By taking the absolute value on both sides of (1.3.1) and by setting ¢, := D.C./L.
for all e € E, we obtain:

1

We e 1 [ we\ ne
(7] = 2l = lael = (V)1 () 7

e

which implies:

_ne—1

ne—1 We Ne
(VA= (TR ()

e

By substituting n, = 1/(pe — 1), Ve € E we then obtain:

we 1_pe 9
= (%) IS

Finally, letting w, := £¢/we, Ve € E and substituting into (1.3.2), we obtain the
mixed dual formulation of our p-Laplacian-based surrogate model:

ge = —wP PO | VAP 2Vh
(diV Q)v = fu,

or, putting together the two equations above, the standard formulation:

(Ap,wh)v = fo, (1.3.3)

where
Apwh = —div(w?™' © | VAP 2V h) = V! Diag(w?™ ' © |VAa[P"3)Vh, (1.3.4)

is the weighted p-Laplacian operator with p € (1.4,1.7), for any edge of the graph
representing the WDS.

Boundary conditions need to be added to (1.3.1), (1.3.2) or equivalently to (1.3.4)
in order to get a well-posed mathematical problem.

We recall that the thesis of this chapter is that it is possible to retrieve a distri-
bution of p and w parameters so that the p-Laplace operator in eq. (1.3.4) can be
effectively used as a surrogate model. To this aim we need to embed eq. (1.3.4)
within an inverse problem framework to calculate the distribution of p and w
that best fit a given set of observed data. Our approach to the latter task will
be described in Sec. 1.5. Here, instead we reformulate our surrogate model as a
minimization problem suitable to be embedded in the inverse problem setting.
To this aim, we note that egs. (1.3.1) and (1.3.2) are reminiscent of a mixed
dual formulation of the p-Laplace equation in (1.3.3) and is similar to the mixed
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FEM formulation for elliptic PDEs introduced in [43]. Thus, we introduce the
Lagrangian Ly, , : (H(V) x H(E)) — R:

Lw,p(h, Q) = Z lw - Z QE(V h)e - Z fuhv s (135)

/
w
cep Pe We ecE veV

where p, = ]% is the conjugate exponent to p. If w. > 0 for all e € F,

egs. (1.3.1) and (1.3.2) are exactly the Euler-Lagrange equations for the saddle
point problem:
inf supLy.,(h,q).
heH (V) qu wp(q)

As will be seen in Sec. 1.5, this formulation needs to include a Tikhonov-like
regularization. In addition, this regularization are designed to ensure similar
accuracy in the reconstruction of both the piezometric head and the fluxes, which
typically converge at different speeds. For this reason we consider the following
regularized Lagrangian:

61176111 e i |q€’p:E _ 1 5q‘Qe’2 o o
vap (h? Q) L Z p/e we +6w 2 Z we +6w qu(v h)e Z fvhv,

ecl eclF ecl veV
(1.3.6)

where and 0 < §; << 1 and 0 < §,, << 1 are two regularization parameters. The
resulting saddle point problem becomes:

inf sup Liﬁ’gw (h,q),
heH(V) qEE

and the corresponding regularized Euler-Lagrange equations read now as:

(’qe‘pé72 + 5q)Qe = _(we + 5w)(v h)ea Vee FE (1 5 7)
~(V' )y = fo, YveV. -

1.4 Available Data and general considerations

In the last years, the increased challenges mostly induced by climate change to
minimize water waste has prompted for a relevant improvement in the monitoring
of WDS. Several commercial devices are now available to measure water fluxes
and pressures along a WDS. Among them, we make extensive use of data collected
by smart meters, devices designed to independently measure both pressure and
water fluxes. These measurement systems can be placed in strategic points of
the network (e.g. pipes interconnections, valves, hydrants etc.) or directly on the
final user outlet. In the latter case, the instruments monitor the service pressure
and the user hydraulic demand several times per day, yielding a large dataset of
observations. The monitoring is typically associated to a district subdivision of
the municipal network. Namely, Water Industries typically subdivide the net-
work in small connected components with global inflow and outflow accurately
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Figure 1.2: Typical daily demand curve

measured[81]. This allows a tight control on the state of the “distrectualized”
portion of the WDS and the collection of a large number of data that can be
used to successfully seed an inverse procedure. For example, in the city of Milan
(IT), a relatively large quantity of smart meters are placed on the house services
connections, and a a relevant amount of data is now available[86]. Unfortunately,
generally only a small quantity of data is nowadays readily available, and for this

reason we will mainly use synthetic data generated from commercial software
simulations such as EPANET.

Another important measurement that is not readily available because Water
Companies typically treat it as classified, is water demand, which can be de-
fined as the total client consumption on one household junctions per unit time.
The reconstruction of the water demand as a function of time is complex. Typi-
cally, it is calculated as a time series on the basis of either design parameters or of
detailed measurements. When measurements are not available, an average water
consumption can be evaluated. A typical periodic daily demand profile (which
follows the daily habit of the users) is shown in Figure 1.2. A typical approach at
evaluating a water demand pattern is to measure the minimum night flow, which
represents the fixed water consumption of the network (possibly due to the pres-
ence of leaks) typically measured at 4am/5am when the user consumption is at
its minimum. Appropriately rescaling the daily measured district inflow or the
daily calculated demand and eventually averaging a number of daily patterns,
leads to an operational daily demand that can be used for modeling purposes.
This is what is known in literature as the FAVAD concept [123]. For our test
cases we will use a demand that is calculated using this latter approach.

After the definition of the water demand, the identification of the surrogate model
parameters can proceed on the basis of time measurements of pressure heads
and water fluxes appropriately distributed along the WDS network. Because of
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difficulties in having appropriate data, but most importantly because of confi-
dentiality problems, in our simulations we will employ data from an EPANET
model of the WDS at hand, which is thus assumed as the “true” solution. In the
next section, we will introduce our model parameter estimation approach which
is essentially based on a non-linear extension of the classical Calderon’s inverse
problem on graphs [42].

1.5 Retrieving p and w from the data

In this section we want to determine the distribution of the p and w parameters
so that the resulting weighted p-Laplacian model can be used as a surrogate
model of the WDS of interest. This task can be accomplished by solving an
inverse problem, i.e., by determining the p and w distribution that minimizes
the mismatch between measurements and simulation results. This can be framed
within the classical theory of inverse problems (see [131] for a standard reference
book) whose practical solution is typically very difficult and computationally
demanding. In order to simplify our problem, we need to exploit the fact that
our model is defined on a graph domain. Thus we start this section by describing
our main working choices.

The most important simplification that can be done in our setting is to design
our inverse problem as a Calderon-type problem. These are boundary inverse
problems that try to identify the parameter distribution in the interior of the do-
main from boundary data. They are used normally in a variety of applied fields
including geophysical prospection (e.g., electrical impedance/resistivity tomogra-
phy EIT/ERT, seismic imaging, geo-radar imaging) and medical imaging (e.g.,
electrocardiography, electroencephalography, EIT), among others. The main ad-
vantage of a Calderon problem, besides the fact that it has been thoroughly stud-
ied, is that, in dimension stricktly larger than one, its solution is unique, albeit
still severely ill-conditioned [12, 95, 136]. Indeed, for one-dimensional domains
Calderon problem is not well-posed, while it is well-posed for problems whose
dimension is greater or equal than two. Unfortunately, in a graph setting, [42],
Calderon problem is well-posed if and only if the graph is planar and “circular”,
i.e., the boundary nodes can be connected by edges that form a circle without
destroying the planarity. Intuitively, a graph can be imagined as an object that
is in between one and two dimensions. Thus, the well posedness of Calderon
problem is ensured by this conditions because it forces the graph to be embedded
in a plane, thus forming a “truly” two dimensional object.

The most important characteristic that allows our problem to be casted within
a Calderon boundary problem is that the boundary of a graph is just any subset
of nodes. Hence we can chose to define our boundary to include instrumented
nodes where measurements are available. This, together with the fact that in the
p-Laplacian based model we need to identify the spatial distributions of only two
parameters makes our task much more tractable.
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Given some boundary observations of pressure {u,,(z),z € I',m = 1,...,n} and
normal fluxes {v,(z),z € T';m = 1,...,n}, and given a known forcing term
{fm : Q= R,z eT,m=1,...,n}, one looks to minimize following functional:

n

min W[V U [P72 NV iy, - 77— Y|
Lo > 1019 02 V=
y —Apwltm =fm z€Q m=1,..,n ’
s.t.
U () =Up(zr) 2€l'=00, m=1,.,n

In a continuous setting and for the linear case p = 2, Calderon problem is known
to be non convex and, as already remarked, ill-posed. There are particular in-
stances, for example for the identification of the diffusion equation in dimension
d > 3, Calderon inverse problem has a unique solution provided a sufficient num-
ber of boundary data are given[3]. In the graph setting, only a few results are
available and only for circular planar graphs [42]. In all other general cases, to
the author’s best knowledge, no uniqueness results are available. This is the rea-
son why multiple samples at each nodes are required and an opportune Tikhonov
regularization strategy will be proposed in what follows.

Our approach a direct extension to the non-linear setting of the linear graph
Calderon problem and are described as follows. Assume that the set of nodes is
partitioned into V = V; U B and V; N B = (), where V7 is the set of internal nodes
and B is the set of boundary(sampling) nodes. At the same time, we also assume
that the set of edges is partitioned into E = E; U Eg and E; N Es = (), where
E; are the internal edges(unsampled) and Ejg is the set of sampling fluxes edges.
We then define the following problem.

Problem 1 (p-Calderon problem). Let G = (E,V,w) be a weighted directed graph
with n = |V| nodes and m = |E| edges. Let B C V be the set of n, boundary
nodes where the piezometric head is sampled and Eg the set of ms boundary edges
where fluxes are sampled. Suppose moreover that we are given a n; X M matrizc
F(Vr) of known demand distributions on the n; = n — ny internal nodes. Here
we use the standard convention that F(Vi);; > 0 if there is an inflow at node i
and sampling time j, while F(V7); ; < 0 if it represents an outflow.

Our aim is to estimate the weight w € H(E) and the exponent p € H(E)) of a
weighted p-Laplace operator from the sample matrices given by:

e the ny, x M matriz H(B) (piezometric head measurements);
e the ny, x M matriz F(B) (boundary demand measurements);
o the ms x M matriz Q(Eg) (flur measurements).

Such matrices contain M > 1 multiple synchronized measurements taken at differ-
ent sampling times. Precisely, each column of H(B), F(B) and Q(Es) contains
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sampled piezometric heads at B, demand measurements at B, and flux measure-
ments at Eg, respectively, at one of the M sampling times. We point out that
the further necessary condition of global mass balance must be satisfied:

ny n;
Y F(B)ij+Y F(Vi)ij=0, Vj=1,... M. (1.5.1)
=1 i=1

1.5.1 Computing gradients via the Primal-Adjoint method

Differently from the standard approach in [42] to this problem, which is essentially
based on harmonic extensions, medial graphs reduction and Schur complements,
we adopt the framework of the primal-adjoint method, typically used in parameter
estimation for the continuous based two dimensional Calderon’s problem [95],
[26]. This is ultimately due to the need of adopting a sufficiently flexible approach
which leads us to easily include further constraints on our parameters to satisfy
the physical laws governing a WDS. Namely, we require that the edges weights
w be positive and the exponent be in the range 1.4 < p < 1.8 or equivalently
2.25 < p/ < 3.5.

Instead of the weighted p-Poisson equation as governing non linear equation for
our parameter identification model, we will work with the conjugate exponent p’
and use the equivalent mixed formulation defined in (1.3.1) and (1.3.2). Moreover,
we will consider its regularized version defined in (1.3.7)

As already observed, there are various reasons that suggest to use this mixed
formulation. First, working separately for the fluxes and the piezometric heads
allows us to control better the accuracy between the simulated flux and heads
and the data measurements, which are collected with different instruments and
different measurement errors. Second, this formulation allows to compute easily
the gradients of our design parameters w and p’ since they are less interconnected
(the term wP~! disappears) with the result that the derived numerical scheme is
far more easy to implement.

We denote as A;. and A.; the i-th row and the j-th column of a given matrix
A. Moreover, we denote as H(V') and F (V) the n x M matrices related to the
simulated piezometric heads and the imposed demands on the whole graph. The
mx M matrix Q(F) will contain the simulated fluxes. We introduce four injective
functions:

o vy, {l,...,m} —{1,...,n},
o vy, {l,...,n;} — {1,...,n},
o ipg:{l,...,ms} — {1,...,m},
o g, {l,...,m;} —{1,...,m}
where n; = |V;| and m; = |E;|, and, we recall, n = |V| and m = |E|. The

function vy, (tgg) maps the node v; € B of the sample set (the edge e; € Eg)
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to the same node Uy (i) € V' of the graph set (edge €y (i) € E) set, and will

be useful to relate the sample matrices H(B),Q(Fs), F(B) to the ones corre-
sponding to the whole graph introduced above. With the same notation, the
maps ty, and tg, acts similarly on the internal nodes and internal edges re-
spectively. Three additional sample matrices are needed: the n, x M sample
matrix T(B) = {T(B)i; = (—Q(E).; - V)i, i)y and the n x M divergence
matrix D(V) = D(V);; = (= VT Q(E).;)i, and the m x M gradient matrix
VH(E) = (VH(E));; = (V(H(V).;));, where j = 1,..., M refers to the number
of independent measurements and 7 indexes nodes or edges that can be on the
boundary or on the entire graph.

Problem 1 can now then be translated into the following discrete minimization
problem:

M ny ms
i3 (330 T =T 535 (00810, - TE0)')
j=1 i=1 i=1

5
st.Vj=1,..,. M
(1.5.2)

(1Q(E)i 1" 2 4 69)Q(E)i; = —(wi + 6,) VH(E);; fori € {1,...,m}
D(V)ij=F(VD) 16y, fori¢ ({1 .m})

H(\V )y (i) =H(B)ij fori=1,...,ny

g (i
w; >0,35>p,>225 forie{l,...,m}

1>>0,>0,1>>6,>0
(1.5.3)
The two sums in the objective function (eq. (1.5.2)) are the difference between
the calculated and observed boundary fluxes and represent the consistency with
respect to the samples. The first addendum exploits the DtN map while the
second one requires a good approximation of the measured fluxes on edges.

Remark 1.5.1. Compared to the classical Calderdn problem, the additional pa-
rameter p needs to be tuned Unfortunately, in this case, infinite solutions may
occur even in the case where both heads and flures are measures on all graph
nodes and edges. For this reason, multiple independent measurement for each
boundary node and edge are needed together with an appropriate reqularization.

The minimization process is thus governed by the following extended Lagrangian:
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L, w,H(V),Q(E),®,V,=, 4, 0b,) =

M ny =
) (é > @B~ FB),) + 53 (AP s ~ QBs)s)

=1 =1

b Y (DW - P, )+

ity (L)) (1.5.4)

—Zczﬂ(i@ )i P72+ 8)Q(E)sg + (wi+6,) VH(E); )+
+Z€]( Jovg i ‘_H(B)"J>>'

where ® = (¢',...,0M) € [H(EM, ¥ = (¢1,..., M) € [H(V)]M and E =

(€L, ... &M) € [H(B)]M are set of vectors of Lagrange multipliers for each mea-
surement. Note that by imposing 885] = 0, gfj = 0 and gg 0 for each
j=1,..., M we recover the primal equations (1.5.3).

The adjoint equations are defined by setting to zero the derivatives of £ with
respect to the columns (H(V).;, Q(F).;) for each j = 1,..., M. To this aim,
define the set of vectors of test functions © = (0',...,0M) ¢ [H(E)]M, P =
(p',...,pM) € [H(V)]M. Using Proposition 1.2.1, we first impose that for any
7 =1,.., M the derivatives with respect to the fluxes are zero, i.e.:

oL

O .07 =0,V0! € H(E).

This leads to:

_ Z (T(B)i; — F(B)i;) No(B)i;+

. TLb .
+ Z (Q LES @(Es)m) GZES(i) + Z; @bva(i)N@(B)i,j'f' )

3

+ (VU = 3 (0 = DIQUE) P +4,) 616 = 0

i=1 i=1

where test functions are collected in the matrix Ny(B) = (Ng(B));; = (67 ~17)LVB (i)-

We now impose the annihilation of the partial derivatives with respect to the head:
— =0,V V).

This yields:

’iELVB ({1,‘..,77,1)}) i%LVB ({1,...,77,[,})
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where the test functions together with the weights and the regularization term
are collected in matrix N,(V) = (N,(V));; = ((Diag(w) + d,1)¢7) - 7);.

Now we derive the adjoint equations. On the one hand, letting 67 such that
(Ng(B)).; = 0 and p’ such that p! = 0, Vi € ty,({1,...,n5}) we obtain the
following;:

e on the edges in Fg:
(h = DIQUE P72 + 8, ) 61+(V ), = QUE)=Q(Es), 21y j» Vi € pg({L,- . ma));
e on the edges in E:
(= DIQUE P72+ 64) 6] + (V)i =0, Vi€ um,({1,....mi}):

e on the internal nodes V7:
— (VT (Diag(w) + 6u1) &), =0, Vi ¢ iy ({1 mp}).

On the other hand, assuming (Ny(B)).; has no zero elements, by virtue the
previous three equations, we have:

W . =—F(B); +T(B)ij, Yie{l,...,m}.

vy () —

Note that this latter equation defines the Dirichlet boundary conditions on B for
the adjoint variable 1. Finally, supposing that p’ has no zero elements on B we
obtain the compatibility condition:

fj = NP(V)

)

Vie {1,...,nb}.

LVB (Z) Jo

In summary, letting ¢/ := Q(E).; € H(E), ¢ = Q(Es).; € H(Es), b/ =

H(V).; € H(V), b/ := H(B).; € H(B), fi:== F(Vy).; € H(V}), ff :== F(B).; €

H(B), Vj = 1,...,M, we have that the primal equations can be written in
compact form as:

(12 4 8, ))af = ~(we + 8)(V W)y Ve € B
_(vT qj)v — 1]1'7 Yo e ‘/I (1.5.5)
h% = B%, Yov e B,

while the adjoint equations can be written as:
(0= DIl 2 +6,) L+ (V) =al —@ Vee Bs
(= DIl =2 +6,) 6+ (V) =0 Yee B oo

- (VT (Diag(w) + d,,1) gb])v =0 VveV;
vh=—fl— (7 YveB
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By the standard theory of optimization via adjoints, we have that the derivative
of £ with respect to the optimization parameter is exactly the partial derivative
of £ with respect to (w,p") computed on the solution (Q(E), H(V), ®, V) of the
primal and adjoint equations. Thus, with simple computations we have:

d
dw,-

M
L=0uL==> ¢IVH(V);; Vi=1,. m;
7j=1

M
d ' - .
pr i > 8110g (IQ(E)i ) 1Q(E)i; P Q(E); Yi=1,...,m.
7 j=1

which can be rewritten in more compact form as:

M
d o
pu— = — ] E 1. .
L= 0, ;MW ). Veek, (1.5.7)
and
d Mo o
L= L= > ¢llog(lgl)gl e ¢l VeeE. (1.5.8)

Jj=1

1.5.2 The role of the Dirichlet-to-Neumann map

In this section we discuss in more detail the role that the Dirichlet-to-Neumann
map plays in guaranteeing the consistency of the model with respect to the mea-
surements. Before delving into the discussion, we rewrite formally the primal and
adjoint equations in (1.5.5) and (1.5.6) by introducing new variables. Thus, let
W € H(E)Y j=1,..., M be the positive edge function such that:

pl=lgll"™® VeeE.

Then, the primal equations (1.5.5) can be rewritten as the following weighted
Laplacian system:

J—= (VR Vee E
de Le +6q (V )67 €€
S . .
(V" Diag (w + ) Vh)y=fi, YoeV (1.5.9)
+ dq
hi =hi, YuveB,
Analogously, the first two equations in (1.5.6) can be rewritten as:
(e =Vl +6¢) oL+ (V') = ¢l — @, Vee Bs (1.5.10)
(e = Dl +0q) 6L+ (V) =0, Ve€ By -
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We would like to remark here that the gradient (V /7). of the adjoint variable 1/
in the above equation has dimension of a flux and must not be confused with the
gradient of the piezometric head (V h/). in eq. 1.5.9. Now, in the same manner
as before, we can introduce the variable ¢/ defined as:

@ =q¢ -, VYeeEg
Gl =0, Vee E;

Then (1.5.10) rewrites as:

j ~J
(V wj)e + qe

6= — . —
(pt =Dy +0q (P — Dz + 9,

(1.5.11)

These observations allow us to interpret the system of adjoint equations (1.5.6)
as the following weighted Laplacian system in the variable v7:

T w + Oy N o W + 6y »
(770 (73, ) ), = e (e ) 0 e
(1.5.12)

P =—=Fl— (¢ D) VueB.

We have now all the necessary tools to discuss the role of the Dirichlet-to-
Neumann map. We first observe that the DtN performs the task of transforming
head information into flux values, which can be compared with the actual de-
mand. When the demand is met by the DtN flux, the parameter identification
process terminates. The adjoint equation fulfills the task of driving the system
towards the correct identification. The second observation is that the DtN map
allows the simultaneous use of both sampled piezometric heads and fluxes by
incorporating into the objective function the difference between the measured
demand and the simulated DtN map and the difference between the simulated
fluxes and the sampled fluxes on internal edges, when this information is available.
Note that the DtN appears in the Dirichlet boundary conditions for 17 in the
previous equation. Thus the adjoint equation is “forced” by the mismatch be-
tween observed and simulated demand. Indeed, egs. (1.2.9) and (1.2.10) tell us
that the solution (¢’, h’/) of the primal equation (1.5.9) satisfies:

SN op= D f Vi=1,...,M,

vEB veVr

i.e., the total boundary flux at Dirichlet nodes must equate the total flux on
internal edges. At the same time, the mass balance equation (1.5.1) shows that
the total boundary flux must be equal to the total external demand:

Z(_qj.,y)U:ng Vi=1,...,M.

veEB vEB
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These two statements are simultaneously fulfilled only when the distributions of
the weight w and the exponent p are correctly identified, which occurs when the
residual flux at Dirichlet nodes is zero:

—fl—(¢ - V)y=0 YveB. (1.5.13)

For a better understanding of the identification process, suppose for simplicity
that M = 1. In the case where |¢/| # 0 is nonzero, from (1.5.7), (1.5.8) we have
that (p*,w*) is a local minimizer for £ if and only if ¢/ = 0. From the adjoint
equation (1.5.8) and from (1.5.11) we have that

P=0 — F-V=0

if Va7 = 0 then ¢/ = 0 if and only if ¢ = 0, which implies that the sampled fluxes
are captured exactly. On the other hand, V47 = 0 if the mismatch between the
observed demand and the DtN is constant, i.e.,

(¢ D) =c, (1.5.14)
we have that for any v € B
) W+ Oy ;
VIiDiag | ———2 )@ =0. 1.5.15
g((p’—l)w+5q>q ( )

This implies that the procedure can terminate also when the difference between
observed and calculated demands is constant. Thus, we need to avoid working in
the kernel of the divergence operator to ensure that (1.5.15) is zero if and only if
¢’ = 0. Since the kernel of the divergence operator corresponds to loops in the
graph, this suggests that the optimal sampling strategy is to measure the piezo-
metric head at every junction with topological degree greater than two. Observe
that, if no flux data are provided, then @ = 0 and eq. (1.5.15) is automatically
satisfied. However, the price to pay in this case is that no information on internal
nodes are actually provided to the identification process, which then may become
less accurate. Since the objective function in problem (1.5.2) is equivalent to:

M

> le(—qj-ﬁ)v—fil“r > Lar), (1.5.16)
2 2

j=1 \veB ecEg

these a posteriori considerations show that the minimization of (1.5.16), if suffi-
cient information are provided and |¢/| # 0, will naturally converge to a solution
(p*, w*) such that the condition (1.5.13) is satisfied and the sampled fluxes and
the consistency with respect to the data is preserved or equivalently the constant
cin (1.5.14) is zero and the adjoint variable 1)/ is constantly zero (see egs. (1.5.15)
and (1.5.12)).

Observe that no ambiguities arise if we have at our disposal the measured fluxes
at all the boundary edges (i.e., edges that are incident to a boundary node). This
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situation occurs for example when modern smart meters measuring both water
pressure and flux are used at junctions. Indeed, in this case the condition ¢ = 0
is equivalent to condition (1.5.13) and leads to far better results in our numerical
experiments.

In the case where the demand distribution f7 is such that the flux ¢/ is zero
(or near zero) in some edges (this is the case for example when no demand or a
very small demand is applied to a household service connection), then some bad
behavior arises in the minimization process since 9,,; £ can be approximately zero
without implying that ¢’ to be close to zero in the corresponding edge. Thus the
identification procedure benefits dramatically from the use of multiple observa-
tions sets obtained from different demand distributions. This is easily obtained
using information at several times making sure that the demand distributions are
different. We finally observe that geometrical symmetries in the graph can also
become critical as multiple distribution of exponent p and w can lead to the same
minimizers of Problem (1). However, this is a rare situation in the real world
aqueducts.

1.5.3 The connection with the Extended Dynamic Monge Kan-
torovich approach

In Section 1.3 we have seen that the momentum and mass balance equations
(1.3.1) and (1.3.2) are equivalent to the graph weighted p-Poisson equation re-
ported in (1.3.3). These, in turn, are the Euler-Lagrange equations of the saddle
points of the Lagrangian defined in (1.3.5). We then introduced the Tikhononv
regularized Lagrangian (1.3.6) and the derived regularized momentum and mass
balance equations (1.3.7), which are the core of our primal adjoint approach de-
scribed in Section 1.5.1.

In this section, we discuss a gradient flow for the solution of Problem (1) inspired
by the Extended Dynamic Monge Kantorovich (EDMK) [57]. For the sake of
simplicity will use a compact notation as in egs. (1.5.5) and (1.5.6). Thus, we
introduce the lifting function:

i}/]— 0, UGV]
' B{,, veB '’

and consider the Lagrangian functional Ljiff“’ : (HE(V) x H(E)) — R defined
as:

L% (hyd, ¢f) = _Zl‘qg’pé _125‘?|qg|2 =Y dl (V(hoj+ﬁj)) > fihl
r FPewl 40y 27wl on TH e I
(1.5.17)

where HE (V) is as in eq. (1.2.8). We now introduce the saddle point problem:

inf sup szfigw(hoj,qj).
hol EME (V) i eH(E) ’
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The Euler-Lagrange equations for this saddle point problem are:

(|qg|pé—2 + 5‘1)(]2 = —(we + 0w) (V(hoj + iLj)>e Veec F
~(VT )y =f] YveV (1.5.18)
ho) =0, YveEB

which are equivalent to the primal equations in (1.5.5) with the non homogeneous
Dirichlet boundary conditions absorbed in the definition of the lifting function.
As done in Section 1.5.2, we introduce the additional variable p/ € H(E)*,
j=1,..., M defined as:

pli= gl VeeE.
This intermediate variable has the important role of formally reducing the primal
equation into a system of equations involving a linear weighted Laplacian system.
Indeed, in this case eq.(1.5.18) becomes:

(1 + 0@ = —(we + 8,,)(V(he? + 1)) Vec E
_(Vqu)Ung VUEV[.
ho) =0, YveB

Obviously, this additional variable becomes an extra unknown of the problem.
The justification for the introduction of this new unknown will be provided in
Chapter 2, Section 2.4, where, by a Legendre duality argument, we introduce
an equivalent saddle point formulation for the p-Dirichlet energy on graphs that
naturally involves the variable p/. This allows also the definition of a varia-
tional formulation for the p-Poisson problem (1.2.8). The aim of this effort is to
can combine in one single optimization problem the solution of the weighted p-
Poisson equation and the minimization of the objective function of the parameter
identification problem.

Indeed, again, by duality, we can transform the p-Poisson variational problem into
a saddle point problem involving a minimization in two variables (the variable p
and the variable h/, in our framework) and a maximization in a third variable,
which plays the role of the negative of the edge flux ¢/. After the introduction of
a Tykhonov regularization, by directly computing a maximizer it is possible to
remove the ”sup” from the problem thus arriving at a reduced optimality problem
involving a double minimization.

While these statements will find rigorous justification in the next chapter, in this
section we provide the description together with an intuitive rationalization of the
full procedure. We start this description by considering the p-Dirichlet energy
E,w(p) defined in eq. (1.2.6) restricting ourselves for simplicity to the case of
interest for aqueducts 1 < p < 2 but with uniform weights w, = 1, Ve € E. Let
us introduce the family of Lagrangian functionals L : (H(E)" x H(E)) — R
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given by:

L2 (1, 0) : Z ue\ael +0- v¢+7zuezp e H(V). (1.5.19)
eEE p eck

It is possible to show (see Theorem 2.4.1) that the saddle point of the above
family of Lagrangian functional is exactly the p-Dirichlet energy E, ., (¢), i.e.:

Epuw—i(p) = inf L2 (1, 1.5.20
pw=1() e;{r;Emes;?E) &, o). (1.5.20)

The saddle point (u*,0*) is unique in the case 1 < p < 2 and it satisfies the
extremality relations:
weos =(V)e, VeecE, 1<p<2
e =1ol" = (V)| ™, VeePE, 1<p<2
los] <1, VeeE, p=1
pelos)? —p; =0, VeeE, p=1
pe =1(Vlel, VeeE, p=1.
In addition, for the case p = 1, it is possible to show that p* is the unique

optimal density. It is now easy to see that it is possible to retrieve a posteriori
the standard duality identity:

Bt (9) = L(u",0%) = sup — 3 ol 40"V g e (V).
cEH(E) cR p
This gives a strong motivation to consider also the variational formulation of the
p-Poisson problem. Thus, as in Section 1.2, given a forcing term f € H(V;) and
non-homogeneous Dirichlet boundary conditions on a subset B C V, BNV} = (),
B UV, =V, the variational formulation of the p—Poisson can be written as:

inf Z v SO+ ?) Z fueow, (1.5.21)

B
ety (V) ep veV;

where, again for simplicity, we use uniform edge weights, w = 1, and we recall that
HE(V) .= {h € H(V) | hy = 0, Yv € B}. To accommodate non-homogeneous
Dirichlet boundary condition we introduce the lifting function ¢ such that ¢, = g,
for all v € B, and ¢, = 0 for all v € V7. Thus, eq. (1.5.21) can be re-written as:

inf E,,—1(¢+ f
PEHB (V) pws1(p ) ,U;I v

Using eq. (1.5.20) we find immediately that the previous problem is equivalent
to the following saddle point problem:

inf sup _Z ,U/e|0'e| +o- v 30"_90 va%Jr*ZMe, 1522
neH(E) weuB) (g e v ik

peHEWV)
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where v := 2%
In the next Chapter, Theorem 2.9.1, we will show that for 1 < p < 2 the saddle
point ((¢*, u*), o) is unique and satlsﬁes the following extremality equations:

ot = (V(p' +@)), VeecE
*(leU*)U:fv \v/ve‘/[

©5y =0, YveDB

gt =0 P 2 = | V(" + @)e|*? VeckE.

From these conditions it follows that ¢* := ¢* + @ is the unique solution of the
saddle point problem:

02207 = (V") Ve B
(VT O-*)v = fv Yv e VYI (1523)
% Vv e DB,

or equivalently of the p-Poisson problem:

(Apw=1¢")o = fo veEV]
Py =gy vEB.

Now we introduce the Tikhononv regularized Lagrangian functional LP9 : (HE (V) x

H(E)™ x H(E)):

1
L (g, 1,0) o= =D 5 (pe +0)loef + 0 V(g +¢) - vasow—zﬂe ,

ecE veV] eeE'
(1.5.24)

where § > 0 is a small Tikhononv parameter, and define our regularized func-
tional:

LY (@, p) == sup LPO (@, i, o). (1.5.25)
oc€H(E)
Since now p + d > 0, the supremum in ¢ in (1.5.25) is in fact a maximum
(we have indeed strong concavity, differntiability and anti-coerciveness), and the
maximizer o* satisfies
«_Vip+9)

€
o, =——— Veck. 1.5.26
= (15.26)

Thus, computing LP° (i, 4, o) at the maximizer o*, the functional £5 (i, 1) sim-
plifies as follows:

1| V(g
LYem) =) 2‘( = > fow + 5 Z 1l (1.5.27)
eck He veVr eGE

which motivates the following double minimization problem in place of eq (1.5.22):

inf  LY(p, p), (1.5.28)

pEHF(V)
neHE"T
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which is the Tikhonov regularization of the saddle point problem (1.5.22). It
is possible to show (see Chapter 2 Section 2.9), that L£5(¢,p) is lower semi-
continuous, stictly convex and norm coercive in the pair (¢, i) thus the existence
of a unique minimizer (¢*, u*) is guaranteed.

Inspired by the DMK (Dynamic-Monge-Kantorovich) scheme in [55-57], we intro-
duce the following minimizing dynamics for (1.5.28):

(Vi) +¢))e
pe(t) + 0

(V7 o)y =(A_1_(e() +¢)o=fo YveV: (1529

o(t)y =0 VveB

oe(t) = Vee E

P

Otpie(t) = :ue(t)‘ge(t)F — pe(t)2?  pe(0) = po >0, Vec€E.

As in [56, 59], a solution (¢*,u*) of (1.5.28) is sought via a gradient descent
approach not applied directly to the functional /jg (¢, 1) but rather to its compo-
sition with the change of variable u(t) = W(£(t)) := £(t)? and performing then a
pull-back of the descending dynamics on the original variable p(t). It is possible
to see that such a dynamics can be interpreted as a descent dynamics that pre-
serves the positivity constraint on u(t) (see Chapter 2, Section 2.7, Subsection
2.8.2 and Section 2.9 for full details).

We then propose an improved version ofthe dynamics in (1.5.29), which has been
observed to converge faster in our numerical experiments. This is derived by
composition with the map:

2(2—p)

/,Le:\I/(fe) = ‘56‘ P ) veeEa

leading to the following new dynamics for the density p in (1.5.29):

4—3p

Bupte(t) = pe(t) 77 oe()]? — pe(t), Ve € B. (1.5.30)

The gradient descent approach applied to the computation of a minimizer has
to be intended as a long time solution (¢*,un*) = limy_o(p(t), 1u(t)) where
(p(t), u(t)) is a solution of the state-space initial value problem (1.5.29). There-
fore, it is necessary to introduce an opportune time discretization scheme and an
opportune stopping rule.

In Chapter 2, Section 2.7, three approaches of time discretization are presented:
the explicit Euler (EE) approach, a semi-implicit (SI) improvement and the im-
plicit Euler(or the Gradient Flow) approach.

We present here for completeness the first approach, i.e. the explicit one, which
would be used also in our numerical examples. Given a sequence Aty > 0 of time

steps, the approximation sequence (uk) k—1 k. is given by the following set of
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equations:

(A1 (" +@)y=0, YoeV;

uk+s

©" =0, YveB

k_ (V" +9))e
Oe =" 35 » VeEE (1.5.31)

pg +0

4-3p
pett = ul + Aty ((uk) = |of|* — u’é) , k=0,... kma, e €E

e

1 = o, >0, VecE.
Hence at each time step, we only need to solve the lifted linear system

(A1 (" +@)=0 YveV;
uh+s (1.5.32)
cpf =0 VveB.

Some geometric considerations can be done on the updating scheme defined in
(1.5.31). Indeed, it is possible to interpret (1.5.31) as a type of projected gradient
descent. Thus, heuristically, if we start from an initial z° > 0 and a sufficiently
small initial time step, the positivity is preserved since we are moving in a de-
scent direction projected tangentially to the exponential map. Hence we converge
toward zero from a parallel direction to the axis p. = O(see 2 Subsection 2.8.2).
The explicit Euler scheme (1.5.31) is therefore a linear iterative solver for the
p-Poisson problem. It has indeed several advantages. Observe that the variable
i has the main role to absorb the non linearity induced by the factor |(7V[’/*2 thus
reducing the non linear system (1.5.23) to the weighted laplacian in (1.5.32).
Moreover, multiple experiments shows that the derived numerical scheme exhibits
very good stability properties and can be placed somewhere in the middle be-
tween the augmented lagrangian approaches [13], [33], and the Newton method
for the p-Poisson problem.

On the other hand, differently from the Newton method where we have to invert
an Hassian matrix, here we only have to solve for a weighted laplacian linear
system with Dirichlet boundary conditions and perfom an integration step for
the dynamics of p(t).

Aside from the very simple implementation of (1.5.31), having a structure which
depends upon inverting a graph laplacian matrix, which is naturally sparse and
symmetric, has the main advantage derived from the huge weaponry of the nu-
merical linear algebra(e.g. multi grid methods, preconditioning strategies etc.).
Observe that differently from the standard augmented lagrangian approach where
typically some variable substitutions are performed via Lagrange multipliers, here
the formal substitution y = \a]p/_2 is naturally given by the Legendre trans-
form(see Chapter 2 Sections 2.2, 2.5).

Furthermore, upon introducing the Tikhonov regularized Lagrangian (1.5.24) and
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the functional (1.5.25), the original saddle point problem (1.5.22) is reduced to a
differentiable and strictly convex double minimization problem, hence the second
order method derived from the implicit Euler time discretization is well defined,
improving drastically the performance of the numerical scheme. Moreover, dif-
ferently from the Newton method which needs a sufficient accurate initial guess
to converge, here we can benefit from the stability induced by (1.5.25) which acts
as a Lyapunov functional for the dynamics. Thus, starting with a sufficiently
small initial time step, the newton method applied to the implicit Euler time
discretization of (1.5.29) is guaranteed to converge(see [59] for details).

Last but not least, note that having a double minimization problem instead of
a saddle point problem, allows us to easily introduce further constraints on the
variable ¢.

Let us now return to Problem (1) and equations (1.5.5).

It is now evident the similarity between the Tikhonov regularized lagrangians
(1.5.17), (1.5.24), the primal equations (1.5.5) and the first three equations in
(1.5.29):

(e +0)oe = (V(p+@))e, VeeE
(Vo) =(AL (¢4 @)s=fo, YvEV

pto

wpy =0, VYveB.

We are indeed motivated to introduce the following Lagrangian L¥P9w % ; (HE (V) x
H(E)T xH(E)) - R, Vj=1,...,M:

LW:P:0w,0q (hoj 'uj7 qj) —

—Zl“e”qw? NCEIORD WETED O

. _Pe
J 2—pe .
2 We + Oy

et veV

w€+6 l’Le

Note that here the variable ¢ € H(F) plays the role of —¢ in (1.5.24) while the
variable ho’ € HEF (V') plays the role of . Thus, we consider the functional:

LyPs (ho',p?) = sup LUPO0a(hel i, g).
¢ EH(E)

and with the same arguments as in (1.5.26)-(1.5.27) we have that there exists a
maximizer ¢*/ given by:

Japi
_ (we + 5w)v(h0 +h )e’ Vec E. (1533)
/'Lje + 5‘1

*J
e

q

Thus, computing L¥P%9% (ho? 117 ¢7) in the maximizer ¢*/, the functional Lg (ho w)
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simplifies as follows:

S 1w+ 8 V! + ). g~ >y
h _ Jh J 2—pe
q( 0 7“ ) = ) (,ue + (S vevf 0v+ /’Le ;

uH

(1 5. 34)
Consider now the following double minimization problem:

inf L7 q(ho ).

hol e wPvy T

uw e H(E)T

The KKT conditions for the minimizer (h#, u*7) € (HE (V) xH(E)T) of L5 (ho W)
satisfies:

L (wetda) V(AR
q*.; - H*jeJrgq ) Veec FE
A 2
—|q*2* + p* 72 — co(we + 6,) =0, Ve€E
(A (wrsw) (h*] + hj))v = £l Yo eV
(u*T+6q)
hé{; =0, YveB
Lce™ e =0, ¢ >0, VecE,

Thus, #*/, = 0 on some edge é € E if and only if
¢l =V (hy +h)e =0,

and ce = 0, there is no other possibility.
On the other hand, if ©*/; > 0 we have that

— | 4T P2
= |q"|Pe".
As a consequence, if

(hg?, 11*7) is a minimizer for Ly (ho 1),

and ¢*/ is given by (1.5.33) then

(hg’ +h7,q)
is a solution for the primal equations (1.5.5).
Therefore, defining: ‘ S

B =k} + 1,
we have S

Rl =h], wveB,

and we can recycle the EDMK scheme (1.5.29) as a converging dynamics to
compute a solution of the primal equations (1.5.5).
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The corresponding dynamical system of (1.5.29) and (1.5.30) for a solution of the

primal equations, Vj = 1,..., M, reads as follows:
. Sw) V(R (t
qg(t):—(we—i_.w) ( ())6’ Vec E
:u]e(t) + 6‘1

(divg? () = (A _wisy B (1)) = fI, YveV;

3 (0464 v (1.5.35)
B (t), =h) YveB
. . 4—3pe . . . .
Ouel(t) = pl(8) 7 gl (O — (1), pd(0) = g, > 0, Ve€E,
and the Explicit Euler scheme for (1.5.35) is given by:

(A w+w hjk)’l} = 07 Vo € ‘/I

#jk+5q
W' =1l YueB
ik
; V W
J’; _ %7 Vec E
W+ 0y
k41 L -k 4—3pe L -k
Mje - :U’]e + Atk ((/’LJE) 2pe ‘qje‘2 - /’LJe> ) k= O’ T kmax’e ek

M’S =y, >0, Ve€ckE.

1.5.4 Total Variation Regularization

Since problem (1.5.2) is non convex, a regularization term is necessary in order to
select opportune local minimizers. A common choice is to add to the Lagrangian
L in (1.5.4) a Tikhonov penalty term. Typically, quadratic terms are added and
have the effect to smooth out the solutions, thus gaining stability and regularity.
A not common strategy is to add non differentiable term typically derived by the
{1 norm.

Among them a very important role is played by the total variation regularization.
This naturally lead to locally constant optimal solutions, see [26], [142], [33] for
an exhaustive treatment of total variation regularization.

The choice of this type of regularization fits well in the case of our problem since
our optimal parameters (w,p’) depends on the mechanical properties of the pipes,
such as the diameters, material and age. Typically the pipes are posed in sequence
with the same material and diameter, therefore, it is of central importance to find
such a method which promotes locally constant solutions on sequence of pipes
with the same properties.

Moreover, we can genuinely carry out the optimization procedure on less bound-
ary /sampling nodes since the the design parameters are "hold together” by the
regularization.
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In graph theory we can take gradients only of functions defined on the nodes set
while our parameters (w,p’) are defined on the edges.

The common procedure is to consider a new graph obtained from the original
graph by connecting the middle points of adjacent edges, the so called ”Line-
Graph”. This is one of the most classical example of graph duality. Note that,
by definition, only the nodes of topological degree greater or equal than two in
the original graph, contributes to the construction of the line graph.

The gradient operator generated by the ” Line-Graph” is a matrix from the origi-
nal graph edges set to the ”Line-Graph” edges set, which has constant functions
on the original graph edges set as kernel see [121].

Therefore the strategy is to create a regularization defining the total variation of
our edge weight and exponent using the gradient derived from the ”Line-Graph”.
In figure (1.3) we can see an example of comparison between original graph and
”Line-Graph”. Given a graph G(V, E) we denote as L(G)(E,Y) the ”Line-Graph”

(@)
Figure 1.3: (a) original graph(black) vs (b) derived line graph(red).

of G. Then L(G) has by definition m = |F| nodes, i.e. the number of original
edges and it is easy to see that the number of edges is given by:

’Y’ _ Z kv(kv - 1)7

2
veV

where k, is the topological degree of a node v € V' in the original graph G.
Thus, by construction, each node v of degree k, of the original graph G corre-
sponds to a k, fully connected clique in L(G).

Line graphs have been studied extensively and, among their well-known proper-
ties, Whitney’s uniqueness theorem states that the structure of G can be recovered
completely from its line graph L(G), for any graph other than a triangle or a star
network of four nodes [138]. Hence we don’t loose any information on the topo-
logical structure of the original graph.

As already observed, a single node v in G leads to a connected clique of w
links in the line graph L(G)). This seems to suggest that the line graph L(G)
gives too much prominence to the high degree nodes of the original graph G. In
[53] an opportune topological weighting strategy is presented to overcome this
issue. The main idea is to define a weighted line graph whose links are scaled
by a factor of O (1/k,). This is motivated by the fact that each vertex v in the
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original graph G contributes k“(kg —1) edges to L(G) even though its importance

in the original graph could be estimated to be just k,. Thus, for any node v € V
in the original graph G we define the adjacency of v as:

adj, :={e € E|le=wore=vu}, YveV.
With this definition we have that:
kvz|a’dj1}|7 UEV

Then, we consider the weighted line graph L(G)(E,Y,w"”®) such that for any
edge y € Y:

y = Y= e (e1,e2) € E, (e1,e2) € adjy, v e V.
o

and it’s weighted gradient matrix Vg : H(E) — H(Y) is the |Y| x m matrix
given by:

LG —
—wy, if y; = ejex,
(Vig)ij = QWi if yi = exey,
0 otherwise.

As a motivating example, consider the case of collaboration networks. Every
link(edge) in a collaboration network corresponds to a joint work between two
authors. Thus, the (k, — 1) normalization is justified by the desire that two au-
thors should be less connected if they wrote a joint paper with many co-authors
than a paper with few authors.

In the WDS framework, this translate to enhancing the connection between pipes
on the same topological line(i.e. in sequence of junctions with topological de-
gree equal to two), which is typically composed of pipes with the same prop-
erties(diameters, materials etc.), while considering as less connected the pipes
which lies in the adjacency of a cross junction(a junction between more than
two pipes), where it is most probable to have a connection between pipes with
different diameters and materials.

This kind of weighted gradient matrix fits well for our regularization purpose.
We will consider therefore the following new Lagrangian:

£TV(H(V)7 Q(E)7p,’ wa (I)a \Ija E7 Tkp’v Tk’Lw 5(17 510) = ﬁ(pla ’UJ, H(V)’ Q(E)v <I>, \IJ7 Ev 6(17 5111)"_
+Tky | Ve o'l + Thol Vigwlly
(1.5.36)
where L(p',w,H(V),Q(E),®,V,E,d,,0,) is the Lagrangian defined in (1.5.4)
and (Tky,Tk,) are two positive small regularization parameters.
In Section 1.5.3 we have seen an equivalent saddle point formulation for the graph
p-Dirichlet energy. In Chapter 2, Sections 2.4, 2.8, 2.11 we extensively treat the
limit case p = 1, and we show that the same arguments as in Section 1.5.3 can
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be applied to the general framework of TV and li-norm regularization. Thus as
in (1.5.19), given a graph G(V, E) where we set for simplicity the edge weight fix
to one, we introduce the Lagrangian L}, : (H(E)" x H(E)) — R as:

1 1

1 o 2

Ly(u,0) = =D sheloe +0- Vo + 53 pe, 9 €HV),
ecE ecE

which is the Lagrangian in (1.5.19) for p = 1. In Chapter 2(see Theorem 2.4.1)
we show that the graph 1-Dirichlet energy or the graph Total Variation energy:

TV(e) :=Ei(p) = Vel
admits the following equivalent formulation:

TV(p) = inf sup LI(u,0).
(?) REH(E)* geH(E) ol1:9)

Moreover, there exists a saddle point (u*, o*) for L}D and it satisfies the extremality
relations:

peoe = (Vple, Ve€E,
lo¥| <1, Vee€kFE,
pilok? —ui =0, Ve€FE,
pe =(Vy)l, VeekE.

We then introduce the Tikhononv regularized Lagrangian:

1 1
LY 0) == (e +O)|ocf +0- Vot pe,
eckE ecl

where 0 > 0 is a small Tikhononv parameter, and the functional:

Li(p,p) == sup L“(¢p,p,0).
c€H(E)

With the same arguments as in (1.5.26), £}(¢, 1) simplifies as follows:
1[(Ve)l* | 1
E}S(@?/”)sz +7Z/*L€7
e€E2 (pe +9) 2eeE
and we consider the following minimization problem:

inf Lo, p). 1.5.37
peint ) Loleon) (1.5.37)

Again, as in Section 1.5.3, we have that the KKT conditions for a minimizer (u*)
of (1.5.37) satisfies:

(nE+6)?

_‘(VW)eF_i_l_Ce:O’ veeE
Cets =0, ¢ >0, Vee E.
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Thus, p*; = 0 on some edge € € F if and only if:

e

[(V p)el <6, (1.5.38)
and if p*; > 0 we have that
I(V@)e| = pz + 6. (1.5.39)
Hence defining:
TVi(e):= _imf L (e, 1), (1.5.40)

from (1.5.38), (1.5.39) we have:
TVs(p) = TV () + O(9).

We are indeed motivated to consider the following approximated Lagrangian in-
stead of the total variation regularized one in (1.5.36):

E%V(p/7wnu’p’a/'LwaH(V)7Q(E)7¢7\IlvE’7Tkp’7Tkw75Q75’w75}Lp/75Mw) =
=L, w,HV),Q(E),®, ¥, Z,5,0,)+

1| Via?'l; 1| Vigwl? 1
i Z( ‘|‘5u/+2 vy FThe 2 |5 +ghuy )

(1.5.41)

where Y is the edges set of the line graph L(G) of the original graph G. The main
advantage of considering (1.5.41) instead of using directly the total variation of
(p,w) comes from (1.5.40). Indeed, having introduced the new positive densities
variables 1,y and fi,, which depend only on (p/, w), allows us to perform simulta-
neously the minimization in the quadruple (p/, w, iy, pwy). Moreover, introducing
the regularization parameters (5%,,5%) we have the necessary differentiability
to use our EDMK scheme for the total variation minimization. The algorithmic
issue and numerical implementation will be presented in full detail in the follow-
ing subsection.

Let us consider as an illustrative example the simplified problem:

1|Viguwl;
min  F(w) + Tk Y42 : 1.5.42
w € H(E)T Z <2Mwy + 5 wa ( )
yey
e )t

where F': H(FE) — R is a sufficiently smooth map.

Observe that we are in the same situation as in (1.5.28). The only difference
is that we have a double positivity constraint so that in general we can not
directly compute a minimizer in the variable w(differently from (1.5.28) where
w is substituted by ¢ without the positivity constraint). Nevertheless, since we
have a double minimization problem, we can consider a double ” gradient descent”
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approach in the pair (f,, w).

With the same arguments as in (1.5.29), by composing with the change of variable
(pw(t) = |€(#)2, w = |e(t)|?) to enforce the positivity and then performing a pull-
back of the descending dynamics on the original variables (., (t), w(t)), we get
the following descending dynamics(see Chapter 2 Sections 2.8, 2.11):

(Vigw(t))y
,U'wy(t) + 5”10 ’

Oettawy (1) = by (D)|0wy (D) = pwy (), Vy €Y,

Hwy(0) = g, >0, Vy €Y,

Twy(t) = Vy ey,

Dpwe (t) = we(t) <—8weF(w(t)) — Tk, (ALC w(t))e> , YeeR,

Hw (t)+5p.w

we(0) = wp. >0, Vee€kFE.

where:

1

ALG .= V7. Di —_—
L T VG w‘g(uw(maw

Hw (i)+6y,w

) Vig, Vt>0. (1.5.43)

We propose the following semi-implicit Proximal Forward-Backward Splitting
scheme(see [13],[40] for an exhaustive treatment):

( k_ (Vic wk)

VyeY
wy — Mwy+6w Y

Nwlyf—i_l = Mw]gj + Atk(ﬂw’;) (’Uwy|2 B 1) kE=0,... ., knax,y €Y
:u”w()y > 0 vy € Y
wk _ w — Aty ([Dlag(wk )] 0w F'(w )) , YVee F

<1 + Atkaiw [Diag( ALG > k‘ - 07 ey kmaXa ec E

Hwk+5uw

w wp, >0, Vee F.

With similar arguments one can also consider the following problem:

1 |Viep'?
min ) + Thy Z( Vierly | Wy), (1.5.44)

plle H(E) yey 2/,Lp y + 6“ ’ 2
e < p, <be, e € E

weHmt

where again, F': H(FE) — R is a sufficiently smooth map.
In this example we have an interval constraint on the variable p’ for any edge
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e € F. This kind of constraint can be treated in a similar way to the positivity
constraint as in the previous example, composing with the flux generated by
a sigmoidal vector field and considering the Lie derivative along that flux or
equivalently by composing with the change of variable:

pL(t) = ac + (be — ac) cos? <\/%> , eek,

and then performing a pull-back of the descending dynamics on the original
variable p’. We refer to Chapter 2 Subsection 2.8.2 for full details on the heuristics
behind this techniques.

The positivity constraint for the density i,y is treated as for (1.5.42) by composing
with the quadratic map uy (t) = |£(2)[?.

Thus we have the following descending dynamics for (1.5.44):

Vv '(t
Up’y(t) _ ( LGP( ))y
/‘p’y(t) + 5#,,/
Bupiyy () = piyr, (D)o, (O = i, (), Yy €Y,
Up’y(o) = Koy >0, Vyey,

, Vyey,

Ope(t) = (be — PL(1)) (PL(t) — ac) <8ng(p'(t)) - Tkp/(Amp’(t))e> , Ve€kE,

P (0)=py, >0, ac <py, <be, VecE.
where as in (1.5.43):

1

— | Vg, Vt>0.
:U’p’ (t) —|— 5Np’ )

ALG 1 = ng Dlag
Mp/<t)+5,up/
Defining the vectors a € H(E) and b € H(E) as:

ae = Qe, Ve € F,

and

b = be, Ve € E,



1.5. THE MODEL CALIBRATION o1

the corresponding semi-implicit Proximal Forward-Backward Splitting scheme
reads as follows:

( k (VLG p,k)y

Oy, = , VyeY
Py Mp’l;+5ﬂp/ y

/’Lp/l;+1 — Mp,]; =+ Atk(ﬂp’l;) (’O'p/ZP _ 1) , k = 0’ ey kma)uy cY

,uplg = Hp'g, > 0, VyeY

Pe=1¢ - Mty (IDiag((b — ) © (0 — )]y F(Y)) | VeeE

e

(1 + Aty Tky [Diag((b — p'*) © (p* — 2))]A ) P =P k=0, knave € E

Mp/kJréup,

0
e =100 ae <Py, <be, VecE.

1.5.5 The Algorithm

In the Subsection 1.5.3 we have seen how to integrate our EDMK scheme for the
p-Poisson problem, after an opportune regularization, to the solution of the pri-
mal equations (1.5.5), which are necessary to be solved, along with the adjoints
equations (1.5.6) in order to compute the derivative of the Lagrangian in (1.5.4)
with respect to the design parameters (p/, w).

In Subsection 1.5.4 we have seen how to use our EDMK scheme for the Total Vari-
ation regularization which allows us to easily integrate the physical constraints
on our design parameters. Moreover, upon introducing another further small reg-
ularization parameter, we show how to transform a Total Variation regularized
minimization problem into a simplified and well approximated problem. We then
provide two illustrative examples in (1.5.42) and (1.5.44) which will be used in
the construction of our minimizing scheme for Problem (1).

We now give some insights on the main tools, providing also a summary of the
main results shown in the previous sections. The main idea is to construct a de-
scending dynamics scheme by using the EDMK scheme as the main tool to solve
the primal equations along with the Total Variation regularization. We then pro-
pose an ”all-in-one” descending scheme which is essentially based upon observing
that we can interlace the EDMK scheme to compute an approximated descending
iteration, given by not directly solving the primal equations, but rather updat-
ing in synchronization both the EDMK and a gradient descent for the variables
(', w).

We propose moreover to scale the variable w by a factor (’)(%) where L is the
length of the pipe and D the internal diameter as in the original momentum and
mass balance equations (1.3.1), (1.3.2). This is useful to make w independent
from the length of the pipe. So that, as in Section 1.3, we define the hogenization
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edge weight [ € H(E)™ as:

le := , VeeFE

where C' is the roughness coefficient.
We will consider the following extended variational problem:

min min max L7y w, py s poo, HV ), Q(E), @, 9, 2, Ty, Tk, 0q, 0w, 0y, , O
[P sty i) [HL(V): 5.Q(B). 5] [7 67 9] v ot H(V), QE), Hr
3.5>p >2.25,
w >0,
s.t.
pp =0,
IMUJZO7

where the Lagrangian [,gllv is essentially the same as in (1.5.41), with the only
difference that we introduce the homogenization weight [ as a scaling factor for
w:

LD w0, 1y ooy HV), QUE), @, 9,2, Thyy, Thi, 8g, 80,0y Gp) o=

=L, wolLHV),Q(E),®, ¥,E,8,0d,)+
1| Vigp'l; 1 1|Vigwf?
Ty 3 <2ﬂp/y+5,up/ Tk py) wy%;/(wwﬁ& * “wy)’

(1.5.45)

where L is the original Lagrangian defined in (1.5.4) that we used for the com-

putation of the primal equations, the adjoints equations and consequently the

derivative with respect of the design parameters (p’, w).

Observe that in (1.5.45) we don’t scale the variable w in the regularization term.

This is due by the fact that indeed having scaled w in £, which determines the

constraint equations(or the physics of the WDS) is enough to make it ”indepen-

dent” from the length of the pipe. As a consequence, the regularization has to be

applied without the scaling factor in order to benefit from the homogenization.

The variable p’ is naturally a dimensionless variable, therefore it doesn’t need to

be scaled by the length.

We refer to (1) and Subsection 1.5.1 for the definition of the variables Q(E),

Q(Es), H(V), H(B), F(Vy), F(B), ®, ¥, = which will be involved in what fol-

lows, while Tk, Tk, are the positive regularization(Tikhonov) parameters for

the approximated Total Variation regularization and dq, 0, 6%,, Ou,, are also
small strictly positive regularization parameters.

Let ¢ := Q(E).; € H(E), ¢ = Q(Es).; € H(Es), M = H(V).; € H(V),
W = H(B).; € H(B), f/ := F(V1).; € H(V1), [/ := F(B),; € H(B),
Vi=1,...,M.

With the same arguments(we only have multiplied w by [) as in Subsection 1.5.1,
we have that the primal equations(or the p-Poisson constraint equations) are

)7
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given by:

(|qg|pé—2 + 5Q)qg = _(wele + 5w)(v hj)ea Vee E
~(Vigh),=fl, YveV (1.5.46)

v

hi =hi, VoveB,

while the adjoint equations(or the Lagrange multipliers equations) are given by:
(Pl = DIgIP=" +0)¢L + (V')e = ¢} — G, Ve € Es

(0. = DIgl[P > + 86l + (Vi) =0, VeeEy

— (VT (Diag(w © 1) 4 6,1)¢"), =0, Yv e V;
Yl = —fl — (¢ - ¥),, YoveB.

(1.5.47)

Again, with the same arguments as in Subsection 1.5.1 we have that, once the
solutions ¢/, h7, ¢’, 17 of the primal and adjoints equation are computed for any
sampling time j = 1,...,m, the derivative of £ with respect of (p',w) are given
by:

d

dw,

M
L=0uL==> ¢ll(Vhi)., VecE,

J=1

d
dp,

M
L=0yL==> ¢llog(lgd))lgll” 3¢, VeeE.
7j=1

In subsection 1.5.2 we have introduced the intermediate variable
e HEYY, Vi=1,...,m,
pli=|gll=?, VeeF,
which has the important role to formally reduce the primal equation into a

weighted laplacian system.
Indeed, introducing the variable p/ we have that equations (1.5.46) becomes:

(4 +00)g = —(wele + 8,)(V W), VeeE
_(quj)v = 5, YveV;
hi =hi, YoveB.
Since
(Wl +84) >0, VeekE,
we have that formally:

_wele + Oy
e + 0

¢ = (Vh?)., Ve€E,
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so that (1.5.46) is equivalent to the following(still non-linear) weighted laplacian

system:
<VTDiag <w®+w> vw) —fi, YoeV;
w + 6‘1 v
hl =h!, YveB.
Moreover, if we introduce the variable ¢/ such that:
@ =q -, VecEs
¢ =0, Ve e by,

then, from the first two equations in (1.5.47), we have that:

(Ve @
P, — Db +0,  (ph— Dk + 6,

o=
Thus, the system of adjoint equations (1.5.47) is equivalent as well to the following
weighted laplacian system in the variable v7:

w®l+(5w
(P = 1)p? + 04

w® 1+ 6y ) i
-_— , YveV
W—nwa,) T e
¢g:—fg—(qj~ﬁ)v, Vv e B.
(1.5.48)
The variable 1/ also appears in the derivative of £ with respect to p’. Indeed
from (1.5.8) we have:

(VT Diag < ) V), = (VT Diag (

M M

ol == S oltoa( el el = = Y- olloallallalil Ve P
J=1 J=1

It is clear that the variable 7 plays the fundamental role to simplify all the com-
putations. It naturally appears in the primal equations, in the adjoint equations
and in the computation of the gradient for the variable p’. Moreover, in Subsec-
tion 1.5.3 we have presented an EDMK based ” Gradient Flow” like approach to
the solution of the primal equations which naturally involves the variable y/ as
an iterative linear solver, once opportunely time discretized.
The strategy is therefore to perform an ”all-in-one” descending dynamics. This
is reasonable to think as a kind of Picard iteration.
Thus, the descending algorithm will be initialized with an initial distribution
of exponents p; € H(E), 2.25 < p; < 3.5, an initial distribution of weights
wo € H(E)T and the derived primal and adjoint solutions ¢’ O, hi 0, & 0, I 0 com-
puted solving the non-linear equations (1.5.46), (1.5.47) with the given initial
distributions (pf, wo) and our EDMK scheme.
Once initialized, the algorithm will follows a pseudo-descent dynamics, where
instead of solving at every iteration the non-linear primal-adjoint equations for
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the computation of the derivative of the extended regularized Lagrangian E‘sTV,
we will rather perform one integration step of the dynamics given by the EDMK
scheme for the primal equations in (1.5.35):
gty = —Wele TOIVED)e g
1w o(t) + &g
(A wortsy hj(t))v =fl, YveW

v

13 ()14 (1.5.49)
B (t), =h! YveB
. . 4—3pe . . . .
Qupl (t) = pl(t) = |gl (D) = pl(t), pl(0) = pp, >0, Ve€E,
where the initial value for p/, for any j = 1,..., M in (1.5.49), is set to be equal
to:

ph, =772, VeeE
and ¢’ % is the flux solution of the primal equations given by the initial distribu-
tions (pj, wo).
This type of pseudo-gradient descent method has some reminiscents of the one
introduced in [140].
If the Explicit Euler time discretization is used for (1.5.49) we have the following
iterative scheme for the solution of the primal equations:

ik
( (Aworrsnh? )y =0, YveV;
RLEEE

W*=h, voeB
b (Wele + 60)(V 15,

q] = - y Vee E
‘ M]k‘qu
k41 Je -k 4—3pe -k s
:u]e = :u’je + Atk ((M]e> 2mpe ‘q]e‘Z - M]e> ) k= 07 Tt km&X7e €eE
L ;ﬂg:;ﬂoe>0, Vee L.

(1.5.50)
Thus, instead to compute a full solution of the primal equations which corre-
sponds to a steady state for (1.5.49), in the case where the explicit time dis-
cretization in (1.5.50) is used, we only need to solve for a weighted laplacian
system to compute the new approximated density p’ s
With the same arguments, once the solution of the linear adjoint equations
(1.5.48) given by the previous approximated density p i computed, we can also
compute an approximated descent direction(gradient) for the variables (p’,w).
In this way we have all the ingredients for an iterative(approximated) gradient
descent approach to the computation of the minimizing weights and exponents
distribution.
The reason behind this choice, a part from the numerical benefit to solve for a lin-
ear system instead of a non-linear equation, is essentially motivated by the fact



56 CHAPTER 1. WDS AND THE GRAPH p-LAPLACE OPERATOR

that the dynamics in (1.5.49) admits the strictly convex Lyapunov functional
E?f 5, defined in (1.5.34), hence the updating scheme converges to a solution
independently from the initial guess(starting point). As a consequence, we are
expecting that an iterative algorithm constructed in such a manner, will converge
to a solution if a sufficiently small initial time step is provided. Thus, initially
we still get a reasonably good approximation of the p-Poisson equation and the
approximated descent direction is not affected so much by the error derived by
not solving well the primal equations.

Once the minimization process starts to be near to a local minima, intuitively
the changing velocity of the approximated candidate minimizer at iteration k,
(p'*, w*), will slow down and the dynamics given by the EDMK scheme will
synchronizes as well, converging to a good approximated solution of the primal
equations.

For what concern the Total Variation regularization, observe that we are in the
same situation of examples (1.5.42), (1.5.44). Summing up all together, the al-
gorithm is composed by two parts:

e Initialization: Given an initial distribution of exponents and weights such
that 2.25 < pj, < 3.5, woe > 0, Ve € E, we compute a well approximated
solution (¢’ 0, h7 0), of the primal equations (1.5.46) with the EDMK scheme
(1.5.50) and a solution ((ﬁjo,wjo) of the adjoint equations (1.5.47), relative
to the initial distribution (pj,wo), for any j =1,..., M.

A practical method to select an initial distribution of parameters is to fix
the initial exponent
Ph, = 2.8524, Vee€E,

as a good empirical guess given by the Hazen-Williams formula(see [1]),
and to fix a value Wy > 0 such that:

Woe = Wy, Ve€EER, (1.5.51)

where the parameter w is computed by performing a dichotomic search un-
til we find the value which reasonable minimizes the relative error between
the sampled boundary demand f2 and the initial Dirichlet-to-Neumann
map — (g} - ¥),, for any v € B.

We observed experimentally that it is not important the precise value of
wp > 0 but rather the order of magnitude.

Since Problem (1) is not convex, we point out that this initialization process
is of fundamental importance for the performances and the stability of the
algorithm.

Other two fundamental parameters to be carefully setted are the regular-
ization parameters (T'k,, Tk, ). There are various techniques in order to
proper determine the regularization parameters. For the interested reader
we refer to [14, 26, 30, 69].
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e Minimizing flow: The full descending ”all-in-one” scheme reads as an
opportune time discretization of the following dynamics:

(1.5.52)
primal
Vi=1,...,M,
, (wele + 6)(V (1))
J(4) = — i FE
Q(i(t) /,I/Je(t) +6q Y ve 6
(VT Diag <W) th(t)> —fi Yeew
q v

B (t), =h! YveB

4—

Ol (t) = pl(t) e | (1) 2 = pl(t), Vee B
p(0) = g >0, Ye€E

adjoint

@t)=ql(t)— ¢, Vee Eg

@(t)=0, VeeE;
i) = - T UMV
W)~ w0+ 3, (0~ Dul(0) +5,
T Dia w(t) Ol + by _
o7 i (7 - 1)w<)+5> o=
L+ 6 | , YveV;
(9" Ding (et ) a0,

W) =~Fl = ()P, YvEB
w: descent + TV

(Vicw(t))y
Mwy(t) + 6,uw ’

Oebtawy (1) =ty (D)|0wy (D)* = pwy (), Vy €Y

fwy(0) = fiwo,, >0, VyeY

Owy(t) = VyeyY
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Aywe(t) = we(t quﬂ (VI (#)e — Tho(AYC L w(t)e |, VecE
Hw(t)"r(suw

we(0) = wpe >0, Vee E
p’: descent + TVy

(Viap'(t))y

, Yy ey,
fpr, (£) 4 0y,

Up’y(t) =

ety (1) = iy, (D)loy , (O — iy, (8), Yy €,

Mp’y(o) = Moy >0, Vyey,

Al (t) = (3.5 — pl(t)) (pL(t) — 2.5) }jw ) log (|l (t))al (£ (t)+

M I(f)+(s;¢ ;

~Thy (ALC p'(t))e)
p/e(o) :ploe >0, ae < ploe <be, VeeckF.

We propose the following semi implicit time discretization for (1.5.52), which is
essentially the union of the schemes in (1.5.50) and examples (1.5.42), (1.5.44).
Thus given a sequence of time steps Aty, k = 0,..., kmax, the approximated
sequence of solutions (p’k, wk, p,*, up/k, ujk, qjk7 hjk, quk, W’“), is computed with
the following recurrent scheme:

(1.5.53)
primal
Vi=1,....,M,
. Bl + 6,)(V hi"
q]: — (we 6+‘kw)(v )67 ve c E
W+ dg
Fol+6 :
<vT Diag (W) Vhf’“) —0, YvueV
[T .
k

W' =hl VYveB

4-3pk
k+1 ik -k 2 ik
" —MQ+A%<WQVPIqF W), veeE
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MJQ:MO@>0, Vec E
adjoint
Vi=1,..., M,
@' =q"—g, VeeEs
@" =0, Vee E;
. ik "
A Vy ) + e VeeE
=" 46, pF -1 + 6,
wF O 1+ 6y .
(VT Diag © + ijk)v =
k
pF—1) ,uJ + 9y
. , Yvelr
T w @l+5w Njk
(V* Diag CRETYLI: 7)o
(p D™ + 44
F— (" D), YveB
w: descent + TV
k
k. (Vegw")y
=—""" Vyev
O'wy nglj +5 y Y
uw§+1 = uw]; + Atk(uw’;) (]aw§\2 - 1) , YyeY
[y = fwoy >0, VyeY
bo¥ = w¥ + Aty ([Diag(w Z(ﬁ] ©lO VR ) Vee E
7j=1
<1 + At Tky[Diag(w®)]ALC | > wtt = b,k Vee E
ka+5uw
w2:w06>0, Vee FE
p’: descent + TVy
v 1k
Up’]; — (iGip)y’ vy cY
:up’y +6,U,/
P = o+ Aty () (I%/'jl2 — 1) , Vyey
0 _
fp'y = Hp'g, > 0, VyevY
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byt = p'F+

e

M , Vee F

~ Ay | [ Ding((35 ") © (0" ~2.25))| 307 @ los(le’ ) © ¢’ 0 "
j=1

€

<1 + Aty Ty [Diag((3.5 — p™*) © (p'* — 2.25))]ALC | ) PP =05 VecE

2% k+5,up,

p'g :ploe, Vee E

2.25 < py, <35, Vee€E.

A stopping criteria must be chosen to terminate the algorithm. In our numerical
examples we will use the relative error stopping criteria. Indeed, when the Ini-
tialization process is done, we choose a stopping tolerance € and let evolve the
iterative scheme in (1.5.53) until:

w

9 )

1 -k k+1 k k k
1" =y el = gkl Rt =, e = el T |l
At||p¥||1,

Atglw®ll, T Atellebll, T AtellwMl, T At s

(1.5.54)
We point out that other far more performing numerical schemes can be developed
for the time discretization of the flow in (1.5.52), for example the Nesterov/Beck
and Teboulle’s acceleration [13] and the Implicit Euler scheme. This will be surely
a matter of future development. Nevertheless, good results can also be obtained
with the proposed scheme(which is quite simple to implement), once a sufficiently
small initial time step is provided. For example a good empirical time stepping

method is the following:

0< Aty << 1,
0<a<<l,
Atps1 = (1+a)Aty, k=0,..., knas,
if Atpp1 > Apae then Atppr = Az,

where the parameters (a, Atg, Apnaz) have to be carefully selected to avoid insta-
bilities and possibly the failure of the convergence.

1.6 Numerical experiments

We conclude this chapter with some numerical experiments on a synthetic EPANET

WDS which corresponds to the digitalization of a real world test case. In partic-
ular, the test case is given by a portion of the WDS which supplies the area near
the city of Treviso, in North-East Italy. The model is composed by 204 nodes
and 214 edges and it is depicted in Figure (1.4). All pipes in the network are

e
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Figure 1.4: Test case WDS on the street map. The blue marker on the left
highlights the tank position.

constructed using diverse materials such as steel, cast iron, concrete, or plastic
and have varying diameters. The entire network is supplied by a single tank sit-
uated in the center left position (as identified by the blue marker in Figure 1.4).
An EPANET model is used, which has a demand distribution that is calibrated
by previous measurements to accurately reproduce the user’s daily consumption.
In our numerical experiments, we optimize the network with only one sampling
measurement (M = 1). This is ultimately done for the purpose of achieving clear
numerical results. When both parameters (p’,w) are used in the minimization,
using a single measurement may result in several local minimizers as there are
many degrees of freedom. As such, we will present two separate results obtained
through varying sampling strategies while keeping the exponent fixed and equal
to
pl, =2.8524, VeekE,

as a good empirical found value(Hazen-Williams formula). Then we will present
a third test case that is identical to the first one, where we also optimize the
parameter p’. In all three tests, we calculate the optimal w using the method de-
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scribed in equations (1.5.53). Despite having only one measurement, we observe
the beneficial impact of TV regularization in selecting a locally constant distri-
bution of weights (and exponents in the third test) that can accurately replicate
the missing heads and fluxes data. Additionally, it is evident that the weight
distribution remains consistent across all three test cases when utilizing various
sampling strategies. As a result, it can be suggested that the TV regularization
approach selects ”good local minima”.

e Test case 1. house service meters bad scenario:
In this test case we consider an house service meters bad scenario where the
demand on the sampling nodes is very small, in average 1 liter per minute.
We suppose to have at disposal a single time measurement M = 1, and
to get available data only on the external nodes of the WDS, i.e. on the
37 leaves of the graphs and on the source node, which is the only tank.
Thus the boundary nodes B are composed by the leaves of the graph where
we know as collected data the sampling demand and the piezometric head.
No flux data are considered and no information is given on the internal
nodes except for the calibrated user demand distribution. The initialization
process is carried out by setting an initial fixed weight

wg = le — 2,

as in (1.5.51).
We then set a fixed time step

Atp=1le—1, k=0,..., knaz,
and the regularization parameters §
0g = 0w = 0Oy, = le — 8.

We empirically find that a good compromise is to set the TV regularization
parameter to
Tky = 1le — 5.

Since we fix the exponent p’ we don’t need the regularization parameters
(5%, and Tk, .

Finally we set a stopping tolerance € = 1e —6 for the relative error stopping
criteria in Equation (1.5.54).

Surprisingly, even if the time measurement is only one and we don’t have
any internal node data, the Total Variation regularization works very well,
choosing a suitable w that can reproduce the missing measurements quite
well. As expected, since the demand data is proximal to be irrelevant,
most of the error is committed in reproducing the internal fluxes, which
are proximal to be zero, and nothing is known to synchronize the model on
these edges.



1.6. NUMERICAL EXPERIMENTS 63

In Figure 1.5 we can see the optimal weights distribution computed with
our EDMK based scheme (1.5.53), where it is evident the regularizing (BV
clustering) effect induced by the TV regularization. In Figures 1.6 and
1.7 we can see the comparison between the piezometric heads and fluxes
computed with EPANET, considered the "real” reference values, and the
simulated or reconstructed ones computed with our scheme for the given
resulting optimal weight.

e Test case 2. Divergence kernel avoiding scenario:

In this test case we consider the same demand distribution and sampling
data as in Test case 1, with the same single time measurement M = 1. The
difference is the sampling strategy. In this case we assume that we have the
demand, the piezometric head, and the fluxes incident on the source node
(the tank) and on each node with a topological degree greater than 2. As
a result, the boundary sampling set B is composed of 54 nodes. As already
observed in Subsection 1.5.2, this sampling strategy is optimal in the sense
that it avoids in principle the lack of information on the loops of the graph
(which corresponds to the kernel of the divergence matrix), thus inducing
the optimality condition (1.5.15) to be satisfied. The initialization process
is carried out as in Test case 1, with the same initial value distribution
for the weight w, the same time step, the same regularization parameters
79", Tk, and the same stopping tolerance € = le — 6 for the relative error
stopping criteria in (1.5.54).

It is worth noting that we have more data in this test case. As a result,
we have a much better reconstruction of the fluxes at the internal edges.
In Figure 1.8 we can see the optimal weights distribution computed with
our EDMK based scheme (1.5.53), where also in this case we can see the
regularization effect induced by the TV regularization. In Figures 1.9, 1.10
we can see the comparison between the "real” piezometric heads and fluxes
computed with EPANET and the simulated or reconstructed ones computed
with our scheme for the given resulting optimal weight. In Figure 1.11 we
can see the comparison between the optimal weights distribution for Test
case 1 and Test case 2. We can also see the coherent increasing localization
of the optimal weight given by Test case 2, where more data is available for
solving the inverse problem.

e Test case 3. Test case 1+ p':

In this test case we consider the same exactly scenario and data of Test
case 1, with the difference that we optimize also in the parameter p’. The
initialization process is carried out exactly as in Test case 1, with the same
time step, ”7d0” regularization parameters, initial weights distribution and
initial exponents distribution, set as the fixed p’ as in Test case 1, i.e.:

p’oe = 2.8524, VeeF.
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Figure 1.5: Test case 1, (a): optimal weight vs edge index (b) optimal weight
distribution on the graph
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Figure 1.6: Test case 1, (a): real (EPANET) piezometric head(green) VS simu-
lated piezometric head (red) (b) real (EPANET) flux(green) VS simulated flux

(red)
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Figure 1.7: Test case 1, (a): real(EPANET) heads[m] and fluxes[m?/s] in absolute
value VS (b): simulated(reconstruction) heads[m] and fluxes[m?3/s] in absolute
value
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Figure 1.8: Test case 2, (a): optimal weight vs edge index (b) optimal weight
distribution on the graph
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Figure 1.9: Test case 2, (a): real(EPANET) piezometric head(green) VS simu-
lated piezometric head(red)
(b) real(EPANET) flux(green) VS simulated flux(red)
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Figure 1.10: Test case 2, (a): real (EPANET) heads[m] and fluxes[m3/s] in
absolute value VS (b): simulated (reconstruction) heads[m] and fluxes [m?/s] in

absolute value
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Test case 1 VS Test case 2
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Figure 1.11: optimal weights distribution for Test case 1(red) vs Test case
2(green)
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In order to make the optimization in the further parameter p’ effective, we
relaxed a bit the Tikhonov regularization parameters and we set

Tky = 5e — 6,

and
Tky = 5e — 6.

This is necessary to ensure that the parameter p’ can evolve far enough
from the initial distribution p{ to achieve effective evolution, although the
latter already provides a good approximation.

Finally we set a stopping tolerance € = le —6 for the relative error stopping
criteria in (1.5.54). Surprisingly, even with just one time measurement, we
can accurately compute both the exponent and weight distributions, which
reflect a spatial distribution similar to that of Test case 1. Additionally, the
approximations of the missing internal fluxes are slightly better compared to
Test case 1. With such limited data, it is not feasible to expect a significant
increase in precision with the moving parameter p’.

In Figure 1.12 we can see the optimal weights distribution computed with
our EDMK based scheme (1.5.53). The most remarkable difference with
respect to Test case 1, is that this new computed optimal weights distri-
bution exhibits a ”"peak” in the center, which corresponds to the edge with
the smallest flux of the entire WDS. This result is notable, given that the
edge in question is internal and there was no data on sampled heads and
fluxes in its immediate proximal vicinity. In Figure 1.13 we can see the
computed optimal exponents distribution. It is evident that the magnitude
differences between the optimal weights of Test case 1 and Test case 3 are
compensated by the distribution of the exponents p’, which is ”synchro-
nized” with the distribution of the weights. In Figures 1.14 and 1.15 we
can see the comparison between the ”real” piezometric heads and fluxes
computed with EPANET and the simulated or reconstructed ones com-
puted with our scheme for the given resulting optimal weight and optimal
exponent. Additionally, Figure 1.14 displays a comparison of the actual
flux, the simulated flux in Test case 1, and the simulated flux in Test case
3. Figure 1.16 presents a comparison of the optimal weights for each test
case. Additionally, Figure 1.17 depicts the spatial distribution of absolute
errors (in both edges and nodes) between simulated and real fluxes (edges)
as well as simulated and real heads (nodes) for each test case.
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Figure 1.12: Test case 3, (a): optimal weight vs edge index (b) optimal weight
distribution on the graph
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Figure 1.13: Test case 3, (a): optimal exponents vs edge index (b) optimal expo-

nents distribution on the graph
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real_head vs sim_head [m]
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Figure 1.14: Test case 3, (a): real (EPANET) piezometric head(green) VS simu-

lated piezometric head(red)
(b) real(EPANET) flux (green) VS simulated flux (red)
(c) real(EPANET) flux (green) VS Test case 1 simulated flux(red) VS Test case

3 simulated flux(blue)



1.6. NUMERICAL EXPERIMENTS

real_heads_real_fluxes_abs

(a)
sim_heads_sim_fluxes_abs
__~—_;;7’ /
A
<L
°
L}:sﬁt:;~./‘ < |/
'\'L’_>///
R
30
|
(b)

nodes

49.975

49.950

- 49.925

- 49.900

- 49.875

- 49.850

49.825

49.800

nodes

49.975

49.950

- 49.925

r49.900

- 49.875

- 49.850

49.825

49.800

edges
0.0030

0.0025

r0.0020

r0.0015

I 0.0010

0.0005

edges
0.0030

0.0025

r0.0020

r0.0015

I 0.0010

0.0005

75

Figure 1.15: Test case 3, (a): real(EPANET) heads[m] and fluxes[m?/s] in abso-
lute value VS (b): simulated(reconstruction) heads[m] and fluxes[m?/s] in abso-

lute value
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Test case 1 VS Test case 2 VS Test case 3
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Figure 1.16: optimal weights distribution for Test case 1 (red) vs Test case 2
(green) vs Test case 3 (blue)
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error between real (EPANET) heads and simulated(reconstruction) heads on
the nodes|m| and absolute value error between real (EPANET) fluxes and simu-

lated(reconstruction) fluxes on the edges [m?3/s]



78 CHAPTER 1. WDS AND THE GRAPH p-LAPLACE OPERATOR



2 A duality based DMK approach
to the Total Variation Energy,
extensions and applications

2.1 Introduction

In this Chapter we discuss how to properly rewrite a convex energy functional
into an equivalent saddle point formulation, to tackle the problem of finding it’s
minimizers from an alternative and more performing perspective.

We extensively study the case of the p-Dirichlet energy for 1 < p < 2, and of
the Total Variation energy as limit case for p — 1, including it’s application as a
regularization term in various type of inverse problems.

These saddle points formulations are obtained by duality techniques carried out
in two different frameworks: on directed graphs(or on R™=#¢49¢%) "and on a Lip-
schitz bounded domain of R™.

There are various reasons that suggest to transform a minimization problem into
a saddle point problem. The most attracting feature of saddle point formulations
is that the higher degree of freedom can be used to enforce qualitative features of
the solution, even at a finite stage of discretization/approximation. This is the
case of the mixed FEM formulation of divergence form elliptic PDEs introduced
in [43], where the natural Hy;, regularity of the flux (i.e., the argument of the
divergence operator) is explicitly enforced in the discretization space. This regu-
larity property has a major importance in certain applications such as, e.g., when
the PDE is coupled with a transport equation driven by the flux itself. Indeed, a
discretization of the elliptic PDE not preserving at any finite stage such regularity
property would lead to the presence of numerical sources and sinks in the coupled
transport problem: the overall numerical scheme would become unstable.

In other cases, the second variable is introduced in the formulation of the problem
because of its physical relevance, or even because it is the real quantity of interest
in the particular application of the model. This is the case, for example, of linear
elasticity mixed model [4, 43] , where the introduction of the stress tensor as a
state variable may be used for the practical scope of checking the mechanical
admissibility of the stress for a given material.

In other cases there are two natural independent variables and so, the mixed

79
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formulation is the natural one. This is the case of the Stokes equations, where
the two variables are the velocity and the pressure.

Another example of the advantage of transforming a minimization problem into a
saddle point problem, is the case of non-linear inequality constraints optimization
problems. This kind of non-linear inequality constraints are very difficult to han-
dle, but, introducing an opportune positive Lagrange multiplier (see [46] p. 64
for full details), the initial minimization problem is transformed in a saddle point
problem. The advantage here is given by considering the dual problem obtained
by interchanging ”inf” with ”sup” that allows to transform the initial non-linear
inequality constraint into a positivity constraint, which is easier to handle. This
will be one of the reasons why we will introduce a saddle point formulation for
the total variation energy, as observed in Remark 2.3.9.

Saddle points reformulations for convex minimization problems arise not only
from Lagrange multipliers but also directly from iterating the Legendre trans-
form, which is the classical method of duality based on Lagrangians introduced
in [46], Chapter VI, Section 4.

All this techniques are at the basis of a large class of numerical algorithms for
convex optimization problems. Among them, methods based on Lagrange multi-
pliers and saddle points formulations are the well known augmented lagrangian
approaches [33], [13] and the split Bregman iteration method [104], [142], [106],
[64]. Another class of algorithms is the one based on Legendre duality, often re-
ferred to as the primal-dual algorithms or the Chambolle-Pock algorithms, which
are mainly used for non differentiable problems such as the total variation de-
noising in image and signal processing [146], [49], [32], [71] and recently also for
Reimannian manifolds optimization [15] and applications to deep learning and
reinforcement learning [102], [111], [103].

Our interest for a saddle point reformulation of the p-Dirichlet energy and the
Total Variation energy, is motivated also by a perhaps less noble justification,
which is in turn extremely effective from a practical perspective. Indeed, the
obtained saddle point problems closely resemble the one of the L' optimal trans-
port [59]. As a matter of fact, this observation enables the use the techniques
originally developed in the context of L' optimal transport, possibly after some
required adaptations.

The derivation of these saddle point formulations is essentially based on the itera-
tion of the Legendre transform combined with ad-hoc substitutions and transfor-
mations of the involved variables. Indeed, this is a classical technique in convex
optimization theory extensively treated in, e.g., [46], and widely used in the vari-
ational formulation of partial differential equations, see e.g., [43].

Due to the centrality of this technique in what follows, we wish to provide here
the most commonly encountered instance of this procedure. Consider a reflexive
Banach space (V[ - [|v) and let (V*, | - [|y+) it’s dual space. Let < -+ >y xy=
the duality pairing between V and V*. Let G : V — R be a convex and proper
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function, then we define the Legendre transform G* : V* — R as

G* (¢") == sup (¢, ") = — G(o).
peVv

It is a standard fact that in such a setting we can recover G by iterating the
Legendre transform:

Glp) =G () = sup (¢ @)yusy — G (¢7).
SO*GV*

Consider now a problem of the form

inf F(p) + G(¢), (2.1.1)
€

where F': V — R and G : V — R are proper, convex and lower semi-continuous
functions. We can use the Legendre transform to rewrite it as follows:

inf {F(SO)+ sup [(¢", @)y — G (w*)]} :
QDGV (P*EV*

which is precisely the saddle-point problem:

inf sup F(@) + (¢*, @) peyy — G (¢") . (P)
PEV prev*

We may also consider the dual problem:

sup { inf F() + (0" @)y — G (90*)} . (P
QO*GV* (pev

and, possibly under some further regularity assumptions, try to show that the
solution of (P*) is indeed a solution of (P).
Another commonly encountered problem is the following;:

inf F(p)+G(V ), (2.1.2)
peV

where V : V — FE is a linear continuous operator between Banach spaces and
G: FE — R, F:V — R are again proper, convex and lower semi-continuous
functions. Also in this case, letting < -,- >pg+« g be the duality pairing between
FE and E*, we can use the Legendre transform to rewrite it as follows:

it {7+ s [(09 s =67 (]}

which is called the Fenchel primal-dual saddle point formulation:

inf sup F(@)+ (0, V) gy — G (o) .
peV sey+
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The dual problem, given by exchanging ”inf” with ”sup”, is the famous Fenchel-
Rockafellar duality formula:

sup {inf F(o)+ (o, V) pusp— G (a)} =
cev+ PV

= sup —F*(—=VT0)-G* (o).
oeV*

If V is a reflexive Banach space, the equivalence between problem (P) and (P*)
is ultimately related to the existence of a saddle point. On the contrary, if the
reflexivity assumption is removed, the equivalence of (P) with (P*) may be dras-
tically harder to be proven, or even not hold. This is the case for instance of the
space of functions of bounded variation (BV, for short). Note that, despite the
lack of reflexivity, BV functions play a pivotal role in many optimization problems
and come in to the play rather naturally in certain inverse problems where the
total variation is used as regularization term [26], [33], [64], [104], [115]. Various
problems arise when dealing with BV functions rather than Sobolev functions.
For instance, the characterization of the dual of the space of BV functions is still
an open problem, with obvious difficulties arising when trying to perform the
Gateaux differentiation or the Legendre transform of functionals defined on BV
spaces. Indeed, fine techniques has been developed to generalize the standard
objects and tools of classical functional analysis such as for example general-
ized differential operators, integration by parts formulas and traces operators.
This ultimately ends up with the connection between Radon measures and BV
functions, which is essentially based on the Riesz-Representation Theorem (Struc-
ture Theorem of BV functions, Anzellotti pairings, traces theorems, Dirichlet-to-
Neumann maps etc., see [17], [34], [52], [70] for details). In order to overcome
these problems, we will use a different strategy, which essentially relies upon the
interconnection of the space of BV functions with the positive Radon measures.
The main idea behind this approach comes directly from iterating the Legendre
transform and using a sligtly different approah to the one used for problem (2.1.1)
and problem (2.1.2). As an illustrative example of our proposed techniques, let
V :=R", E :=R™, E* := FE, and, with abuse of notation, let V : V — E be a
linear operator. For a given ¢ € V, ¢; < 00, i = 1,...,n, let h : R = R™ be a
positive, lower semi-continuous, convex and even function and f € V a forcing
or loading term.

Consider the following type of energy:

E(p) == > M(Ve))— [
=1

The function h can be in principle not differentiable, nevertheless, as for the
Fenchel-Rockafellar duality formula (2.1.2), we can always compute the Legendre
transform:

h*(z*) = supx*z — h(z),
z€R
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Is easy to see([46] p.62) that the Legendre transform for a function I' : E — R
of the type I'(y) = Y>.iv; v(vi), v : R = R, is exactly the sum of the Legendre
transforms for any single addendum, i.e. I'*(y*) = > v*(v)).

Hence we have:

E(p) =) h* (Vo) —f-¢=) sup 0i(V @)i = "(00) = f - =
=1 =1 %%
= oc-Vo— h(o;) — f-o. 1.
sup ¢ ; (0i) — f-p. (2.1.3)

Since h is even, it is a known fact, see [87], that also h* is even. Let us suppose
that there exists a convex, lower semi-continuous function H : R — R such that:

1
h (") = §H(Ix*l2), V' eR,

thus setting
1 *
iH():ho\/‘L

we have that H is even, H* is even and hence there exists a function g : R -+ R
such that:

H*()=go-|.

Iterating again the Legendre transform we get:

H(|z*[*) = H*(|2**) = supuer pla*|* — H* () =
= supuer pla”|* — g(lul) = (g o |- )*(l2"*).

Observe now that, for any function g : R = R and Vy > 0 we have that:

(gol-D*(y) = Sup 1y - g(p),

since:

sup py — g(p) =suppy — g(lp]) < (go |- )*(y) <
n=0 n>0

(y=0)
< sup |uly — g(|pl) = sup py — g(u).
Iz u20
Summing up all together, we have:

m m

=~ m(o) = — S H(lol?),

i=1 i=1
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and

_Z ZSUP U2|01| ( i) =
=1

i=1 wi>

m

1 1
— inf — ol + Zg(ps). (214
2 Shaloil” + 59(u). (2.14)

Therefore, defining the Lagrangian LY, : (E* x E) — R as

LE (1, 0 -=—72uz\m| +o-Vo+- Zg 1),

from (2.1.3) and (2.1.4), we have that the original energy E(y) is equivalent to
the following saddle point problem:

E(p) = sup mf LE (o) =f-p, VYpeV. (2.1.5)
o€E ue

If g is proper, convex and lower semi-continuous function, the saddle point prob-
lem in (2.1.5) is well defined.
Moreover, under some further regularity(coercivity) assumptions it is possible
to show that the Lagrangian Lg admits at least a saddle point (u*,o*), for any
¢ € V(see Section 2.6). The existence of a saddle point implies also that the dual
problem:
inf {supLE(u, )}, VoelV.
HEET | oeE
is finite and that
E(¢) = inf supLE o(,0) = fp, VeV (2.1.6)
LEEY 5cE
This last saddle point formulation for E(¢) is far more convenient than (2.1.5).
Indeed, if we define the extended Lagrangian LE: (V x ET x E) — R as

LE(SO7 , U) = Lz(/’bv U) - f 2
by virtue of (2.1.6) the problem:

f E(¢
Juf E(@),

is equivalent to:

inf inf supLE(yp, pu, 2.1.7
Jnf, inf sup (o1, 0). (2.1.7)

Since we have a double minimization problem we can also minimize in the pair
(¢, p) or interchange the order of minimization. Observe that for any given
positive p the problem:

1 m
inf sup LE ,0) = inf sup —= o> +0-Vo—f-o, 2.1.8
inf sup L*(p, 4,0) = inf sup QZ;M i o—f-p (2.1.8)
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has some reminiscent with the mixed FEM formulation for linear elliptic PDEs
introduced in [43].

In the common case of variational problems, where typically boundary conditions
are considered for the specific physical phenomena described by the energy E(¢p),
the Euler-Lagrange equations for (2.1.8) involve a classical linear saddle-point
system of equations.

In some cases, the particular properties of the function g(u) in LE(¢, u1, o), implies
that an optimal p* for (2.1.7) has to be necessary strictly positive. In that
case, assuming further regularity(strong convexity, norm coerciveness) of the map
p— LE(p, i, o), we can show that there exists a § > 0 such that problem (2.1.7)
is equivalent to:

inf inf supLE(p,pu,0). 2.1.9
Jof, ol s (o, 1,0) (2.1.9)
Wi >0

Thereofore, since p is strictly positive, the ”sup” in (2.1.9) is indeed a maximum
V > §(we have indeed strong concavity, differentiability and anti-coerciveness),
and the maximizer ¢* is given by:

ot e (V)i

i': s

125

i=1,...,m. (2.1.10)
Introducing the functional:

LE(p, p) == sup LE(p, p, o),
oelk

and computing LE(p, i, o) in the maximizer o = o* we get:

1 (V)il? 1 &
EE(w,u)zzzw—f-w+2;g(ui)-

Thus problem (2.1.7) is equivalent to the following simplified double minimization

problem:
inf L5, p), (2.1.11)

peVv
MEEJr

In the general case, we can not expect that the optimal density p* is strictly de-
tached from zero. Nevertheless, if the Lagrangian LE satisfies some convex(concave)
and norm corciveness(anti norm coerciveness) hypothesis, we can prove the exis-
tence of at least a saddle point

((¢*,n7),0%) € (V x ET) x E),

for LE.
Thus, in the general case, it is not possible to have a direct formula for ¢* as in
(2.1.10) and the equivalence to the simplified problem (2.1.11).
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A possible solution to circumnavigate this issue is to introduce an ”artificial lower
bound” 0 < § << 1 as a small Tikhononv regularization parameter. Indeed,
instead of LE, consider the following regularized Lagrangian:

L2 (¢, 1, 0) = —72 pit o> +o-Vo—fo+s Zg (), (2.1.12)
i=1 1=1

and the functional:

L5(p, p) = sup L* (0, 1, 0). (2.1.13)
celE

Since now p+4 > 0, the supremum in o in (2.1.13) is in fact a maximum V yu € ET,
and the maximizer o* is given by the analogous formula to (2.1.10):

ot = (Vo)
Mi+0

1=1,...,m.

Thus, computing L®9(p, u,0) in ¢ = o*, the functional LE(p, ) simplifies as

follows:
m

1]
L5(p, 1) = _im—f o+ 3 Zguz
hence, if § is sufficiently small, we are motivated to consider the following double
minimization problem:

Jnf, Jé};f+ L5 (e, 1), (2.1.14)
which is the Tikhonov regularization of the saddle point problem (2.1.7).
In either the cases, of the original saddle point problem (2.1.7) or the regularized
double minimization problem (2.1.14), the strong advantage of this formulation is
that we transform an original possibly non-linear and non differentiable problem,
to a quadratic optimization problem in the original variable ¢, which involves an
elliptic structure of a weighted Laplacian-like operator.
The non-linearity is reabsorbed by introducing the density variable u, the mass
term ¢(p) and a positivity constraint which is reasonable easy to handle.
This is in some sense an example of the well known augmented lagrangian ap-
proach [13], [33]. Observe that differently from the standard augmented la-
grangian approach where typically some variable substitutions are performed via
Lagrange multipliers, here the introduction of the variable p is naturally given
by the Legendre transform.
Relying upon these new formulations, and starting from the so-called Dynamic-
Monge-Kantorovich(DMK) scheme for the L! optimal transport problem ([55],
[58], [54], [59]), we develop a number of numerical methods for the solution of a
rather large class of variational problems which can be traced back to the same
framework as problem (2.1.7) for an opportune energy functional.
Among them, we developed numerical methods for problems including, e.g., 1-
harmonic Dirichlet problem and the inhomogeneous Dirichlet problem for the
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p-Laplacian on graphs. Also, we develop other applications in inverse problems
based on the use of the total variation or the /; norm as Tikhonov regularization
terms in certain discrete optimization problems such as the classical Rudin-Osher-
Fatemi(ROF) problem, or the TV denoising [104], and the compressed modes for
the graph Laplacian [106].

The derivation of these numerical schemes is based on rewriting a convex prob-
lem in a form that includes a term of the type (2.1.7) or the regularized version
(2.1.14), for which the DMK scheme was appositevely designed, as the linear
iterative solver derived by the time discretization of a dynamics of the type:

(u(t) +6)oi(t) = V(p(t))i, i=
VT o(t) = V! Diag <,u ) ) =

Bupi(t) = pi(t) (los(®)* = 0ug(mi(t))) s pa(0) = po; >0, i=1,...,m,
(2.1.15)
where Diag(c) is the diagonal matrix which has the vector ¢ € E as diagonal.
The DMK scheme, in all of it’s variants, is essentially based on the numerical in-
tegration of a ” Gradient-Flow like” minimizing scheme, which involves, at every
iteration, the solution of a sparse, symmetric linear system and the updating of
a descent dynamics for the variable p.
Thus, for certain aspects, it is a variant of the Newton method. It is moreover
quite easy to implement(if an explicit time discretization for the gradient flow is
used) for many applications, and it exhibits good stability properties.
Aside from the simple numerical implementation, having a structure which de-
pends upon inverting a symmetric and sparse matrix, has the main advantage
derived from the huge weaponry of the numerical linear algebra(e.g. multi grid
methods, preconditioning strategies etc.).
Furthermore, having introduced the Tikhonov regularized Lagrangian (2.1.12)
and the functional (2.1.13), the original saddle point problem (2.1.7) is reduced
to the differentiable and convex double minimization problem, hence the second
order method derived from the implicit Euler time discretization for the DMK
gradient flow like (2.1.15) is well defined, improving drastically the performance
of the numerical scheme. Moreover, differently from the Newton method which
needs a sufficient accurate initial guess to converge, here we can benefit from the
stability induced by L§ which acts as a Lyapunov functional for the dynamics.
Thus, starting with a sufficiently small initial time step, we can consider the pre-
vious iteration as an initial guess, and the newton method applied to the implicit
Euler time discretization of (2.1.15) is guaranteed to converge(see [59] for details).
Note that having a descending scheme such as (2.1.15) which is derived from a
gradient descent approach for a double minimization problem of the type (2.1.14),
allows us to easily introduce further constraints on the variable ¢ and also various
type of boundary conditions.
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2.1.1 Our study

For the reader’s convenience, we start with a brief overview of the results that
we prove in the next sections. This provides also the needed information on the
organization of the chapter.

In Section 2.2 we first introduce the p-Dirichlet energy &£,, 1 < p < 2, in an open
bounded Lipschitz domain 2 C R™ by setting

1
Ex(p) = /Q A}

Since the classical Sobolev space W1P(Q) is reflexive for any 1 < p < oo, we
can make repeated use of all standard tools of convex analysis. Indeed, iterating
the Legendre transform upon different selections of the variables and conjugate
variables we derive the following Lagrangian:

1 2—-p _p_
LP(u, o ::—/ua2+/a-Vg0+ I
plu:0) Q2 ] 0 2p Ja

and the following saddle point formulation for the p-Dirichlet energy of a function

p € Whr(Q)

Elp) = sup inf  L2(p,0),
oe[w? (div)]" © =0
pe L (Q)

where v = 2%}). The main result of Section 2.2 is Theorem 2.2.2, where we show
the existence and characterization of a saddle point and the equivalence between
the p-Dirichlet energy with its dual formulation, namely:

Ep(p) = inf sup L (p,0).
=0 se[wr(div,)]"
pe L")

This result would be the basis for our saddle point formulation for the p-Poisson
energy minimization problem.

In Section 2.3 we extend the saddle point formulation for the p-Dirichlet energy
to the limit case when p = 1 and the space BV (Q2).

The main idea behind this come from observing that fixing a density p* such that
supp(V ¢) C supp(p*), then we can formally write

1
a*:argmax—/u*|0\2+/a-Vg0 = p'o* =V,
o Q2 Q

while on the other hand:

inf [ p(1-|o?) =

0 lo(x)| <1, Vo e
n>0 Jo

—o0 otherwise.
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Thus, observing that by the structure theorem of BV functions, V¢ € BV (Q)
there exists a positive radon measure p, and a p,-measurable vector field oy,
such that

HpOp =V @,
lop(z)] = 1,
for p, —a.e. x € Q and

TV () = /Q i,

taking inspiration from [17], we introduce the following Lagrangian £, : (M™(Q)x
[cl()]") = R:

1 1
Lhnso) =~ [ gloPdu+ [ a-div e+ [ dn
v Q2 Q 2 Ja

and the following functional:

Li(p):= sup { inf £} ,J}, € BV (Q),
1(¢) I A 308 pla) s @ (©2)

where M™(Q) is the space of positive Radon measures on €.
It is easy to show(see (2.3.6)) that

Li(p) =TV (p), Ve BV(Q),

on the other hand, due to the lack of reflexivity we can not directly prove the
existence of a saddle point for £3(p).
Nevertheless, in Theorem 2.3.10 we show that the dual functional:

L = inf £, , € BV(Q),
1(p) MEE+(Q){U€[2?%)]H gAua)} i (©2)

satisfies:

and if we introduce the functional

Ey(p) = sup Li(u0),
oelcH ()"

the unique optimal measure

p* = arg min E,(u),
HEMT(Q)

is precisely the total variation measure:

© =Vl
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and there exists a unique saddle point
(:U’*v U:*) € (M+(Q)7 [Li* (Q)]n)7

for Eslo, where the optimal vector field 0. is the one given by the Structure The-
orem of BV functions.

The lack of a saddle point in the spaces (MT(Q), [C1(2)]") is ultimately do to
the fact that we can not found a proper topology which guarantees that the La-
grangian E&O has the necessary regularity to admits a maximizer(the supremum o*
indeed does not belong to the space [C}(2)]", hence it can not be a maximizer).
Nevertheless, as soon as one introduce an opportune discretization everything is
well defined and reflexive and continuous. That is the reason why, as a case of
direct interest for this thesis, in Section 2.4 we state the finite dimension coun-
terpart on graphs of the results of Section 2.2 and Section 2.3. The graph-based
counterpart of the continuous gradient operator is given by the signed incidence
matrix, where the variable u becomes a positive weight on the edges while the
variables ¢ and ¢ become functions on the edges and on the nodes respectively.
Let G = (E,V,w) be a weighted, directed(i.e. every edge has a prescribed direc-
tion) graph, where E is the set of m = |E| edges, V the set of n = |V| nodes
and w is a weight on the edges. We denote as H(V) = R™ and H(E) = R™
the Banach spaces of real-valued functions on V' and F, respectively. The graph
gradient operator V : H(V) — H(E) is the m x n matrix of the weighted signed
differences i.e. for every ¢ € H(V), (V ¢)e = we(pu, — ¥v;) if € € £ connects the
node v; to the node vy. Observe that it is necessary to work with directed graph
in order to define a gradient matrix.

The graph-based p-Dirichlet energy, p > 1 is defined as:

p
_ Vel _ 3 [(V @)e P
p p

ecE

Ep(ep)

as for the continuous case we introduce a family of Lagrangians LY, : (H(E)* x
H(E)) — R for the graph p-Dirichlet energy, 1 < p < 2:

1 2—p p_
LY (p,0) == _Z§Me|ae|2 +0-Vp+ WZ%Q‘?-
eck eck

In Theorem 2.4.1 we show that:

E)(p) = inf L2 (1, 0), @€ H(V),
n() permtoys o ol o), peM(V)

where H(E)" := {u € H(E) | pe > 0, Ve € E} and we can prove the existence
of a saddle point (u*,0*) (unique in the case p > 1) which satisfies the following
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extremality relations:

pior =(V)e, VeeE,
pe=1(Ve)el*?, VeekE,
los| <1, Vee€eE, p=1,

pilot? — i =0, YeeE, p=1.

As a direct generalization, in Section 2.6 we extend the same results for a general
linear operator A : V — E, V := R" E := R™ instead of the graph gradient
operator.

Thus we consider the following generalized p-Dirichlet energy:

1Apll}
A
Ep ((p) = Tp)

and we define the Lagrangian L@’A :(ETxFE)—=R:

m m

1
L (o) = =) spiloil + o Ao+ 2P Z

=1 i=1

then we have that:
E;}(go) = inf sup Lp’ (1, 0).
nEEY ocE
For example, in the case where A := id, is the identity operator, we have the
following saddle point formulation of the discrete [, norm, 1 < p < 2, for a vector
peV:

1 "1
—|lell? = inf sup — —Viloy|" + o - +7 v
pliel, = inf, sup ;:1 Sviloil’ + o E

where VT :={r eV |y, >0,i=1,..,n}.

Also in this case, we have the existence of a saddle point (v*,¢*) which exhibits
analogous extremality relations, see Theorem 2.5.1.

We then introduce a regularized version for the generalized family of Lagrangians
and saddle point formulations involving the operator A. In the framework of the
Tikhonov regularization consider the regularized Lagrangian:

m
DA, 5 E '
L<P :
=1

and the following regularized saddle point formulation for the generalized p-
Dirichlet energy E]/D\(go):

(i +0)|o|* + o - Ago—l-iz

M\h

Las(p) i= inf supLBMO(p,0). (2.1.16)
MEET gcE
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where 0 is a small positive regularization parameter.
If we introduce the functional

A
Ly, p) = sup LM, 0), (2.1.17)
g

then (2.1.16) rewrites as:
A ; pA
L = inf L S ).
p.5(©) ey el (¢, 1)

The parameter § has the important role to guarantees the coercivity and the
differentiability of the map:

o= 1M (o), VeoeV,VueET,

with the aim to directly compute a maximizer o* for (2.1.17) and simplify (2.1.16),
while retaining a good approximation of the original saddle point formulation for
E;,\(go), if § is sufficiently small.
Since p + ¢ > 0, the supremum in (2.1.17) is in fact a maximum(we have indeed
strong concavity, differentiability and anti-coerciveness), and the maximizer o*
is given by:

. _ (Ap)s

O'. = 5
Yo +o

Hence, computing Lﬂ’A’a(,u,a) for o = o*, the functional defined in (2.1.17) is
equal to:

) T oq AcpiQ 2—p -
L]Z)\’(s(go): inf 22‘(( )i + Zuf P, (2.1.18)

The regularized problem makes evident that the existence of a minimizer p* in
(2.1.18), depends only on the properties of the mass term

2P~ =
G(p) == o ZM’ZW,
i=1

since, if G is convex, lower semi-continuous, and coercive, the existence of a
minimizer p* for the function:

eo(p) == L0Np,p), Yoev,
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is guaranteed.
Based on this observation on the mass term (, in Section 2.6 we consider the
case of a general discrete energy of the type:

m

E(p) = > h((Ap)y),

i=1

where h : R — RT is a positive, lower semi-continuous, convex, and even function.
The goal of Section 2.6 is to extend our Legendre duality based approach, to the
computation of the opportune mass function G, such that the energy E(¢) can be
written in the form of a saddle point problem as we have done for the p-Dirichlet
energy.

In Theorem 2.6.1 we state sufficient and necessary conditions for the existence of
the following saddle point formulation:

1 — 1 —
E(p) = inf sup —— Joil? + 0 Ao + = ),
(¢p) = inf, sup 2;M| il 2 2;g(u@)

where g : R — R™T is a positive, convex and proper function. Moreover we can
recover g from h by means of the following Legendre transform based formula:

(oe1D7el-R) =

We provide moreover illustrative examples to recover the graph based TV energy
saddle point formulation of Section 2.4 and in Example 2.6.4 an application to
the Minimal Surfaces discrete type energy:

m

E(p) ==Y V1+|(Ap)il.

i=1
In Section 2.7 we see a first example of application of our proposed techniques in
the graph setting.
The main idea is the following. Roughly speaking, in the graph setting, consider
an energy E(¢), ¢ € H(V'), and suppose that we are in the situation to be able to
provide a Lagrangian LY, : (H(E)",H(E)) — R such that we have the following
saddle point formulation for E(¢p):

E(p):= inf sup LE(p,0), Ve HV).
() Ay o1:0), Vo e H(V)

Then, introducing the extended Lagrangian: LE: (V x ET x E) — R as
LE (¢, p,0) == Lo (1, 0), Vo eH(V), pe H(E)T, Vo e H(E).
the problem:

inf E
Inf, (©),



94 CHAPTER 2. DUALITY AND THE TOTAL VARIATION ENERGY

is equivalent to:

inf inf supL®(yp, u,

inf, i, sup L)
Moreover, introducing a small regularization parameter §, as we have done in
(2.1.18), we can possibly provide a simplified, convex and differentiable well ap-
proximated problem, by directly compute a maximizer ¢* and reducing to a
double minimization of the type:

. ~ E
(;relfVE(w) ~ b L5(p,p).

neE"

This last double minimization problem in ¢ and p has the further numerical
advantage given by considering a minimization simultaneously in the pair (¢, 1)
and can be easily integrated in other more complex optimization problems where
the energy E(y) appears, for example, as regularization term(e.g. TV denoise,
Lasso problems) as we will see in what follows.

Thus, in Section 2.7 we first consider the problem of computing 1-Harmonic
functions on graphs.

Thus, given a boundary Dirichlet nodes subset B C V and a profile function g €
H(B), we consider the problem of minimizing the graph Total Variation energy
with prescribed Dirichlet boundary conditions on B. Therefore, we consider the
following optimization problem:

inf Z\ (Ve

pER(V (2.1.19)
st.py =g, vEDB.

The Euler-Lagrange equation for (2.1.19) involves the famous 1-Laplacian oper-
ator:

Aq(p) = —div (Sign(V 90)) p e H(V),

Where sign(V ¢) is defined in (2.4.9).
In the last years this problem, and the related eigenproblem, has been exhaus-

tively studied for it’s optimal spectral clustering properties in Machine Learning
[84], [72], [19], [35], [41], [44].
Then, we introduce an opportune lifting function:

0 eV
By = { vE (2.1.20)
gy vVEB

where V.= BUV}, V; N B = (), and problem (2.1.19) simplifies as follows:

inf Z\ (e +@))els

pEHE(V
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Where HE (V) :={p € H(V) | p, =0, Vv € B}.
In Proposition 2.7.1 and Proposition 2.7.3, we introduce two preliminaries results
essentially based on extending two classical results in [46] which will leads us to
show how to integrate our saddle point formulation to solve the 1-Harmonic prob-
lem and other related problem which will be consider in the following sections.
Making use of our equivalent saddle point formulation for the graph Total Varia-
tion energy, for any ¢ € H (V') we define the Lagrangian L};7 :(H(E)YtxH(E)) —» R
as: ) )

Lglé(:uv o) = — Z 5#6’0-6’2 +o-Vo+ B E,Uea

eckE ecFE
and the function:

Li(@) := inf LL(u, o).
1) u€71%I%E) ongE) ('u ?)

Then we have the following equivalence:

inf = inf L + @),
oy ZI )e | ) 1(p + @)
So that:
inf |(V(e+@)), | = (2.1.21)
@GH(?(V);;
1
= inf sup —22ue|oe| +o0-V(p+ @)+ Zu62122

neHE geH(E)
S Ho V)

eclk eeE

In Theorem 2.7.4, by using Proposition 2.7.1 and Proposition 2.7.3, we are able to
prove the equivalence between problem (2.1.21) and problem (2.1.22). Moreover,
we can show that there exists at least a saddle point

(9", "), 0%) € (HE (V) x H(E)T) x H(E)) ,

for problem (2.1.22), which satisfies the following ”Monge-Kantorovich” equa-

tions:
peoe = (V" +¢)),, VeeE

(dive™)y, =0, YveV;
vs=0, YveB
loi| <1, VeeFE
loi|=1, Vee Es.t u,>0
=|V("+@)el, VeeE.
The existence of a saddle point and the corresponding ”Monge-Kantorovich”

equations motivated us to use the experience gained with the DMK scheme for
the L' Optimal transport [54], [59] to tackle problem (2.1.22).
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In Section 2.7 we then introduce the DMK scheme for the computation of 1-
Harmonic functions underlying the analogies to the Optimal Transport problem
on graphs [54]. The proposed scheme can be placed in the framework of the
Gradient Flow approach [5] upon composing with the quadratic map:

Ne:ql(g)ezfa Vee E.

thus the resulting scheme can be genuinely understood in the setting of the update
preserving schemes for the positivity constraint.
Then, we introduce the Lyapunov candidate functional:

1 1
Llp.p) = sup = peloe +0 V(o +9)+ 2> e,
c€H(E) ccE ecE

and we will seek for a minimum in the pair (¢, 1) of the functional

inf ~ L(p, p).

e EHF(V)
ne HE)T

As in [54] a solution will be sought via a gradient descent approach, not applied
directly to the functional L£(ip, 1), but rather to its composition with the change
of variable p = W(§). The gradient descent approach applied to the computation
of a minimizer (¢*,&*) of L(p, ¥(§)) has to be intended as a long time solution
(p*, &%) = limyoo(@(t),&(t)), where (p(t),£(t)) is a solution of the following
state-space initial value problem:

, Ve€ekFE,
[Diag u(t)] o(t) — V(g(t) + @) = 0,
i 0, VuveWv,
o(t)y =0, VYveEB,
Bile(t) = — [OeLp(t), W(EW))], = Ec(B)]oe(t)* = Ee(t), Ve € E,
£e(0) = o #0, Ve€E.

Moreover, if £() is a solution of (2.1.23), the relation pu(t) = W(£(t)) implies that:
Oupie(t) = DeW(E(E))Die(t) = £, Ve € B,
thus p(t) can be reinterpreted as a ”classical Gradient Descent” dynamics :
Outte(t) = pe(t)|oe()]* — pe(t),  ne(0) = po, >0 Ve € E. (2.1.24)
The dynamics in (2.1.23) involves the following saddle point linear system:
[Diag u(t)] o(t) — V(e(t) + ¢) =0,
(divo(t)), =0, VYovelVy,
o(t), =0, Yvé€EB,

(2.1.23)
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and hence the following saddle point matrix:

<Dia:ig15(t) —Ov>'

since 1-Harmonic functions are flat solution by the improving sparsity on the
gradient induced by the Total Variation energy and our optimal density p* sat-
isfies u* = | V(¢ + @)|, the variable p(t) will inevitably go toward zero along
the descending dynamics, thus, this linear system will inevitably become very ill-
conditioned during the minimization flow. The strategy is therefore to consider an
appropriately small Tikhonov parameter § > 0 to circumvent the ill-conditioning
but maintaining sufficient accuracy:

Diag pu(t) + 6 ‘ -V
div ‘ 0o/

Hence the d-regularized version of (2.8.5) becomes equivalent to the following
reduced lifted linear system:

_ (V(e(t) +2))e
UE(t) B Me(t) +4 v

(A_+_(o(t) + @)y =0, VYuveW, (2.1.25)
pu(t)+o

o(t)y =0 VYoveB.

ec FE,

It turns out that the linear system in (2.1.25) is derived by considering the reg-
ularized functional:

1
Ls(p,p): = sup —22(ue+5)lael2+0 V(g Zﬂe
cEH(E) ecE eGE
_ N LIVIet @)l
—;2 (e o) Zue,

instead of L(p, u) and the following approximated problem:

: : L|V(p+o)e

inf  Ls(p,pu)= inf _ 2.1.26
e HEW) (- 1) «pé?—tf(V}%Q (e +9) ZMe ( )
weHET we H(ET

Using the KKT conditions is possible to show that a solution (¢*, u*) for (2.1.26)

satisfies:
IV(e* 4+ @)el =t +0, e€E, u:>0

IV(e" + @)e| <0, ec E, p;=0.

Thus the parameter d controls well the accuracy and we are expecting to have
good approximations if § is opportunely small.
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The corresponding version of the dynamics in (2.1.23), (2.1.24) for problem
(2.1.26) is

(V(gp(t) +

pe(t) +

(AM“%H () +9)v=0 VveVr (2.1.27)
o(t)y =0 VveDB

Dupie(t) = pre(t)|oe () = pe(t),  pe(0) = po. >0 Ve € E.

In [59] it was shown that a solution u* of the Optimal Transport counterpart of
(2.1.27) I'-converges to a solution of the original problem when § — 0.

We propose moreover three time discretization approaches for the dynamics in
(2.1.27) and some interesting numerical applications showing the convergence
rate and the stability of our numerical scheme.

In Subsection 2.8.2 we show an heuristics based on Lie derivatives along ad-
hoc chosen vector fields to reinterpret our update preserving scheme derived by
composing with the quadratic map, as a type of projected gradient descent. We
also propose a variant based on the logistic map to extend this technique to the
case of an interval constraint of the form a < u <b.

The 1-Harmonic problem has to be considered as a starting point test problem
for this thesis . As a result, in virtue of the analoguous saddle point formulation
for the p-Dirichlet energy, in Section 2.9 we extend the DMK scheme for the
numerical solution of the graph p-Poisson problem, 1 < p < 2, with a given
loading term and Dirichlet boundary conditions:

(DApp)o=fo veEV]
Py =¢gy vE B.

Vee E

P))e
oe(t) = 5

where g € H(B) is the Dirichlet profile function and f € H(V7) is the loading or
forcing term.

As for the case of 1-Harmonic functions we will seek for a solution of the p-Poisson
problem by first introducing a lifting function ¢ and looking for a minimizer of
the following problem:

inf Z [V <,0+ ?)) Z fou. (2.1.28)

B
ey (V) cep veEV]

Observing the similarity with the 1-Harmonic problem, we use our saddle point
formulation for the p-Dirichlet Energy and we introduce the following problem:

1
inf - sup =) peloe? + o Vip+) - waﬁ—Zue, (2.1.29)
w e H(E)" geH(E) eeE veV; eeE
‘PeHo(V)
where v = 52

P
In Theorem 2.9.5 we show that problem (2.1.28) is equivalent to (2.1.29) and
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that the exists a unique saddle point ((¢*, u*),0*) which satisfies the following
equations:
peoe = (V(e" + @), VeekE
—(dive™), = fy, YveEV]
0, =0, YveB
e =0t 2= V(¢" + @) P, VeeE.
As a consequence, p* is the unique solution of the p-Poisson problem.
Then, we consider the regularized functional:

L5(o, 1) =
1
= sup —22(ue+5)]aelz+a Vie+ @) — va%—i‘*ZMe_
c€H(E) g UGVI 6€E
1|V ¢+ P)e
- fUSO’U—i_i Me:
A S e T

and the following double minimization problem:

inf  L{(p,p),

e eHF (V)
neHE"T

which is the Tikhonov regularization of problem (2.1.29).
The corresponding derived version of the dynamics in (2.1.27) reads as follows:
oty = TEO+2).
pe(t) + 0
(A_1 _(o(t)+@))o=fo VvEV (2.1.30)
o(t)y =0 VveDB
_p_
Otte(t) = pe(t)|oe(®)* — ()27,  pe(0) = o, >0 Vec€ E.

We propose moreover, an improved version for the dynamics in (2.1.30) which
has been observed to converge faster in our numerical experiments and is derived
by composing with the map:

Vee E

1
w(t)+6

(2—p)

2
Me:q/(ge) = ‘ge‘ r o, Ve€kF,
leading to the following new dynamics for the density p in (2.1.30):

4—3p

Oppie(t) = pe(t) " Joe()? = pe(t), Vee E.

In Section 2.10 we further extend our DMK scheme to the numerical computation
of Minimal Surfaces on graphs with a given profile Dirichlet boundary conditions.
Thus we consider the following problem:

inf V14| V(e+ @)el? (2.1.31)
soEHéE’(V)eeZE
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Where we have selected a Dirichlet boundary subset B C V, a profile function
g € H(B) and an appropriate lifting function ¢ as in (2.1.20). We then briefly
show how to extend the DMK scheme presented in (2.1.27) and (2.1.30) for the
numerical solution of problem (2.1.31) providing moreover some numerical results.
After that, we show a very interesting application of the proposed techniques to
the numerical solution of the so called Obstacle Problem [92] which is one of
the most famous problem involving the Minimal Surfaces Energy. In the graph
setting, the Obstacle Problem is formulated as the problem to seek for the equi-
librium position of the membrane such that it lies above the body represented by
a function ¢ € H(V;) with Dirichlet boundary conditions on a boundary subset
B C V. The problem can be formulated adding the further constraint ¢, > ¢,
Vv e Vyto (2.1.31):

inf > VI+[Vie+ o)l (2.1.32)
peHy (V) cecE
0y = ¢u, YU EV]

As done for the 1-Harmonic case, we recast problem (2.1.32) as a doubled min-
imization problem in the variable ¢ and a density pu > 0. Also for this case,
we propose a numerical scheme based on an extension of the DMK scheme in
(2.1.27), where we introduce two minimizing flows, one for the variable p and
one for the variable ¢, composing with the quadratic maps:

fe =62, Ve€FE
o=y +hy, VveVr,

in order to preserve the constraints given an initial ©(0) > 0 and an initial
©u(0) > ¢y, Yv € V7. Moreover, we show that introducing a semi implicit time
discretization approach the problem can be easily implemented. Finally, we pro-
vide a numerical example showing the convergence rate of our scheme and the
constraints preserving along the minimization flow.

In Section 2.11 we show an application of our techniques for the Total Variation
and the /; norm regularization in optimization problems, with emphasis on the
graph setting applications. We first introduce the generalized Tikhonov regular-
ization approach in both the continuous and the discrete framework, showing also
a brief review on the common techniques in literature(Spilt Forward Backward
Proximal Map approach, Augmented Lagrangian approach, Bregman iteration
approach).

Then, we show in detail how to extend the EDMK scheme for the Total Variation
regularization on graphs.

The main idea is to consider the regularized functional introduced in Subsection
2.5.1, instead of the Total Variation energy. Thus we call:

. 1{(Vg)e
TV = f e
5(¢) %g@ﬁ§:20%+5 }:u peH(V),
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and we consider the following approximated general TV regularization problem:

min F(p) + ATVs(p) =

PEH(V)

= min  F(p)+ A (Z LI(Veo)e Z ,ue> . (2.1.33)
P EHV) ‘e <He+5
peMH(E)*T

where F': V — R is a differentiable function and A is a positive Tikhonov regu-
larization parameter.

We provide moreover illustrative examples on how to extend our EDMK scheme
for the numerical solution of a problem of the type as (2.1.33) in the unconstrained
case and in the case of positivity and interval constraints for the variable .
Then, we briefly show, as a direct extension, how to adapt these techniques on
the case where the Total Variation is substituted with the Iy norm as the regu-
larization term.

As an application, we show how to recover an EDMK scheme formulation for the
numerical solution of the 1-D signal TV denoising or the Rudin-Osher-Fatemi
problem, showing also a numerical example for a very noisy digital signal recon-
struction.

Finally, we show an application of the EDMK scheme for the /; norm regular-
ization on a non common problem, namely the Compress Modes for the Graph
Laplacian operator, or the graph-based Sparse PCA [106].

2.2 Thecase 1 <p<?2

Consider an open Lipschitz domain Q € R”. Given a parameter p € R with
1 < p < 2 we define the p-Dirichlet energy on WP(Q) as:

&)= [ SVl (2.21)

We recall here the Legendre transform for a sufficiently regular function G(x):

G*(a*) = sup /Q oz — G(z).

xT

In particular if G is proper, lower semi-continuous and convex then is possible to
show that:

xT*

G(z) = sup /Q 52" — G ().

Consider now the p-Dirichlet energy (2.2.1) and observe that we can rewrite it

£)(0) = G(V )
. 2 (2.2.2)
x) x> /Q P
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The Legendre transform G*(z*) is easy to compute and reads as follows:

*|p
Q P
p

where p’ = —E7 is the conjugate exponent.

The function G in (2.2.2) is clearly proper, lower semi-continuous and convex
therefore we can apply twice the Legendre transform obtaining the dual definition
of the p-Dirichlet energy :

* kok O-p/
Sp,(go) =G (Vgp):sup—/ | ’, +/U-Vg0,
o O P Q

where o € [Wp’(div, Q)}" = {v € [LP (Q)]"| divv € L¥ ()}

Observe now that: )
(/WW:fMd%
o P 2

Jolul=
H(ZJ) = QT-

(2.2.3)

2

Since 1 < p < 2 we have that p’ > 2 and the function H in (2.2.3) is proper,
lower semi-continuous and convex. By applying twice the Legendre transform we
obtain:

/

p
ok * ’y*|p’72
H(y) = H™(y) = sup <y,y" > —IQT. (2.2.4)

Yy m
/

Evaluating (2.2.4) in y = |o|? and setting y* = u € LP’%?(Q) we get:

/

p
|72
H(o) = sup < o Jof? > ~ 21172
H o —2
re2 (2.2.5)
o117
= sup < g o > — 22—
p>0 =

where the constraint p > 0 follows by observing that if we call:

E(M,U) =<y ’0—’2 >

i

o
fQ || =2
—

p'=2

then clearly a supremum in p of e(u, o) exists ( proposition 1.2 p.35 of [46]),
the functional —e(p, o) is convex (strictly since 2 < p’ < oo) and lower semi-
continuous in g moreover lim|,| o0 — (4, o) = oo. Obviously, the supremum in
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@ > 0 is less or equal the unconstrained one, therefore it suffices to prove the
other inequality which is easy since :

supe(u, o) < supe(|ul, o) = supe(u, o).
H H n=0

Using (2.2.5) we obtain the following duality based definition of £}, (i)

p
2.2.5 1 1 2-p
/J;(cp):(: )sup —sup/,u\a\Q—/ ,up +/0-Vg0
o n>0Jq 2 2Ja 55 Q

P

1 1 n2-r
=supinf — [ —plof*+ = V.
sup inf /92“"" +2/Qf +/Q” #

2—p

(2.2.6)

As often happens in optimization theory, one can also consider the dual problem
associated with L7 (). Since we are dealing with a saddle point problem, the
standard theory of duality in these cases (see for example [43] and [46] for an
exhaustive treatment) tells us that the dual problem is achieved by exchanging the
”inf” with the ”sup”, therefore formally we define the following dual functional:

Ly(p) := ugf(’)sgp /2u|0| —|-/QO' V«p+§ Q,uQ—p. (2.2.7)

For completeness we compute the dual of L7 () with the standard techniques in
[46].

Set V. = [Wp,(div, Q)}n and Y = LZ(Q). We remind also that ¢ € V and
weY™

From now on we will tacitly omit belonging to the Banach spaces inside the ”inf”
or the "sup” when confusion doesn’t arise.

Consider now the functional £;(¢), clearly we have:

Li(p) = —L3(p), (2.2.8)
where: ) .
C* :—mfsu/ 02—/ 7—/J-V
» () Juf, sup Q2u| | 5 P ; ©
= inf
Jof Jo (o),
and

J@(U)izsup/ Sulol? —/M —/0 Vo,
n>0 Q

where we set for simplicity v = 5% as in (2.2.7).

We focus our attention to [,*p(go). Define now the perturbation function @ :
(VXY)—Ras:

242 1
O(o,p) = sup/ W—/MV—/U-V% (2.2.9)
1>0Ja 2 2y Ja 0
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where p € Y is the perturbation parameter.
Clearly we have that:

®(0,0) = Jy(0).
We introduce now the Lagrangian L : (V x Y*) — R as:
Do) = [ sulof =5 [ 5= [ & Vo= xen, (2.2.10)

where x>0 is the indicator function:

+oo  pe{u>0}¢
Xp>0 =
0 pe{n=0},

and the sets {u > 0}, {i > 0}¢, are defined as
{w>0={peY" | u>0ae inQ}

{(p>0}={ueY*|3ACQ, L(A) >0, u<0a.e.in A}.

Observe that our perturbation function can be written in a more convenient way
using the Lagrangian function as:

®(0,p) =sup < p, u > +L(0, )
1%

= (=Lo)"(p),

where (—Ly)* is the Legendre transform of the map —L, : p — —L(o, ).
Clearly the map —L, is lower semi-continuous, convex and proper Vo € V.
Again, iterating the Legendre transform in (2.2.11) and evaluating in pu we get:

(2.2.11)

O (u) =—Lo(p) Yoev, (2.2.12)

and ®¥ is the Legendre transform of the map ®, : p — ®(o,p). Consider the
Legendre transform of ®*(c*, p*), we have that:

®*(0,pu) = sup < p,p>—®(a,p)
oeV,peY

. (2.2.13)
= sup ®;(u) = sup — Lo (1),
oeV oeV
where the last equality comes from (2.2.12).
Now, by definition, the dual problem of £*,(¢) is:
(Lyl0)) == (E5(9))* = sup —0*(0,1) = sup inf L(o,p),  (22.14)

HEY ™ uey* o€V

whence the last equality in (2.2.14) comes from (2.2.13).
Observe that, by the definition of £*,(¢) in (2.2.8):

(L))" = =(Lp(0)),
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and finally:
L *= inf sup —L(o,
(Lp(#)) nf, sup (o, 1)
. 1, 1
= inf sup— [ zplo|*+ [ o-Ve+— [ 1, (2.2.15)
pey oev Ja?2 0 2v Jo
w=>0

which is precisely £,(¢) defined in (2.2.7).

We investigate now the properties of the perturbation function ®(o, p).

We denote as I'g(V x Y') the set of functions (other than the constants +oo and
—o0) from V' x Y to R which are pointwise supremum of a family of continuous
affine functions. We have the following Lemma:

Lemma 2.2.1. ®(0,p) € To(V xY) .

Proof. Observe that ®(o, p) is proper, lower semi-continuous and clearly convex
since it is a supremum of a family of convex functions, therefore ® (o, p) € To(V X
Y') by [46] Proposition 3.1 p.14. O

Moving on, we define the following useful sets:

Qozrop50 = {2 € Q| o(2)* + 2p(x) > 0},
Qopzsapco = {2 € Q| o(2)]* + 2p(x) < 0}.

Consider now problem (2.2.9), by a simple direct computation we have:

2
ol +2 1 1 /
o e e
HZ0JR 12 400,50 v Qs1242p>0 v Qo2 42020
(2.2.16)
where 7/ = %
Observe that defining:
- 242 1
B(0, p) = sup /W/M/U-Vgo,
W0 Q 2 2v Ja Q
p(x) =0,Va € Q‘G‘2+2p<0
then clearly we have:
®(0,p) < ®(0, p). (2.2.17)
Obviously:
i(|o|? + 2 1
/ /MU’_'_/))_/ <0, Via>o0,
Q 2 2v Ja

|0]24+2p<0 lo|2+2<0
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hence by splitting = ;249,50 U Q5242,<0 We have:

242 1
0 2 Q

v Ve=0 .
1D > 1 /QU o =®(o,p)
p= lo|24+2p>0

(2.2.18)
Therefore, by (2.2.17),(2.2.18) and (2.2.16) our perturbation function becomes:

1
‘I’(U,P) = 27’/9

Moreover, we have the following result.

lo2+2p>0

(lo]? 4 2p)" — /Qa V. (2.2.19)

lo|2+2p>0

Theorem 2.2.2. Let ) € R™ be an open Lipschitz domain and set p € R with
1 < p < 2. Fora given ¢ € WIP(Q) we define the Lagrangian L5 (u,0) :
n

(L5 (Q) x [Wp'(div,m} ) =R as:

1 2—p P
LP(u, o ::—/u02+/a-Vg0+/u2p.
pluso) 02 i 0 2p Ja

Then we have that:

Eplp) = inf sup  LG(w, ),
e L27 (2) oe[WP (div,Q)]"
nw>0

and the unique saddle point (u*,o*) for LY (u, o) satisfies the following extremality

relations:
pot =V (2.2.20)

W=t = | Ve

Proof. Consider the functionals £} () and £, (), defined in (2.2.6) and in (2.2.7),
respectively. We have already seen in (2.2.6) the equivalence between L7 (¢) and
Ep(p) whence the unique solution o* for (2.2.6) satisfies by construction:

0P 20 =V . (2.2.21)

It remains to show that £,(¢) = L;() and that there exist a unique saddle point
for the Lagrangian £V, (u, o).
We point out that working with [',I*,(go) as defined in (2.2.8), instead of L (¢) is
the same a part from a change of sign. Therefore, we will call (P), the primal
problem:

/3;(@) = inf

[

{Sup —LE (s 0)} (P),

>0

and (P*), the dual problem:

Lyl) = sup {inf —L5(n. )} (P)
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Consider now the perturbation function ®(o,p) in (2.2.9). In Lemma 2.2.1 we
have already shown that ®(o,p) € T'o(V x Y) and we have already state that
problem (P) have a solution and that it is finite, therefore, by [46] Propositions
2.1 p.51 and Corollary 2.1 p.52 it suffices to show that problem (P) is stable.
We will apply [46] proposition 2.3 p.52, all the hypothesis are satisfied, we only
have to show that there exists a o9 € V such that p — ®(og,p) is finite and
continuous at 0(€ Y).

Set:

a0 = | V[P~ sign(V ).

Clearly op € V where sign(V ¢) is the vector field given by the standard conven-
tion:

(Vo(z))i
Sign(V o) = 4 Ve x€Qst. |Ve(x) >0 A
[-1,1] xz€Qst. |Ve(x)=0

Using (2.2.19), it is easy to see that:

(I)(U(h O) = _gp(cp)a

which is finite by hypothesis since ¢ € WP(Q) and clearly the map p — ® (o, p)
is continuous at p = 0.
This shows that problem (P) is stable, inf(P) = sup(P*), and (P*) has at least
one solution p*.
We will show now that the optimal couple (u*,0*) is a saddle point.
By [46] Proposition 2.4 p.53, the optimal couple (p*,0*) is linked by the ex-
tremality relation:

®(0*,0) + ®*(0, 1) = 0. (2.2.22)

Using (2.2.10), (2.2.13) and (2.2.19), (2.2.22) becomes:

1 o §
27’/9’0 127 —/Qa Vo= (2.2.23)
mf/ —ptlo? - 27/ /0’ V (g.2.24)
g/ / / -V . (2.2.25)

02

Observe that if supp(| V ¢|) C supp(p*) then a solution for (2.2.24) exists and it
satisfies (2.2.20), to see this it suffices to note that (2.2.24) is differentiable in o
and strictly convex so that the solution is a zero of the first derivative. Moreover,
(2.2.20) is also a necessary condition, otherwise either supp(u*)Nsupp(|V ¢|) =

or supp(u*) Nsupp(| V ¢|) C supp(] V ¢|) , therefore if that happens, there exists
an A C Q such that p*(z) = 0 and |V ¢|(z) > 0 Vo € A, moreover, VM > 0,
M € R, there exists a o = to, t > M, with oy(x) = 0, Vo € Q\ A and
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J40¢- V=t implying that:

1 1
inf/ ,u*|a\2—/,u*7—/a-vc,0§
o Jo2 2y Ja Q
1 * 2 1 *7Y
< | spflo] = o [ pT = | 0 Ve <
Q2 2y Jo Q

1
§—2/u*7—/0t'V@§—t<_M= VM > 0.
Y Ja A

Hence, (2.2.24) is equal to —oo which is a contradiction since (2.2.23) is finite.
Finally, if we set u* = |0*[?'~2 we have that (2.2.25) becomes (2.2.23) and the
inequality becomes an equality, thus p* is unique and o* is also a solution for
(2.2.24), where the necessary compatibility condition (2.2.20) becomes exactly
(2.2.21) showing also that p* = |V ¢|?>7P.

This completes the proof. ]

Remark 2.2.3. It is clear that all the construction of the perturbation function
®(0,p) and the Lagrangian L(o,p) heavily requires the reflexivity of the Banach
spaces involved, therefore all this arguments cannot be applied to the case p = 1.

We will see in the next section that the dual problem (2.2.7) in the limit case when
p = 1, once defined on opportune function spaces, has indeed some advantages
and can be used to formulate a new definition for the total variation of a function
in BV ().

2.3 Equivalence between Total Variation Energy and
L, in the limit case p =1

2.3.1 Introduction and structure of the proofs

As in Section 2.2 we have seen the equivalence between the p-Dirichlet energy
and our dual definition £ () in the case where 1 < p < 2, one may wonder what
happens in the limit case where p = 1. Consider an open bounded Lipschitz
domain ) € R", we define the Total Variation for a function ¢ € LY(Q) as:

TV (p) := sup —/ pdivo, (2.3.1)
= [Cg(ﬂ)] Q

lo(x)| <1Vx e

where we say that a function ¢ € L(Q) belongs to the space BV (Q2) of bounded
variation functions if TV (¢) < oco.
It is a known fact ( [52] Structure Theorem of BV functions p.167) that if ¢ €
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BV () then:
Ve M)
Vo= py,o,
ey € MT(Q) (2.3.2)
o, :Q—=R" p, —measurable
lop(z)| =1 for p,—ae. z€Q,

where M () is the set of the signed Radon measures in Q and M (Q) is the set
of the positive Radon measures in €.

As a consequence, the following formula by parts holds for the Total Variation of
v € BV (Q):

TV(p) = sup / o -d[V ¢
o€ [CCI(Q)YZ Q
lo(x)| <1Vax e

= sup {/U'U@dﬂw, VSOZ/%DU@},
o€ [CCI(Q)} Q

lo(x)| <1Vx e

(2.3.3)

where in (2.3.3) we write d[V ¢] to enforce the fact that V ¢ is a vector valued
measure.

With abuse of notation we will write ju, := | V ¢, moreover, from the proof of the
structure theorem which relies on the proof of the Riesz representation theorem
(cf. [52] theorem 1 p.49) we call | V ¢| the total variation measure of ¢ and :

TV (p) = /Qd| Vo, (2.3.4)

Motivated by these facts we introduce our candidate definition of the 1-Dirichlet
Energy as:

. |U]2 du
Li(p) == sup [ inf —/ du+/ — -l—/a‘dv . 2.3.5
ile) selcr(@)" lnemMt (@) Jo 2 o 2 0 Vel (235)

It is straightforward to see that:

1—lol? 0 <1,Vz e
inf / o g0 = 0@ <1, Va (2.3.6)
peM+(Q) Jgo 2 —00 Jz* e st |o(x¥)| >1,

it suffices to observe that by the Lebesgue decomposition theorem for any u €
MT(Q) we can write p = pge + s, With pge << L™, pge > 0 and ps L L7,
s > 0, implying that:

1—lo)? ) / 1—|o)? / 1—|o)?
inf dp = inf dz + dps.
u€M+(Q)/£2 Y A o 2 ¢

ps >0
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Hence, (2.3.6) follows by observing that, if there exists a single point z* € QN
{ps > 0} such that |o(z*)| > 1, then we can concentrate all the mass of us on
x*, while the thesis is obvious on {14, > 0}.
In conclusion, since we are looking for a supremum in o in (2.3.5), by (2.3.6) we
have that:

Li(p) =TV (p). (2.3.7)

Remark 2.3.1. Observe that the choice of the spaces for o and p is not only
motivated by the definition of the Total Variation of a function in BV (Q). The
rigorous explanation comes directly from the definition of 1 as the conjugate vari-
able of |o|? via Legendre transform (see (2.2.4)). The choice o € [C1()]" implies
that |o|? is a positive compact supported continuous scalar function. Since u, as
a conjugate variable, must to live in the dual space of |o|> then by the Riesz-
Markov-Kakutani representation theorem we have that up € M1 ().

Consider now the candidate dual problem:

1 1
L = inf su —/02d —I—/a-dV +/d. 2.3.8
1(p) WM @) eaD aloldu | o dVel+g | dp (238

The goal of this section is actually to prove that the dual problem defined in
(2.3.8) is precisely the Total Variation of .

We will proceed at steps introducing first a surrogate problem taking inspirations
from the results in [18] for the L;-Optimal Transport problem and finally showing
the equivalence selecting some ad hoc parameters. The proof of the equivalence
between our saddle point formulation and the Total Variation for a function
in BV () is based upon showing the equivalence between multiple variational
problems. We first consider the problem in (2.3.8) without the mass term % fQ du
defining the following functional:

1
Lolpso)i= = [ SloPdu+ [ oVl
Q Q
We then show that the well-posedness of the problem:

inf sup  Ly(p,0), 2.3.9
HEMT(Q) selcd (o))" oli:0) ( )

is ensured if we further constrain the measure p to be such that |V ¢ << p.
Moreover we will show that the "sup” becomes a "max” if o € [Li(Q)]", this
result is shown in Proposition 2.3.2. This is a crucial part of the proof, even if the
relaxed problem where o € [Li(Q)]” seems to be more complex since in that case
the variable o lives in a manifold which depends upon p, it adds the properties
to be a reflexive space and admits a candidate maximizer, thus leading us to
state some bounds to the original problem. Next we show that problem (2.3.9)
is equivalent to the problem without the further constraint |V ¢| << p, this is
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a consequence of Lemma 2.3.3 and Lemma 2.3.4. As a result, from Proposition
2.3.2 we have the following equivalence between variational problems:

inf max L,(u,0)= 2.3.10
HEMT(Q) 0 €[L2, () ol1:0) ( )
1
= inf {/ “lopPdu, poy V@]}Q.?).ll)
wemt@ (a2
[Vl <<p

This result is shown in Corollary 2.3.5. After that, following the work in [18], we
introduce the fixed mass surrogate problem:
1

Tn(p)= inf sup —/
Q2

we mt@) a€[CL(O)]”
/. dp =m
Q

which is essentially problem (2.3.9) where we add the further constraint on the
mass of the measure p. From (2.3.10), (2.3.11) an homogeneity argument and
the Structure Theorem of BV functions, we can state some bounds from above
and below for (2.3.12) leading to the following equivalence:

(TV(p))?
2m

o2y + / oV,
2 (2.3.12)

Tin(p) =

This result is shown in Theorem 2.3.7. An immediate corollary is that we have
an explicit formula which interconnects TV (¢) with T;,,(¢) when the mass m =
TV (p):

TV (p) = 2Try (4 (¢)-
This result is shown in Corollary 2.3.8.

This observation enables us to show the equivalence between TV (¢) and L1(¢p).
Thus, in Theorem 2.3.10 we state the main result of this Section:

TV (p) = 2Trv () (@) = L1(p).

Moreover we can show that the optimal measure p* for £1(¢p) is precisely the total
variation measure, p1* = [V ¢| and there exists a unique saddle point (u*,07,.) €
(MT(Q), [LZ* (€)]™) which is precisely the measure and vector field given by the
Structure Theorem of BV functions.

2.3.2 Main results and proofs

We now present the main results and proofs for this section.
Consider the following variational problem:

1
Tm(p) = inf sup —/ |02du+/0-d[Vgo].
02 0

we M) o€lCE()]"

/d,u.:m
Q

(2.3.13)
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We have the following preparatory proposition:

Proposition 2.3.2. Let Q) be a bounded open Lipschitz domain in R™, then V¢ €
BV (Q) we have that the problem:

AVATIE

1

inf = : 2.3.14
wemt@ 2 /Q dp ( )

[Vl <<u

s equivalent to:
1
inf sup —/ TR / o-d[V ¢l (2.3.15)
we M@ gecr  Ja 2 Q

[Vl <<u

Moreover, problem (2.3.15) is equivalent to the following:

1
inf max —/ \a!Qdu—&—/a‘d[V@],
Q2 Q

ue Mm@ o€lL?, ()"
[Vl << n

where |V ¢| << p means that the measure |V ¢| is absolutely continuous with
respect to p, i.e. that there exists a p-measurable, o, :  — R", such that

Vo =po,.
Moreover, p* € M*(Q) is a solution for (2.3.14) iff it is a solution for (2.3.15).

Proof. Let o € [C} (Q)]n and define oy = to, Vt > 0, then the following inequality

holds: )
1 1 o
Jad,u/a2d,u§ /oadu ,
/Q e 2 Q| ! 2 \Jo lollzz,pn 7

and we have an equality for

t=t" = 7‘[“20'% :
||O—H[L2H(Q)]n

Hence:

1
sup —/ |a|2d,u+/a-d[Vgo]:
selcr @ Ja?2 Q
1
= sup —/\U2du+/0~awd,u,:
selcr@)  Ja?2 Q

1 / o d ?
=—  sup — . o,du | =
2 seierr \Jo lolliz, @y 7

1 2
Z sup </Sza'0¢dﬂ> :§H0-90||?[L2M(Q)]")*‘ (2.3.16)

AHO)

”UH[LZM(Q)]" =1



2.3. TV AND BV FUNCTIONS 113

Where the last equality in (2.3.16) follows by [61] Theorem 6.14. This shows that
(2.3.14) is equivalent and has the same solution of (2.3.15) since [L?,(Q)]" =

(2% (]")".

Finally, observe that completing the squares we have:

L 2
max — [ —|o|*du+ / o-d|V | =
o€[L2, ()" /Q 2| | Q Vel

1 2 1 2 _
max Sloelize, @y = 5llow = ollize, @ =

o€[L?,(Q)
_ 1 2 1 2 1 2
= ae[g%))}" 2||0-<PH[L2M(Q)]R 2||U<p GH[L?H(Q)]’I = 2||U¢||[L2H(Q)}"'
This shows the last assertion. O

The next technical lemma will be used:

Lemma 2.3.3. Let Q be a bounded open Lipschitz domain in R™, and set

1
Lolpa) == [ SloPdu [ o-dvel. VoeBV@)

where jp € MT(Q) and o €Y, Y = [CL(Q)]". If |V ¢| is not absolutely continu-

ous with respect to p, then:

sup L, (p,0) = 400. (2.3.17)
oeY

As a consequence, the same holds for Y := [L?,()]".

Proof. Let B be the Borel g-algebra of 2 and M‘J“Vq)‘ ={p e Mt Q)| |Vl <<
p}. For any o ¢ MTVM there exists an N C B such that g(N) = 0 and
|V |(N)=m > 0.

Let M > 0, then for all § > 0 there exists an open As C €2 such that N C Ay
and fi(As) = . As a consequence, the following chain of inequalities holds:

sup  Lo(p,0) > sup  Ly(p,0) > sup  Loy(p,0) >
oelc ()" oelCi(As)" o e [ctas)]”
lo(z)]| <K MVzeQ

2—15M2+ sup /0~d[Vg0]:
2 o [elasy]” /O

lo(z)| <K MVzeQ

1 1
= —§5M2+M\V¢](A5) > —§5M2+M’V<P|(N) =

1
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Taking the limit for 6 — 0 yields:

sup  Ly(p,0) > Mm YM >0,
oelci ()"

which implies (2.3.17).
Finally, observe that:

sup  Lo(p,0) = sup  Ly(p,0).
oe[L2,. ()] aelc ()"

Therefore, the assertion also holds for o € [L?,(Q)]™. O

We are now ready for the following Lemma.

Lemma 2.3.4. With the same definitions of Lemma 2.3.3, Vo € BV(Q), p €
MH(Q) and o €Y, Y = [CH(Q)]", we have that the problem.:

inf  sup Ly(p,0), (2.3.18)
nwe MY Q) oey
[Vl <<p
is equivalent to
inf sup L,(p,0). (2.3.19)

HEMT(Q) geY

and p* € MT(Q) is a solution for (2.3.18) iff it is a solution for (2.3.19).
Moreover, the same results hold if Y = [L?,(Q)]" and the “sup” becomes a

Proof. By Lemma 2.3.3, we have that (2.3.19) is equivalent and has the same
solutions to:

inf  sup L,(u,0) + , 2.3.20
M€M+(Q)geg SO(M ) X|V pl<<p ( )

where X|v o|<<, is the indicator function of the set

Mgy = {n € M) ¢l << i,

+
too g Mgy

X|Vpl<<p = { +
0 MGMIVsDI'

Next, observe that (2.3.20) is precisely (2.3.18) since by the Structure Theorem
of BV functions the set M|+v o is non empty, therefore, u* € M*(Q) is a solution

for (2.3.18) iff it is a solution for (2.3.19).
Finally observe that Lemma 2.3.3 holds if Y = [L?,,(02)]" hence we can apply the
same arguments. This complete the proof. O

From Proposition 2.3.2 and Lemma 2.3.4 we have an immediate corollary:
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Corollary 2.3.5. With the same hypothesis as Proposition 2.3.4 we have:

inf max  L,(p,0) = 2.3.21
pEMF(Q) 0€[L2,,(Q)]" oln0) ( )
1
= inf {/ “lodu, }LUQ—V(,D}2.3.22)
e st Lo 2
[Vl << p

and p* € MT(Q) is a solution for (2.3.21) iff it is a solution for (2.3.22).

Proof. The equivalence between the two problems is a simple consequence of
Proposition 2.3.2 and Lemma 2.3.4 where we have seen the equivalence between
problems (2.3.14), (2.3.15) and (2.3.19) for Y = [L?,(Q)]". O

Remark 2.3.6. Observe that in the proofs of of Proposition 2.3.2 and Lemma
2.8.4 no restrictions were used on the mass of u, therefore we also have the
following equality:

1
inf max  Ly(p,0) = inf {/ §]U¢\2du, po, = V<p}.
Q

ue M) o€[L2, ()] pe Mm@
/,1 _ [Vl <<n
w=m
Q

/du:m
Q

We are ready now to prove the following theorem:

Theorem 2.3.7. Let €} be a bounded open Lipschitz domain in R™ and consider
the functional T, (@) defined in (2.3.13) then, for any ¢ € BV (), we have that:

TV ()

Tin(p) = om

(2.3.23)

Proof. The proof is a simple extension of the proof of Theorem 1 in [18].
For the sake of simplicity we define:

1
sy = swp = [ SloPut [ ol
selci  Ja?2 Q

Thus, T;,,(¢) can be written as:

Tn(p) = inf eyp(p)

nwe M)

/d,u,:m
Q

1
= inf sup —/|a|2du+/a-d[Vg0}.
Q2 Q

neMI@) oefel ()"

/d,u,:m
Q

First observe that the infimum in 75, () is in fact a minimum since e, (u) is lower
semi-continuous with respect to the weak*-topology, convex and proper because
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it is a supremum of a family of weak*-continuous affine functionals in M™ ()
which is a closed and convex subset of M(£2).

Moreover, the set {u € MT(Q) | [,du = m} is convex and compact in the
weak*-topology, therefore, a minimum exists from the direct method of the cal-
culus of variations.

If TV (¢) = 0 then ¢ is constant a.e. and there is nothing to prove since T, ()
is clearly zero.

In the more general case where TV (¢) > 0 we proceed as follows, first we show
that W is a lower bound for T;,,(¢) and after that we will show that there

exists a particular admissible pair (i, &) such that % is also an upper bound
for Tpn ().

e (>) By homogeneity, V¢ >0, t € R and ¥V pu € MT(Q), [, du = m, we have
that:
mt? B
£,(p) > sup sup —— +t/ g-dVy]=
t>0  celci@]” 2 Q
ter le@I<1L, vaeq

2
= sup _mT +tTV (p) :=supg(t).

t>0 t>0
t € R teR

Finally, observe that the function g(¢) is strictly concave and increasing for

t < T‘;ESD), therefore, the supremum is attained at t* = %(“’) and after
evaluating at t* we find that:
TV (p))?
gp(p) = (27(;5)), Ve MT(Q), / dp = m. (2.3.24)
Q

Taking the infimum in p on the left side of (2.3.24) we get:

(TV(¢))?
Th(p) > —————.
() = =
e (<) From the structure theorem of BV functions (2.3.2) we have that V¢ €
BV () there exists an opportune i € M*(Q) and a fi-measurable & :
2 — R™ such that Vo = g, |o(z)| = 1, fira.e. in Q and, by (2.3.4),

TV (p) = fQ dfi.
Define now
. om
and
_ TV(p).
o= 0.
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Observe that the space [CL()]" C [L2,(Q)]" for any p € MT(Q) and
clearly 6 € [L?,(Q)]", |V | << fi, i6 = V¢ and [, dji = m then, by
Remark 2.3.6, we have the following chain of inequalities:

(TV(¢)*

. 1, _
Tol) < inf  max LGuo) < [ SloPu=

we mt(@Q) o€[L?, ()"

/du:m
Q

From Theorem 2.3.7 we have an immediate corollary:

Corollary 2.3.8. For any ¢ € BV () we have that:
TV (p) = 2Ty () ()- (2.3.25)

Proof. We have already seen in the proof of theorem (2.3.7) that if TV (¢) = 0
then T, (¢) = 0, Vm > 0, while in the case where TV (¢) > 0 the results follows
directly by (2.3.23). O

Remark 2.3.9. Corollary 2.3.8 characterizes the Total Variation of a function
in BV (Q) reabsorbing the "difficult” part in the standard definition (2.3.1), i.e.
the constraint |o(z)| < 1, Vo € Q, by introducing a new variable p and a mass
constraint. However, this does not make the problem tractable from the numer-
ical point of view since (2.3.25) requires a priori the knowledge of TV (). We
will show next that it is possible to circumvent this obstacle by introducing an
equivalent variational problem to (2.3.25) but without the mass constraint. This
new equivalent variational problem turns out to be exactly our dual formulation
functional L£1(p) defined in (2.3.8).

We are now ready to state the main Theorem of this section:

Theorem 2.3.10. Given a function ¢ € BV (Q2), we have that:

TV (e) = 2Ty (y)(p) = L1(p). (2.3.26)

Moreover, if we define the Lagrangian L, : (M™(Q) x [cL)]™) = R:

1 1
Lhnso) =~ [ SloPdu+ [ o-div e+ [ dn
v Q2 Q 2 Ja

and the functional

Eo(w)i= sw  LL(u0),
oelct )"

then the unique optimal measure

p* = arg min E,(u),
HEMT()
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1s precisely the total variation measure:
p=1Vel,
and there exists a unique saddle point
(1", o) € (MF(Q), [L3. (D)),

for Ci,, where the optimal vector field o,,. is the one given by the Structure The-

orem of BV functions.

Proof. The proof works as the proof of Theorem 2.3.7, indeed we will show that:

TV (p) < L1(p) < 2Ty () (9)-

e (>) It follows from (2.3.7) and observing that clearly £i(¢) < Li(p) since
”supinf” < ”infsup”, where £ () is defined in (2.3.5).

e (<) From Corollary 2.3.8 we know that:

TV (p)
5

TTV((p) (90) =

which implies that:
Li(p) =  inf /1||2d+/ d[V]+1/d<
p)= 1n sup — [ =|o|7du o- pl+ = o<
' REMH(Q) sefcr()" o 2 Q 2 Jo

1 1
< it s [ SePdus [ oVl [ du=
we Mm@ o€[CHEO]" Q2 Q 2 Jo

/Q dp =TV ()

TV (p)

= Try () (p) + 5 =TV (p).

This completes the proof of the first part of the theorem.
We will now consider the characterization of the optimal measure p*.
We have:

L = inf FE = inf sup  LL(w, o).
)= inf o Beln) webtb @ ea® o1, 0)

Observe that E,(u) is lower semi-continuous with respect to the weak*-topology,
convex and proper because it is a supremum of a family of weak*-continuous
affine functionals in M™(Q2) which is a closed and convex subset of M ().
With the same arguments as in (2.3.24), V u € M(Q), we have that:

2
E, (1) > (T;gfl)u) + ;/Qdﬂ > ;/Qdu > 0. (2.3.27)
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From (2.3.27) we have that E,(u) is bounded from below and VA/ > 0, the
set {u | E(n) < M} is a subset of the weak*-compact set {u | [ dp < 2M}
which implies that E(u) is coercive with respect to the weak*-topology. As a
consequence, a minimum exists by the direct method of the calculus of variation.
Next, set p, = |V ¢|. From the structure theorem of BV functions (2.3.2)
we have that there exists an opportune p,-measurable o, : 1 — R™ such that
V@ = 04, |0p(x)| =1, pe-ae. in Q and, by (2.3.4), TV (¢) = [ dpg-

From these facts we have:

1 1
E,(py) = sup —/ 2|0\2du¢+/0-a¢,du¢+2/du¢
selcr " Ja Q 0

1 1
= sup —/ 5\0\2du¢, + / o opdug, + §TV(¢) = (2.3.28)
selcr@r  Jo Q

1 1
= 5loelize,, @ + 5TV() =TV(p),

where the first and the second line of (2.3.28) follow by writing d[V ¢| = o,dpu,
and /i, being the Total Variation measure, while the third line of (2.3.28) follows
by (2.3.16).

As a consequence, from (2.3.26) and (2.3.28), we have that

B = e
is a minimizer for £, (1) and the pair:
(1" 05 =0y) € (MT(Q), [Li* (™),

given by the Structure Theorem of BV functions is a saddle point for Ei, (1, 0).
It remains to show that p* is unique.

Suppose that there exists another minimizer for E,(u) and call it 4. By Lemma
2.3.4, if i is a minimizer for E,(u), then | V| << i and hence there exists a
f-measurable & : 2 — R™ such that V¢ = [ig.

Now, with the same computations as in (2.3.28), and using the optimality con-
dition for fi given by (2.3.26), we have the following chain of equalities:

/ lo|dn = sup / oodp = sup / o-d[V ¢]
Q o€ lcl@]" /O oelcto]” JQ

lo(x)] <1Vze€Q lo(z)] <1Vze€Q
_ ]2 +1
=TV(p)=E(n) = /Q 5 di. (2.3.29)
Equating the first and the last term of (2.3.29) we have that |o| = 1, f-a.e.
and TV (p) = fQ dp. This implies that g have the same properties of the total
variation measure p, and therefore fi = p,, since by the Structure Theorem of
BV functions there exists a unique total variation measure.
As a consequence, also the vector field o7, is unique.
This completes the proof. O
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2.4 The Counterpart on Graphs

In this section, taking inspiration from the continuous case, we will consider
the graph based discretized version of the p-Dirichlet Energy including the limit
case where p = 1. We will further states the discrete version of the results in
Section 2.2 and 2.3. We point out that in the discrete case everything is far more
easier, nevertheless, our duality based approach leads to very efficient numerical
algorithms based on the Dynmic Monge Kantorovich (DMK) scheme, originally
developed in [55] for the L' Optimal Transport problem and in [54] for the graph
based counterpart.

We define a weighted directed graph as a collection G = (F,V,w), where E
is the set of m = |E| edges, V the set of n = |V| nodes and w is a weight
on the edges. Each edge e; € FE is characterized by the pair e; = v;vg, with
vj,v € V, and we write w; for the weight associated to the edge e;. On a
graph, we can define functions on nodes and functions on edges. We denote as
H(V) = R™ and H(E) = R™ the Banach spaces of real-valued functions on V'
and E, respectively. We will write ¢, = ¢(v) for the value in a node v € V
of the vector ¢ = [@y,, ..., v,| € H(V). With the same notation, we will write
o. = o(e) for the value in an edge e € E of the vector o = [o¢,, ..., 0¢,,] € H(E).
We now introduce the graph gradient operator V : H(V) — H(E) as the m x n
matrix whose (i, j)-element is:

—w; e =wvuE, ke{l,...,n}
(V)ij = q wi ei = vy, ke{l,...,n}
0 otherwise.

Although the gradient matrix relies on a edge orientations, we point out that
such orientation is arbitrary and does not affect the construction of the operator
so that G can be still considered as undirected.
Next, we define the graph divergence operator div : H(E) — H(V'), which can
be expressed as:

div = - V7,

i.e., as the negative transposed n x m matrix of V.
In analogy to the continuous case, we define the weighted graph laplacian operator
for a function ¢ € H(V) as:

Acp = —div(ec ® V) = VI Diag(c)Ve,

where ¢ € H(E) is a weight functions on the edges set, ® is the Hadamard
product:
u®v:R"xR"—R"
(u@v)iwui-vi 1=1,...,n.

and
A. = VT Diag(c)V, (2.4.1)
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is the c-weighted graph laplacian matrix.
As a direct extension, we define p-Laplacian operator, p > 1, on graphs as:

App = —div(|Vp|P 20 V) = VI Diag(| V ¢~ Ve. (2.4.2)

Moreover, for a given o € H(E) and 1 < p < oo we define the discrete edges

based p-norm as:
5
lolly, = { D loel” |

ecE

where in the limit case p = oo we define the [,,-norm as:

[o]liee := sup |oe|.
ecE

As in Section 2.2, we define the graph p-Dirichlet energy for a given p > 1 and a
function ¢ € H(V), p, < o0, Vv €V as:

%@%ZHVM”=§:WQ?#. (2.4.3)

p ecE

From now on we will consider only finite functions ¢ € H(V) ie. ¢, < o0,
VveV.

In the limit case p = 1 we call the E;(p) as the graph Total Variation energy of
®.

Moving on, we define the edges based discrete counterpart of the Legendre trans-
form for a function ¢ : H(E) — R as :

v H(E) — R,
Y (g") = sup < g% 9 >uE)xuE) —P9)
geEH(E)
= sup ¢g"-g—1(g)
geEH(E)
= sup 9z 9e — P(9)-
gGH(E);

In what follows we will tacitly omit belonging to the edges or nodes Banach spaces
inside the ”inf” or the "sup” when confusion doesn’t arise.

With the same arguments as in Section 2.2, by applying twice the Legendre
transform we obtain the dual definition of the graph p-Dirichlet energy in the
case 1 <p < 2:

* g p’
E,(p) = sup —Z| e/| +o-Vo. (2.4.4)
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Since we have differentiability and strong concavity, the supremum in (2.4.4) is
indeed a maximum and is attained for the unique ¢* such that:

" P2 00" = V. (2.4.5)

Again, with the same arguments as in (2.2.5)-(2.2.6) we obtain the following
duality based saddle point reformulation of E/, (o) (in the case 1 < p < 2 which
implies 2 < p’ < 00):

. . 1 2— 5
Ly(¢):= sup inf —Z*ue|0e|2+%2/@2 "+0-Ve, (2.4.6)

oeH(E) REH(B)T 2 =

where H(E)T :={pn € H(E) | pe > 0, Ve € E}, p:=2 — p and for simplicity we
set v = 2%}.

By construction (see (2.2.5)-(2.2.6)), we have that & is a solution of (2.4.6) iff it is
a solution for (2.4.4) that is to say that it is unique and satisfies the extremality
relation (2.4.5).

In the limit case where p = 1 we have v = 1 and we define the functional:

(o) e : 1 2 1
Lile) = aeSEI(JE) ue?l-tI%fEH B ;3 §N€|ae‘ 3 e%;lie To-Ve. (247)
Observe that the density u plays the role of a Lagrange multiplier for the con-
straint |o¢|> < 1, Ve € E or equivalently ||o||,. < 1.
As a consequence, L () is equivalent to the graph-based counterpart of (2.3.5)-
(2.3.7) :
L) = swp o Vo=Vl =Ep) (2.4.8)
o€ H(E)
ol <1
where the equality between Lj(yp) and E;(y) is given by observing that, since

H(E) =R™, the I norm is in duality with the /1 norm.
A solution ¢* for (2.4.8) is one of the generalized signum functions for V ¢:

(Ve
€ E st |[(Ve)e >0
o = sign(V ) = 4 [Vl €€ E st Vel
[-1,1] e€ E st |[(Vp)e =0.
From (2.4.8) and (2.4.9), it makes sense to extend the definition of Lj(¢) to the
case 1 < p < 2.
Now, define the perturbation function & : (H(E) x H(FE)) — R as:

(2.4.9)

pre(|oel” +2pe) 1

#(c,p) := sup 26’626 ) o Ve,
peH(E)T eckE v eckE

where p € H(F) is the perturbation parameter. )

As in the continuous case, we introduce the Lagrangian L : (H(FE) x H(E)) — R

as:

| 1
L(o,p) =) gheloe* = 5= D 1l =0 Vo = Xueney+- (2.4.10)
eckE v ecl
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where X, (p)+ 1s the indicator function:

_ Jtoo ng H(E)T
+ =
Xue(E) 0 ueHE).

Clearly we have that:

L*(¢) = sup inf —L(o,p), 2.4.11
()= st Lo (2.4.11)

moreover, it is useful to define:

£* = —L%(p). (2.4.12)

*
p - p

Asin (2.2.11)-(2.2.15), the dual problem associated to & is given by interchanging
the "sup” with the ”inf” in (2.4.11), so that we define:

L = inf —L
p(¥) et sup (o, 1)

1 1
= inf sup — “peloeP+o0-Vo+ — e,
REH(E)T 5et(E) ;2 el 27626}:5 ‘

(2.4.13)

and
Lp(¢) == —Lp()-

We point out that differently from the continuous case, here we have all the
reflexivity necessary in the Banach spaces involved, therefore, all the construction
of the perturbation function, the Lagrangian and the dual problem L,(¢p) is well
defined in the case 1 < p < 2.

Let’s focus our attention on the perturbation function &(o, p), we have two cases:

e Case 1 < p < 2: it is easy to see, with simple computations, that in this
case we have the discrete counterpart of (2.2.19):

1 /
do.p)=55 D, (o +20)7" —0- Vo, (2.4.14)

€€E 012420050

where:
Es 12020 = {€ € E | |oe|* + 20 > 0}

e Case p = 1: In this case the density u plays the role of a Lagrange multiplier
for the constraint |o.|? +2p. < 1, Ve € E, thus, the perturbation function
becomes:

—0-V 24+20.<1,Ve€E
‘I’(O’,p)—{ 7V ol +2p <1, Ve (2.4.15)

+o00 otherwise.
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As a consequence we have the following theorem.

Theorem 2.4.1. Let G = (E,V,w) be a weighted directed graph and V it’s gradi-
ent matriz. Set p € R with 1 < p < 2. For a given p € H(V), ¢, < 00, Vv €V,
we define the Lagrangian LY : (H(E)t x H(E)) = R as:

L2 (1, 0) = Z2ue\0e\ Yo V<p+—zuef. (2.4.16)

ecelE eckE

Then, we have that:

E — f Lp 9 9
P ity S )

and a saddle point (u*,c*)(unique in the case 1 < p < 2) for LY, satisfies the
extremality relations:

piot =(Vg)e, YVeeE, 1<p<2 (2.4.17)
pe=1os" 2 = [(Vg)e|* ™", VeeE, 1<p<2
yaZ!él, VeecE, p=1 (2.4.18)
pilot? —pui =0, VecE, p=1 (2.4.19)
pe =1(Velel, VeeE, p=1. (2.4.20)

Moreover, even in the case p =1, p* is the unique optimal density.

Proof. First we point out that, with the same arguments as in Lemma 2.2.1, we
have that ®(o, p) € To(H(E) x H(E)).

In the case where 1 < p < 2 the thesis follows with the same proof of Theorem
2.2.2 where it suffices to substitute integrals with sums over the edges.

As a consequence, we show only the case p = 1.

Consider now the functionals Lj(¢) and Li(¢) defined in (2.4.7) and (2.4.13) for
p=1.

We have already seen in (2.4.8) the equivalence between L () and Ei(p) where a
solution o* for (2.4.8) is given by (2.4.9), thus, |0} < 1, Ve € E which is (2.4.18).
We will show that Li(¢) = Li(p) and that there exist a saddle point for L}p (1, 0).
As in the proof of Theorem 2.2.2, we will work with L} () as defined in (2.4.12)
for p = 1 instead of Lj(y), since it is clearly the same a part from a change of
sign. Therefore, we will call (P), the primal problem:

9 | u>0

Li(p) = inf {sup -L (u,a)} (P),
and (P*), the dual problem:

Li(p) = sup {inf 1L (n.0) b (P").

u>0 % 9
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From (2.4.8) and L}(p) = —L¥(¢) we have that the primal problem is:

inf  —0-Vo (P).
o€ H(E)

lofli. <1
Again, by (2.4.8) and L}(¢) = —L}(¢) we have that
inf(P) = —E1(p).

For completeness we also write explicitly the dual problem:

. ]- 2 1
sup  inf —pe|loel* ==Y pe—0c-Ve (P).
peH(m)+ oeH(E) 5 277 2 e%:E ‘

Consider now the perturbation function &(o, p) in (2.4.15). We have already state
that &(o, p) € To(H(E) x H(E)) and that problem (P) have a solution and it is
finite, therefore, by [46] Propositions 2.1 p.51 and Corollary 2.1 p.52 it suffices to
show that problem (P) is stable.
First observe that &(o,p) is nothing that a classical perturbation function for
a convex inequality constrained problem. By [46] Proposition 5.1 p.66, if there
exists a 09 € H(E) such that |og.|> < 1, Ve € E and &(09,0) is finite, then
problem (P) is stable. Observe now that taking oo = 3 sign(V ¢) as in (2.4.9),
clearly |og.|? < 1, Ve € E and (09, 0) = —3E1 (i) is finite.
This shows that problem (P) is stable, inf(P) = sup(P*), and (P*) has at least
one solution p*.
We will show now that an optimal pair (u*,0*) is a saddle point for L} (u, o).
By [46] Proposition 2.4 p.53, an optimal pair (©*,0*) is linked by the extremality
relation:

¢(c*,0) + (0, ") = 0. (2.4.21)

Using (2.4.15) we have that:
$(c*,0) = —0* - V.
On the other hand, in analogy to (2.2.13), we have:

P (07 :U') = sup _L(Ja M)? (2422>
oeV

where the Lagrangian L is defined in (2.4.10). Thus, from (2.4.22), we get:

* * . Ky (2.4.10) . 1 * 1 *
~®%(0,p7) = inf L(o,p") "= lgf;2ue\ae\2—2§ue—a-vw-
e e
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As a consequence, (2.4.21) implies that:

—0"-Vp= (2.4.23)
. 1, I
zlgfz iue\ae\z—iz%—a-V«pg (2.4.24)
eck eclk
1 * * 1 * *
< Zﬁﬂe|ge|2_ EZ/‘LG -0 Vgo (2425)
eck eclk

Since o* is optimal for (P) and p* is optimal for (P*), we have that |o}| < 1,
Ve e E and p* € H(E)T, thus:

pilot|> — pt <0, Ve€E.

On the other hand, (2.4.23)<(2.4.25) implies that

S [wlor2 - us] =0, Vee R,
ecE

thus, since the addendums are all negative, we have (2.4.19).

As a consequence, (2.4.23)=(2.4.24)=(2.4.25) and o* is a solution of (2.4.24) since
(2.4.23) is finite.

With the same arguments as in the proof of Theorem 2.2.2, observe that if {e €
E | |[Vyg|e > 0} :=supp(| V¢|) C supp(p*) := {e € E | u} > 0} then a solution
for (2.4.24) exists and it satisfies (2.4.17), to see this it suffices to note that
(2.4.24) is differentiable in o and strictly convex so that the solution is a zero of
the first derivative. Moreover, (2.4.17) is also a necessary condition, otherwise
either supp(u*) Nsupp(| V ¢|) = @ or supp(u*) N supp(| V ¢|) C supp(| V) ,
therefore if that happens, there exists an A C E such that pf =0 and |V ¢|. > 0
Ve € A, moreover, VM > 0, M € R, there exists a oy = to, t > M, with o4, =0,
Vec E\Aand ) ,0¢(V¢)e =t, implying that:

1, I
inf Y oplloe =5 D -0 Vo<

ecE eckE
1 * 1 *
< Z §Me|o-te|2 - 5 Zlue - Zate(v (,0)6 <
eckE eckE eckE

1 *
<3 ;Eue - ;mwn < —t<-M, ¥YM>0.

hence, (2.4.24) is equal to —oo which is a contradiction since (2.4.23) is finite.

Setting
M::’(V@)EL V@GE,

for any generalized signum solution ¢* of (P) we have clearly that

pr oot =V,
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and (2.4.19) is satisfied, therefore, the pair

(W =1Vel|a"),

is a saddle point for L}O(u, o).

Moreover, in virtue of (2.4.17) and (2.4.19) , u* = |V ¢| is the unique optimal
density, there are no other possibilities, since |0}| < 1, Ve € E and by (2.4.19),
lof| =1,Ve € E s.t.us > 0, so that:

(V@)e| = neol| = pelol| > pe Ve € E,
hence p* is zero where | V | vanish and
(Ve =p: Vee E st.u, >0.
This completes the proof. O

Remark 2.4.2. The extremality relations (2.4.17)-(2.4.20) are nothing that the
KKT conditions for the saddle points (u*,0*) of Ly(v), 1 < p < 2, which read as
follows:
2(p—1)
—|o¥P+pt 2 —ce=0, Ve€FE
o = (Ve VeeE (2.4.26)
Ceis =0, ¢ >0, Vec FE.

where ¢ € H(E) is an opportune positive Lagrange multiplier.

Observe that in the case 1 < p < 2, since ¢ > 0, if u> = 0 on some edge €, then
the first equation in (2.4.26) implies that o5 = 0 and cz = 0, this is the unique
possible solution. On the edges where s > 0, the third equation gives that c. = 0.
Therefore, (2.4.26) implies that

2— /
i = ot = |zl 2 = [(Vg)e|2?, VeeE, 1<p<?
pior = (V)e. Vee E, 1<p<2.

In the case p = 1, if u> = 0 on some edge €, then the first equation in (2.4.26)
admits a solution iff |0%]> —1 < 0. On the other hand, the third equation in

e

(2.4.26) implies that if pt > 0, then cz = 0 and hence |of| = 1. At the end of
the story, (2.4.26) recovers the remaining extremality relation of Theorem 2.4.1
i the case p = 1:

lok] <1, VeeE,p=1
o =1, Vee Est.u;>0,p=1
wior =(Ve)e, VeeE, p=1.

where the unique possible optimal density is s = [(V p)e|, Ve € E.
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2.5 Generalizations to different discrete operators

In Section 2.4 we have seen how the techniques presented in Section 2.3 interlaces
with graph theory and more essentially with the natural differential structure on
graphs given by the graph gradient operator.

From a mathematical point of view, working on graphs or working with a linear
operator A : R" — R™ is genuinely the same.

Motivated by this, we call V := R™ and E := R and we introduce the A based
p-Dirichlet energy for ¢ € V, 1 < p, as:

[l

A ,_ P

Ep (90) T T7

1

where for a g € RF we define ||g||;, := (Zle \gi]p> ? and in the limit case p = oo
we define the [o-norm as ||gl;,, := sup;—y__x |gil-

As a consequence, for a finite ¢ € V, ¢; < 00, i = 1,..,n, all the arguments in
Section 2.4 works and we introduce our duality based saddle point formulation

of E;,\(Lp):

m

A*
L (¢ sup inf — g ,u oil*+o- Agp—i—i E 2.5.1
14 ( ) ocE neE+ 121 Z‘ Z| ( )

where p:=2—p,and E* :={u€ E|pu; >0,i=1,...m}.
The dual definition of (2.5.1) reads as follows:

A 2
L = 1Ilf su ag +0o- A + —_— p'
p(so) N€E+oep §1 Hz| z‘ ¥ E

Theorem 2.4.1 rewrites as:

Theorem 2.5.1. Let V =R", E=R™ and A : V — E be a linear operator. Set
peERwithl < p< 2. Foragiven p €V, ¢o; <00, i=1,...,n, we define the
Lagrangian L%A : (BT x E) =R as:

m
1
LM o) = = suiloil* + o A¢+—Zu
i=1
Then, we have that
EMp) =12 () =1Mp) = inf supr’ W, o), 2.5.2
2e) =1 (0) = L) = inf sup () (2.5.2)

and a saddle point (u*,0*)(unique in the case 1 < p < 2) for L@’A satisfies the
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extremality relations:

pwior = (Ap)i, i=1,..,m, 1<p<2

pi = ‘Uj‘puZ = |(A@)i)*™?, i=1,..,m, 1<p<2
lof| <1, i=1,..,m, p=1
pilof? —pur =0, i=1,..,m, p=1
wi =|(Ap)il, i=1,....,m, p=1.

Moreover, even in the case p =1, u* is the unique optimal density.

Proof. It suffices to observe that V plays the role of the nodes space, FE plays
the role of the edges space and A plays the role of the graph gradient operator.
Thus, the proof is exactly the same of Theorem 2.4.1. O

We have an immediate corollary.

Corollary 2.5.2. Let V = R" and define the Lagrangian 15, : (VT x V) = R as:

n

18 (v,0) =~ Z ~viloi|* +o- go-i-iz

i=1
Set
1,"(¢) :=sup inf 10(v,0),
ceV veVT
1 = inf supl?(v,o 2.5.3
plp) = inf sup 15(v,0), (2.5.3)

where 1 < p < 2. For a given ¢ €V, p; <00, 1=1,...,n, we have that

1
eoll? =1,* =1 = inf supl®(v,o
el =1p7(0) = 1p(e) = inf sup 15(v,0),

and a saddle point (v*,0*)(unique in the case 1 < p < 2) for 1Y, satisfies the
extremality relations:

vioi =@, i=1,.,n, 1<p<2

=0 2= o P, i=1,.n, 1<p<2
loi| <1, i=1,...,n,p=1
vilofP—vi=0, i=1,..n,p=1
vi=\lpil, i=1,..,n, p=1

Moreover, even in the case p =1, v* s the unique optimal density.

Proof. Set A equal to the identity operator in Theorem 2.5.1. O



130 CHAPTER 2. DUALITY AND THE TOTAL VARIATION ENERGY

2.5.1 The regularized problem

In order to avoid ill-conditioning still maintaining sufficient accuracy, it is useful,
at least from the prospective of numerical applications, to consider a regularized
version for the functional defined in (2.5). In the framework of the Tikhonov
regularization, consider a small Tikhonov parameter 6 > 0, 6 << 1 and the
regularized Lagrangian for 1 <p < 2 as:

1
1M (,0) 1= = 3 5 (i + )il + o Aso+*2 (25.4)
=1

We define the regularized saddle point formulation of Eé,\ as:

L]]J\(;((p) = inf supr’ Nu,0), YoeV. (2.5.5)
’ HEET ocE

If we introduce the functional

L8N, i) = sup LEM (1, o), (2.5.6)

ek

then (2.5.5) rewrites as:

A — 3 p7A
Lp,é(sp) - y,lEnE'f"" [’6 (907 M)

The parameter § has the important role to guarantees the coercivity and the
differentiability of the map:

o L@’A"g(u, o), VeeV,VueckET,

with the aim to directly compute a maximizer o* for (2.5.6) and simplify (2.5.5),
while retaining a good approximation of the original saddle point formulation
(2.5.2), if ¢ is sufficiently small.

Let’s focus our attention on the functional LA s5(©).

Since p + 6 > 0, the supremum in (2.5.6) is 1n fact a maximum(we have indeed
strong concavity, differentiability and anti-coerciveness), and the maximizer o*

is given by:
Ao):
o = Ae)i 1 (2.5.7)
pi + 0
Hence, computing LZ’A’E(M, o) for o = o*, the functional defined in (2.5.6) is equal
to:
m m
(M)l 2=~ o
£p7 — 2 p 2.5.8
21 2 (p; +9) 2p ;M” ’ ( )

and the regularized saddle point formulation in (2.5.5) simplifies as follows:

Lis(p) = inf Z;‘((M)i’ +2_pzu§*’. (2.5.9)
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Moreover, if we introduce the function:
A
() =LY (), Yo eV,

we clearly have that:

1 [(Ap)i
M)ZZ2|( 5)’ ZHQ P YueET (2.5.10)
=1 i=1

Thus, €,(p) is convex, lower semi-continuous and coercive in p, for any ¢ € V.
Therefore, the existence of a minimizer p* for (2.5.9) is guaranteed.

The same arguments can be applied for the graph based p-Dirichlet energy
(2.4.13) and the discrete [)-norm (2.5.3).

In particular, in the same setting of Theorem 2.4.1, the regularized functional of
Li(¢) becomes:

. 1|(Ve)el* | 1
Lislp) = _inf 622 Gty T3 5 D He: (2.5.11)

eEE

and in the same setting of Corollary 2.5.2, the regularized version of 1;(yp) is:

n

L |pi
11 5(p) = inf Z |‘p T+ 3 Zuz (2.5.12)

+
veV izl

2.6 Extension to other types of discrete energies

In Section 2.5 we have seen how to generalize our saddle point formulation for
l,-norms type energies for general discrete linear operators.
In a similar fashion, one may wonder if the same techniques can be extended to
more general types of convex discrete energies.
Let V:=R" E:=R"™and A:V — F be a linear discrete operator. For a given
peV,p<oo,i=1,..,n,let h:R— RT be a positive, lower semi-continuous,
convex, even function and consider the following type of energy:

m

E(p) = > h((Ap)). (2.6.1)

i=1
Our goal is to state a sufficient and necessary condition in order to provide a
saddle point formulation for (2.6.1) as (2.4.6).
We have the following theorem.

Theorem 2.6.1. Let V :=R", E :=R™ and A : V — E be a linear discrete
operator. For a given ¢ € V, p; < 00, i = 1,...,n, consider the energy E(¢) as
n (2.6.1). Define the Lagrangian Lg’A :(ET x E) >R as

1 1\
1=

=1
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Then, we can write the following saddle point formulation:

E(p) = sup inf LEM(u, o), 2.6.2
(p) = sup inf L;"(n.0) (2.6.2)

iff there exists a convex, proper and lower semi-continuous function g : R — R
such that the following Legendre duality relation holds:

(3toe1-Dsl-7) = 263

where for a function v : R — R, vo|-|(z) :=~(z]) and vo |- |*(z) := v(|z|?)
As a consequence:

Bp) =Y <1<go|-|>*o|-|2) (Ag)). (2.6.)

; 2
1=1
Moreover, if g implies that there exists a o9 € E and a discrete norm || - || such
that: . .
1 1
plu) =00 Ao =53 palooil” + 5D g, (2.6.5)
i=1 i=1

is norm coercive i.e. im , . z+ p(pu) = +oco and one of the following holds true:

il = o0

* (a)
e(0) ;= inf, Lo (1, 0),
JUS

18 concave, upper semi-continuous and norm anti-coercive, i.e. there exists
a discrete norm || - || such that lim|s| oo €(0) = —00

e (b)
supe(o) =supo - Ap + J(0),
oel oc€eB

where B C E is convex, closed, bounded, non empty and J is concave, upper
semi-continuous

then there exists a saddle point (u*,0*) for Lg’A and we can interchange “sup”

with 7inf” in (2.6.2):

E(p) = inf supLE*(u,0). 2.6.6
(p) = nf supLy™(n.0) (2.6.6)

If furthermore, g is differentiable with derivative ¢', a saddle point (u*,o*) for
EA . . . .
Ly satisfies the following extremality relations:

g (7)) = loi %, m
—lofP+4(0)>0, i=1,..,m, ui =0, ¢(0) >0
m

* .
O-Z' :07 1= PREEY)
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In the case where the particular structure of g implies this as a necessary con-
dition and it is possible to know that g is differentiable on a convex and closed
neighborhood A C E™ of a solution u*, or g is differentiable and ¢'(0) < 0, then
pr>0,1i=1,...,m.

In this case the extremality relations simplify to:

i >0, 07 = S (P = AP = Loem. (267)

%

Proof. First we observe that the Legendre transform for a function I' : ¥ — R
of the type I'(y) = >.7" 1 v(vi), 7 : R = R, is exactly the sum of the Legendre
transforms for any single addendum, i.e. T*(y*) = > /%, v*(y)).

Moreover, observe that necessary the function h has to be convex and even since
the Legendre transform of an even function is even [87], thus otherwise, formula
(2.6.3) could not be satisfied for any mass function g.

Next, for any function g : R - R and V2 > 0 we have that:

Supp = g(w) = (go|-)"(x), (2.6.8)

since:

supzp — g(p) = supzp — g(|p|) < (go |- )" (x) <
n=0 n>0
(z>0)

< supz|p| — g(|p]) =supzp — g(p).
iz n=>0

Consider now the saddle point formulation (2.6.2). Summing up all together we
have:

1 & 1«
sup inf LEM(pu,0)=sup inf o-Ap— = o2+ = i) =
sup inf Lo (u,0) = sup inf o- Ay 2;m| i 2;9(%)

1 m 1 m

2
—supa-Acp—supr wiloi —75 g(ui) =
e 1 M€E+2i:1 Z‘ l’ 2 ( 'L)

=1
2 sup Y iAo = 5 (0| D (il?) =
oEL g i=1
=3 (3001 0ol P) (9. (269

This shows that (2.6.2) holds true iff (2.6.3) holds and ¢, h are convex and
proper, otherwise we can not recover g from h since this require to apply twice

the Legendre transform to both of them. As a consequence, (2.6.4) follows directly
from (2.6.3) and (2.6.9).
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Now we treat the existence and characterization of a saddle point (u*,o*) for
EA

Lot

If either (a) or (b) holds the problem

sup{ inf LE (,u,a)},

ceE (pEET 14

admits a solution and the existence of a saddle point (p*, o) follows directly from
[46] Proposition 2.4 p.176.

This is essentially the stability of the primal problem (P) in Theorems 2.4.1 and
2.5.1, since if we define the perturbation function:

iloi|° + 29
$(0,¢) = sup —o - A¢+ZM— Zg (124)-

pek i=1

where i) € E, clearly ¢(o, ) is well define (g is convex and lower semi-continuous)
and &(o,v) € Tg(E x E) (as in Lemma 2.2.1) because it is a supremum of a family
of convex functions, therefore, the existence of a o9 € E which makes p(u) norm
coercive is exactly equivalent to the continuity of ¢ +— &(0p,%) in 0 (cf.[46]
Lemma 4.3 p. 183).
As a consequence, problem (2.6.2) is equivalent to (2.6.6), i.e. they have the same
optimal value E(¢), we can interchange ”inf” with ”sup” and there exists a saddle
point (u*,c*) for Li’A.
Finally if g is differentiable, the KKT conditions for problem (2.6.6) reads as
follows:

—lorP+ g (i) —ci=0, i=1,..,m

piol = ()i, i=1,..m (2.6.10)

cipy =0, ¢ >0, 1=1,....m

where ¢ € F is an opportune positive Lagrange multiplier.

In the case where p7 > 0 for an index 1 < j < m, the third equation gives that
c¢j = 0 and therefore the extremality relations are satisfied iff g'(u}) = |a;f|2.

On the other hand, since ¢ > 0, if 4§ = 0 on some index 1 < j < m and ¢'(0) > 0,
(2.6.10) has a solutions iff —|U;~‘|2 +¢'(0) > 0. If ¢’(0) = 0, the only possible
solution is o7 = 0 and ¢; = 0 which holds iff (Ag); = 0. If ¢'(0) < 0, the first
equation in (2.6.10) has no solutions, thus necessary p* > 0 and the extremality
relations simplify to (2.6.7). In the case where g implies that necessary a solution
p* is such that pF > 0, ¢ = 1,..,m and there exists a convex and closed neighbor-
hood A C ET of u* where g is differentiable, possibly restricting (2.6.6) on A, p*
becomes an interior critical point therefore the extremality relations simplify to
(2.6.7). O

Remark 2.6.2. In virtue of the symmetrical role played by p and o, (a) and (b)
in Theorem 2.6.1 can be interchanged by the following:
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o (1) there exists a o € E1 and a discrete norm || - || such that:

1 — y 1
p(o) :ZU-A¢—2zlu0¢|0il ‘1‘2219(#01')7
1= 1=

is morm anti-coercive i.e. im0 p(0) = —00
o (II) g(n) is norm coercive in E*1, i.e. there exists a discrete norm ||-|| such
that

lim g(u) = +o0.

,uEEJr

llull = oo

Note that if (II) holds, by the same homogeneity arguments as in (2.3.27) we
have:

ceFE

(Aplln)?* | 1<
5(#)_22 jm 5; 2;9(#020

Therefore,if g is norm coercive, also € is norm coercive and the hypothesis of [46]
Porposition 2.4 p.176 are satisfied in the interchanged circumstances (see [46]
Remark 2.4 p.177).

e(u) :==supo - AsO**ZuzIUzIQ Zg(m),
iil

We will now see two illustrative examples on how to use (2.6.3) to construct an
equivalent saddle point formulation.

Example 2.6.3 (Recovering the graph Total Variation Energy saddle point for-
mulation). Let G be a weighted directed graph and V it’s gradient matriz. Our
spaces are therefore E = R™ and V = R™ where m = #edges, n = #nodes and
A=V.

The graph 1-Dirichlet energy or the graph Total Variation energy is:

E(p) = | Vel =D (Vi
i=1

whence h = | - | which is convex,proper, and even.
Formula (2.6.3) reads as follows:

(3toe1-D7l-F) @) =lal

The Legendre transform of h is:

0 lz*2 <1

2.6.11
+oo  |x*2 > 1. ( )

h*(z*) = X|z*|<1 = X|z*|2<1 = {
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So that, using (2.6.11) we have:

1 * (| % x (%
Jlgel-D (e %) = 1 (2") = X<

which implies that:
(gol-)*(y) =2xy<1 = xy<1- (2.6.12)
Applying again the Legendre transform and evaluating in p > 0 we have:

g() = (g |- D) = (go |- D™ () P (x(ye1)* () =

= sup py — Xy<1 = sup u(1 — q) — xg>0 =
Yy q

=p+sup—pg=p, Vp=>0.
q>0

Hypothesis (2.6.5) and (b) of Theorem 2.6.1 are satisfied (see the proof of Theorem
2.4.1,it suffices to take oy = %sign(v ©)). Observe that taking po such that
to; = 1, i =1,...,m, having g clearly norm coercive, also hypothesis (I1)-(1I) of
Remark 2.6.2 are satisfied.

As a consequence we obtain that:

1 — 1 —
v = inf sup—- Y o’ +o-Veo+ )
H Q0||l1 #€E+aeg 2i:1ul| 2| 2 2Z 1:“/2

which is exactly (2.4.13) for p = 1.
Moreover the extremality relations from Theorem 2.4.1 are the same of that from
Theorem 2.6.1.

Example 2.6.4 (Minimal Surfaces type energy). Let V.= R", E = R™ and
AV — FE be a linear discrete operator. Consider now an energy of the type:

m

E(p) == > 1+ [(Ag)il>

=1

This kind of energy is derived as a discrete counterpart for the continuous min-
imal surfaces energy where in the continuous case A is replaced by the gradient
operator.

In this case we have h = /1 + | - |2 which is convex and proper.
Formula (2.6.3) reads as follows:

1 *
(0010701 ) @) = VITT,
The Legendre transform of h is easy to compute and is given by:

h*(z*) = {_ VIl P < (2.6.13)

+00 |z*]? > 1.
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Using (2.6.13) we have:

—_ (] . €T = €T =

2 oo 2> 1,
which implies that:

—2yl—-y y<1

(2.6.14)
+00 y > 1.

(gol-N"(y) =y) == {
Applying again the Legendre transform and evaluating in p > 0 we have:

g(w) = (go|-D(w) = (gol- )" (k) 7 (k) =
= suppy - V(y) = SUp py +2¢/1—-y=

(2.6.14)

Vu>0.

_ i+u w>0
400 uzO’

Consider now the function:

p(p) = o0 - 90—*Zuz|00@! +5 Z - ).

1 (Ap)i

e TSR i=1,...,m we have:

Taking oy such that og; =

=1

— |(Ap)il? Ig~, |(Ap)l* 1~ 1
gm‘@“me*z;(wW
z::\/H!A@ il? Z e Zi

Hence, p(u) is positive, bounded from below and taking as norm the infinity dis-
crete norm los we have clearly that p(pu) — +oo if ||pll1, — oo.
Next, observe that:

1
f = 24 = 4 w) =
nf —5 E piloil ™ + E (0 )

=1

_ Zi:l 1- ‘O-Z'|2 |Ji|2 S ]-a 1= ]-7 -y
s} otherwise,

so that defining B, :={c € E | |o;| <1, i=1,...,m} we get:

sup inf —= o;l“+o-Ap+ = + =
UEIE)#€E+ Z/M Z| ® Z Nz

= sup o- A(p—i—z 1—oy|%
O’EB[OO i=1
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Therefore, hypothesis (2.6.5) and (b) of Theorem 2.6.1 are satisfied.
The effective domain of g is {p € E* | p; > 0, i = 1,...,m} but since we are
looking for an infimum in p, by [120] Theorem 36.3 p.382, we obtain that:

E(¢) = inf sup —— iloil*+o-Ap+ = —i—l 2.6.15
(p) = inf sup—3 Zulal oAy Z 1 (2.6.15)

Observe that u* is necessary strictly greater then zero and g is differentiable in a
convex and closed neighborhood of u*, therefore the extremality relations reduce
0 (2.6.7) and we have:

(Ap)il® = ()9 (1) = ()* = 1, i=1,...,m

which implies that the optimal pair (u*,0*) is unique and is given by:

w =14+ (Ap)l?, i=1,...m
o¥ = —(A(‘O)i =,
L+ [(Ap);]

1=1,...,m.

Moreover, since the optimal density p* is strictly greater then 1, possibly restrict-
ing (2.6.15) on the set {p € E | p; >0 >0, < 1,4 = 1,...,m}, the minimizer
w* remains the global minimizer, the "sup” in o becomes a "max” and thus,

evaluating in o; = %, we have the reduced formulation:

E(p) = Z'ASO li -+
,uEE"rQ 2 P pi)-

2.7 A saddle point approach for 1-Harmonic functions
with given profile boundary data on Graphs

In this Section we will consider the problem of finding minimizers for the graph
Total Variation energy. As in Section 2.4, let G = (E, V,w) be a weighted directed
graph, V it’s gradient matrix and div = — V7 it’s divergence matrix. We denote
as H(V) =R" and H(E) = R™ the Banach spaces of real-valued functions on V,
the nodes set, and E, the edges set, respectively.

Consider the graph p-Dirichlet energy, 1 < p < 2, defined in (2.4.3).

The Euler-Lagrange equation for the p-Dirichle energy involves the graph p-
Laplacian operator defined in (2.4.2). In the limit case where p = 1 we define the
graph 1-Laplacian as:

Ai(p) = —div (sign(V w)) p e H(V),
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where sign(V ¢) is defined in (2.4.9). There is a wide literature about the graph
1-Laplacian operator mostly correlated to the graph 1-Laplacian eigenproblem
and the particular properties of the eigenvctors nodal domains (optimal cuts,
Cheeger constants) and their applications to machine learning for spectral clus-
tering [84], [72], [19], [35], [41], [44].

Here we will approach a different problem, namely we are interested to compute
graph 1-Harmonic functions with a given prescribed profile on a Dirichlet bound-
ary nodes subset B C V, V = BUV;, Vi N B = (), where we denote as V the
internal nodes.

We envisage that the same techniques can possibly be extended to the computa-
tion of 1-Laplacian eigenpairs.

Note that, since the graph Total Variation energy is not differentiable, subgradi-
ents need to be used, making its numerical minimization highly nontrivial. The
standard technique to circumnavigate this problem is to minimize the Total Vari-
ation energy using the Osher-Bregman Split iteration method [104], [64], [33]. We
can use the experience gained with the DMK scheme, see [59], to tackle this prob-
lem in a different way with the aim to develop alternative and more performing
numerical minimization strategies.

We are ready to state our problem. Given a boundary nodes subset B C V' with
|B| = d < n and a profile function g € H(B) = R? we look at the following
variational problem:

inf Ve
L, S

st. oy, =gy, vEB.

(2.7.1)

Introducing an appropriate lifting function ¢ such that ¢, = g, for all v € B and
@y = 0 for all v € V7, problem (2.7.1) simplifies to:

inf [(V(e+ ).l (2.7.2)
wGH(?(V);

where HE (V) :={p € H(V) | ¢, =0, Yv € B}.

In the general case where ¢ is not identically zero, we observe that a solution ¢*
of problem (2.7.2) exists by standard arguments because the objective function
is convex, lower semi-continuous and coercive, whence the coercivity is given by
observe that a discrete counterpart of the Poincaré inequality holds for the graph
p-Dirichlet energy, p > 1, even for infinite graphs [91].

Before proceeding we need two preparatory propositions.

Proposition 2.7.1. Let (V| - ||v), (Y,| - |ly) be two reflexive Banach spaces.
Consider the Lagrangian L(u,c) : (V xY) — R such that, Yu € V, the map
o — L(u,0) is concave, upper semi-continuous and, Vo € Y, the map u — L(u, o)
is conver and lower semi-continuous.

Let ACV and BCY be two convex and closed subsets and consider the saddle
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point problem:

inf supL(u, o).
u€Asep

Suppose moreover that there exists a bounded map u — &(u) € B, ||a(u)|y < Ch,
0 < C1 < 400, Yu € A and a bounded map o — u(o) € A, ||u(o)|ly < Cy,
0 < Cy < 400, Vo € B, such that the following holds:

18 bounded from below and norm coercive on A:

lim  p(u) = 400, (2.7.3)
u e A

llullyy — oo

and
¥(o) := L(u(o),0),

1s bounded from above and norm anti-coercive on B:

lim (o) = —oc. (2.7.4)
ocecB
llelly — oo

Then, L admits at least a saddle point (u*,c*) € (A x B).

Proof. The proof is essentially an extension of the proof in [46] Proposition 2.2
p-173.

For a fixed § > 0 let:
As :={u € Al |ully <4},

Bs:={o € B||o]y <5}

The sets As and Bs are closed convex and bounded, therefore, by [46] Proposition
2.1 p.171, there exists a saddle point (u},o}) € (As x Bs) for L:

L(uj,0) < L(us,035) <L(u,03), YueAs, Vo € Bs. (2.7.5)

Since ||o(u)|ly < C1,Vu € Aand ||u(o)|ly < Cq, Vo € B, taking 6 = max{Cy, Cs}
so that a(u) € Bs, Vu € As and a(o) € As, Vo € Bs, we also have:

L(u},a(u})) < L(u},03) < L(a(03), 7). (2.7.6)

Now, the map p(u) is bounded from below on A, hence there exists a constant
o > —oo such that:
o < p(uf) = L, o(u5). (2.7.7)

On the other hand, since the map (o) is bounded from above on B, there exists
a constant 3 < 400 such that:

L(u(o3),05) = (05) < B. (2.7.8)
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Thus, (2.7.6), (2.7.7), (2.7.8) implies also that:

plug) = L(ug, 0(ug)) < B < +00 (2.7.9)
¥(os) = L(u(o}),05) > a > —0 (2.7.10)
—o00 < a < L(uj,05) < B < 400 (2.7.11)

whence, in virtue (2.7.3) and (2.7.9), the family u} is bounded independently of
9, while from (2.7.4) and (2.7.10) the family o} is bounded independently of 4.
From (2.7.11) the numbers L(u}, o) are also bounded, therefore, there exists a
sequence 9; — oo such that:

L(U;J ) 0-3(]) — 77

us, — u* weakly in A,
o5 — o weakly in B.
J

Thus, from (2.7.5), we have:

L(u*, o) <liminfL(u} ,0) < liminfL(u} ,03.) <~, Vo e€DB,
5]7—)00 J 5‘7-—)00 J J
and
L(u,0") > limsupL(u, o5 ) > limsupL(uy ,05.) >, Vuec A
6j—>00 ’ 5j->oo J ’
So that:
L(u*,0) <v<L(u,0") Yue AVo€B,

which implies that (u*,0*) € (A x B) is a saddle point of L. O

Remark 2.7.2. In Proposition 2.7.1, we can relax the hypothesis on the bounded-
ness of the maps u — a(u) and o — u(o) supposing that there exists two convet,
lower semi-continuous, coercive functions f : B — R and g : A — R such that
f(a(u)) <C1,0< Cr <400, Vu e A and g(u(o)) < Cq, 0 < Cy < +00, Vo eB
since in this case for any fized 6 > 0 the sets:

As = {u e Alg(u) <4},
Bs:={oceB| f(o) <d},

are closed, conver and bounded, thus the proof is still valid with the same ar-
guments. For example, this is the case where instead of using the p-norm one
choose to use || - ||} to enforce the boundedness of a(u) or u(c).

Moreover, Proposition 2.7.1 is clearly still valid if (2.7.3) holds and there exists
a ug € A such that:

lim L(up,0) = —o0,
ceB

llolly — oo
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or (2.7.4) holds and there exists a oo € B such that:

lim L(u,0p) =400
uec A
llully — oo

, since Y(o) = L(ug,o0)( respectively p(u,oq9) := L(u,00) ) is concave, upper
semi-continuous and anti-coercive( respectively convex, lower semi-continuous

and norm coercive ) so that it attains a mazimum( minimum ) on B( A ) and
hence it is bounded from above( below ).

The following result is a consequence of Proposition 2.7.1.

Proposition 2.7.3. Let (V| - ||v), (Y, - |ly) be two reflexive Banach spaces.
Consider the Lagrangian L(u,o) : (V X Y) — R such that the map o — L(u,0) is
concave, upper semi-continuous Vu € V and the map u +— L(u,0) is conver and
lower semi-continuous Vo € Y.

Let ACV and BCY be two convex and closed subsets and consider the saddle
point problem:

inf supL(u, o).
UGAUEI[;’ ( ’ )

Suppose that there exists a bounded map u— o (u) € B, ||o(u)|ly < C1,0<C) <
+o00, Vu € A such that:

p(u) = L(u,(u)),

s bounded from below and norm coercive on A:

lim p(u) = 4o0.
u e A

llully — oo

If the dual problem:

sup F'(0) := sup inf L(u,0) (P*),
oeB oeBueA

admits a solution o*, then L admits at least a saddle point (u*,0*) € (A x B).
Proof. For any ¢ > 0 consider the following perturbed Lagrangian:

Le(u,0) :=L(u,0) — €llo]|y.
From [46] Proposition 2.3 p.175, we have that there exists ug € A such that

lim Le(ug,0) = —o0,
oc€eB

llelly — oo

all the hypothesis of Proposition 2.7.1 are satisfied (if necessary, see Remark
2.7.2), we thus have that there exists a saddle point (i, d.) € (A x B) for L. In
particular we have:

L(te,0) — €||o]ly < Le(te, 0¢) < L(u,6¢) — €0y, (2.7.12)



2.7. 1-HARMONIC FUNCTIONS 143

hence:

L(4e, 6c) < max inf L(u,0) := a < +o00, Ve >0, (2.7.13)
ceB ue A

since by hypothesis there exists a solution of the dual problem (P*).
On the other hand (2.7.12) and (2.7.13) imply that:

L(te,0) < L(te, 0¢) + €llo|ly < a+e€|olly, VoeB. (2.7.14)

By computing (2.7.14) in &5, and observing that by definition |74, ||y < C1 we
get:
plie) < a+eCh.

This means that p(te) is bounded from above when € — 0 and, since by (2.7.3)
p(u) is norm coercive, we have that:

Qe 18 bounded for e — 0.

Thus, there exists a sequence €; — 0 and % € V such that:
Ue; — U weakly in V.

From (2.7.12) and (2.7.13) we have that for any fixed o € B:

L(@,0) < liminf L(d;, o) < liminf L(d;, 0¢;) < a.

GjA)O 6j~)0
This implies that:
inf supL(u,0) <supL(t@,0) < o = max inf L(u, o), 2.7.15
ueAgeIé(’ )_Jeg(’ )< oeBueA(7 ) ( )

hence, since "maxinf” <”infsup”, all the inequalities in (2.7.15) are in fact equal-
ities, 4 is a minimizer and we have:

i L = inf L .

A B
Thus, the existence of a saddle point (u*,0*) € (A x B) follows from [46] Propo-
sition 1.2 p.167. O

We are now ready to state the main result of this section.

In Section 2.4 we have seen an equivalent saddle point formulation for the graph
Total Variation energy, therefore, from Theorem 2.4.1 we have the following re-
sult:

Theorem 2.7.4. For any ¢ € H(V) define the Lagrangian Li; : (H(E)T x
H(E)) — R as:

1 .1
Lglé(lu'va) = Z 51“6’0-6’2 +o- V‘P + 5 Zﬂea
ecE eckE
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and the function:

Li(¢) := inf Li(u, o).
1) #671-2}3) oes;-ltI(DE) al1:2)

For a given Dirichlet boundary subset B C V and a profile function g € H(B)
define the lifting function ¢ € H(V):

_— 0 veVr
A gy VEDB.

Then, we have the following equivalence:

inf (Ve +@)).l= inf Li(p+9). (2.7.16)
peHF(V eGZE peHB (V)
So that:
inf [(V(e+@)). | = (2.7.17)
eeHE (V) 662
= inf sup — teloe|”+0-V(p+ @)+ te-(2.7.18)
neHE geH(E) ; 2 cloel 626;5 “

<P€Ho (V)

Moreover there exists at least a saddle point

(" "), 0%) € (MG (V) x H(E)T) x H(E)) ,
and it satisfies the following ”Monge-Kantorovich” type equations:

peoe = V(" +¢))., VeeE (2.7.19)
(dive™), =0, YveV;
v, =0, YveBRB
loi| <1, Ve€eE
loi| =1, VYee€ Es.t. pu;>0
= V(" +@)e|, VeekE. (2.7.20)

and ¢* is a minimizer for (2.7.17).

Proof. The equivalence in (2.7.16) is a direct consequence of Theorem 2.4.1 where
we have shown that for any ¢ € H(V), E1(¢) = || V @lli, = L1(9), thus it suffices
to show that problem (2.7.18) admits a saddle point ((¢*, u*),0*) and automat-
ically ¢* is a minimizer for (2.7.17).

We will proceed at steps, first we will show the existence of a saddle point in the
space (HE (V) x H(E)") x H(E)), then we will show that the KKT conditions
for a saddle point of problem (2.7.18) are precisely (2.7.19)-(2.7.20).

In the case where ¢, = 0, Vv € B there is nothing to prove and the solution is
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clearly ¢* =0, p* =0 and o* = 0.

In the general case where ¢ is not identically zero, the existence of a saddle point
for problem (2.7.18) is essentially based on showing that the hypothesis of Propo-
sition 2.7.3 are satisfied.

Define the following Lagrangian:

L(p, o) === 5 L2+ 0+ ) + Zue (2.7.21)
eEE eEE

So that the primal problem (P) in (2.7.18) is equivalent to:

inf  sup L(p,p,0)  (P).

neHE geH(E)
pEHG(V)

Consider the dual problem:

sup inf  L(p,p,0) (PY). (2.7.22)
ceH(E) n e H(EB)T
®EHF(V)

Note that the density p plays the role of a Lagrange multiplier for the constraint
lo|le <1, Ve € E and taking a variation & € H¥, we have that for any ¢ > 0:

o Vipt+e+@)=—Y (divo)(py+e&) = Y (dive)@,.  (2.7.23)

veVr vEB
Therefore, we obtain that:

lole <1Ve€eFE

- ZveB(diV U)v@v .
inf  L(p,p,0)= (dive), =0Vov e V;
peHET
o eHEWV) —00 otherwise,

and the dual problem (2.7.22) is equivalent to the following constrained problem:

sup — Z(div 0)vPo (P*),
o c H(E) veB
(dive), =0,Vv e V;
ol <1

which has a solution since the set B := {0 € H(E) | (dive), = 0,Vv €
Vi, llolli, < 1} is non empty, convex, closed, bounded and the function g(o) :=

~ Y ep(diva)upy is linear.
Next, consider the map
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with the standard convention as in (2.4.9) and the function:

p(e, 1) = L(p, p, 5(p))-

Clearly V¢ € HE (V') we have that

_ 1
(@)l < 7
and
a(p) - Vip+o) = f\l Vie+o)n-
So that:

() is bounded ¥ p € HE (V).

It is therefore easy to see that:

plo, 1) = —Z%uelﬁ(w)e\QJr&(sa) (p+o)+ Zue >

eclE eEE
1
> 2= V(e + @)l + Zue > ||s0+ &l + Zue >
eEE
C1 _ 1
T(HsOIIzl ||90Hz1)+12ue,

ecE

where ¢; > 0 is the Poincaré constant.
This implies that

p(p, p) is positive and norm coercive,
in the product space (HF (V) x H(E)") equipped with the norm

1o, i)l 2 (vysen(y+y = llelln + el -

Thus, all the hypothesis of Proposition 2.7.3 are satisfied and there exists a saddle
point
((¢", 1), 0%) € (HF (V) x H(E)T) x H(E)).

The KKT conditions for the saddle points ((¢*, u*),0*) of (2.7.21), read as fol-
lows:
(—|of)?+1—¢c.=0, VecE

peoe = V(" +@)e, VeekE

(dive™*), =0, VveVy (2.7.24)
oy =0, VveB
(Cetty =0, ¢c.>0, VeekFE.
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where ¢ € H(F) is an opportune positive Lagrange multiplier.
As in Remark 2.4.2, from (2.7.24) we further have that:

lo¥| <1, VeeE
loi| =1, Vee€ Es.t. ul >0,

where the unique possible optimal density is
pe =|V(p*+@)el, VeeE.

This completes the proof. O

2.8 The DMK scheme: from Optimal Transport to
1-Harmonic functions

In this section we will see how to use the Dynamic-Monge-Kantorovich(DMK)
scheme to tackle the problem of computing 1-Harmonic functions on graphs,
using the saddle point formulation developed in Section 2.7 for the 1-Dirichlet
energy. We will refer to the same Section 2.7 for the definitions of the graph-
based framework involved in what follows.

The existence of a saddle point

(9", 1), 0%) € (MG (V) x H(E)") x H(E)),

for (2.7.18) characterized by the ”"Monge-Kantorovich” like equations (2.7.19)-
(2.7.20) leads to very efficient numerical schemes which takes inspiration from
the Dynamic-Monge-Kantorovich Gradient Flow like scheme introduced in [54].
The connection between the Optimal Transport problem is evident from Section
2.3 and the analogies between (2.7.19)-(2.7.20) and the L! optimal transport
relaxed Monge-Kantorovich equations in [18].

In [54] a numerical solution of the L' optimal transport on graphs is given as
a minimization problem for an energy functional L(u) : H(E)T — R, where
the variable p can be interpreted as a conductivity associated to the edges of
the graph. In our case, the energy functional £ will be substituted by the saddle
point formulation defined in (2.7.18), more precisely we will consider the following
problem:

L(p,p):= sup — Y 2Melae| +0-V(p+@) Zue (2.8.1)
oCH(E) ek eeE

and we will seek for a minimum in the pair (¢, u) with homogeneous Dirichlet
boundary conditions for ¢ on some nodes boundary Dirichlet subset B C V' and
@ is an opportune lifting function as in (2.7.2). In this case, differently from the
problem in [54], the variable p will play the reciprocal role of a conductivity, so



148 CHAPTER 2. DUALITY AND THE TOTAL VARIATION ENERGY

that it is essentially a resistivity on the edges.
If p* is a solution of (2.7.2) then by Theorem 2.7.4 the function:

5=+, (28.2)

is a 1-harmonic solution with prescribed profile function g € H(B), g, = @,
Vv € B and hence is a solution of the original problem (2.7.1).

As in [54] a solution will be sought via a gradient descent approach, not applied
directly to the functional L(¢, i), but rather to its composition with the change of
variable ¥ : H(E) — H(E)T given component-wise as y. = VU({), = 2, Ve € E.
The gradient descent approach applied to the computation of a minimizer (¢*, £*)
of L(p, ¥(&)) has to be intended as a long time solution

(¢, €) = Jim (o(0). (1),
where (p(t),£(t)) is a solution of the following state-space initial value problem:
pre(t) = U(E(t))e; VecE,
[Diag p(t)] o (t) = V(e(t) + @) = 0,
(divo(t)y =0, Vuvel,

2.8.3
o(t)y =0, VYwveB, ( )

0ue(t) = = [0eLp(1), U(E(1)))], = Et)loe(®)? — &(t), Vee E,

&(0) =&, #0, VeecE.
Moreover, if £(t) is a solution of (2.8.3), the relation u(t) = U(£(t)) implies that:

815:“’6(t) = aﬁll’(g(t))eatfe(t) = ée(t)atgev Vec E,

and remembering that Ve € E, u.(t) = &(t)?, we get that u(t) can be reinter-
preted as a ”classical Gradient Descent” dynamics:

Orpie(t) = pe()|oe()]? — pe(t), pe(0) = po, >0 Vec E. (2.8.4)

Even if the dynamics in (2.8.3) is not proven yet to effectively converge to a
minimizer, we point out that our conjecture is supported by several numerical
experiments.

In virtue of (2.7.19)-(2.7.20), a saddle point ((¢*, u*), o) for (2.7.18) is a station-
ary point of the dynamics in (2.8.3).

It is evident that the second, the third and the fourth equations in (2.8.3) are the
Euler Lagrange equations for the saddle point:

inf  L(p,u) =
el (¢, 1)

) 1
= 11}_3f sup —Z “peloel* + 0 V(e + @)+ Zﬂev
peHG (V) oeH(E) eeE eeE
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and are genuinely a linear saddle point system.

The last two equations in (2.8.3) define the descent direction dynamics for the
variable ¢ and therefore for the density u = ¥(£), where we have absorbed a
factor 2 by a time scaling.

It is clear that, in virtue of (2.7.19)-(2.7.20), a saddle point for (2.7.18) is a sta-
tionary point for (2.8.3), while the map ¥ has the effect of multiplying the original
gradient descent by £(t)(or by w(t) if (2.8.4) is used). This further introduce a
fake stationary point when pu(t) touches zero in some edge thus preserving the
positivity of pu(t) if we start from an initial p(0) sufficiently detached from zero.
We will see in subsection 2.8.2 the heuristics behind the choice of ¥ as an update
preserving scheme for the positivity constraint and extend this technique to the
case of an interval components-wise constraint.

Let’s focus our attention on the saddle point linear system in (2.8.3):

[Diag u(t)] o(t) = V(e(t) + @) = 0,
(divo(t)), =0, Yovelr, (2.8.5)
o(t)y =0, YveB.

Equation (2.8.5) is the Dirichlet lifted matrix system of the following saddle point

Diag pu(t) ‘—V
div ‘ o)’

matrix:

which becomes singular if pz(t) = 0 on some edge € € E.

Since 1-Harmonic functions are naturally flat solutions by the sparsity enhanc-
ing properties of the Total Variation energy on the gradient, our optimal density
p* = limy_yo0 u(t) will inevitably goes to zero in some edges, leading to very ill
conditioned linear systems. The strategy is therefore to consider an appropri-
ately small Tikhonov parameter § > 0 to circumvent the ill-conditioning but
maintaining sufficient accuracy:

Diagu(t)+4 | -V
div ‘ 0o/’

Hence, the Tikhonov regularized version of (2.8.5) becomes equivalent to the
following reduced lifted linear system:

(V(e(t) +9))e
pe(t) +0

(A_1_(e(®)+9)e=0, VveVi, (2:8.6)

oe(t) = VeeFE,

o(t)y =0, VYwveB.

This a posteriori considerations will make clear the role of the Tikhonov regular-
ized version of our saddle point formulation introduced in (2.5.11), indeed, taking
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inspiration by [59, 60], we consider the following approximation of the functional
defined in (2.8.1):

1
Ls(pip) = sup =3 S(pe+0)|ocf +0 - V(p+ @)+ Zue
oc€EH(E) ecE eeE

With the same arguments as in (2.5.7)-(2.5.8), Ls(p, 1) simplifies as:

ACJ(()OHU'):Z;‘V(WP Zﬂe

eclk (M et 0
and we consider the following double minimization problem:

inf  Ls(p, ). (2.8.7)

peHF W)
weHE?T

With the same arguments as in (2.5.10), we have that L5(p, 1) is convex, lower
semi-continuous and coercive in the pair (¢, ). Thus, the existence of a minimizer
(¢*, p*) is guaranteed. Moreover, Ls(¢, p) is differentiable in (HF (V) x H(E)*)
but is not strictly convex (the Hessian is zero), hence is not possible to state the
existence of a unique minimum couple. The KKT conditions for the minimizers
of Ls(¢, p) reads as follows:

IV Rkl L, =0, VecE

(ui+90)?
A *+ @)y =0, v Vi
(A1 (¢"+9)) ve (2.8.8)
oy =0, VveB
cets =0, ¢ >0, Vee FE.

The second and the third equations in (2.8.8) are exactly the reduced system
(2.8.6). If uf = 0 on some edge e, then the first equation in (2.8.8) admits a
solution iff:

| V(" + @)e| <.

On the other hand, the last equation in (2.8.8) implies that if p} > 0, then ¢z = 0
and hence:

| V(@™ + @)e| = pz + 6.
Thus, the parameter § controls the accuracy from above, and we can expect to
have a good approximation if § is sufficiently small.

The reduced system (2.8.6) is equivalent to the Euler-Lagrange equations for the
saddle point problem:

inf  Ls(p,n) =
e, 2 s(ps 1)

1
= inf sup — (e +0)|oe|> + 0 - V(o + @)+ Le,
EHE (V) eH(E) e%; 2°7° ‘ ;5 ‘
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and the corresponding version of the dynamics in (2.8.3), (2.8.4) for problem
(2.8.7) is the following Extended-Dynamic-Monge-Kantorovich(EDMK):

(A_1_(p(t)+ @)y =0, Vvelr,

n(®)+o
o(t)y =0, YveEB,
_ (V) + @) (EDMK)
O'e(t) = W, VCGE,
Oppre(t) = pe(t)|oe(t)]* — pe(t),  pe(0) = po, >0, VecE.
(2.8.9)

This dynamics would be the one that we will use in our numerical experiments.
In [59] it was shown that a solution u* of the Optimal Transport counterpart of
(2.8.9) I'-converges to a solution of the original problem when § — 0.

We now describe three approaches for the time-discretization of (2.8.9):

e Explicit Euler [EE]:
The first approach is the explicit or forward Euler time-stepping where,
given a sequence At > 0, the approximation sequence (uk) is

k=1,....kmax
given by the following set of equations:
( (A 1 (" +@)p=0, YoeV;
pk 4o
=0, YveB
k —
k_ (V" +0))e
%= ki v Veel (2.8.10)

M§+1_M +Atue(’0k‘2 )7 k=0,...,kmax, e€ F

ud = o, >0, VecE.
Hence at each time step, we only need to solve the lifted linear system

(A1 (" +@)y=0, Yvely,

uk4s

gozlf =0, VvebB.
A similar discretization scheme has been successfully adopted in [16, 54, 55].

e Semi Implicit Euler [SE]:
The second approach is the semi implicit Euler time-stepping where the
approximation sequence (,uk)k:l’m’kmax is given by using an implicit time
discretization for the variable u considering it as indipendent from the vari-
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able o:
( (AL (¢"+)y=0, YveV;
PLES
" =0, YveB
k —
g’;:(v(@ t9)e veer
pE+ 0 (2.8.11)
k41 Nk
= e k=0,... kna, ¢ € F
te T - A (oFE — 1)’ v e €6
pd=po, >0, VecE

\

This discretization scheme remains still an explicit scheme but exhibits
better stability properties than the forward Euler scheme.

e Implicit Euler [IE]:
The third approach is the implicit or backward Euler time-stepping where
the approximation sequence (p* = W(¢F), @k)kzl _____ k... 1S given by looking
for a solution of the following problem:

€ — €117
(€8 oFH) = argmin arg min Ls(p, U(€)) + ————2
EEH(E) peHE(V) 2Aty (2.8.12)

& =¢&.#0, VeeFE
or equivalently:
k+1 - _
(A gtz (P @) =0, Vvel;
ol =0, YveB

okl — (V(F* + ).

e - s Vee E
(246

(1— Aty (|o—§+1|2—1)) Ml ek k=0, kmax, €€ E

gg:&be#oa Vee B
k+1:( k+1)2 veeE

e

This discretization scheme requires the solution of nonlinear problems at
every time step thus it needs more computational effort respect the other
two approaches, but this is compensated by gaining stability and much
faster convergence rate, we refer to [54] for full details.

After choosing a time discretization for (2.8.9), we introduce a target tolerance
€, and let evolve the dynamics until a prescribed stopping error is greater than
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Figure 2.1: Test case graph

the target tolerance. For example, a possible choice is the relative error stopping

rule:
k+1

k
err,k(u) —AtkHMkle <eu (2.8.13)

we will see now some applications of our numerical scheme

2.8.1 Numerical examples

In our numerical examples we consider the graph generated by connecting the
points of a 2d-grid. In particular, we take the square [0, 1] x [0, 1], subdivide each
side in 15 points and connect every point to form a grid. After that, we add a
new point on every pixel center for increasing the precision as in figure 2.1. The
graph constructed in this way has a total number 421 nodes and 1204 edges. We
take as edge weight the reciprocal of the edge length, for any edge in the graph.
Working with a graph which can be interpreted as a discretization of a two
dimensional domain, leads us to make some a priori heuristc considerations.
Following [50], we can relate 1-Harmonic functions on a domain Q@ C R™ to the
problem of finding surfaces with minimal mean-curvature and naturally, since the
sparsity of the gradient is promoted by the L! norm, are flat solutions. Consider
for example a parametric surface on R3:
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where u : Q € R2 — R. Consider now the level set:
I = {7 € Qu(@) = c}.

Then, by classical differential geometry arguments, the unit normal to I', is noth-
ing that v = @Z‘ and the mean curvature is H = div(rv) = —A;(u), therefore,
1-Harmonic functions are locally zero mean curvature hypersurfaces.

As a consequence we are expecting to find numerical solutions which are a com-
pounds of locally flat hyperplanes.

We select as Dirichlet boundary set the subset of the nodes that lie on each side

of the squares:

B:={veV|vy=00rv,=1o0rv,=0oruv, =1},

where the symbols v, and v, state for the ”2” and the "y” coordinate of the node
v. We then consider four different profile functions g € H(B):

e Test Case 1:(Cross Vault)

9o = /025 — (vy — 0.5)2, v, =0o0rv, =1

Jo = \/0.25 —(vy —0.5)2, vy =0o0rv, =1.

e Test Case 2:(Tensile Structure)

G = (vy — 0.5) sign(vy — 0.5), vy =00rv, =1
gv = (vy — 0.5)sign(vy — 0.5), v, =0o0r v, =1.

e Test Case 3:(Separation of sets)
gv=1, vy=0andvy > 0.3 0rv, <0.7andv, =1
(v = 0 and v, < 0.3) or

gw=0, (vy=00ruv,=1)or
(v > 0.7 and vy = 1).

Introducing the lifting function ¢ such that:

_ )]0 veV;
P gy vV E B,

we have all the ingredient for our DMK scheme.

In figures 2.2,2.3,2.4 we can see the comparison between the Harmonic solu-
tion (left) and 1-Harmonic solution (right) computed with our regularized DMK
scheme (2.8.9), using (2.8.10) Explicit Euler time discretization for test case 1
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Figure 2.2: Test case 1, Harmonic vs 1-Harmonic, Potential (nodes) p (edges)

,2 and 3 respectively. We have decided to plot the figures in three dimensions
in order to enphasize the minimizing mean curvature properties of our solutions.
Test case 3 is particularly interesting since it shows the optimal cuts property
induced by the Total Variation minimization. The 1-Harmonic approximated so-
lution obtain with our DMK scheme is, as already observed in (2.8.2), given by
the sum:

@ ="+,

where the pair (p*, ¢*) is a numerical solution obtained with (2.8.9). Thus we
plot on the nodes the value of the function ¢, which in these figures is represented
by the third coordinate ”z”, and we give different colors to the edges depending
on the value of the variable p*, following the heat colour bar on the right side.
Finally, in figure 2.5 we show the convergence behaviour of our numerical algo-
rithm for test case 1 (the same results was observed for test case 2) . We plot in the
vertical axis the relative error as in (2.8.13) vs the number of iterations(horizontal
axis). We point out that the no time stepping rule were adopted, so that we
fixed a relative large time step At = 0.5 and a small regularization parameter
6 = le — 10, in order to verify the robustness of our scheme. Thus, we choose an
initial po > 0, and we let evolve the dynamics until err (W) <le—8. Asa
result we can observe a linear convergence rate without any oscillations. We will
further test the other time discretization approach (2.8.11), (2.8.12) as a matter
of future development.
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Figure 2.3: Test Case 2, Harmonic vs 1-Harmonic, Potential (nodes) p (edges)
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Figure 2.4: Test case 3, Harmonic vs 1-Harmonic, Potential (nodes) p (edges)
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err_mu

Figure 2.5: err . (u*+1) vs number of iterations

w

2.8.2 An Heuristic approach to a feasible update preserving de-
scent dynamics for the positivity and interval constraints

In (2.8.3) and (2.8.4) we have introduced a dynamics which can be interpreted
as an update preserving descent dynamics for the positivity constraint.

From a practical point of view, considering the dynamics (2.8.4), it is clear that
it is equivalent to:

Opue(t) = —pe(t)Ou L(p(1), u(t)), Vee E. (2.8.14)

The ones who have familiarity with Lie derivatives and dynamical systems can
recognize that (2.8.14) is the descent direction computed along the flow of the
identity map:

L s (e(1) = i)

Oy (pe(t)) = pe(t)
) € H(E) such that ®7,(u(t))e = ®5;(1e(t)) we have:

— B (1e(t)) = pelt)e® Ve e E.

and setting @7, (u(t)

L0, Ba(u(1))) =

= = [0u L(2(8), D5 (1(1)))] g (e (t))| g =
= _,U/e(t)aueﬁ(@(t)a U(t)) = atﬂe(t)7 Vee E.

Thus heuristically if we start from an initial ©(0) > 0 the positivity is preserved
since we are moving in a descent direction projected tangentially to the exponen-
tial map so that we converge toward zero from a parallel direction to the axis
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pe = 0.
It is obvious that the same arguments can be applied more generally to a problem
of the type:

peR™

where L : R — R is a sufficiently smooth map. The induced minimizing scheme
reads as the following dynamics:

Outi(t) = —pi ()0, L(pa(t)), i=1,...,m.

Furthermore, we can extend the idea of projecting along the flow of a map X :
R — R as follows:

dii@g((m(t)) = X (% (i(1)))

% (pa(t)) = pa(t)

and setting % (u(t)); = % (ni(t)) we define:

1=1,..,m,

Oui(t) = | L@ (1)) =

= X ()0, L(u(t)), i=1,..m. (2.8.15)

On the other hand, we can also try to reverse the process of finding what is the
opportune transformation pu;(t) = W(&;(t)) such that:

0i&i(t) = =0 L(V(&(1)),

and:

— X(,U,l(t))am[’(:u(t)) =
= Ouui(t) = 0, W (&(1))0i&i(t) =
= —0¢, U(&i(1))De, LT (&i(1)).

Observe that if ¥ and L are sufficiently smooth we have the following identities:

g, i = 0g, (&),
Og, L(Y(&)) = O, 11Oy, L) (2.8.16)

Thus, dropping for simplicity the time dependence, 2.8.2 becomes:

(2.8.16)
X(,U/z)auz[/(ul) = (8£¢Ni)2 aulL(,U/z)
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Hence, we can retrieve the map ¥ by solving the following separable ODE:

Wi X ).

g

Since the constants doesn’t play a role in (2.8.16), a solution is given by computing
a primitive of the following integral:

& = (2.8.17)

) = [
W () - /\/mﬂz

For example, in the case of the map p; = &2 introduced in (2.8.4), from (2.8.14)
we have:

and (2.8.17) becomes:

1
& = / mduz‘ = 2/Hi,

thus dropping the scaling factor which can be eventually reabsorbed by a temporal
scaling we get:

pit) = U(&(t) = E(1).
This opens for multiple applications. A descending dynamics for the positivity
constraint g > 0 which will be used in our numerical experiments is the one given
by:
4-3p _
Opti(t) := —pi(t) 27 0, L(pi(t)), i=1,..,m, 1 <p<2,

and it is easy to see from (2.8.17) that 2.8.2 is the dynamics derived by composing
with the map

2(2—p)

lt) = W) = 1G] (28.18)

Another case of direct interest is the following optimization problem:

inf ZL(M).

peR™ 3
a; < pip < b

1=1,..,m

Taking inspiration from (2.8.14), we consider the the flow generated by a logistic

map ,
X(g) = l_i’)_(y;: %),
%@fx(ui(t)) _ (b - q)gf(ﬂi(tgi))_(if((ﬂi(t)) —a;) o asao)

% (pi(t)) = pa(t)
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the solution of (2.8.19) is the following sigmoidal function:

s b; — aie%(t)_s
D% (1i(t)) =

1 — evilt)—s ’
where: ()b
wi(t) — b;

~i(t) := log () .
©) i) — a;

It is easy to see that, Vi =1,..,m, we have:
ai < pi(t) < b = a; < P (1i(t)) < by,
lim ¢§{<Mi(t)) = bi,

s——+400

im 9% (pi(t)) = ai.

The sigmoid function is well known in the framework of Deep Learning and is
often used as an activation function when some interval constraints needs to be
satisfied.
The derived projected descent dynamics as in (2.8.15) is the following:

(b — i) (i — ai)

which is clearly a descent dynamics if a; < p;(t) < b;. Differently from the case
of the positivity constraint, we suggest to not scale the time by reabsorbing the
factor ﬁ, since it helps to improve the stability of the dynamics if an explicit
time discretization scheme is adopted.

Even in this case, the same heuristic geometric considerations can be done, since
if we start from a a; < p;(0) < b; the dynamics is projected tangentially to the
sigmoid function so that it will approach the asymptotes a; and b; from a parallel
direction to the axis u; = b; or u; = a;. Observe that the sigmoid function, and
especially it’s tangent map, acts as a barrier function for the dynamics.

We point out that multiple numerical experiments confirm our conjecture that the
dynamics in (2.8.20) can be interpreted as an update preserving scheme providing
a sufficiently small initial time step in the time discretization.

Finally, using (2.8.17), we can retrieve the composition map which generates

(2.8.20):
bi — Q4 ‘
§= / \/(bi — i) (pi — az’)dm’

and easy computations show that:

it .
M@ZW@@%=m+@—%Mﬁ<ﬁ1L)7lZme
We point out that all these techniques have an analogy to the Multiplicative
Weights Update Method introduced in [7] which is often used in Machine Learning

and Online Optimization.
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2.9 Extended DMK(EDMK) scheme for the graph p-
Poisson problem in the case 1 < p < 2

In this section we extend the dynamics in (2.8.9) for the problem of solving a
p-Poisson equation on graphs, 1 < p < 2.

As in Section 2.4, let G = (E, V,w) be a weighted directed graph, V it’s gradient
matrix and div = — V7 it’s divergence matrix. We denote as H(V) = R™ and
H(E) = R™ the Banach spaces of real-valued functions on V', the nodes set, and
E, the edges set, respectively.

As for the case of 1-Harmonic functions in Section 2.7, we will consider the
equivalent problem of minimizing the p-Dirichlet energy in the case 1 < p < 2.
Thus, given a non homogeneous Dirichlet boundary conditions on a boundary
subset B ¢ V, BNV = 0, BUV; = V, some non homogeneous Dirichlet
boundary data g € H(B) = R%, and a loading term f € H(V;), we look at the
following variational problem:

inf Z‘ Vgo va‘ﬂu

peH(V vy (2.9.1)

st. oy, =gy, vEDB.

The Euler Lagrange equation for (2.9.1) is the graph p-Poisson problem:

(ApQO)v:fva veVr

2.9.2
Oy =gv, VEDB. ( )

Moreover, in virtue of the Poincaré inequality, problem (2.9.1) is strictly convex
and coercive, therefore, it admits a unique minimizer.

Introducing an appropriate lifting function ¢ such that @, = g, for all v € B and
@y = 0 for all v € V7, problem (2.9.1) simplifies to:

inf Z ‘ QO‘FSO vacpv,

B
pEHy 6€E veVr

where HE (V) :={p € H(V) | ¢, =0, Yv € B}.

As for 1-Harmonic functions, in Section 2.4 we have seen an equivalent saddle
point formulation for the graph p-Dirichlet energy when 1 < p < 2, therefore,
from Theorem 2.4.1 we have the following result:

Theorem 2.9.1. For any ¢ € H(V) define the Lagrangian LY : (H(E)* x
H(E)) — R as:

L(s0) i= = 30 gheloe 0 Vg 2 LS W,

eclk ecE
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and the following function:

L,(®):= inf P .
p(P) einf Ues;i%)) 51, 0)

For a given Dirichlet boundary subset B C V and Dirichlet boundary data g €
H(B) define the lifting function ¢ € H(V):

- 0, UEV]
o gv, UE B.

Then, we have the following equivalence:

i SLTEEE S g =t Lere)- 3 S (293

pEHG (V) ecE veV; PEHE (V ) veV;
So that:
_|_
mf SOUEEEL 5 o, - (294
9067_[ eeE veVr
= inf  sup —Z ue|ae| +0-V(ie+¢) — vacpv Z,L@95
nEHE)T ocH(E) eeE veV; Y ek
S Ho V)
where 1 < p <2 and v := QL
Moreover there exists a unique saddle point
((¢", 1), 0%) € (HF (V) x H(E)Y) x H(E))
and it satisfies the following extremality equations:
piot = (V(p* +9)),, YecE (2.9.6)
—(dive™)y = fu, YveV;
v, =0, YveB
ph =0t "2 = | V(" +@)e* P, VeeE. (2.9.7)

whence ¢* 1= ¢* + ¢ is the unique solution of the p-Poisson problem (2.9.2).

Proof. The proof is essentially an extension of the proof for Theorem 2.7.4.

The equivalence (2.9.3) is a direct consequence of Theorem 2.4.1 where we have
shown that for any ¢ € H(V), E,(¢) = Lp(p), thus it suffices to show that
problem (2.9.5) admits a saddle point ((¢*, u*),0*) and automatically ¢* is a
minimizer for (2.9.4).

First we will show the existence of a saddle point, then we will show that the
KKT conditions for a saddle point of problem (2.9.5) are precisely (2.9.6)-(2.9.7).
The existence of a saddle point for problem (2.9.5) is based on showing that the
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hypothesis of Proposition 2.7.3 are satisfied.
For simplicity define the following Lagrangian:

L(p,p,0) := Z ue|oe| +o0-Vip+ @) Z foon + — Z,u;’ (2.9.8)
eGE veV] eEE

So that the primal problem (P) in (2.9.5) is equivalent to:

inf  sup L(p,p,0)  (P).
neHE geH(E)

‘PEHO V)

Consider the dual problem:

sup inf  L(e,p,0) (P*). (2.9.9)
GEH(E) 1 € H(E)T

® € ’Ho (V)

With the same arguments as in (2.4.14) and (2.7.23) we have that:

inf  L(p,p,0)=
penm*
e EHF(V)
_ —2%/ ccE |0€\27/ — ZveB(div 0)vPu —(divo)y = fu Yo e Vy
—00 otherwise,

and the dual problem (2.9.9) is equivalent to the following constrained problem:

sup ija” Y (dive)up, (P,

o c H(E) eck veEB
—(divea)y, = fp,Vv E V]

which has a unique solution since the set B := {0 € H(F) | — (divo), = f,,Vv €
Vr} is non empty, convex and closed and 2y = p/ > 2 if 1 < p < 2, hence we
have strict concavity, upper semi-continuity and norm anti-coerciveness.

Next, consider the map:

o) VP + @) Osign(V(p + ¢))
ool o Vit )l

, 0<a< 4oo,

with the standard convention as in (2.4.9) and the function:

(e, 1) i= L, 1, 5())-
It is immediate to see that ¥ p € HE(V):

—_

o)y, = lloe)l, =
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ands 1Y+l
_ _ Y+ o)
3)- Vg + ) = Tl
Thus:

5(p) is bounded ¥ o € HE(V).

equipped with the Iy, = [,y norm and:

1 N N _ 1 Holder
plon) == Shela(@)el + () V(o + ) = Y foon + o Il =
eckE veVr

V(e + @)l 1 1, .y
e M v vl

1 1&1l: 1 1
> — — — A — — |||
> (= 10 )l =20 = o, + 5

where ¢, > 0 is the Poincaré constant.
Now, supposing that Hlep, # 0, taking a such that:

< 1
a b
ST
we have: .
= _ >0,
(5 =1, ) el =
and

1
hm P f l /> l, — +OO
lillz, —o00 <Cpa £, ) llells,

If || f[l;,, = O the same is true Vo > 0.
Observing that v > 1 if 1 < p < 2 we also have that:

ol + ol
m —— — =
oo 202 Kty 27y K by

1
ety —

1 1
= lim — = ———— | llull], = +o0
lulle, —o0 (27 202} 1) b

As a consequence, p(¢, ;1) is norm coercive in the product space (HF (V) x H(E)")
equipped with the norm

1o i)l 28 (vy sy +y = sup{lllle, - [z, }-
Moreover the function g : R — R defined as:

1 t L?f
27y 202"
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admits the unique positive minimizer:
1\
~y—1
* f—
Summing up all together, we have found that:

p(p, 1) is bounded from below and norm coercive.

Thus, all the hypothesis of Proposition 2.7.3 are satisfied and there exists a saddle
point ((¢*, p*),0*) € (Hg (V) x H(E)") x H(E)).
The KKT conditions for the saddle points ((¢*, u*), 0*) of (2.9.8), read as follows:

( 2(p—1)

—|o P+l —ce=0, Ve€E

peoe = V(9" + Pe, VeeE

—(divo™*), = fo, Yo eV (2.9.10)
ey =0, VveB

cetts =0, ¢ >0, Veec E.

where ¢ € H(F) is an opportune positive Lagrange multiplier.

Observe that if ©r = 0 on some edge €, then the first equation in (2.9.10) implies
that of = 0 and cg = 0, this is the unique possible solution. On the edges where
i > 0, the last equation gives that c. = 0.

Therefore, (2.9.10) implies that

2— ’
pe = o=t = ot 2 = |V(p* + @) P, VeeE
peoe = (Vg)e, Vee E.
This last two equations imply also that:
ge = | V(e +@)elP sign(V(p + @))e, Vee E.
So that the remaining equations in (2.9.10):
—(divo™®), = fu, VveV;
vy =0, Yov e B,
are equivalent to the p-Poisson problem for ¢* := ¢* + ¢:

(Apé*)v:fva veVr
@35:%7 v € B,

which, by virtue of the Poincaré inequality, admits a unique solution.
This shows that the optimal triplet ((¢*, u*),o0*) is unique, it satisfies the ex-
tremality relations (2.9.6)-(2.9.7) and ¢* := ¢* + ¢ is the unique solution of the
p-Poisson problem (2.9.2).

O
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Remark 2.9.2. Observe that, exchanging sums we integrals, the proof of Theo-
rem 2.9.1 works also in the continuous case, with the same arguments.

We have now all the ingredients to extend our regularized DMK scheme (2.8.9).
Consider the regularized functional:

LE(p,p) =
1 _
= sup —Z§(ue+5)|0e|2+0'v(sﬂ+¢) -y fvs0v+—ZMe =
o€H(E) ecE UEV[ eeE
1 |V
=25 vasoﬁfzue»
eGE veVr eGE
where v = 2 —t 1 < p < 2, and consider the following double minimization
problem:
inf  L5(, p).- (2.9.11)
» € Hy (V)
wensE”"

With the same arguments as in (2.5.10) we have that L5 (p, ) is convex, lower
semi-continuous and coercive in the pair (¢, ). Moreover, since v > 1if 1 < p <
2, the function L% (¢, p) is strictly convex in (HF (V) x H(E)™) and the existence
of a unique minimizer (¢*, u*) for (2.9.11) is guaranteed.

The KKT conditions for the minimizers of L (¢, 1) reads as follows:

_M+M"/—1—cezo, Vee F

(nz+0)?
A *+2))y = fo, Yv eV,
Bz @+ @) =1 vE (2.9.12)
ey =0, YveB
Cetly =0, ¢ >0, Vee E

The second and the third equations in (2.9.12) are exactly the reduced system as
n (2.8.6). since ¢ > 0, if

on some edge €, then the first equation in (2.9.12) implies that

V(QD* + @)é = 07

and cz = 0, this is the unique possible solution.
On the other hand, the last equation in (2.9.12) implies that if

pz >0,

then ¢z = 0 and hence

2(p—1)

| V(" +@)|2 = (us +0)°us 27,
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which also implies that % ~ | V(¢* + @)|277 + O(9).
We are indeed motivated to introduce the corresponding version of the dynamics
in (2.8.9) as a good approximation:

(Am(@(t) + @) = fo, YveV,
o(t)y, =0 Vwve B,
(V) + ) (EDMK)
oe(t) = AT Vee E,

Depie(t) = Ne(t)‘ge<t)‘2 - Me(t)%: pe(0) = po, >0, VeekE.

(2.9.13)

where as in (2.8.9), the dynamics in (2.9.13) is derived by composing with the
quadratic map pe(t) = &(t)%, Ve € E and we refer to Section 2.8 for the time
discretization approaches.
As for the 1-Harmonic case, multiple experiments where done providing good sta-
bility and convergence properties. Another converging dynamics which exhibits
faster convergence rate and improved stability in our numerical experiments is
the one given in (2.8.18) derived by composing with the map:

2(2—p)

pe(t) = W(E(t) = [&(t)] 7, Veek,

which leads to the following new dynamics for u:

4—3p

Oppie(t) = pe(t) " Joe()? = pe(t), Vee E.

This kind of dynamics, in the Optimal Transport case, was observed experimen-
tally as describing the time evolution growing for some types of bacteria [55].

2.10 Generalized DMK (GDMK) scheme for the Min-
imal Surfaces problem

In this section we briefly describe how the DMK scheme (2.8.4) can be used
to tackle the particular case of the Minimal Surfaces problem. We have already
shown in Example 2.6.4 how to construct an equivalent formulation in the discrete
setting of the minimial surfaces type energy. We will first introduce the problem
in the continuous case and then state the discrete counterpart on graphs.

Consider an open bounded Lipschitz domain €2 € R™ and set I' = 9Q2. Given a
profile function g(x) : I" — R we look at the following variational problem:

inf /\/1+|Vg0]2
Q

pEC™(12)

s.t. o(x) =g(x), =z=el.

(2.10.1)
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Problem (2.10.1) can be simplified by introducing the lifting function ¢ such that
¢(z) = g(x) for all z € T" and considering the problem:

inf /|\/1+]V(<p+g0)|2. (2.10.2)
veCX () Ja

The Euler-Lagrange equation for problem (2.10.1) is the well known Minimal
Surfaces PDE with fixed profile g:

. Ve
()
VI+[Vel?
p(z) =g(z), zel.
The discrete graph-based counterpart of (2.10.2) is the following problem:

inf V1+]| V(e +@)l?, (2.10.3)
PEHE (V) ;

=0, z€

where we have selected a Dirichlet boundary subset B C V, a profile function
g € H(B), an appropriate lifting function ¢ such that @, = g, for all v € B
and @, = 0 for all v € V; and considered a ¢ € HF (V) where HE (V) := {p €
H(V) | o =0, Yv € B}.

In Example 2.6.4 we have seen an equivalent saddle point formulation for the
discrete Minimal Surfaces energy, hence in the graph framework, V¢ € HEF(V),
we have that:

E(p) = ) V1+[V(p+ )P (2.10.4)
eck

1 1
Ly(u,0) 1= =5 > pieloel + 0 V(e +@) + 5 Y (— + pre),
eckE e€R

Lys(p) = inf sup Ly,(p,0),
(®) HEH(E)Y oeH(E) #ln0)

and

E(p) = Lus(p), Ve e HF(V),
moreover, as in Example 2.6.4, the unique saddle point (u*,o*) for Ly, (u,0) is
given by:

He = V1+|V(p+9)l?, eck,

* _ V(p+@)e

©VIHIV(e+ @)l
With the same arguments as in Theorems 2.7.4, 2.9.1 is possible to show that
problem (2.10.3) is equivalent to:

ec .

inf L =
PEHEF(V) ms(p)

. 1 1 1
= inf sup —§Zue|ae|2+0-V(¢+¢)+§Z(—+ue). (2.10.5)
e e MV oeH(E) 2 Lh e He
penm”*
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and there exists a unique optimal triplet (¢*, u*,0*) for (2.10.5) which satisfies
the following extremality relations:

it = (Vo™ +9)),, Ve€E
—(dive™®), =0, YveV;

v, =0, YveB
pe=V1+ V(g +9)l?, Veek.

As a consequence
P ="+
is the unique solution of the graph Minimal Surfaces problem:
(A1 @)=0, veV
VIH V(212 (2.10.6)
Oy =gy vEB.

Moreover, since the optimal density p* is strictly greater then 1, possibly restrict-
ing (2.10.5) on the set {u € H(E)™ | u; > 8,8 < 1,4 = 1,...,m}, the minimizer
p* remains the global minimizer, the ”sup” in o becomes a "max” and thus,
evaluating (2.10.4) in

o= YEFPe g
He
we have: v ) |2
1|V(ip+op 1 1
Ls(p, p) = Z iTe T3 Z(j + He),
eck eck

and (2.10.5) is equivalent to the reduced formulation::

inf Lys(p) = inf Lys(e,p) =

PEHE (V) ne H(E)T
eeHE W)
. 1|V(e+@)e|* 1 1
—  inf Z*M—F* (— + pe). (2.10.7)
e HE)T eEQ He QeeE He
e eHF V)

The function Lys(p, p) is strictly convex and differentiable in the interior of
(HE (V) x H(E)*) thus, since the optimal densitity u* > 0, the existence of a
unique minimizer (¢*, u*) for (2.10.7) is guaranteed.

We are indeed motivated to introduce the corresponding version of the dynamics
in (2.8.9):

(A (o) +9). =0, VeV
o(t)y =0, YveEB, (GDMK)
2
8t,ue(t) = |v(90(t),u‘:(g)€’ 1 - Me(t)v Ne(o) =1, Veek.

(2.10.8)
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Harmonic Minimal Surface
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Figure 2.6: Test Case 1, Harmonic vs Minimal Surface, Potential (nodes) pu
(edges)

where as in (2.8.9), the dynamics in (2.10.8) is derived by composing with the
quadratic map pe(t) = &(t)%, Ve € E and we refer to Section 2.8 for the time
discretization approaches. Moreover, as we have already observed, the optimal
density p* is strictly greater then 1, so that we propose to take as initial guess
pe(0) =1,Ve € E.

We now present some numerical experiments in the same first two test cases as for
the Total Variation Energy minimization(figures 2.2, 2.3). As for the 1-Harmonic
case, we have decided to plot the figures in three dimensions where on the nodes
we have the value of the function ¢ = ¢*+¢, which in these figures is represented
by the third coordinate ”z”, and we give different colors to the edges depending
on the value of the variable u*, following the heat colour bar on the right side.
In figures 2.6,2.7 we can see the comparison between the Harmonic solution (left)
and Minimal Surfaces solution(right) computed with our Generalized DMK(GDMK)
scheme (2.10.8) and Explicit Euler time discretization scheme(see Section 2.8 for
details) for test case 1 and 2 respectively. Finally, in figure 2.8 we show the
convergence behaviour of our numerical algorithm for test case 1 (the same re-
sults was observed for test case 2). We plot in the vertical axis the relative
error as in (2.8.13) vs the number of iterations(horizontal axis). We point out
that the no time stepping rule were adopted, so that we fixed a relative large
time step At = 0.5, an initial pug > 0, and we let evolve the dynamics until
err . (uFt1) < le —8(as in (2.8.13). As a result, a greater convergence speed was

o
observed with respect to the 1-Harmonic case.
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Harmonic Minimal Surface
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Figure 2.7: Test case 2, Harmonic vs Minimal Surface, Potential (nodes) p (edges)
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Figure 2.8: err (uF1) vs number of iterations
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2.10.1 Application to the Obstacle Problem

One of the most famous application related to the Minimal Surfaces energy min-
imization is the Obstacle Problem, first introduced By Lions and Stampacchia in
[92]. The problem reads as follows. Consider an open bounded Lipschitz domain
Q) € R? and set I' = 99Q. Consider moreover a body represented by

{(z,y,2) ER*: 2 < @(z,9)} .

As for the Minimal Surfaces energy minimization, let g(z) : ' — R be a Dirichlet
profile function. The Obstacle Problem is formulated as the problem to seek
for the equilibrium position of the membrane such that it lies above the body
represented by ¢ with Dirichlet boundary conditions on I". Namely, we look at

the following variational problem:
inf /\/I—HVQO]Q

peC=(Q) Jo

st.p(x)=g(z), zel
o(z) > o(z), €0

This kind problem and it’s variants have multiple applications in Finance, Opti-
mal Control Theory and non-linear Elasticity Theory (see for example [89]).
The Euler-Lagrange equations for (2.10.9) reads as follows [2], [89]:

*dIV(L>ZO, er
L+ [Vl
p>¢, e
_(¢_¢)div(L> _0 zeQ
L+[VeP/
p(x) =g(z), =€l
The graph-based counterpart of (2.10.9) is the following problem:
inf D VIH[V(p+ @) (2.10.10)
peHHy (V) g
Po Z d)’l)v Yo e VI

(2.10.9)

where as in (2.10.3) we have introduced a lifting function @, = ¢,, Vv € B,
Oy =0, Vv € Vp, g € H(B) is the profile function and we imposed the further
constraint on the obstacle function ¢ € H(V7).
In analogy to the continuous case, the Euler-Lagrange equations for (2.10.10) are:
A1 _(p+9)e=20, veV]
1+ V(p+e)|2
Yy > Py, VEV]

v o) (A____ 1 +¢)v=0, veV
(¢ A (p+9) 1

(2.10.11)

pp =0, veB.
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We then consider our equivalent formulation of the Minimal Surfaces energy
minimization as in (2.10.7) and look at the following problem:

inf Lars(o,p) ==

weHE)T
eeHFWV)
Yy > by, YV E V]

. 1|V(p+@)e|* 1 1
= inf Z2W‘p)e+22(+ue). (2.10.12)
uE H(E) =y He ccE He
P EHGV)
pv > ¢y, YV E V]

Motivated by (2.10.6) and the doubled minimization problem of (2.10.12) , we
introduce the following GDMK minimization flow:

Ok (t) = —(pu(t) + Pv — o) (A _1_(p(t) +¢))w, Vv eV,

1
u(t)

SOU(O):SOOU >¢v7 VUGV],

@v(t) =0, VveB, (GDMK)
2\ (2
o) = FEOLDLEL ), =1, veer,
(2.10.13)
or equivalently:
Opo(t) = —(2u(t) = ¢u)(A_1 (2(1)))v, Vv € VL,
9511(0) = Py > Pu, VU EV,

(2.10.14)

&u(t) = gu, Vv EB,

[(Vot)el* +1
fre(t)

where g € H(B) is the profile function. As in (2.8.9), the dynamics in (2.10.13)
and (2.10.14) are derived by composing with the quadratic maps

Orpte(t) = — pe(t), pe(0)=1, Vee€E.

Go(t) = u(t) + @ = ¢y + hy(t)?, Vv eV,

and
pe(t) = fe(t)Za Vee E.

Observe that a stationary point for (2.10.13) or (2.10.14) is a solution of the
original Euler-Lagrange equations (2.10.11).

As for the time discretization approach, we propose the following semi implicit
scheme for (2.10.14) which is quite easy to implement but it shows a relative
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slow convergence rate. Given a sequence At > 0, the approximation sequence

(uk)kzl e (gpk)kzl . Is given by the following set of equations:

(1 + Aty [Diag(p* — ¢)]A1k> gl =% voeV

w

Pl =g, YveB
¢v0>¢va V’UEV]

#’ =90, YveEB (2.10.15)
V@F)el +1
Lk AL ((W,i‘—u’ef), vec
ut
=1, VeckE
k=0, ..., kmax-

Hence at each time step, we only need to solve the linear system

(1 + Aty [Diag(¢y — ¢>]A1k) g =" veew
7
4,5'”1 =gy, Yv€EBDB.

We will now see an application of our proposed scheme in (2.10.15). We consider
the same test case graph as in figure 2.1. We then impose null homogeneous
Dirichlet boundary conditions on each side of the square and we considered the
following obstacle function ¢:

¢, =038, 02<v,<04and02<v,<04
¢y, =1.0, 0.6 <v,<0.8and0.6 <v, <0.8

¢y =0, otherwise.

In figure 2.9 we can see the comparison between the obstacle function ¢(left) and
the numerical solution @(right) computed with our semi implicit DMK scheme
(2.10.15). In figure 2.10 we can see the convergence behaviour of our numerical
algorithm for the proposed test case. We plot in the vertical axis the relative error
for the variable p as in (2.8.13) vs the number of iterations(horizontal axis). In
the numerical simulation we used a fixed time step At = le —2, an initial ug > 0,
$o > ¢, and we let evolve the dynamics until err (uF*1) < le—4(as in (2.8.13)).
Is clearly visible from figure 2.10 that two different linear convergence rates can be
observed. This convergence behaviour correspond to the synchronization along
the flow of the solution ¢ on the two different peaks of the obstacle function
¢. Unfortunately, the algorithm is quite slow, nevertheless it exhibits a good
stability. We will further investigate the behaviour of the minimization flow in
(2.10.14) with other more efficient numerical schemes such as the Implicit Euler
scheme. Finally, in figure 2.11 we can see the value of the potential function ¢
and the obstacle function ¢ corresponding to the same node index in the graph
showing that the constraint ¢ > ¢ is preserved during the minimization.
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Obstacle Function Numerical Solution
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Figure 2.9: Obstacle vs Computed Solution, Potential (nodes) p (edges)
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Figure 2.11: ¢(green) vs ¢(red)

2.11 Application to the general framework of TV and
[;-norm regularization

Optimization Problems and Inverse Problems are nowadays very popular with
several applications in engineering and data analysis. Typically, inverse prob-
lems are ill-posed and admit infinite solutions. Analogously, non convex objec-
tive functions may admit multiple local extremal points drastically making their
identification difficult or even impossible.

A common strategy to overcome this problem is to add regularization terms to the
objective function. The aim of the regularization term is to gain convexity to im-
prove the identifiability of local minimizers and improving the well-conditioning
of the problem.

A very effective and challenging choice of regularizers are based on [1-norms
(compressed sensing, LASSO) or Total Variation of the optimization design pa-
rameters. The use of such regularization strategies is hampered by the difficulty
in finding efficient and robust numerical solution algorithms. In this Section
we will first introduce the problem of regularization in a very broad sense and
describe how to incorporate our techniques based on the DMK scheme for the
TV and /1-norm Tikhonov regularization. The reasons and motivations for this
section come not only from a case of direct interest for this thesis, but also as
an introduction for future developments with multiple applications in different
fields, for example Machine Learning and Deep Learning.

We will show moreover few interesting applications such as the classical problem
of 1-D signal TV-Denoising and the more particular problem of the compressed
sensing for the graph Laplacian partial eigenproblem, remarking the advantages
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of our proposed numerical algorithms with respect to the standard techniques
such as the Bregman-Split iteration [104], [64], [33], [115].

2.11.1 Introduction: Generalized Tikhonov Regularization in Vari-
ational Problems

Consider an open Lipschitz domain 2 € R™ and a Banach space H(2) defined
on 2. In the most general case, the Generalized Tikhonov Regularization for a
Variational Problem is the following optimization problem:

i [ ool + [ Ngelo) 2 [ Ricto)

st. gle) >0, inQ
b(p) =0, inDl =00.

Where c is a cost function defined on €2, N is a cost function defined on ' = 912,
g is a linear or nonlinear constraint function, b define some boundary conditions,
€ is a linear operator between Banach spaces, R is a positive convex function (the
regularizer function) and \ is a positive parameter which controls the amount of
regularization desired.

It is clear that one can define any discrete optimization problem by opportunely
discretize a continuous variational problem.

For example, one can consider the following discrete kernel regression regularized
problem, which is clearly derived from a continuous one where the integrals have
become summations over a discrete samples set:

m1n2|y2_ 1‘@ +)\Z|f332

= Zcik(x,xi), (2.11.1)
=1

ze€R? i=1,..,n
A >0.

In this example the regularization term is nothing that the lo-norm squared of
the regression function f and is modulated by it’s Tikhonov parameter A.
In figure 2.12 we can see the effect of the Tikhonov regularization for problem
(2.11.1) where we can clearly see that the regularization avoids the overfitting.
In this section we will focus our attention on a class of non common regularizers
derived from the [1-norm, namely the [1-norm of the design parameters which is
sometimes called the compressed sensing regularization and the Total Variation
(T'V') regularizer.
These choices of regularization functionals have the nice property to improve
the sparsity (compressed sensing) or to improve the local flatness (T'V') of the
optimal solutions.
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Figure 2.12: Samples (left), Overfitting (center), Regularized (right)

2.11.2 The classical framework in the discrete setting and the
Proximal Forward-Backward Splitting scheme

In this subsection we will first see probably the most common situation in the
framework of the Tichononv regularization for discrete problems and an overview
of a very interesting application of the proximal map operator.

We follow the work in [33] and [13].

Let V := R™ and consider the following optimization problem:

inf F
Jnf, () + G(p),

where F': V — R is differentiable and G : V' — R is ”simple” i.e. giving a certain
At > 0 it is easy to compute the proximal map operator:

proz(G) == (1 + AtdG) ™!
where G is possibly not differentiable and G is the subdifferential of G. It is

immediate to see that:

L2
(14 AtdG) " (¢) = arg min M

q 2At +G(9),

which is nothing that the update scheme given by the Implicit Euler time dis-
cretization.

A typical example of ”simple” map, already encountered in Section 2.4 is the
indicator function of the [, unit ball:

( ) O 07 ‘907/| S 17 Z: 1,...,n
oot/ 400, otherwise.

and it is easy to see [33] that the proximal map is given by:
(1+ Atdxi,,) "' (9) =Tc(y), eV, (211.2)
where I () is the orthogonal projection on the [, unit ball

B, = {QOEVH(,OZ“ <1, izl,...,n}.
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which is straightforward to compute and is given by:

Pi

— L i=1,...,n.
max{1, ||}

()i =
In the case where, as in the previous example, GG is such that the proximal map
prozx(G) is easy to invert, it is a common strategy to solves successively one step of
the gradient descent of F'(in an explicit way), and one step of the gradient descent
of G(in an implicit way), in order to obtain a ”full” gradient descent of F' + G.
This is the reason why the term ”forward-backwards” splitting was introduced in
[40]. Given a sequence Aty, the approximation sequence (cpk) k=1, Fmas is hence
given by the following recurrent scheme:

@Y = pig, i=1,.m (SPLIT-
(2.11.3)

It is interesting to understand the intuitive idea behind it. Consider the following
quadratic map:

1
¥ Qu(v,9) = F() + (VE(9): v = ) + o7 ¥ = ¢lli,-
Since F is differentiable, for any fixed ¢ € V, we have that [33]:
F(y) <QL(¥,p), VyeV. (2.11.4)

Thus the parabola Qr (1, ) approximates from above F(¢). Now, let ¢ = ¢*
k

and replace the minimization of F', at step k, with the minimization of Q (v, ¢*)
with respect to ¢:
ph = arg min QL(¥, ¢,
which implies that:
P = oF — LV F(h), (2.11.5)

that is a step of the gradient descent algorithm with step L. This is a way to
interpret the ”forward-backward” scheme, and provides a natural way to extend
it to the minimization of F' + G. Indeed, we can now let:

1

Hae, (¥, 0) = Fo) +(V F(p), ¥ — @) + 2AL,

1 — oll7, + G(¥),

and. by virtue of (2.11.4):
F) + G@) < Hay, (¥, 0), Vo€V, Aty > 0.

So that letting ¢ = ¢* we consider the following updating scheme:

gokH = argq;nin Hny, (w,cpk), (2.11.6)
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and by (2.11.2) and (2.11.5) we find that (2.11.6) is precisely the ”forward-
backward” splitting scheme (2.11.3).

In [33] Theorem 3.12 p.45 and in [13] it is shown that the scheme in (2.11.6) con-
verges to a minimizer of F' + G with essentially the same convergent rate of the
classical gradient descent algorithm. Nevertheless, it has improved stability prop-
erties and we will make extensive use of this kind of techniques in our proposed
numerical algorithm based on the DMK scheme. Moreover, this scheme is quite
easy to implement and has the necessary flexibility to be adapted for the solu-
tion of multiple problems. As a consequence, several acceleration techniques have
been proposed during the years, where among them we remark the famous Nes-
terov/Beck and Teboulle’s acceleration [13] which reads as the following scheme
for the approximation sequence (gok) k=1 K

( " = g
y' ="
hl =1

gok =(1+ At@G)_l (yk — AtVF(yk))

Pl _ 1+ /1 + 4(hF)2
- 2

(Beck-Teboulle)  (2.11.7)

k+1 k hk_l k k—1
v =t (90 - )

k=1, ..., kmas-

furthermore, we have the following convergence rate result:

Theorem 2.11.1. [Beck and Teboulle [13], Theorem. 4.1]

For any minimizer o* of F4+G we have that the sequence (gpk)kzl e generated
by (2.11.7) satisfies:
2[[¢* —*||"
F(o") + GyF) — (F (¢*) + G (¢%)) < :
(") + G¢") — (F (¢%) + G (¢7)) < NCESIE

2.11.3 The Split-Bregman iteration for the Total Variation De-
noising problem

In this subsection we will see another famous algorithm which that can be placed
in the framework of the Augmented Lagrangian methods [33], the so called
Begman-Split iteration. This kind of algorithms, especially for the problem of
the Total Variation denoising, are typically employed in image restoration [104].
Nevertheless, we can consider the general framework based on graphs once ob-
served that we can always associate to every image the graph generated by con-
necting a pixel with it’s nearest ones upon selecting a neighborhood rule(for
example by connecting every pixel to the 4 nearest ones).
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Thus, let V. =R" E=R™ and V : V — FE be a linear operator(for example
the graph gradient matrix if V' is the nodes set and F the edges set). We then
consider the following constrained problem:

. 1
min Al + 5 lle — blIZ,- (2.11.8)
p=Vg
peV
where b represents a collection of noisy samples and A is the Tychonov parameter.

Then, to enforce the constraint, we use an augmented Lagrangian approach,
which consists in introducing

1 «
L(p, 1) = Mlpll + 5 llp = Bl + (s p — Vo) + Sllp = Vol

where @ > 0 and p € F is a Lagrange multiplier for the constraint p = V v.
The method consists then in minimizing alternatively L with respect to p, ¢, and
maximizing with respect to p :

" = argmin L(p", ¢, 1),
)

p*t = argmin L(p, "', 1¥), (ALM)
p

PETE =k Ad (pFT = W ok,

the minimization in the variable p, which involves the [ norm decouples and has
a closed form as a vectorial shrinkage [104], [142], [64]:

w1 V)i~ i max{ | (V )i — il = A
' [a(V )i — pil a

In this case the change of variable p = V ¢ has the clear effect to simplify the
problem, removing the difficulties derived by the non differentiability of the [y
norm. A variant of the previous algorithm is the Bregman-Split iteration which
is based on the Bregman Distance. Consider the following optimization problem:

,0}, i=1,..,m. (2.11.9)

in
min (¥)

s.t.H(p) =0,

where FF : V — R and H : V — R are two convex possibly not differentiable
functions and (V| - ||v) is a Banach space. We define the Bregman distance as:

D%(@/‘b) :F(@)—F(W—@a@—wa PGaFW),
where OF (1)) is the subgradient:
OF () :={p: F(p) 2 F() + (p,p —¥), Vo eV}

The Bregman distance is not a distance in the usual sense because it is not
symmetric. However, it does satisfy other distance-like properties following from
it’s definition and the convexity of F' [64]:
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e Di(p,0) =0
o DV (p,h) >0
o DV (¢, ) + Dh(,9) — Dip(p, ) = (p— 5,9 — ).

Given a starting point v° and a parameter v > 0, the Bregman iteration algorithm
is given formally by the following iterative scheme:

P = argmin DY (g, ") +vH(p), p* € OF (") (2.11.10)
)

In the case where H is differentiable, the sub-differential of H is it’s gradient
V H, and the sub-differential of the Lagrangian

L(g) := DV (0, 0%) + vH(p)

is given by

dpL(p) = 0, (F(sa) — F(p") - <p’“, ¢ - sok> + 'YH(@)) =
= JOF — p" +yVH.

Since from (2.11.10) ©**! minimizes L(y), the optimality condition for ¢*+1 is
given by:
0 € OF (") — p* + AV H ()

& PPy VH(E) € OF ().
Therefore, p**! € 9J(p**!) can be selected as

P = pf = VH(M), (2.11.11)

k+1

and the Bregman iteration (2.11.10) with this selecting rule for p becomes:

. k
S0]{:'1‘]. = arg min D;‘ (SO, ng) + ")/H(SO)?
)

PFH = b v H (R, (Bregman-
¢° = o, iteration)
P’ € dJ(¢"),
k=0,...,knaz-

In the particular case where V = R™ and H is the residual of a linear system
involving the matrix A € R™*" and a known term f € V:

1
H(g) = 5140 — fII3,
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then, the Bregman iteration simplifies and is equivalent to the Augmented La-
grangian method [104], [142]:

Pt = arg;"ﬂinF(so) + % HAsD — [+ i
P gk AR f,
O (2.11.12)
p’ =0,
\ k=0,... kne.

A variant of the Bregman iteration is the so called split Bregman iteration. Con-
sider again problem (2.11.8):

. 1
min Al + 5 lle — bl[7,-
p=Vop
peV

the idea is to apply the Bregman iteration (2.11.12) with the quadratic residual
function given by:

1
H(e) = 511V ¢ = plli,

and the corresponding Bregman iteration as in (2.11.12) is given by:

(k1 k1 2
(" p*th)

: 1 Y
P = argmin Alpll, + 5l = bl + 3 [ Vo —p+*

(»,p)

lo
PR SR
©® = o,

p’ =0,

k=0, kmao-

)

(2.11.13)

This updating scheme is fully implicit, but, since it involves the non differentiable
term given by the [;-norm of p, we can not apply the Newton method to compute
the new iterates (@*+1, pF+1). To circumnavigate this problem, Osher et.al. [104]
proposed to "split” the original implicit scheme (2.11.13) to the following semi-
implicit alternating sub-problems scheme:

e (p sub-problem): Given a fixed ¢ compute p**! by solving

. v
P = arg min A|jp|;, + 2 HVsﬁ —p+pF
p

2
Iy’
as in (2.11.9), this problem as the closed solution as a vectorial shrinkage:

ok
= WmaX{!(Vso)i—pfl - i,O}, i=1.,m.
Yl — P;
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k+1

e (i sub-problem): Given a fixed p compute """ by solving:

1 0 2
Pl = arg min _ || - b7, + 2 HVso —p+pF
%)

Iy’
the solution is given by solving a Laplacian system:

(1 +7A) "t =b+ VT (p—ph).

e (p update): Given a fixed ¢ and p we update the variable p as in (2.11.13):

PP =pF + Ve —p.

Summing up all together, the split Osher-Bregman iteration for the TV denoise
reads as the following alternating iteration:

( k k

k+1 (V)i — p; { k k A

piT = ——————max [(V¢"); —pi| — =,0p,

‘ [(V k)i — pf| R’
1=1,...,m,

(1+78) " =b+ VI = p"),  (TV-Osher-
PP = F VR M Bregman-

p? =0, iteration)

¢’ =0,
p’ =0,
\ k=0, koo

(2.11.14)
For what concern the choice of the parameter «, which strongly influence the
good behaviour of the algorithm, we refer to [64] for an exhaustive treatment.
This algorithm is quite fast, easy to implement and exhibits good stability prop-
erties. It is worthless to say that it is become the benchmark algorithm for TV
denoising in image processing. Moreover, since it is not a gradient based method,
it exhibits a lack of memory of the previous iterations, which is actually an ad-
vantage when it is used for example in non-convex optimization when multiple
local minima are present, since it naturally penalizes "bad” local minima [106].
Unfortunely there are also several limitations. For instance, the update of the
parameter p given by the selecting rule (2.11.11), requires to be able to solve
the p sub-problem and the ¢ sub-problem, thus, this algorithm applies only on
simple cases. Moreover, this also implies that this algorithm can not be applied
in general if further inequality constraints on ¢ are considered, it can handle very
well only equality constraints(e.g. linear and non-linear equations constraints
involving the variable ¢ which have at least a direct method to compute a so-
lution). Finally, since the fully implicit scheme (2.11.13) can not be applied, we
can never expect to have a quadratic convergence rate given by a second order
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method, that’s the reason why we will introduce our EDMK scheme for the Total
Variation denoising problem.

2.11.4 The EDMK scheme for the Total Variation and /; norm
regularization in the graph setting

In this subsection we will show how to integrate our EDMK scheme for the Total
Variation regularization for a general optimization problem on graphs, without
constraints and in particular case of the positivity constraint and the interval
constriant on the design variable. Moreover, we briefly show, as a direct extension,
that the same techniques can be applied for [; norm regularization.

As in Section 2.4, let G = (E, V,w) be a weighted directed graph, V it’s gradient
matrix and div = — V7 it’s divergence matrix. We denote as H(V) = R™ and
H(E) = R™ the Banach spaces of real-valued functions on V', the nodes set, and
E, the edges set, respectively.

In Section 2.4 we have seen an equivalent saddle point formulation for the graph
Total Variation energy or the 1-Dirichlet energy.

Thus, we recall the Lagrangian L, : (H(E)" x #(E)) — R defined in (2.4.16) for
p=1as:

1 1
Ly(u,0) = =D sheloe +0- Vo + 53 e, peHV),
eckE eckE

In Theorem 2.4.1 we have shown that the graph 1-Dirichlet energy or the graph
Total Variation energy:

TV (e) :==Ei(e) = Velly
admits the following equivalent saddle point formulation:

TV(p) = inf sup LL(u,0). 2.11.15
(?) REH(E)T geti(E) pl1:0) ( )

Moreover, there exists a saddle point (u*, o*) for L}o and it satisfies the extremality
relations:
M: : - (V@ea Ve e E,
o7 <1, VeeFE,
pelot? —p; =0, Ve€kE,
e = |(V@)el, VeeE.

In Subsection 2.5.1 we have introduced the Tikhononv regularized Lagrangian:

1 1
1,6 o 2
L, (n,0) = —Zg(ue +0)|oel+0 -V + 52%
eckE eclE
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which is (2.5.4) for A = V and p = 1 and the parameter 6 > 0 is a small
Tikhononv parameter.
Consider now the functional:

Li(p.p) == sup LL(u,0).
oEH(E)

With the same arguments as in (2.5.7),(2.5.8), E%(gp, w) simplifies as follows:
L|(V)e
L} = :
5o, 1) 22 ue+5 Zue
ecE eEE

so that, we consider the following approximated minimization problem instead of
the saddle point formulation for the Total Variation in (2.11.15):

inf Lo, p). 2.11.16
el 5oy 1) ( )

The KKT conditions for a minimizer (1*) of (2.11.16) satisfies:

(ne+0)?

_1v el +1—¢c. =0, VeeFE
Cets =0, ¢ >0, VeeFE.

Thus, p*; = 0 on some edge € € E if and only if:

[(Vp)el <6, (2.11.17)
and if p*; > 0 we have that
[(Vp)e| = pe + 6. (2.11.18)
Hence defining;:
TVs(p) = _inf | L5 (o, 1),

from (2.11.17), (2.11.18) we have:
TVs(p) =TV (e) + O(6).

and the accuracy on the sparsity of the gradient is controlled from above by §. We
are indeed motivated to consider the following approximated Total Variation as
an opportune well approximated TV regularizer for some optimization problem,
if ¢ is sufficiently small.

We have now all the ingredients for our EDMK scheme.

Let us consider the general situation of a Total Variation regularization for a
general optimization problem on graphs:

F TV (),
wg;;glv) (o) + (v)
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where F' : H(V) — R is a differentiable function and A > 0 is the Tikhonov
regularization parameter.
We consider instead our regularized version:

min_F(p) + ATVs(g) =

peEH(V)
- L[(Ve)el* 1
= min F(¢)+ A <Z+ZM€ . (2.11.19)
pEe H(V) eckE 2 ('ue + 5) 2 eck
peHE)T

The main advantage of considering the approximated functional T'Vy instead of
using the Total Variation, comes directly from (2.11.19). Indeed, having intro-
duced the positive density variable p, allows us to perform simultaneously the
minimization in the pair (¢, ). Moreover, the regularization parameters § en-
sure the necessary differentiability for a simultaneous minimization with first or
second order methods.

We now describe how to apply our techniques in three typical situations.

e (Unconstrained TV regularization):
This is the most typical situation and corresponds to problem (2.11.19)
without adding any further constraint on ¢. The proposed method is very
similar to the case of 1-Harmonic functions(see Section 2.8). Indeed, we
can subdivide in other two sub-cases:

— (Direct solvable problems) This is the case for example of the clas-
sical Total Variation denoising (2.11.8) where it is possible to directly
compute a solution of:

M 1 p=—0,F(p), YueHE)T. (2.11.20)

pn+é

The corresponding version of the dynamics in (2.8.9) for problem
(2.11.19) reads as follows:

A1 p(t) = _aapF((p<t))

pu(t)+o
(Ve .
oe(t) = (1e(t) +0)’ Vee E, (EDMK1)
Dppe(t) = /146(75)“76(75”2 — pe(t), pe(0) = po. >0, Ve€ L.

(2.11.21)
As for the time discretization we propose for simplicity the Explicit
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Euler scheme:

M1 oF = —0,F (o),

uk+s

K (V(@"))e
o8 —W, VGGE

M§+1:H§+Atkulz(’05|2_l)a k=0,...,knax, €€ FE

,u(e):uoe>0, Vee E.
(2.11.22)
We refer to Section (2.8) for other method of time discretization.

— (Double ”Gradient Flow” approach) This is the case for example
of complex inverse problems where the computation of the differential
0, F requires the solution of adjoints equations(Lagrange multipliers),
thus, it is not possible to direct compute a solution of (2.11.20) but
indeed we don’t have any direct constraint on ¢. Since (2.11.19) is a
double convex minimization problem, we propose a double descend-
ing dynamics. The corresponding EDMK scheme reads now as the
following double dynamics:

Ap(t) = =0, F(p(t) = AA_1_(t), »(0) = o,

w(t)+o
(V(t))e
(ke(t) +6)

Otte(t) = pe(t)|oe(t)? = pe(t), pe(0) = po, >0, VecE.

As for the time discretization, taking inspiration from (2.11.3), we pro-
pose the following semi-implicit Proximal Forward-Backward Splitting
scheme, which exhibits far superior stability properties with respect
to the Explicit Euler scheme for this specific ”Double Gradient Flow”
approach(see [13],[40] for an exhaustive treatment):

oe(t) = Vee E, (EDMK?2)

P =" — Atd,F (oY),
uk+s

<1+)\AtkA1> gpk—'_l:(ﬁk, k=0,...,knax

¢ = oo,

k
b= Ve
pe +0

pEtt = pk o Atk (]05\2 - 1), k=0,...,knax, €€ E

ud = po, >0, Ve€E.
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e (Constrained TV regularization):

This application is not commonly found in literature, but in many practical
situations, for example when the Total Variation is used as a regularization
term in parameter identification inverse problems [26], there is the necessity
to satisfy some further constraints for the physical feasibility of the variables
involves in the optimization. Here we present two common situations often
found in practice: the positivity constraint and the interval constraint on
the design variable ¢ in (2.11.19).

— (The Positivity constraint) This problem corresponds to (2.11.19)

where we add the positivity constraint on ¢, namely we consider the
following problem:

min F(g&)-i—)\(Z;(V(p Zu6>.

peH(V) e€EE
=0

peH(E)T

The approach to the EDMK scheme for this problem is the same as
in the double ”Gradient Flow” approach, with the only difference
that, as in (2.8.9), we compose with the change of variable (u(t) =
€)%, p(t) = |e(t)|?) to enforce the positivity, and then we per-
form a pull-back of the descending dynamics on the original variables
(1(t), ¢(t))(as in Subsection 2.8.2). The EDMK dynamics is the fol-
lowing;:

Dup(t)e = —p(t)y (0 F(p(1) +AA_1_o(t)) , YveV

wu(t)+o v

©(0)y =90, >0, YveV

(Vo(t)e
(ne(t) +6)

Dppe(t) = Ne(t)‘ge(tﬂz — pe(t), pe(0) = po. >0, Vee€E.

oe(t) = Vee E, (EDMKS3)

As in this case we propose the following semi-implicit Proximal Forward-
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Backward Splitting scheme:

¢F = " — Aty [Diag(p")]0,F ("),

(1 + Mt [Diag(¢®)]A 1 > =3 k=0,..., knax

uk+o

<p8:¢0v>0, YveV

ak:m, Vee E

© pb+o

pett = pf + Aty <\Ufl2*1), k=0,... kmax, €€ E

u2:M06>0, Veec FE.

— (The Interval constraint) This problem corresponds to (2.11.19)

where we add an interval constraint on ¢ of the type:
avS‘Pvava VUEV,

thus, we consider the following problem:

. L[(Ve)l 1
min F(cp)—}—)\(Z—l—Zue .
peH(V) e€E2 (pe +6) 2€€E
avS‘vabva VveV

peH(E)T

This kind of interval constraint can be treated in a similar way to the
positivity constraint, projecting the descending dynamics along the
flow generated by a sigmoidal vector field or equivalently by composing
with the change of variable:

ot
(pv(t) =ay + (bv - av) cos” (Z()> , vEV,
v — Qy

and then performing a pull-back of the descending dynamics on the
original variable ¢. We refer to Subsection 2.8.2 for full details on the
heuristics behind this techniques.

The positivity constraint for the density p is treated as for (2.8.9) by
composing with the quadratic map u(t) = [£(¢)]%.

Thus, defining the vectors a € H(V) and b € H(V) as:

ay = Qy, YU EV,

and
by = by, Vv €V,
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we have the following descending EDMK dynamics:

p(t)y =
= —~(Bo—(B) (Pt —20) (B F(0(1) +AA_1_o(t)) . VveV

u(t)+o

SO(O)U = POy by > Poy > av, VoeV

(Vo(t))e
(,Ue(t) + 5) ’
Onpie(t) = pe(t)|oe(t)]* — pe(t), pe(0) = po, >0, Ve€E.

As in this case we propose the following semi-implicit Proximal Forward-
Backward Splitting scheme:

oe(t) = Veec E, (EDMK4)

' & = o* — Aty[Diag((b — o*) © (o* — a))]0,F ("),
(14 A0nDiag((o - )0 (¢~ a)la__) 7 = &,
n
gpg:(pov>0’bv>(pov>av, \V/'UEV
k
ok =@y g
pe +0

Pt = pg o+ Aty (Idfl2 — 1) , e€E

M2:M03>07 Vee E

k=0,... koo

Observe that in some sense the scheme in (2.11.21) is similar to the Osher-
Bregman split iteration (2.11.14), since also in that case we have to solve for
a linear laplacian system and update an iteration for some other variables.

The key point here in using the EDMK approach is not only the flexibility of
our scheme, that can be used to solve more general TV regularization scenarios,
but also, as observed for the EDMK scheme for 1-Harmonic functions, we can
benefit from the dynamics of p which admits a candidate Lyapunov functional.
Thus here we can easily integrate an implicit time discretization scheme like the
Implicit Euler scheme defined in Subsection (2.8). Moreover we have also the
further advantage of the possibility to localize the effect of the Total Variation
denoise. For example, one of the problem of the TV denoise is commonly known
in literature as the ”staircase” phenomena. In the contest of the TV denoise of
images, this phenomena is much more evident when we have a region of the image
that is already ”clean”, but indeed, the classical split Bregman iteration has no
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possibility to concentrate the regularization in small prescribed area, unless to
consider only a portion of the image and thus loosing all the information on the
remaining parts. Consider a probability density k € H(E):

0<k.<1, VecE,

and the following modified version of (2.11.19):

min F(¢)+A<Z;|(Z(’i5 Z%Me).

Y e H(V) eck
peMH(E)*T

The probability density here can be concentrated in the region where we want
more regularization, and set near zero in the regions where we don’t need any
regularization. This kind of Bayesian approach, known as the Space Variance
approach has been recently introduced in [115], with far more sophisticated ar-
guments.

Finally observe that by (2.5.12) we can easily extend all this results to the Iy
norm regularization.

Thus as in (2.5.12) we introduce the regularized [; norm:

: 1 |90v
1 = f + = )
1o(p) = b | UEEV e+ 0) ;ev v

and instead of the following problem:

in F(v)+ A :
in (v) + Ml

we consider the following approximated problem:

min F(v) + A1l 5(p) =

peEH(V)

—  min F(g)+A <Z Llel 1 3 Vv) _ (2.11.23)
pE H(V) veV 2 (VU + 6) 2 veV
veH(V)T

Also in this case we can introduce an EDMK scheme exactly as done for the TV
regularization.

Observe that in this case the corresponding equation to (2.11.20) is far more easy
to solve, it involves a diagonal matrix:

. 1
)\Dlag <y—+—5> Y = —8@F(g0)7 VV € H(V)+

Thus the resulting EDMK scheme is far more easy to implement. We will see an
application of this approach in Subsection 2.11.6.
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2.11.5 The Discrete 1-D signal TV Denoising

In this subsection we will see an application of our EDMK scheme (2.11.21) for
the numerical solution of a classical denoising problem often denoted as the ROF
(Rudin-Osher-Fatemi) problem.

Given a noisy sampled digital signal b = [by,...,b,] € R™ and a parameter A > 0,
consider the following discrete optimization problem:

. 1 n ) n—1
min 2;!%—% +>\z;|§0i+1_90i|-
— 1=

©=[p1,..,on]ER™

We can genuinely assign a differential structure to the collection of the n samples
b by introducing an appropriate graph based counterpart.

Consider the 1D-graph of n time samples G = (V,E), V = {t1,..,t,}, E =
{(titix1)| i =1,..,n — 1}, then the 1D-ROF problem (2.11.5) rewrites as:

s b2+ A (v
@gl};rlv)ZZIso 2+ e%;! ©)e

As seen in Subsection 2.11.4, we will consider the following approximated opti-
mization problem:

min mm)+2Z| 0o —bo|? + = Z|Me+5 Z’ue

PEH(V) ueH(E icE

Observe that we are exactly in the case of the ”direct solvable problems” of
Subsection 2.11.4 and the corresponding equation to (2.11.20) is the following:

(1428 2 Jp=b VueH(E)".
u+o

thus, the resulting EDMK scheme as in (2.11.21) reads as follows:

(1+>\A ) )cp(t):b, Vuev,

w(t)+o

[(Vo(t))el?
(Me(t) + 5)2

te(0) = po, >0, VeeE.

Oppe(t) = pre(t) —pe(t), Ve€E,

We conclude this section with an application of our proposed EDMK scheme
(2.11.5) with the Explicit Euler time discretization (2.11.22), for the T'V denoise
of a 128 samples very noisy digital signal (the noise is the 30 % of the original
clean signal). For the numerical simulation, we set a small parameter § = le — 8,
a very large fixed time step At = 0.8, and a Tikhonov parameter A = 8.5. Then,
we let evolve the dynamics until:

k+1 _
k+1)_ [ 15 iy <le—7

) = TR S

“w
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In figure 2.13, we can see the comparison between the original clean signal (green),
the noisy added signal (grey) and the denoised signal (red) computed with our
EDMK solver (2.11.5).

In figure 2.14 we can see the convergence behaviour of err,x versus the relative
error of :

k+1) — H‘pk—‘rl - SOkle

Al

Even if the convergence is quite slow, we point out that qualitatively, there is
no difference as soon as the error err,» becomes less than le — 4. Nevertheless,
the convergence is stable even if the time step is large and also the Tikhononv
parameter A.

err k(¢

104 —— Signal

Signal+Noise
gl — EDMK_TV_Denoise

——d
2 <
AT
______ —_—
0 -
-2 4
0 20 40 60 80 100 120

Figure 2.13: original clean signal (green), noisy added signal (grey), denoised
signal (red)

2.11.6 Compressed Modes for the Graph Laplacian

Nowadays, in the era of big data, clustering and reducing order models techniques
play a very important role in data analysis.

Spectral clustering and PCA are widely used techniques in data analysis and
data mining, taking advantages from very efficient numerical algorithms directly
inherited from the huge weaponry of numerical linear algebra.

Despite that, when one has to deal with big data, such techniques suffer from the
lack of sparsity of their final outputs.

To overcome this problem, the compressed modes CM technique (often referred
in literature as Sparse PCA [72]) was early introduced by Osher et al. in [106] for
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— err_mu
—— err_phi

0 50 100 150 200 250 300 350
Figure 2.14: erryu (blue) vs errphi(red)

the laplacian matrix as an [; matrix norm Tikhonov-like regularization problem,
in order to compute a sparse orthonormal approximated basis for the partial
laplacian eigenvalue problem.

In this last subsection we will see an application of our EDMK technique for
the /1-norm in order to provide an alternative new algorithm to the standard
Bregman-Osher split iteration technique to solve the CM for the graph laplacian
problem.

Let G = (E,V) be an undirected graph, where E is the set of m = |E| edges, V
the set of n = |V| nodes.

Set a number k of compressed modes and denote as U € R"*¥, U,j=wuj j=
1, .., k the orthonormal basis of the k£ approximated compressed eigenvectors, then
the CM for the graph laplacian problem is the following Tikhonov-like regularized
optimization problem:

1
min U : AU + M|U]|1.1, (2.11.24)
UeRnxk 2

vt =1

where A : B = tr(AT B) is the matrix scalar product, ||U]||11 = >, [Uij| is the
l;1 matrix norm and A = V7 V is the graph laplacian matrix defined in (2.4.1)
with the weight ¢ equal to 1 for simplicity, without loosing generality.

Since the /1 ; norm of a matrix is the sum of the [1-norm of it’s columns, we

can tackle problem (2.11.24) with our approximated regularized functional 1; s
defined in (2.5.12). Thus, as already observed in (2.11.23), we will consider the
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following new optimization problem:

. . 1

min min -

UeR™kyeRrmk 2
UvUtfu=1 v>0

A A
U:AU+§U:(u(;)**@U+§u:e"X’f, (2.11.25)

where v € Rnxk’ Vij > 0, enxk c Rnxk’ e;’Lij — 17 vs = 1/+6e”Xk and
— —x _ 1
(A® B)ij = AyByj , A" = L.

Optimization on the Stiefel Manifold: A Feasible Update Preserving
Scheme

Problem (2.11.25) is an optimization problem on the Stiefel manifold of order k
defined as:
Sk .— (U e R*|UTU =1},n > k.

There is a wide literature about optimization on the Stiefel manifold, we will
apply here a very beautiful technique presented in [143].

Let f : S™* — R a differentiable function and consider the following optimization
problem:

min U).
yuin f(U)
The Stiefel manifold inherits the Frobenius norm induced by the matrix scalar
product, thus, it is natural to speak about the projection into it’s tangent space.
The most classical algorithm for optimization on the Stiefel manifold relies on
the projected gradient descent, namely we look at the following ODE:

at U= —PTjTUSnxk (VU f(U)) 5 (21126)

where Prjr, gnxr denotes the projection into the tangent space of the Stiefel
manifold at the point U and V f(U) is the gradient of the function f given by
the Riesz representation theorem with respect to the matrix scalar product:.

Df(U)- O =Vy f(U): ¥, YU eT Sk,

The ODE in (2.11.26), once opportunely discretized, define a local descent di-
rection iteration scheme for the objective function f, but inevitably at every
iterations of the algorithm, the candidate minimizer for f ends outside the man-
ifold.

As a consequence, considering for example the Esplicit Euler discretization for
(2.11.26), the proper projected gradient descent iteration reads as follows:

Usir = Prjswr (Us = dt Prip, so (Vo f(U3))), (2.11.27)



2.11. TV REGULARIZATION 197

Figure 2.15: Projected Gradient(blue arrow) vs Update Preserving(red path)

where Prjgnxs is the minimum Frobenius norm projection into the the Steifel
manifold of order k that can be easily computed via SVD as V A € R"*k:

Prjgnxi(A) = @07

where A = ®AUT is the SVD factorization.

The scheme defined in (2.11.27) is one of the most classical example of an update
non-preserving scheme. On the other hand, one might be interested in an update
preserving scheme, e.g. an optimization scheme that remains inside the manifold
at every iteration provided an initial point that lies inside the manifold.

Update preserving schemes are a case of direct interest for optimization on the
Stiefeld manifold and are performed mainly via Cayley transform.

Differently from the standard projected gradient descent scheme (2.11.27), update
preserving schemes moves ”zig-zagging” along a geodesic. In Figure 2.15 we can
see the difference between the projected gradient descent (blue arrow) and the
update preserving scheme (red path) in a standard situation.

Following the work in [143], the starting point for an update preserving scheme
on the Stiefel manifold is the projected gradient descent.

Using Lagrange multipliers or classical differential geometry arguments (see [143]
and [130] for an exhaustive treatment) it is easy to see that:

Prjr,snxe (Vo f(U)) = HU)U, VU € §™F,
where:
H(U)=Vy f(U)U" U Vy f(U)",
and clearly H(U) = —H(U)T.
As a consequence, the ODE in (2.11.26) rewrites as:
o,U=—-HU)U. (2.11.28)
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Observe now that if we use the Crank-Nicolson like scheme (or the mid point
rule) to discretize (2.11.28) we have:

Uss1 :Us—dtH<U5+12+ Us) <US“2+ US). (2.11.29)

Rearranging (2.11.29) we obtain the following updating scheme:

—1
Uspr = (1 + %H (US“;US)) <1 - %H <U“”“2+U"’)> U, (2.11.30)

Now, since

H <U5+12+ Us> — <U3+1 +US>T,

by the Cayley Transform Theorem we have that if
Uru, =1,
then
UL \Usi1 =1,

so that we remain inside the Stiefel manifold at every iteration.
The scheme in (2.11.30) can be further simplified as:

Usss = (1 + %H (US)>_1 (1 - %H (US)> U, (2.11.31)

and also in this case we have an update preserving scheme.

In [143] it is shown that the scheme defined in (2.11.31) is a descent direction
scheme providing an opportune line search and time stepping policy. We will use
this technique in our proposed numerical solution.

Numerical Solution

Consider our regularized optimization problem (2.11.25) and call:

1 A A
fUV) = U AU+ S U (vs) " OU+ v ek, (2.11.32)

with the same notations as in (2.11.25). In order to use the minimization scheme
defined in (2.11.31) we need to compute the gradient of (2.11.32) with respect
to U in the frobenius norm and the projection of the gradient into the Stiefel
tangent space. It easy to see that:

Vo f(U,v) = AU + A(vs) " © U,

HU) =Vy f(U)U" —=UVy f(UV)T,
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Figure 2.16: Original Eigenvectors (left), Compressed Eigenvectors (right)

Therefore, our discretized EDMK scheme for problem (2.11.25) becomes:

( dt dt
(l + 2H(Us)> Usi1 = (1 — 2H(Us)> Us
Vsr1 = Vs + Atsvs © ((V(;);* oUs ®Us — 1/8)
Ulu, =1
vy > 0.

For our numerical example, we consider the cyclic 1D-graph with n=128 nodes
G=(V,E),V ={v,.,v,} and

o (vi,vig1) i=1,.,n—1
(op,v1) i=mn '

In Figure 2.16 we can see the comparison between some of the original cyclic 1D-
graph Laplacian matrix eigenvectors (the classical periodic sinusoidal functions)
and some of the compressed modes computed with our EDMK scheme for k£ = 20,
A =0.01.

As for the time discretization, we set a fixed time step At = le — 3 and we let
evolve the dynamics until:

s+1 .8
5+1) _ ax HVJ V;,j 12 S 16 _ 3
J=lek | AV,

errys (v

In Figure 2.17 we can see the comparison between the original k smallest laplacian
eigenvalues and the k compressed eigenvalues i.e. the k smallest eigenvalues of
the matrix UTAU for k = 20.
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Figure 2.17: Original eigenvalues vs Compressed eigenvalues



3 Computing the graph p-Laplacian
eigenpairs as constrained linear

eigenpair via gradient flow of
DMK dynamics

3.1 Introduction

The p-Laplace operator arises as a natural generalization of the Laplace-Beltrami
operator in variational problems involving the p-norm of the gradient of an objec-
tive function ||V f||,. Its numerous applications make it one of the most studied
nonlinear operators both in the continuous and in the discrete settings In this
chapter we focus our the study on the spectrum of the p-Laplace operator defined
on graphs. The eigenpairs of a p-Laplacian are typically defined as the critical
points/values of the family of Rayleigh quotients given by

\V/ p

where different norms at the denominator can be considered. The interest for
nonlinear eigenpairs are varied, including data filtering, clustering, and parti-
tioning, with other interesting applications in the field of optimal transportation
problems [22; 27]. Within the field of variational filtering methods, in [25, 27|
the authors show that the application of a nonlinear filter to a signal corresponds
to computing a denoised signal that is a spectral approximation of the original
one. Moreover, when using a regularizer of the form F(z) = ||Az||;, possibly with
additional structural properties of the linear operator A, the spectral decomposi-
tion corresponds to a linear decomposition of the signal in terms of the nonlinear
eigenfunctions of the functional F(x).

Another remarkable application of the p-Laplacian spectrum can be found in data
clustering and partitioning. Indeed, different authors have addressed this problem
in both the discrete [20, 35, 36, 72, 74, 134] and the continuous settings [84,
109]. It has been proved that the variational eigenvalues of the 1-Laplacian, and
more generally the limit of the variational eigenvalues of the p-Laplacian as p
goes to 1, provide good approximations of the Cheeger constants of the domain.

201
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In particular for p < 2 such approximations improve the known relationships
between the Cheeger constants and the Laplacian eigenvalues already observed
by Cheeger himself [37]. We recall that Cheeger constants are used to quantify the
number of clusters in the domain. More precisely, they evaluate how well a subset
of the data can be splitted in a certain number of clusters. The smaller the k-th
Cheeger constant is, the better the data can be clustered in k£ disjoint subsets.
Considering the 1-Laplacian variational eigenvalues, it is possible to prove that
the 1-st and the 2-nd variational eigenvalues match exactly the 1-st and the 2-nd
Cheeger constants [35, 72, 74, 84, 109]. Moreover, the k-th variational eigenvalue
can be bounded, both from above and from below, in terms of the higher order
Cheeger constants with index “close” to k [36, 44, 134].

Analogous results relate the variational eigenvalues of the co-Laplacian with the
packing radii of the domain [22, 24, 48, 78, 79]. The k-th packing radius of the
domain is the largest radius that allows the inscription of k-disjoint balls in the
domain. As in the p = 1 case, it is possible to show that the 1-st and the 2-nd
variational eigenvalues of the co-Laplacian match the reciprocal of the first and
the second packing radii of the domain. Moreover, the k-th packing radius can
be approximated by the reciprocal of the k-th variational co-Laplace eigenvalue.

Despite the large number of applications, the study of the p-Laplacian eigenpairs
still presents several open problems. Indeed, a number of properties of the linear
(p = 2) Laplacian eigenfunctions are lost in the nonlinear (p # 2) case, yielding
several critical issues and open problems. The first and probably most notable
difficulty is consequential to the fact that the cardinality of the p-Laplacian spec-
trum is not known and can exceed the dimension of the space [6, 44, 145]. This
clearly yields the loss of the notion of multiplicity of an eigenvalue and of inde-
pendence of the eigenfunctions.

The introduction of the variational eigenpairs allows to partially overcome these
difficulties. Variational eigenpairs are defined by a minmax theorem that gen-
eralizes the classical Rayleigh-Ritz characterization of the eigenvalues of a sym-
metric matrix. As a consequence, the cardinality of the variational eigenvalues
is always equal to the dimension of the space. Hence, the variational eigenval-
ues provide a partition of the p-Laplacian spectrum in non-empty subintervals.
The position of a general eigenvalue in one of these intervals has some nontriv-
ial implications as it affects the characteristic “frequency” of the corresponding
eigenfunction [44, 134] . In addition, it is possible to define a notion of multiplicity
for the variational eigenvalues which is consistent with the notion of multiplicity
in the linear case p = 2 [36, 44, 128|.

Clearly, the numerical approximation of the p-Laplacian eigenpairs presents the
same difficulties in addition to the natural issues arising in all discretization
processes. Among these, we have identified two fundamental issues that need
to be addressed for the development of a robust and accurate numerical scheme
and that are not or only partially tackled in the literature : i) develop consistent
numerical algorithms, i.e., algorithms for which convergence toward solutions of
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the eigenequation can be proved; ii) classification of the approximated eigenpairs
in terms of the variational spectrum. Given the above mentioned difficulties and
uncertainties, a scheme for which the consistency in the above sense can not be
proved, may provide solutions that are not approximations of elements of the
sought spectrum. On the other hand, with regard to the second point, we would
like to observe that, to the best of our knowledge, no methods exist to identify
the variational eigenvalues within a set of eigenpairs.

Notwithstanding the above difficulties and driven by the continuously excalating
interest in data science, different algorithms for the numerical solution of the p
eigenproblem have been proposed in the last few years [23, 72, 139]. In [139], the
authors develop a scheme capable of computing a sequence of N eigenpairs as
follows. Given the subspace L spanned by the first £k — 1 computed eigenfunc-
tions (L := span{fl, e ,fk_l}), the k-th eigenpair is found solving the following
optimization problem:

. = min local max R,(f).
£ oLL fespan{g,L} (/)

If the computed fk ¢ L, the authors show that ( fk, S\k) is a p-Laplacian eigenpair

and that, assuming local differentiability of the map g — localmax R,(f), the
fé€span{g,L}

eigenfunction fk has local minmax index of order k¥ — 1. Here the local minmax
index is the number of local strictly decreasing directions of the p-Rayleigh quo-
tient. However, there is no theoretical evidence for the existence of a sequence
satisfying such properties. Indeed, with the exception of the smallest and largest
variational ones, the p-eigenvalues may not be local maxima of the p-Rayleigh
quotient on the linear subspace spanned by the corresponding eigenfunction (the
latter possibly augmented by some other unknown eigenfunctions with smaller
eigenvalues). The situation improves when looking for extremal eigenpairs. In-
deed, for the nonlinear power method and the gradient flow scheme proposed in
[72] and [23] to compute the extremal eigenpairs, it is possible to prove conver-
gence. However, no a-priori information is available about the position in the
spectrum of the approximated eigenpair. Moreover, neither method is suited to
compute a full sequence of eigenpairs.

In this chapter we propose an original numerical scheme for the calculation of the
eigenpairs of the p-Laplace operator and provide novel insights on the p-Laplacian
eigenvalue problem on graphs that contribute to overcome some of the above-
mentioned limitations of the previous efforts. In particular, we re-interpret the
graph p-Laplacian eigenvalue problem as a constrained linear weighted Laplacian
eigenproblem. The consequences of this reformulation are manifold. First, it
becomes possible to assign a linear index to every p-Laplacian eigenvalue \ by
simply assigning to it the corresponding index of the associated linear eigenvalue
problem. Second, we are able to prove that, for any eigenpair (A, f), the linear
index of A matches the Morse index of the p-Rayleigh quotient functional in
f, providing thus additional information about the behaviour of the p-Rayleigh
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quotient in a neighborhood of f. Based on this reformulation and inspired by the
Dynamical-Monge-Kantorovich method introduced in [55-58|, we consider the
case of p € (2,00) and characterize the p-Laplacian eigenpairs as critical points
of a family of energy functions defined on the domains of node and edge weights.
Such energy functions are indexed from 1 to N, where N is the dimension of
the graph, and thus provide a natural indexing for the eigenpair approximations.
We are able to prove that the unique saddle point of the 1-st energy function
corresponds to the unique first p-Laplacian eigenpair. Moreover, we prove that
any differentiable saddle point of the k-th energy function corresponds to a p-
Laplacian eigenpair having linear index equal to k. We then derive gradient flows
for our energy functions and develop numerical algorithms for the computation
of p-Laplacian eigenpairs. From a numerical point of view, our methods compute
p-Laplacian eigenpairs as limits of sequences of linear eigenvalue problems, and
we can then exploit the vast literature available for this last problem. Note
that we are able to compute higher p-Laplacian eigenpairs without any prior
information about the lower ones. Indeed, the choice of the index of the energy
function prescribes a-priori the type of saddle point we converge to. Lastly,
considering the first energy function, since we know that its unique saddle point
corresponds to the unique 1-st p-Laplacian eigenpair, we can conclude that our
method converges exactly to that eigenpair.

We point out that the energy functions here introduced are well defined also in
the p = oo case. This leads us to conjecture the validity of our results also in the
case p = co. We support this conjectrue by different numerical tests. However,
the theoretical results that we prove in the case p € (2,00) cannot be extended
in a straightforward manner to the case p = co. This will be the subject for a
future work. We wish to conclude by observing that some very recent duality
results [22, 77, 135] relate the p-Laplacian eigenvalue problem on the nodes of the
graph to the g-Laplacian eigenvalue problem on the edges of the graph, where
p and ¢ are conjugate exponents. In particular, in [77, 135] the authors prove
that there is a 1-to-1 correspondence between the non-zero eigenpairs of the node
p-Laplacian and the edge g-Laplacian. Thus, extending some of our results to the
edge g-Laplacian for ¢ > 2, allows us to compute also the p-Laplacian eigenpairs
for p < 2. Finally, we observe that the conjecture about the ¢ = oo case on
the edges of the graph corresponds to a conjecture about the graph 1-Laplacian
eigenvalue problem.

3.2 Preliminaries and Notation

Let G = (F,V,w) be a non-oriented graph, where E is the set of edges, V' is the
set of nodes, and w is a weight defined on the edges of the graph. For each pair
of nodes u and v in V' we have that the pair (u,v) is in F if and only if the pair
(v,u) is in E. Also the weights are unique on each edge, i.e., wyy = wyy. We
denote by K € REXIVI the weighted incidence matrix of the graph, i.e., for each
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w e V:

K ((u, v), w) = Wuw <5v(w) — 5u(w)) ,

where 0, (+) denotes the indicator function of z. Then, having identified a subset
of the nodes B C V as the boundary of the graph, we say that the pair (), f)
is a p-Laplacian eigenpair with homogeneous Dirichlet boundary conditions if it
solves the following nonlinear equation:

{;<KTKfrp2@Kf)<u>—A\f<u>\“f<u> YueV\B

B (3.2.1)
flu) =0 Yu€eB.

Then a simple argument allows to reformulate eq. (3.2.1) in terms of a gener-
alized p-Laplacian eigenvalue problem as in [44]. Consider E a subset of the
edges obtained by selecting a unique direction for any edge (if (u,v) € E then
(v,u) ¢ E) and V € RIFIXIVABI the submatrix of K obtained by sampling the
rows corresponding to E and the columns corresponding to V \ B. Then for any
feHo(V)={f:V = R| f(u) =0VYu e B}, define f := fl\ B the restriction
of f to the internal nodes. An easy computation shows that (A, f) solves (3.2.1)
if and only if (A, f ) solves the following equation:

(VIVIP? o Vi) () = ANf@P>flu)  YueV\B.

In particular, some trivial computations allow to prove that any p-Laplacian
eigenpair with homogeneous Dirichlet boundary condition corresponds to a criti-
cal point/value of the following p-Rayleigh quotient defined on H(V \ B) := {f :
V\ B — R}:

VAl _ Zuwes V@ 0P

Rl )= = S @l

Thus, throughout the whole chapter, we define the p-Laplace operator, or p-
Laplacian, as follows:

Definition 3.2.1 (p-Laplace operator).
Apf(u) = (VIVFP 2oV (u)  feH(V\B), ueV\B.

We remark that if B = () our definition of A, matches the classical definition of
the p-Laplace operator by means of the incidence matrix [134]. On the other hand,
when B # () our p-Laplacian is included in the class of the generalized p-Laplace
operators considered in [44, 110]. In addition, we point out that whenever B # (),
then Ker(V) = {0}. In the sequel, given f € H(V \ B) and the corresponding
f € Ho(V) for economy of notation and with a small abuse of notation, we write

Vfu,v) = K f(u,v) = wu (f(v) = f(u))

even if (u,v) & E. Note that in such a case, by definition of E, since only
Vf(v,u) is well defined we define V f(u,v) := =V f(v,u) when (u,v) € E. Then,
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the p-Laplace operator and the corresponding eigenvalue problem can be written
as:

Apf(w) = 3wl V (0, 0) P2V fv,u) = N @)P2f(w)  VueV\B.

v~vu
(3.2.2)
We conclude this section by recalling the characterization of the first eigenpair of
the p-Laplace operator as the minimum and the minimizer of R, [44, 74]:

Theorem 3.2.2 (from [74]). Let (f1,\1) := (arg min, min) ye v\ ByRp(f). Then:

1. A1 is simple, meaning that the associated eigenfunction fi is unique up to
scalar factors;

2. f1 is the only strictly positive eigenfunction, i.e. if f is an eigenfunction
of Ap and f(v) > 0 for allv € V' \ B, then f = f1 up to a multiplicative
constant.

Finally, we adopt the following definition of a connected graph in the presence of
a boundary.

Definition 3.2.3 (Connected graph). Given the graph boundary B C V, we say
that the graph G is connected if the subgraph induced by V \ B is connected.

If not otherwise stated, in this manuscript we always assume the graph to be
connected in the sense of the above definition.

3.3 An Equivalent Formulation of the p-Laplacian Eigen-
value Problem

In this section we consider a trivial reformulation of the p-Laplacian eigenvalue
problem in terms of a constrained weighted Laplacian eigenvalue problem. Using
such an equivalence, since the eigenvalues of the corresponding weighted Lapla-
cian are finite, it is possible to assign to every p-Laplacian eigenvalue, A, a linear
index defined by the corresponding linear eigenavalue index. We prove that this
index, which is theoretically computable, matches the Morse index of R, in f,
where f is the p-Laplacian eigenfunction corresponding to A. We stress the fact
that, here and in the following, we assume p > 2.

It is easy to observe that the pair (), f), solution of the p-Laplacian eigenequation
(3.2.2), is an eigenpair of the p-Laplace operator if and only if (A, f) is an eigenpair
of the following constrained weighted Laplacian Dirichlet problem:

Apf(u) = (Vidiag(p)Vf)(u) = Av(u)f(u) YueV\B

p(uv) = |V f(u,v)[P~2 V(uv) € E, (3.3.1)
v(u) = | f(u)P~? VueV\B



3.3. EQUIVALENT FORMULATION 207

where p € M1 (E) and v € M*(V'\ B), with M*(E) and M™*(V '\ B) denoting
the spaces of non-negative measures defined on the edges and on the internal
nodes of the graph.

Definition 3.3.1.
MF(E)={u:E—-R " u>0} and MT(V\B)={v:V\B =Rt v>0}.

Before proceeding with the task of calculating the Morse index of the p-Laplacian
eigenpairs, we recall some facts about the linear Laplacian generalized eigenvalue
problem weighted in x4 and v. Let y € M*(FE) and v € M™(V \ B), we de-
note by Diag(u) and Diag(r) the diagonal matrices with entries given by the
weights calculated on each edge and each node of the graph, i.e., Diag(u) =
Diag({u(uv),uv € E}) and Diag(v) = Diag({v(u),u € V'}). Consider the linear
generalized eigenvalue problem

Apf(u) = (VT Diag(u)V f)(u) = ADiag(v)f(u) VueV\B. (3.3.2)

We point out that the (u,v)-weighted Laplacian eigenvalue problem (3.3.2) can
be degenerate if Ker(Diag(v)) NKer(A,) is non empty. In this case, there would
be only N — dim (Ker(Diag(u)) N Ker(Au)) well defined, possibly infinite, eigen-
values. The previous statement is supported by the following discussion. First,
we recall that (), f) is a generalized eigenpair of (A, Diag(v)) if it satisfies the
eigenvalue equation

(A, — ADiag(v)) f=0. (3.3.3)

From this definition it is obvious that, in the case Ker(Diag(v)) N Ker(A,) # 0,
any value A € R is an eigenvalue corresponding to an eigenvector in Ker(Diag(v))N
Ker(A,,). For this reason, we say that A is a well defined eigenvalue if there exists
[ & Ker(Diag(v)) NKer(A,) satisfying (3.3.3) (in which case we can equivalently
ask f L (Ker(Diag(v)) N Ker(A,)). Theorem 8.7.1 of [67] ensures that there
exists a nonsingular matrix X such that the matrices X7A, X and X7 Diag(v)X
are diagonal. Thus, the eigenvalues of (A, Diag(v)) are equal to the eigenvalues
of the pair (XTA,X, X" Diag(v)X) =: (Diag(a,0), Diag(b,0)), where 0 is the
zero vector with dimension dim ( Ker(Diag(v)) NKer(A,)). Thus, the number of
well defined eigenvalues is N — dim(Ker(Diag(r)) N Ker(A,)) and their value is
{a;/bi}, possibly taking the value oo if, for some ¢, b; = 0. In this discussion we
use Theorem 8.7.1 of [67]:

Theorem 3.3.2 (Theorem 8.7.1 of [67]). Suppose that A and B are symmetric
matrices and define C(t) = tA+(1—t)B. If there exists ty € [0, 1] such that C(t¢)
is nonnegative definite and Ker (C(to)) = Ker(A) N Ker(B), then there ezists a
nonsingular X such that both XTAX and XTBX are diagonal.

The well defined generalized eigenvalues can be characterized in terms of the
Rayleigh quotient. To this aim, we introduce the following weighted seminorms
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on the spaces H(F) := {G : E — R} and H(V \ B):

lgll3, =Y walg)?, g€ HV\B) and (IG5, = Y muwlGu,v)P, GeH(E).
u (u,v)eE‘

The 2-Rayleigh quotient weighted in u, v given by:

Va1,
2(9) = 0l
v

g€ HV\B),

is well defined on (Ker(Diag(v)) N Ker(Diag(u)))l and takes values in [0, 00].
Thus, the k-th well defined eigenvalue can be characterized as the solution of the
following saddle-point problem:

Apw) b = jl;i}gk max Ropuw(f),

where Aj, := {A C RV\BInKer' (Diag(v) NA,) | dim(A) > k}.
In addition, we will be using the following expanded definition of multiplicity for
the well defined (u, v)-Laplacian eigenvalues:

Definition 3.3.3. Let A be a (u,v)-weighted Laplacian eigenvalue. The multi-
plicity of X is
mult(\) = dim{f | A,f = ADiag(v)f}.

Note that, this definition of multiplicity of A takes into account not only the
number of times A appears in the sequence of the well defined eigenvalues but
also the dimension of the subspace Ker(A,) N Ker(diag(r)). It finds application
in the following result, whose straight-forward proof is provided in 3.6.

Lemma 3.3.4. Let (Auu) ks f(up)x) be the k-th eigenpair of the generalized
(1, v)-Laplacian (3.3.2) and let m be the multiplicity of N,y 5. Then:

MIp(Ropn) =k —1, MI;(~Ropn)=N—k—m+1,
where MZ¢(Ra,.,,) denotes the Morse index of Ra ., at f.

In essence, MZ¢(Ra,,) is the number of decreasing local directions of Ro .
in f. More precisely the Morse index of a function ¢ at a point z, MZ,(¢), is
defined as the dimension of the largest subspace in which the Hessian matrix of ¢
at x is negative definite [see, e.g., 99]. We point out that, sometimes, the Morse
index is used only in relation to Morse functions, i.e. functions whose critical
points are all non degenerate, but, in general, this is not our case.

We return now to the p-Laplacian eigenproblem. Given an eigenpair (A, f) and
the corresponding weights p and v, we immediately observe that

f € Ker(Diag(v))* (Ker(Au) N Ker(Diag(u)))L.
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Moreover, if we assume w.l.o.g. that ||f||, = 1, then, by the definition of v,
| fll2,, = 1. Thus, if we introduce the two spheres

Spi={9 € HV\ B)[lgllp, =1} and Sa,:={g € H(V\ B)[llgll2 = 1},

we can state that if f € S}, then necessarily f € Sa,.
Let T§(S,) and T§(S2,,) be the tangent spaces of the two spheres at point f. It
is not difficult to observe that

Ty(Sp) = {1 (& [fP? @ f) =0} = {&| (&, v © f) = 0} = T(S20) -

Considering R, and Rg ;,, as functions defined on the manifolds S, and Sz, the
next Lemma shows that it is possible to compare the Morse indices of R, and
R at point f. This allows us to relate MZ;(R,) to the linear index of A,
i.e., the position of A in the spectrum of the associated linear eigenvalue problem,

A, f = ADiag(v)f.

Lemma 3.3.5. Given an eigenpair (X, f) of the p-Laplacian and the weights v =
|fIP~2 and pu = |V fIP~2. Assume that (), f) = (A(M:V):k’ f(W,),k) have multiplicity
m. Then:

MIf(Rp) = MIf(R27M7y) =k-—1,
MIf(—'R,p) = MIJG(—RQ’H’V) =N-k—m+1.

Proof. To prove the lemma it is enough to show that V& € T¢(S,) = T(S,) we
have:

W(IIV(HG&)H?) _plp— 1)32<\|V(f+6§)\|3,u>
02\ |If + €€l 2 0\ |If +el3,

Because of the equivalence of the p-Laplacian and weighted Laplacian eigenvalue
problems, f is a critical point for both Rayleigh quotients R, and Rz, i.e.,
and hence their first derivative is zero:

e=0 e=0

) IIV(f+e£)||§> p ( > IVFIE, ., )
0=\ "Trrar )| .= VP2 e VS, VE) - 2t

a€< If + €]l o I (VA= oV Ve 71 (IfFF= o f.8)

0 ||V(f+6§)||%u> 2 < VI3, >
0=\ 7oz )| = V1, ve) — B, o

o Fre, o TR, \WOVIVE T T e he

(3.3.4)
We note that, since § € T¢(S,) = T¢(S,), we have:

0 0
clf +eellh = 5 lT +eclB, = CUfP 0 1.6 = Clvo £.6 =0, (33.5)

and for any x,y € R, we can calculate the first derivative of = + ey:

2
_alX _ _
o = (=21l ey = - DleP . (336)

]

Olz + ey[P~2(z + ey)
Oe
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Differentiating (3.3.4), using (3.3.5), and (3.3.6), and recalling that |f + e£[P=2 ®
(f+€€) and |V(f + €)% ® (V(f + €€)) are entrywise products, we obtain:

I M) _plp-1) 1)( N .7 e )
ae?( e o, g IV eveve = Sppriitre s
0 HV(erefH%u) ( V13, >
22\ T = VE,VE) — -2 7
2l ez, o™ TR, WOVEVE = T, WO
2 (1vsr2 0 vevg - L2 0.0)
Rl 1711

(3.3.7)
which yields the desired equality. The conclusion follows from Lemma3.3.4. [

The results proved in this section show that, given a p-Laplacian eigenapair, the
linear index of the (p, v)-eigenvalue provides information about the behaviour of
the p-Rayleigh quotient in a neighborhood of the eigenfunction. However, it is
not clear at this time how to properly exploit this information. This property
will be used loosely in the next section but will be addressed more thoroughly in
a future work.

3.4 Nonlinear Eigenpairs as Critical Points of a Fam-
ily of Energy Functions

The previous section suggests to use the (u,v)-eigenvalue problem as much as
possible. For this reason, and taking inspiration from the energy function defined
n [57], we introduce the following family of energy functions &, j, defined on
MT(E) x M*T(V \ B) and indexed by k, and such that their critical points
identify p-Laplace eigenpairs:

gp,k (/J’a V) =

By + Mpgp(p) — Myp(v), (3.4.1)
(1)K

where A, ) 1 is the k-th well defined eigenvalue of the weighted Laplacian eigen-
value problem (3.3.2) and the “mass functions” My, (v) Mg (1) are given by:

_b—= 2 p—2 p—2
My, (v) Z vy 7 , and Mpg,y(p) :=—— Z 17
ueV\B P (u,v)eE‘
We now first state the main results of this section and discuss their significance
while postponing their proof to the end of the section. The first theorem shows

that any differentiable saddle point of such energy functions corresponds to a
p-Laplacian eigenpair.

Theorem 3.4.1. Let (pu*,v*) € MT(E) x M*T(V \ B) be a differentiable sad-

D
dle point of the function &, (1, v). Then, ()‘(2;1* Vo) k;’f(u*,l/*),k) 18 a p-Laplacian
e1genpair.
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Observe that the hypothesis asking for (u*,v*) € MT(E) x MT(V \ B) being
a differentiable saddle point of the function &, ;(u,v) is equivalent to assuming
that A(, . is a simple eigenvalue of the generalized Laplacian eigenvalue prob-
lem (3.3.2). Indeed, since an eigenvalue is differentiable if and only if it is simple
[83], Lemma 3.3.5 shows that f,« ,«) is a p-Laplacian eigenfunction such that

sz(/t*,u*),k (Rp) = k - 1 MIf(IL*W*)(_Rp) = N — k

The second theorem asserts that if the boundary of the graph is not empty,
B # (), for k =1 the hypothesis of differentiability can be removed. Indeed, &1
has always a unique saddle point which corresponds to the unique first eigenpair
of the p-Laplacian.

Theorem 3.4.2. Let B # () then the function Ep1(p,v) admits a unique saddle
point
(", v*) = argmax  argmin &,1(p,v).
veMF(VAB)\{0} pe M (E)
Moreover, given A(,» )1 the first eigenvalue of the Laplacian eigenvalue problem
(3.3.2) weighted in (u*,v*), there exists an associated eigenfunction f(,« =1 such

b
that the pair ()\(QM* BERT f(urv),1) equals the first p-Laplacian eigenpair.

Observe that the functions £, ;, may be in general not well defined on the bound-
ary of M*(E) x MT(V \ B) since the there could not exist k-well defined
eigenvalues. However, the function &£,; meets such kind of problems only for
(v,p) = (0,0).

We would like also to remark that the assumption B # () is not restrictive. Indeed,
in the case B = () the first p-Laplacian eigenpair is trivial as Ker(V) = span{1}
where 1 is the constant function equal to 1 on the nodes of the graph.

We would like to remark that the differentiability hypothesis in the above theo-
rems is non trivial. Indeed, lack of continuity of the energy functions in (3.4.1)
may occur when both g € OM™(E) and v € IM™(V '\ B), where 9IM™(E) and
OM™ (V' \ B) denote the boundary of M*(E) and M*(F). It is known [11]
that in this case the generalized Laplacian eigenvalues may no longer be contin-
uous. Moreover, the functions &, (u,v) are not differentiable whenever A k
is not simple [83]. In Fig. 3.1 we provide an example of such degeneracies in a
p-Laplacian eigenpair problem.

Before proceeding with the proof of Theorem 3.4.1, we recall the following techni-
cal lemma. Assuming A, ) differentiable at the point (u*,v*), the next Lemma
provides a classical characterization of the derivatives of A, with repect to u
and v.

Lemma 3.4.3. Let A\ = A, be differentiable in (pn*,v*) and assume the
corresponding eigenfunction f; = f(,.,)r to be unique. Then:

v N I
TR G N 7

ACSES T VR
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o :“" e‘: o

Figure 3.1: A graph with non-simple first eigenvalue. Assume v, = 1 Vu €
V'\ B, then the graph is symmetric and the first eigenfunction of Ay, fi, )1, is
unique and necessarily agrees with the symmetry of the graph. This means that
V fipp,1(3,4) = 0 and thus the density p = |Vf[p7p}’1|p_2 of eq. (3.3.2) is zero on
the edge (3,4), splitting G in two connected components. As a result, A(up),1 18
not simple and &, 1 is not differentiable.

Proof. The proof is straight-forward and uses the fact that if an eigenvalue is
differentiable, then it is necessarily simple [83]. Hence, if A(uw),k 18 differentiable
in o, then A, ), is simple and the corresponding eigenfunction is uniquely
defined. Thus, by the chain rule, it is enough to show that:

O (fg;,,,),kVTdiag(u)Vf(,t,y),k) IV fpy o (1, 0)
v ,k = =
) 20l fopny 13 20| Fuury 3.

To prove the last equality, we differentiate both terms of the eigenvalue equation
with respect to u to obtain:

DA

8M <Aufk) :8M ()\(W,)’kdiag(u)f(u’,,)’k>
O (D) Fuy e+ B0 (Flpw) k) =0u (N k) diag(v) £y
+ Ny wdiag (V) 0 (o) k) -

Multiplying by f(,, ,).» and using the identities A, f(,,,) 1 = Agf(#,l,),k = M) kS ()
and A, = 3V diag(n)V we obtain:
f(:,;L,u),kaﬂ (Au) Sy e + )‘(u,l/),kf(:fL,u),ka;t (f(u,l/),k) =0y ()‘(M7V)7k) fa,u),kdiag(y)f(u,V),k

+ A ) b () 14188 () O (F ) )

1 ) .
f(i,v),vadlag(euv)vf(/w),k =04 (A k) f(j;l,u),kdla‘g(y)f(u,y),k :

2
where ey, is the characteristic function of the edge (u,v). This concludes the proof
of the first part of the theorem. The second part is obtained analogously. O

Now we are ready to present the proof of Theorem 3.4.1.

Proof of Theorem 3.4.1. The generalized k-th (u, v)-Laplacian eigenpair is a func-
tion of p and v. To simplify notation, when no ambiguity arises, in this proof
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we write A and fj with no explicit reference to the dependence upon (u,v). In
addition, we write A; := A= oy x and fi := fu o)k 1€, AL and f are the k-th
(u, v)-Laplacian eigenvalue and eigenfunction evaluated at optimality.

Thanks to Lemma 3.4.3, the KK'T conditions for the saddle points of the energy
function &, 1 (11, ) can be written as:

( |Vfi(u,v)? 2 ~
IR R ey =0 Y (u,v) € B
OYOR il I "
* 2
M—u{’ﬁ%—ksv:() VvoeV\B
IVl .- , (3.4.2)
Cuvtliy =0, Cupy >0 Y (u,v) € E
Suvp =0, 5,20 YveV\B

(Busfig = Xv™ O fi

where E is the subset of the edges obtained by selecting a unique direction for
any edge (see Section 3.2). The constants {cuv}(u nef and {5v}vev\ B are suitable
families of Lagrange multipliers. Since ¢y, > 0, if 1, = 0 the following equation

V)P
A2 3
admits only the solution V f}(u,v) = 0, ¢y = 0. Analogously v;
fi(v) = s, = 0. Hence equation (3.4.2) yields:
(VR
- *\p— *||P—2
ADP2f 15,
L LB . (3.4.3)
= )
Apefr = AV Iy

Cup = 0

= 0 implies

Now we can write:
pr = cu| VP2 0 Je= D22 £ 152
vt = ol fil e = |Vl
Dividing the second equation in the previous expression by the first one we obtain:
e _ )\11972( 1fll5 - )1’52 o
Cu IV 113, e

Replacing the previously obtained expressions for u* and v* in the last equation
of (3.4.3), dividing by ¢,,, and using the ratio ¢, /¢, just calculated, we obtain:

Y wul Vi (0, w) PV f(o,0) = (D) 21 ()P i (u).

v~u
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Next, we now turn our attention to the proof of Theorem 3.4.2 and the neces-
sary preliminary results. The proof of the theorem is subdivided in two parts.
The first part works on the weighted [p, 2]-Laplacian eigenvalue problem and the
second part extends these results to the p-Laplacian (or [p, p]-Laplacian) eigen-
problem. Here we use square brackets to avoid confusion with the weighted (u, v)
generalized Laplacian eigenproblem used before. Because the [p, 2]-Laplacian is
of independent interest [23, 62, 105] we decided to subdivide these two parts into
two subsections. From know on, if not otherwise stated, we assume B # ().

3.4.1 The [p,2]-Laplacian Eigenvalue Problem

Let v € MT(V \ B) be a density on the nodes with v # 0 and consider the
following [p, 2]-Rayleigh quotient, which possibly can take the value 4o0:

Ryzulf) = 00 = 3 (Vi@ / (Y wlf)P)

- p

¥
2

We assume R, 2, to be defined on the domain # (V' \ B) and we name its critical
point equation the [p, 2]-Laplacian eigenvalue equation weighted in v:

(Dpf)(w) = AvalIf 15, f(u) YueV\B, (3.4.4)

We provide now a characterization of the first eigenpair of the [p, 2]-Laplacian as
the minimal value and the minimum point of Rj,2,. In particular, we use the
notation (Aj.2,.],15 fip,2,,],1) to indicate the weighted 1-th [p, 2]-eigenpair, while we
will denote by (A )15 fip,p),1) the first eigenpair of the p-Laplacian discussed in
the preious sections (see Theorem 3.2.2). The next characterization of (A 2,15 fip.2,11,1)
is analogue to the one holding for the classical p-Laplacian proposed in [74] and
already reported in Thm 3.2.2. Also the proof of this characterization is very
similar to the one used in [74] for the classical p-Laplacian eigenvalue problem.
Before stating the characterization we recall the following maximum principle
from [110] that we use in the proof. We point out that our definition of the
p-Laplacian operator (see Def. 3.2.1), matches the definition of the generalized
p-Laplacian operator used in the maximum principle in [110]. For ths reason, we
report the theorem adapting the statement to our needs and notation.

Theorem 3.4.4 (from [110]). If f,g : V — R satisfy Apf(u) > Apg(u), then
f(u) > g(u) for any w e V' \ B.

Now we can prove that the first eigenvalue of the [p,2]-Laplacian is simple and
positive and the corresponding unique first eigenfunction is the only one that is
strictly positive on all internal nodes.

Theorem 3.4.5. Letv # 0 and G be a connected graph. If (Ap 2,15 fip2,0),1) 8 @
first eigenpair of the [p, 2]-Laplacian, then A, 2,01 > 0 and fi,2,)1(u) >0 Yu €
V\B. Moreover Ap2,),1 @8 simple and fi, 2,1 is the unique eigenfunction strictly
greater than zero on every internal node.
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Proof. Observe that, for v # 0, the Rayleigh quotient R, 2, is always well defined
if we admit that it takes values in [0, 00]. Indeed, if B # () then Ker(V) = . If
B =, then Ker(V) = span(1), where 1 denotes the constant vector but for any
v#0,1¢ Ker (Diag(y)). In any case, for all f # 0 we have that min R, 2, < o0.
Let fi be a minimum point of R, 2, such that ||fi|l2,, = 1. An easy calculation
shows that

Rp2(l1]) < Rp2w(fi)

with equality if and only if f; = £|fi|. Thus we can assume that fi(u) > 0Vu €
VA\B. If fi(u) = 0 for some u € V'\ B, then eq. (3.4.4) and the explicit expression
of A, in eq. (3.2.2) ensure that f1(v) = 0 for any v ~ u. As a consequence of
the connectedness of the graph, this implies f; = 0 for all w € V'\ B, from which
| fill2,, = 0, contradicting the initial hypothesis.

Now we can prove the second part of the theorem. We start from the last
statement. Assume that there exists a positive eigenfunction fo > 0 such that
Rp2u(f2) = A2 > A = Rp2,,(f1). Then there exists t > 0 such that

)\Qfg(u) > t)\lfl(u) VueV \ B and JugeV \ B s.t. tfl(uo) > fz(UO) .

Applying Theorem 3.4.4 to the functions tf; and fo, we get a contradiction,
proving that only positive eigenfunctions are associated to the first eigenvalue.
We are left to prove that \; is simple, i.e., the uniqueness of the corresponding
eigenfunction fi. Assume that there exist two positive eigenfunctions fi; and fo
relative to Ay with || f1]|2,, = || f2l2,, = 1. Then, the function

1
g(w) = (ff(u) + fZ(w))?,
has 2-norm given by ||g|[5, = 2% and its gradient satisfies:

p=2
IVglly <272 (IVAIL + IV £2115)

with equality holding if and only if V fi(u,v) = V fa(u,v) V (u,v) € E. To prove
the last inequality, consider an edge (u,v) and use first the Cauchy Schwarz
inequality applied to the two vectors (fi(u), f2(u)) (f1(v), f2(v)) and then Jensen

inequality applied to the function z \3:|g:
(1) + L(w?)? = (fi(0) + f2(0)?)
(f1r(w) = 1(0)" + (folw) = fo(v)*

<27 (|fiw) = A + |f2lw) = fol0)]")
= 2"7 (|Vfi(v,w)|? + |V fao(v, u)|?)

p

=

IVg(v,u)|” = wi,

[N4S)

< Wiy

where, by convexity of the function |x|§, we have equality if and only if fi(u) —
fi(w) = fa(u) — fa(v). This means that

—2
M28 = Nllgll, < [Vl <25 (IV AL+ [V AE) = 22
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implying that in any edge fi(u) — fi(v) = fa(u) — fo(v) and thus, by the con-
nectedness of the graph, and the assumptions on f; and fs yields fi = fo. O

Remark 3.4.6. Observe that the same argument provides a characterization also
for the first eigenpair of the (u,v)-Laplacian eigenvalue problem. In particular,
let p € ET and let G, be the subgraph of G obtained by removing the edges where
p = 0. Assume that G, is connected and observe that the first well defined
etgenvalue can be written as:

Aoy = min Rap(f).

The same proof of Theorem 3.4.5 shows that \i(u,v) is simple and the cor-
responding eigenfunction f1 is uniquely characterized by the property of being
strictly positive on any node. Finally note that in the case G, is not connected,
even if the “if and only if 7 condition does not hold, it is still possible to show that
if we find a function f that satisfies the (u,v)-Laplacian eigenvalue equation and
that is strictly positive on the internal nodes, then necessarily the corresponding
eigenvalue is the first one, as the following corollary states.

Corollary 3.4.7. Given p € E¥ # 0 and v € V\ BT with v # 0. If (\, f) is
an eigenpair of the (u,v)-Laplacian such that f(u) > 0 for any v € V' \ B, then

)\ — )\(/»Lvl’)vl .

Proof. The proof easily follows by observing that, even if the induced graph
has been disconnected: G, = UG;, the (u,v)-spectrum is given by the union
of the (u|g,,v|g,)-spectra. Moreover, for any G; where the (ulg,,v|g,)-Laplacian
eigenvalue problem is defined, i.e. (u|g,,v|g,) # (0,0), the first eigenfunction is
characterized by

flg, wig)1(w) >0 Vueg;.

Thus, if f is an eigenfunction on G and f > 0, necessarily f =), i f(ulg, wlg.),1
for some {«a; > 0};, i.e. f corresponds to the first eigenvalue on any connected
component. ]

The [p,2]-Laplacian eigenproblem as a (u,v)-Laplacian eigenproblem

Analogously to the p-Laplacian eigenvalue problem discussed in Section 3.3, also
the [p,2]-Laplacian eigenvalue problem can be reformulated in terms of a con-
strained weighted Laplacian eigenvalue problem. To this aim, we first rewrite the
eigenvalue equation (3.4.4) as:

VI(IVIP2oVE) (w) = Avdlfl5,° f(w)  YueV\B.

Dividing both terms by || f||§;2, it is straightforward to observe that (A, f) is an
eigenpair of the [p,2]-Laplacian if and only if (A, f) is an eigenpair of the con-
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strained weighted Laplacian problem, i.e., it is solution of the following equation:

A, f(u) == VT (Diag(u)Vf) (u) = Ay f(u) VueV\B

p—2 -
= % > V (u,v) € E
/112,

uv

3.4.2 Energy Function for the first eigenpair of the [p, 2]-Laplacian

In this section we introduce a convex energy function whose minimum can be
proved to correspond to the unique first eigenapair of the [p, 2]-eigenvalue problem
weighted in v. The results and the techniques presented here are the starting
point to prove Theorem 3.4.11.

Given a fixed density v € M™(V \ B) with v # 0, consider the following energy
function:

I£13,  p—2 3
+ Mg (,u): su + Z Huw

Ly p(p) = 7 b
Mo T VIR e 2
%’:\B yuf(U)z 2 p
ue p _ 2
e + i
||f||2,u=1 Z _ Muv!Vf(uv)P p (u%ig
(u,v)EE ,

Observe that £; g is the p-only part in &, 1 of eq. (3.4.1).

In the following Theorem we prove that the energy function £; gp(p) admits a
unique minimizer, p*, and that the first eigenfunction of A« corresponds to the
unique first eigenpair of the [p, 2]-Laplacian.

Theorem 3.4.8. Let v € M (V \ B) with v # 0 and assume p* is a minimum
point of Ly p(n) on MT(E). Given X\j = Xy ,)1, there exist fi a (u*,v)-
eigenfunction associated to N} such that (()\{)p_l, f{‘) , is the first p, 2]-eigenpair,
.e.:

(APt = Ap2,],1 and f1 = fip2u1-
Moreover
2p -2 —1

L = — .
1,E'(N ) D [p.2,],1

Proof. Observe first of all that the function £; g is strictly convex in M™(E)
and thus admits a unique minimum point. Moreover, using the characterization
of A(u),1 by means of the (u,v)-Rayleigh quotient Rz, ,,, the minimum problem
of the function £1 g can be written as a saddle point problem, i.e.:

115,

: : p—2 s
min £y g= min max + Ly -
peM*(E) neM*(B) Iflzw=1 [VfI3, ~ » (u%:e S
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From the minmax inequality, we can write:

. 3, p—2 2
min L3 p > max min 5+ Z Ko - (3.4.5)
pEM*(E) 1fll2,=1 nem*(E) |V f]I3,, (o)l

Now, for a fixed f with ||f||2,, = 1, it is possible to compute the weight u/ that
realizes the minimum:

1 p 2
f_
! = argmln g u
pEM*(E HVszu weE a

Indeed, the KKT conditions for this constrained minimization problem are:

’vf(uvv)P f TEQ - -
_7HVinf + (uuv) —Cpw =0 VY(u,v)€EFE

Cup > 0 and cuv,u{iv =0 Y (u,v) € FE

(3.4.6)

where {cyy} is a family of edge-wise Lagrange multipliers that implement the
non-negativity constraints.

Observe that if uf, =, from the first equality in (3.4.6), then necessarily also
cuww = 0 and |V f(u,v)| = 0. In particular, we see that u/ satisfies the following
equality:

\V4 p—2 -
pl, = W VY (u,v) € E (3.4.7)

Multiplying eq. (3.4.7) by |V f(u,v)|> and summing over the edges we have:
IVARS ™ = IV 115 (3.4.8)
Thus, if we replace (3.4.8) and (3.4.7) in (3.4.5) we obtain the following lower

bound: .
1 p-1 2
min ﬁl,E > max ( > B p— vauzp
HEMT(E) 1£ll=2 \ IV fllp PV
2p —2 -2 2p-—2 L
= max \V4 L e e .
lflle=2 P IV 71, P [p,2,v],1

On the other hand, consider the first [p, 2]-Laplacian eigenvalue Alp,2,v],1 and the
corresponding unique eigenfunction f, 5,01 with || fip.2,),1/lv = 1. Then, consider
w* defined by:

2—p

W= MpaualV fip2aln
Corollary (3.4.7) implies that fi,9 ), L is the first eigenfunction of the (u*,v)-

eigenvalue problem with A, )1 = )\[p 2.1 . Thus we can write:
T 2p—2 3
. *) _ y—1 p—1 p—1
o Erp(i) S Lup(t) = Age )1 + A[p,z N1 T T sl

which concludes the proof. O
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Since, as mentioned before, the [p, 2] eigenvalue problem is of independent inter-
est, before going back to the classical p-Laplacian eigenvalue problem we conclude
this section by noting that, given a fixed density v on the internal nodes, the class
of energy functions .

Ly p(p) = Moo
V),

+ ME,p(F‘)

can be used to characterize [p, 2]-Laplacian eigenpairs, in analogy with the (u*, v*)
case of Theorem 3.4.1. We collect this result in the following Theorem whose proof
is similar to the (u*,v*) case.

Theorem 3.4.9. Let u* € MT(E) be a differentiable minimizer of the function

Ly g(p). Then, (/\’(:*11/) > Jue ).) 18 a [p, 2]-Laplacian eigenpair.

3.4.3 From the [p,2]-Laplacian to the p-Laplacian Eigenvalue Prob-
lem

This paragraph is dedicated to the proof of Theorem 3.4.2. To this aim, we start
by observing that, analogously to the equivalence of the p-Laplacian eigenvalue
problem with a generalized linear eigenvalue problem (eq. (3.3.1)), a pair (), f)
is an eigenpair of the p-Laplacian operator if and only if it satisfies the following
constrained weighted [p, 2]-Laplacian eigenvalue problem:

Apf(u) = || fIB7 f(u) YueV\B
v, = L2 VueV\B '

—2
1£15

In Section 3.4.1 we have proved that, given a nonsingular weight function v on
the nodes, it is possible to characterize the first eigenpair of the [p, 2]-Laplacian
eigenvalue problem weighted in v by the minimizer p, of the function £ g(u)
(see Theorem 3.4.8). Similarly, we introduce an energy function depending only
on the variable v given by:

1

ﬁly(l/) = 2(ppjl)>\pl ]);2 Z I/(u)l’pf2 .

[p?271j]71 o
p ueV\B
Observe that for any v # 0, from Theorem 3.4.8, we have the following equality:

Liv(v) = L1p(wy) = Mypv) = Epa(py,v),

Moreover, since R;,%,o(f) = 0 for any f # 0, £1, can be extended in zero so that
»Cl,V (0) = 0.

Now we want to show that there exists a unique critical point of £; j, and that
this critical point corresponds to the unique first eigenpair of the p-Laplacian
operator. We start our goal by collecting some preliminary results needed in the
proofs. First, in the next Lemma we address the differentiability of the function
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V= Ap2.u,1- Note that similar results are available in the continuous case for
the regularity of the first p-Laplacian eigenfunction with respect to perturbations
of the domain [88].

Lemma 3.4.10. Let Ay and fi be the minimum value and the minimizer of
Rpo2u(f). Then the function A\ : v — Ap2),1 and its first derivatives are con-
tinuous, i.e., \y € CY(MT(V'\ B)\ {0},R). Moreover:

M,y 2 Mpasll
ov 2 Hf[p,z,uo],l \%,VO
Proof. Recall the definition of the [p, 2, v]-Rayleigh quotient:
T 2
(u,w)EE
Frarl D)= 7, = ;
2o (2 vwlf)P)
ueV\B

Recall that, given v € M+ (V' \ B) \ {0}, the first eigenvalue is characterized by
A1 (V) = mfin Rp,Q,V(f) = Rp,2,l/(fu,1a V) .

The function that associates to a density v the corresponding first eigenfunction,
fv = fip2u,1, of the [p,2]-Laplacian weighted in v, with |f,[l2, = 1 is well
defined by Theorem 3.4.5 and continuous by the continuity of minimizers.
Now consider the variation of A\; near a point vy € MT(V \ B) \ {0}. We have
the following inequality:
A1(v0) = M) = Rp2,u(fro) = Rp2w (/o)

< Rp2wo(fv) = Rp2u(fo) = 0 Rp 2.0 (fo) (0 = v) + o([lvo — V),

which implies

lim sup (A1(v9) — A1 (V) — OuRp2.00 (fro) (Vo — v))

v—Q
<lim sup (auRp,Z,uo (fu) - azl’R/p,2,1/0 (fl/())) (VO - V) =0.

v—rg

Similarly we can write:

A1(v0) = A(v) = Rp2,(fro) = Rp2, (/1)
> Rp,l'/o(fl/o) - Rpﬁﬂ/(fl/o) = 8VRP,27Vo(fV0)(V0 - V) +o (HVO - V”)

which implies:

liminf (A1 (v9) — M (V) — OuRp 2,0 (fuo) (o —v)) > 0.

v—Q

P (o)l fu |

81/)\1(7/0) - 81/Rp,2,l/0(f1/0) = 2 ||f H2
Vo 112,19
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The next theorem asserts the there exists a unique maximum point v* of the
function £y (v), which is everywhere nonzero and it identifies the unique first
eigenpair of the p-Laplacian.

Theorem 3.4.11. The mazimizer v* of the function Ly v (v) is unique and be-
longs to the interior of M* (V' \ B), i.e.,

v'e{rv:V\B—=R|y,>0VueV\B}.
Moreover:

1. The first eigenpair ()\[p,zu*],l,f[pg,u*],l) of the weighted [p,2,v*]-Laplacian
is related to the first eigenpair of the [p, p|-Laplacian by:

2

__ Db
(Aﬁfﬁ,ﬁ],pf[p,z,uﬂ,l)Z(A[p,pth[p,p],l) and  L1yv(V*) =X} -

2. No other internal critical points of the function Ly (v) exist.

Proof. Observe that the first nonzero eigenvalue of the [p, 2, v]-Laplacian given

by:

IV £llp

Alpoy 1 = Mmin
P2 0 111,

where the [p, 2]-Rayleigh quotient is admitted to take values in [0, 00| is always

well defined from Theorem 3.4.5

Hence we can write:

)

1
2p— 2 AT —2 e
max Liy =max max P HfHQ’l;, _p=c Z vi? .
vEMT(V\B) ;A0 vesmtn\g) po \ IVl PSR

(3.4.9)
Assume f to be fixed and v/ to realize the maxima:

1
2p— 2 AT —2 _p
vl € arg max L <||f||2y> ~2=c Z vl

vermrong) P \IVIIp PSR

Then since the last is a constrained maximum problem, by the KKT conditions,
there exist a family of Lagrange multipliers {c, },c1\ p such that:

_ 1 2 2
R 5;}(f)|f(?| — W2 +¢,=0 YueV\B
p2vt Dpp - .
cqu::O and ¢, >0 VueV\B
In particular, since whenever v, = 0 necessarily also f(u) = ¢(u) = 0, The

previous equation yields:

—o2y [f(w)P?

p—2
17152

vl = (Ry0.:(f)) YueV\B. (3.4.10)
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Multiplying by |f(u)|? and summing over u € V \ B, the (2,v/) seminorm of f
can be written as

A5, = (Rp2r (£)) i LFIB = 122 /I £, (3.4.11)

In particular, (3.4.10) and (3.4.11) yield the following expression for the p/(p—2)-
norm of v/: )
115

vhps = A.
> ) ZE (3.4.12)

ueV\B

Finally if we replace the expressions from (3.4.11) and (3.4.12) in (3.4.9), we can
now calculate the maximum of £y y:

— 2p=2 1 2 B
r s 2P 2< [2al - 2) = op=2 IfE S o
IVl

max 1%
veMH+(V\B) T f£0 p

p IVFIZ F20 V2~ el

and since the 1st p-Laplacian eigenfunction f], ;1 realizes the maximum in f,
from (3.4.10) the maximizer v* satisfies:

p),1 ’p

1 ippallp 2

[p,p]

In addition we know that fp, ) 1(u) > 0 for any u € V'\ B (see Theorem 3.2.2),
thus v* € Int(M™(V'\ B)) and it is the unique maximizer. To conclude the proof,
we observe that if v is a critical point of £y with v € Int(M™(V \ B)), then
from Lemma 3.4.10 we have

= (u)[? 2
p—1 [p727V}71 —
o —p(u)r2 =0 VueV\B
[p,2,v],1 ||f[p,2,z/},1||%,y :
-2
Apf[p,Q,l/},l = )\1(]?, 27 V) Hf[p,Q,y},l Hg,u v f[p,2,u],1
ie.:
Apfipaiit = A 1|f[p 2111”2 O fipawa -
But then, since f, 2,1 is the first [p, 2]-Laplacian eigenfunction, Theorem 3.4.5

ensures that fi,9,)1(u) > 0 for all w € V' \ B, and thus fj, 2,11 = fpp,1, 1-€
v =r* O

These results lead directly to the proof of Theorem 3.4.2.

Proof of Theorem 8.4.2. From Theorems 3.4.11 and 3.4.8 there exists a unique
(u*,v*), such that:

+ Mp(p) — Mp(v).

(u*,v*) = argmax  argmin
vEMF(VABNO pem () A (1 V)
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Thus (p*, v*) is the only, possibly non-differentiable, saddle point of the function
5p712

Epa(p,v) = + Mpp(p) — Myp(v).

A1 (/U’u V)

Moreover p* € arg max, y
(pv*),1

exists a first eigenpair (f(u*7,,*)71,)\(u*7,,*)71) of the (u*,v*) eigenvalue problem
(3.3.2) such that

(F syt Mt vor1) = (et i A1)

Finally, from Theorem 3.4.11,

p
(f (P21, 15 Afp(,’é,ﬁl],l) = (fipal 1> Apal1) -

which concludes the proof. O

3.4.4 Discussion and open problems

We have observed that every p-Laplacian eigenpair can be considered as a linear
eigenpair of a properly weighted Laplacian eigenproblem. This characterization
allowed us to introduce a class of energy functions whose differentiable saddle
points correspond to p-Laplacian eigenpairs. Now it is thus natural to inves-
tigate numerical methods for the computation of p-Laplacian eigenpairs based
on gradient flows of the functions &, ;(1,7) . In the next section we present
some preliminary numerical results showing that the these schemes actually de-
liver acceptable results in most situations. Nevertheless the problem of the lack
of regularity of the functions &, ; (i, v) in case of eigenvalues with multiplicity
greater than 1 is still a stumbling block. Indeed, discontinuous energy functions
prevent the convergence of the numerical schemes in many situations. These
are evidenced by bounded oscillations of residuals and non-convergence of the
algorithm.

With this aim in mind, before addressing some numerical results, we would like
to add some notes and a short discussion on a number of open problems that
are worth addressing in future research. The first observation we would like to
mention is related to differentiable saddle points. Any p-Laplacian eigenpair (A, f)
corresponding to a smooth saddle point of the k-th energy function can be fully
characterized in a neighborhood of f in terms of the behavior of the p-Rayleigh
quotient. Indeed, the fact that (u*, v*) is a differentiable saddle point implies that
the eigenvalue A[;« .+ 1 is simple, yielding MZ(R,) = k—1, MZ;(-R;) = N—k
by Lemma3.3.5. As a consequence, differently from the local min-max algorithm
presented in [139], with our approach we can compute directly a p-Laplacian
eigenpair (A, f) such that MZ¢(R,) =k — 1, MZ;(—R,) = N — k without the
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need of computing a whole sequence of p-Laplacian eigenpairs having linear index
in {1,...,k—1}.

The second point we would like to stress is that the definition of the energy
functions &, i (1, ) can be easily extended to the case p = oo by setting p/p—2 =
1 in the expression of My, and Mg,. We will see in the next section some
preliminary numerical experiments supporting the validity of this observation
and the effectiveness of gradient flow numerical methods in the case p = oo.
However, a more detailed study is needed to fully address this case, and this will
be proposed in the future.

Finally, we would like to recall a duality result presented in [77, 135] and relating
p-eigenpairs on the nodes to g-eigenpairs on the edges (p,q conjugate). This
result allows the extension of our approach to the case p € [1,2).

Consider the eigenvalue problem given by the critical point equation of the g-
Rayleigh quotient RqE defined on the set of edge functions H(E) = {G : E — R}

V76
e
RE(@G) .= ——11 .
! G115
Any critical pair (value,point) (n, G) of Rf can be regarded as a g-eigenpair on
the edges. Note that (1, G) is a g-eigenpair if it satisfies the nonlinear eigenvalue

equation:
(v v’ VTG) (w) = 7|G(w)|*2G(w)  YueV\B  (3.4.13)

In [77, 135] the authors show by duality that the nonzero critical values and
points of Rf correspond to the nonzero critical values and points of 7~€p, where p
is the conjugate of ¢. In particular, the authors prove that if (A, f) is an eigenpair
of A, with X # 0, then ()\%, |VfIP=2V f) is a g-eigenpair on the edges. Viceversa,
if (n,G) is a g-eigenpair on the edges with n # 0, then (ng, |VTG]q_2VTG) is
a Aj-eigenpair. Using these facts, it is straightforward to observe that equation
(3.4.13) can be reformulated in terms of a generalized eigenvalue problem defined
on the function space ”H(E) In particular we can consider the energy functions

& (v, p) = + My(v) = My(p) (3.4.14)

(1, V)

where k > dim(Ker(V7)) and 7
lem:

vk 18 the k-generalized eigenvalue of the prob-

Vdiag(v)VIG = nuG.

Then, analogously to Thm. 3.4.1, it is trivial to observe that any differentiable
saddle point of 5,5 corresponds to an edge g-eigenpair and hence, by duality, to
a Aj,-eigenapair. Moreover, when p < 2, ¢ > 2, properties of saddle points of the
functions (3.4.14) for ¢ > 2 translate into properties of A,-eigenpairs for p < 2.
In particular, note that the conjecture about the validity of our strategy in the
q = oo case corresponds to the extremal case p=1.
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3.5 Numerical evaluation of the saddle points

The computation of the saddle points of the energy functions &, (1, v) is a con-
strained critical point problem. To incorporate in our fomulation the positivity
constraint we follow the same procedure that turned out to be very successful
in the solution of the L!'-Optimal Transport problem and discussed in [56, 113].
Thus, we perform the change of variable y = 0? and v = 03. Using the new
variables, the energy functions &, ;(0%,03) become well defined everywhere in
RIZI x RV, We thus define a dynamics for the variables (y,v) as the gradient

flow in the variables o1 and o5. To this aim we use the following time-derivatives:

,[1, _ 20_1(7:1 _ _20_1 agp,k (O’%, U%) _ _40_2 agp,k(/" V) _ _4U agp,k(”? V)
0o ! ou o
and
U= 4yagp,k<:ua l/) )

v
Writing explicitly the partial derivatives and neglecting constant multiplicative
factors, which turn out to be just an increase in the speed of the dynamics, we
end up with the following gradient flow system:

. IV Flp il L)
= — ey P2
’LL ’LL (A[[,L,l/],k”fgy.,l/],k”l% H

Vv=v| =L  _ pp-2
(”Vf[ml/],kn;%

Apfipate = Ml ke Fw)

We are then looking for the stationary equilibrium of the above dynamics. The
first two algebraic-differential equations are discretized by means of a simple
explicit Euler method with an empirically-determined constant time step size, 7.
The third purely algebraic equation is solved by diagonalization of the u-weighted
linear Laplacian by means of standard Lapack routines. For simplicity, no effort
has been done to exploit sparsity of the graph-related matrices, which could
provide important computational efficiency improvements. Thus, when looking
for the k-th eigenpair, starting from given initial values u° = ,ug and ¥ = I/,g, the

n =1,2,... approximations are calculated by solving:
calculate (A\"*1, f7+1) solving: Aunf = Nyn om) f
’anJrl ’2 2
calculate "t ,Un—H =p" T ((An+1)2‘fn+l||2 — (u")r-2
V’VL
+12
calculate vt = ﬁ — (y”)p%
' ' IV fr 2 '

Convergence towards equilibrium is considered achived when the error, defined

as:
err = HApfn+1 _ (/\nJrl)%‘fnJrl’prfnJrlHoo (3.5.1)
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Figure 3.2: Left panel: first six eigenfunctions as calculated by the proposed
method for p = 6. The graph nodes are randomly distributed with edge lengths
equal to the reciprocal of the weights. The nodal values of the eigenfunctions are
plotted with the color-code shown on the right of the figure for k = 1,...,6 (top
to bottom). For each k the right panel reports the behavior of the error defined
in eq. (3.5.1) as a function of time steps (iterations) n.
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is below a given tolerance.

Figure 3.2 shows the experimental results obtained on a graph of 49 vertices with
weights randomly chosen between 0.1 and 1.1. The graph is plotted by distribut-
ing the nodes randomly in space with edge lengths equal to the reciprocal of the
weights. The results are relative to a value of p = 6. The first 6 eigenfunctions
(left panels) and relative convergence behaviour are reported. We note that con-
vergence towards equilibrium for £ = 1 and k£ = 2 is smooth and fast. However,
for k = 3 strong oscillations when the error reaches 10~% appear and convergence
is completely absent. For k > 3 the initial oscillations disappear quickly and
convergence of the discrete gradient flow proceeds smoothly after that.

We must recall here that for k = 1 Theorem 3.4.2 ensures that the energy function
Ep,1 has only one saddle point and the proposed algorithm is expected to converge.
However, for k& > 1 nothing is known. In particular, if the eigenvalues are not
simple, the energy function loses continuity, and the ODE trajectories identified
by the gradient flow intersect, potentially leading to an oscillatory behaviour of
the discrete method.

For k = 3 the initial oscillations clearly noticeable in the convergence profile are
due to the jumping back and forth between energy levels relative to different
values of k of the numerically calculated trajectories. In this case the gradient
flow stagnates. In other cases we observe experimentally an oscillatory behaviour
which actually converges towards stationarity. This behaviour can be justified
empirically postulating that the time step becomes large enough to jump over
the discontinuity point and, by chance the numerical scheme picks an appropriate
trajectory and carries the calculations to convergence. However, unlike in the
linear (p = 2) case, we have no means at the moment to identify the position in
the spectrum towards which we converge.

3.6 Technical results

Proof of Lemma 3.3.4. Let us complete f to a v and A -orthogonal basis by tak-
ing a basis of eigenfucntions, i.e. take {f;}¥, as follows: {f; fz_ll are eigenvectors
relative to the first k& — 1 well defined eigenvalues, f = f; and { fi}fikm_l are
eigenvectors relative to A, including a base of the subspace Ker(A,) N Ker(v),
{ fz}fi r+m are the eigenvectors relative to the well defined eigenvalues A; > Ay.
The eigenvectors relative to the well defined eigenvalues, except the base of
Ker(A,) NKer(v), are chosen in (Ker(A,) ﬂKer(y))J‘ . Observe that T¢(S2,) =
span{ f; }izk, indeed T'gr(S2,) = {&,], (v © f,&) = 0}, and {fi(p,v)}; is a v-
othogonal base of the space. Hence, the following implications hold:

2 (IV(f +<©)l3, |
92 <Hf+€€II§V> . <0 <= ¢espan{fi(p,v)|i <k},

0 (IV(f + €3, |

i Trra, )., 70 = emmli i k).
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To prove the last statement, let £ = Z#k a; fi(u,v) and recall that if i # j, then
(kO V[, Vfj)=0and (v© f;, f;) = 0. Hence, using (3.3.7), we can provide the
following equality that allows easily to conclude the proof of the lemma:

0* !\V(f+e£||%u> 2 ( )

Y LR et - _ = o ViV ) — A - f

862( Hf—i—ef”%’V —o If %J/ #ij;a QO (Lo VT, fj> k<V®f f]>
2,v ik

In the last equality observe that if f; is an eigenfunction corresponding to an
eigenvalue \; with f; ¢ Ker (diag(v)) NKer (A(y)), then

<<M OV V) =My o fi fi>> = |1 £ill3., (N — Ae)

i.e., f; is an increasing or a decreasing direction of R, , in f according to the
inequalities A\; > A or A\; < Ap. Moreover if f; € Ker(A,) N Ker (diag(u)) it is
trivial to observe that f; is neither an increasing nor a decreasing direction of
Rouw in f,ie.:

((M OVfi,Vfi) =My o fi, fz>> =0.



Conclusions

In this thesis we have presented different new techniques for the numerical solu-
tion of a rather large class of problems.

Moreover, we have shown several numerical applications underlying the efficiency
and robustness of our proposed algorithms, not only for the identifiability of the
parameters governing the piezometric heads and water fluxes dynamics in WDS,
but also for other more general problems, coming from different fields of applica-
tion.

These ideas are strictly connected to the main purpose of this thesis, i.e. the
numerical modeling of WDS via the p-Laplace operator, and surprisingly all
the other applications proposed both in the second and in the third chapter,
are somehow related to the solution of similar problems, interconnected by the
EDMK scheme, in all of it’s variants.

This shows also the extremely power of convex duality to rewrite a complex
problem in a simplified one, which can be possibly solved with more performing
techniques.

Moreover, the high flexibility of our EDMK scheme leads also to apply our tech-
niques to non standard scenarios, where other methods fails to be opportunely
adapted. This is the case for example of the proposed scheme for the Total Vari-
ation regularization in presence of positivity and interval constraints, where the
standard techniques based on the Bregman iteration is in general not directly
usable.

Another advantage of our techniques in the framework of the WDS model cal-
ibration problem of Chapter 1 is that, differently from the standard approach
where is necessary a complete knowledge of all the pipes physical properties(e.g.
diameters, materials etc., see [81] and [86]), our proposed algorithm doesn’t re-
lies on any particular constitutive laws, but rather it is specifically designed to
retrieve the constitutive law governing WDS.

Observe that, working with a general weight w and exponent p for any edge, al-
lows us to perform the model calibration also in the case where partial diameters
and materials data are known. The Total Variation regularization, based on the
Line Graph(see Chapter 1 Section 1.5.4) automatically enforces a local constant
behaviour of the design parameters on the connected components of the graph.
Thus, it naturally reconstructs the missing data along the topology of the graph,
and leads us to genuinely carry out the model calibration also in the presence of

229



230 CONCLUSIONS

partial data.

This is in some sense the strong idea which motivates and interlaces Chapter 1
with Chapter 2.

On the other hand, similar considerations can be done for the case of the p-
Laplacian eigenproblem in Chapter 3. In this case the connection with the WDS
problem is not only given by the p-Laplace operator itself, but also from the
necessity to provide some tools in order to further analyze the results, using for
example the eigenfunctions of the p-Laplacian operator given by the weights and
exponents distribution derived from the model calibration. This eigenfunctions
provide strong geometrical informations on the spatial distribution of the data
and will be used in future developments of kernel based method for reduced order
models and physical based data classification on WDS.
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