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Abstract

The description of the functioning mechanisms of the heart has always attracted many re-
searchers. Thanks to modern computing resources, many interdisciplinary studies in this field
involving clinicians, biologists, physicists, engineers and mathematicians have emerged. This cross-
curricular interest has given birth to many mathematical models of cardiac physiological events, as
well as tools to computationally study and predict dysfunctions such as heart failure and arrhyth-
mias. As a result, most interactions between different physical models as well as possible outcomes
of medical therapies can be studied without invasive procedures or human testing.

However, mathematical modelling involves several challenges, ranging from the coupling of the
different physics to the design of efficient implementations. Simulation of these models requires
huge computational effort, both in terms of memory and of speed, and this motivates the employ-
ment of large scale system architectures for numerical calculations.

One of the most effective ways to solve large algebraic systems arising from the discretization of
Partial Differential Equations (PDEs), which usually model these biological phenomena, is provided
by Domain Decomposition (DD) methods (DDMs).

The main idea underlying these methods is the subdivision of the problem into smaller local
subproblems, either at the continuous, discrete or algebraic levels. Each of these subproblems is
solved independently from the others, but their algorithms ensure global continuity of the solution.
These algorithms provide powerful tools for avoiding dealing with ill-conditioned problems as well
as for ensuring fast convergence. When solving a linear system of the type Ax = b of large
dimensions, the inverse A~! is never computed, since it requires a huge computational effort.
Moreover, if A is sparse, this property may not hold for its inverse A~!. Direct factorizations may
not be viable either, due to the large dimension of A.

DDMs are suitable for parallelization, which is an appealing feature given the increasing growth
of supercomputers.

In the following work, we will refer to DDMs as iterative algorithms for the solution of large al-
gebraic systems. In particular, we consider the class of non-overlapping DDMs (often referred to as
iterative substructuring methods), focusing on Balancing Domain Decomposition with Constraints
(BDDC) and Dual-Primal Finite Element Tearing and Interconnecting (FETI-DP) methods. In
these methods, variables are divided into three groups: internal, which belong to the internal part
of the subdomains; dual and primal, which, taken together, form the interface set of variables. In
general, the primal set of variables coincides with the vertices of the subdomains in two dimensions,
while in 3D this coarse space can be chosen suitably with the problem.

In this Thesis we study efficient, scalable and robust DD solvers for the solution of the Bidomain
model, which describes the propagation of the electric signal in the cardiac tissue by means of
parabolic reaction-diffusion PDEs.

We derive the algebraic formulation of the Bidomain model by discretizing with @)1 finite ele-
ments in space and the Backward Euler method in time. In particular, by applying a fully implicit
time discretization, the resulting algebraic system is nonlinear and we propose two strategies for



its solution.

The first strategy we investigate relies on a decoupling (or segregated) approach, where at
each time step we split the solution of the ionic model and the Bidomain system. We wrap the
nonlinear system within a Newton method and we linearize the algebraic system, resulting in a
symmetric problem. We construct and theoretically analyze BDDC and FETI-DP algorithms for
the Jacobian linear system in order to accelerate the convergence of the Preconditioned Conjugate
Gradient method. We prove a novel theoretical bound for the projection operator, using both p
and deluxe scaling. This bound is then employed in the proofs of the upper bound for the condition
number of the preconditioned operator showing a theoretical quasi-optimality property.

In the second strategy, we explore a coupled (or monolithic) solution, where the ionic model is
solved at the same time as the Bidomain system. In this case, the arising Jacobian system is non-
symmetric and we employ the Generalized Minimal Residual (GMRES) method for its solution.
We provide a tailored theoretical analysis for the convergence of the solver. This analysis exploits
a classical result for the upper bound of the residual of GMRES iterations, together with a proof
technique recently proposed for BDDC applied to advection-diffusion problems.

We numerically validate both these quasi-optimality properties through extensive parallel tests.
We also test the robustness of proposed solvers in case of realistic human ionic models, such as
Luo-Rudy (1991) and Ten Tusscher-Panfilov (2006), as well as in presence of an ischemic trans-
mural region, modeled by jumps in the diffusion coefficients. The results indicate scalability and
robustness of the solvers, as well as their quasi-optimality.

Future works should be devoted to the optimization of the codes in order to reduce the computa-
tional workload and to the employ of quasi-Newton methods for the improvement of the numerical
performance.

Other appealing future works are the design, theoretical analysis and numerical implementation
of nonlinear dual-primal DD solvers for this system, as a numerical comparison of the performances
between the two nonlinear approaches, for both solution strategies.

Advisors:

Prof. Simone Scacchi

Prof. Luca F. Pavarino
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If you can keep your head when all about you
Are losing theirs and blaming it on you,

If you can trust yourself when all men doubt you,
But make allowance for their doubting too;

If you can wait and not be tired of waiting,

Or being lied about, don’t deal in lies,

Or being hated, don’t give way to hating,

And yet don’t look too good, nor talk to wise.

If you can dream — and not make dreams your master;
If you can think — and not make thoughts your aim;
If you can meet with Triumph and Disaster

And treat those two impostors just the same;

If you can bear to hear the truth you’ve spoken
Twisted by knaves to make a trap for fools,

Or watch the things you gave your life to, broken

And stoop and build’em up with worn-out tools;

If you can make one heap of all your winnings
And risk it on one turn of pitch-and-toss,

And lose, and start again at your beginnings
And never breathe a word about your loss;

If you can force your heart and nerve and sinew
To serve your turn long after they are gone,
And so hold on when there is nothing in you
Except the Will which says to them: ‘Hold on!’

If you can talk with crowds and keep your virtue,
Or walk with Kings — nor lose the common touch,
If neither foes nor loving friends can hurt you,

If all men count with you, but none too much;

If you can fill the unforgiving minute

With sizty seconds’ worth of distance run,

Yours is the Earth and everything that’s in it,
And — which is more — you’ll be a Man, my son!

~ R. Kipling, If.
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Chapter 1

Introduction

Can we simulate and predict complex biophysical phenomena, such as functions and dysfunctions
of the cardiac electrical activity, without invasive procedures?

Although this target seems to be ambitious, since it requires synergy between apparently distant
fields, it has been tackled with huge effort by the scientific community in the last decade. While
recent improvements in medical therapies have extended patients’ life expectancy, the growth of
collaborations between clinicians, biologists, engineers, physicists and mathematicians has resulted
in the development of many multi-disciplinary studies. The description of the functioning mech-
anisms of the heart has always fascinated many researchers and this cross-curricular trend has
given opportunity to translate physiological events into mathematical models, as well as tools to
computationally study and predict dysfunctions. For examples, References |18, |32} [91} [117], based
on experiments and clinical data, provide mathematical models and workflows for the study of
cardiac phenomena, also in patient-specific cases.

The advantage of this computational approach is the possibility of performing realistic inves-
tigations in a non-invasive way: dysfunctions of the heart which would require clinical inspection
for an in-depth analysis can be carried out through numerical simulations instead, exploring all
the interactions between cardiac bio-electrical and mechanical phenomena, as in Refs. [21} |24} |30]
31}, 186} |100].

However, the mathematical modelling of these biophysical events involves several challenges.
Indeed, the estimate of the parameters of the models (see for example References (34} 54, [55]) or
the coupling of different physics (Refs. [92, 103} |118]) are research topics in the scientific commu-
nity. An other important issue to deal with is the need of efficient implementations: as a matter of
fact, the simulation of these models require huge computational efforts, both in terms of memory
and speed. This motivates the employment of large scale system architectures for the numerical
calculations: for example, in the field of cardiac mechanics, References [11}, |26} 67} |71] explore the
performances of huge supercomputers in solving and simulating cardiac electro-mechanical systems.

In this Thesis, we focus on the development and analysis of efficient preconditioned solvers for fully
implicit time discretizations of the Bidomain model.

This system of Partial Differential Equations (PDEs) describes the propagation of electric
impulses in the cardiac tissue, by means of two degenerate parabolic reaction-diffusion equations
(see Refs. [27,198,/102]). This model provides an accurate and rich description of the evolution of
the transmembrane potential v = u; — u., where u; and u, are the intra- and extracellular electric
potentials respectively: due to its accuracy, it is usually employed in numerical studies concerning
pathological conditions (Refs. [19}30]), but its (potentially) high computational cost impedes the
easy coupling with other models, such as the mechanical or the vascular ones. For this reason, by
assuming equal anisotropy between the intra- and extracellular diffusion coefficients, the reduced
Monodomain model is widely employed in various numerical studies (eg. [21} 53} |99, [125]).

In order to take into account the electrochemical reactions that occur at a cellular level, the
Bidomain system is coupled through the reaction term to a system of Ordinary Differential Equa-



2 CHAPTER 1. INTRODUCTION

tions (ODEs), modelling the inward and outward flow of ionic currents across the cell membrane.
Indeed, the electric impulse is originated in the sino-atrial node and then is transmitted to the
ventricle myocardium, causing a quick depolarization of the tissue: this means that the trans-
membrane potential changes sign in few milliseconds. This potential drop drives a change in the
concentration of different ionic species inside and outside each cell, which in turn condition the
slow repolarization of the cell. In this work, we will consider mainly the Rogers-McCulloch ionic
model [105], a phenomenological model where the gating and the concentration variables are rep-
resented by only one unknown: this model reproduces macroscopically the main action potential
features, but it neglects several sub-cellular processes. However, reduced models like this one are
usually employed in large time and space simulations, as well as in numerical studies that do not
need to accurately represent the ionic processes. Other two models that will be considered here
are the Luo-Rudy phase 1 80, 81] and the Ten Tusscher-Panfilov [114] [115] ionic models, which
have been developed more recently and describe mammalian and human ventricular ionic currents
respectively.

As already mentioned, the simulations and numerical studies of the cardiac activities require
enormous computational resources: in order to develop efficient and optimal codes, it is necessary
to define successful solution strategies, from the discretization choices to the solvers to be employed.

Lot of attention has to be paid to the time discretization, especially when coupling different
models (electrical and mechanical models), as the time scales involved are very different. Concern-
ing the Bidomain model, the numerical time step needs to be small enough to capture the tiny but
fast-propagating wavefront, without incurring in stability issues of the numerical scheme or slowing
down the computational speed. In the literature, many works take in consideration semi-implicit
time discretizations, such as in References [20, |26, 28, 96, 108, (127, [128], where the diffusion term
is treated implicitly while the reaction term explicitly. Other works have been focused on the split-
ting of the differential operator, like Refs. |22} (23,111} |112], applying different numerical schemes
for the diffusion and the reaction terms. However, operator splittings and decoupling techniques
introduce additional errors which increase the time finite difference errors. Possible alternatives
consider fully implicit time discretizations (which can be computationally more expensive) as in
Ref. [90] or decoupling strategies based on segregated implicit time discretizations as in References
[36, 88, 189, |109].

This Thesis deals with fully implicit time discretizations, where the solution strategy is pre-
sented in two variants: since the discretized Bidomain system is nonlinear, due to the implicit
treatment of the reaction term, a classic Newton scheme wraps the nonlinear algebraic system
which can include or not the ionic system. In case the ODEs are not included in the non-linear
system (segregated or decoupled approach), the Jacobian linear system to be solved at each Newton
step is symmetric, thus allowing an easy application of the Preconditioned Conjugate Gradient for
its solution. Conversely, if the ODEs are not included (monolithic or coupled strategy), the re-
sulting linearized problem is non-symmetric, requiring to adopt the Generalized Minimal Residual
(GMRES) method or the stabilized BiConjugate Gradient (BiCGS) method.

In general, when working with linear systems with potentially millions of degrees of freedom
(dofs), it is necessary to define a preconditioning procedure, in order to avoid dealing with ill-
conditioned problems as well as to ensure fast convergence. Indeed, when solving a linear system
of the type Az = b of large dimensions, the inverse A~! is never computed, since it requires a
huge computational effort; moreover, if A is sparse, this property could not hold for its inverse
A~L. Also direct factorizations may not be viable: if the matrix is dense of order n, then Gaussian
elimination will need O(n?) operations. On the other hand, iterative methods can suffer from slow
convergence. In this framework, Domain Decomposition (DD) methods (DDMs) provide powerful
tools to solve these issues.

Modern DDMs originate in the 80s and generally refer to parallel and scalable methods for the
iterative solution of PDEs, based on the decomposition of the problems into smaller subproblems.
Thanks to this basic idea, DDMs are widely applied in large-scale problems arising from applied
mathematics, computer and life sciences, engineering, etc. The subdivision can enter at different
levels: at the continuous level, by defining several physical models on different parts of the domain;



at the discrete level, where different discretization techniques are employed in order to preserve
physical properties of the original problem. Lastly, the decomposition can be performed at the
level of the algebraic system arising from the discretization. From now on, we will refer to DDMs
as iterative algorithms for the solution of algebraic systems, like in Reference [116].

In this perspective, the computational domain is decomposed into smaller subdomain, on each of
which a restriction of the original problem is defined. The partitioning can be either performed
with overlapping (Schwarz methods) or non-overlapping subdomains. Each smaller problem is
then solved independently, i.e. in parallel, which is essential for the development of efficient and
optimized codes. With the ever increasing growth of modern supercomputers, it is necessary to
design and implement efficient solvers that are able to take advantage of the available computational
resources. Several parallel numerical libraries are available, such as the Portable Extensive Toolkit
for Scientific Computation (PETSc) from the Argonne National Laboratory [3] or Trilinos from
Sandia National Laboratories [113].

This Thesis focuses mainly on the design, numerical analysis and parallel implementation of
dual-primal DD preconditioners for the Jacobian linear system arising within each Newton iter-
ation for the solution of fully implicit time discretization of the Bidomain model. Dual-primal
methods belong to the class of iterative substructuring (non-overlapping) DD methods. In dual-
primal algorithms, the unknowns are divided into three groups: the internal ones, which belong
to the internal part of the subdomains; the dual and the primal ones, which altogether form the
interface set of variables. In general, the primal set of variables coincides with the vertices of the
subdomains in 2D, while in 3D the primal set must be chosen appropriately. The two precondition-
ers considered here are the Dual-Primal Finite Element Tearing and Interconnecting (FETI-DP)
and the Balancing Domain Decomposition with Constraints (BDDC) preconditioners.

The Finite Element Tearing and Interconnecting (FETI) methods are a family of DD algo-
rithms, which have been developed in the 90s, see References [42] 43, 45-47]. In these methods,
continuity condition is reached only at convergence. The first numerical evidence of the conver-
gence properties of FETT methods applied to second-order elliptic problems is reported in Ref.
[45], whereas the first theoretical estimates on the condition number of FETT are proved in Refer-
ence [84]. FETI-DP methods are derived from the one-level and two-level FETI methods. They
differ from standard FETT methods, as in this case the primal degrees of freedom are required to
be continuous across the subdomains. They are introduced in Ref. [48] with vertex constraints
and then extended to 3D in [46]. A 2D convergence bound is proved in Ref. [85], while a com-
plete 3D study of both algorithms is provided in Refs. [69} [72-74]. In FETI-DP methods the
continuity of the solution across the subdomain boundaries is enforced by Lagrange multipliers.
The basic idea is to form a Schur complement by eliminating the primal variables and solve the
arising linear system in the Lagrange variables with an iterative method, usually in combination
with a preconditioner. Scaling of the preconditioner is an important step in order to guarantee
convergence results, independent of jumps in the coefficients of the partial differential equation.
FETI-DP methods have been applied in several contexts, from three-dimensional elliptic problems
with heterogeneous coefficients in Ref. |73] to linear elasticity problems (|72, |104]) and structural
mechanics ([44, |69H71]). In the biomechanics field, we find evidences of robustness of this precon-
ditioner in the works [2| (13} |71} |127].

Balancing Domain Decomposition with Constraints (BDDC) have been introduced more re-
cently in [37] and theoretically analyzed in [82, 83]. BDDC are a two-level preconditioners, where
local and coarse problems are treated additively; moreover, a proper choice of the set of primal
constraints across the interface of the subdomains is needed. These primal constraints can be
vertex points as well as averages over edges and/or faces of the subdomains and this set can
influence the rate of convergence. BDDC have been also applied to a wide range of problems,
from incompressible Stokes equations in [77] to isogeometric analysis in [5H7], as well as in [3§]
for H-curl problems. BDDC have been extended also to the solution of Navier-Stokes equations
and to multilevel approaches in |56} 57]. BDDC for advection-diffusion problems have been stud-
ied in the works |97, [121H123]. In the cardiac field, we find application of BDDC in [127 |128] for
the solution of the linearized semi-implicit Bidomain problem, and in 26} [95] for cardiac mechanics.
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As we mentioned, this Thesis deals with fully implicit time discretizations of the Bidomain
model, decoupled from or coupled to the ionic model. In both cases, the resulting algebraic system
turns out to be a nonlinear problem. In such cases, two DD approaches are possible. a) The lin-
earization is performed after the geometric decomposition, leading to face the solution of (weakly
coupled) nonlinear problems on the subdomains. In the literature, this step has been denoted as
nonlinear localization. Nonlinear FETI-DP and nonlinear BDDC have been studied for example in
[75], while more generally, nonlinear preconditioning has been analyzed in |79]. b) As in traditional
DD approaches, a geometric decomposition is performed after linearization, where the nonlinear
problem A(u) = 0 is solved by using a Newton-type method. In this way, we first linearize the
problem using an iterative method w1 = 4(*) 4 o®)§y(*) | with a suitable steplength o*). The
increment du(*) is obtained by solving the Jacobian linear system DA(u®)ou®) = —A(u®)), by
using a DD method in order to decrease the problem dimension and improve the convergence.
These are commonly known as Newton-Krylov (NK) DD methods and they provide the basis for
the design of the preconditioned solvers we propose and analyze throughout this work. They were
originally designed for the solution of problems arising in computational fluid dynamics (|16} |17
126]). So far, NK solvers have been developed for implicit time discretizations of the Bidomain
model in [88] (89} |109], with overlapping one-level and multilevel Schwarz preconditioners, while
NK-BDDC solvers have been proposed for the nonlinear elasticity equations modeling the cardiac
mechanics in |26, [95]. One advantage of dual-primal preconditioners is the easy extension to un-
structured meshes, since they do not need inter-grid operators.

The goal of this Thesis is to design, theoretical analyze and validate numerically dual-primal
Newton-Krylov solvers for implicit time discretization of the Bidomain system, both through de-
coupled and coupled solution strategies. Thanks to the results of |78| [83], showing that FETI-DP
and BDDC shares the same spectrum in case the same coarse space is chosen, we carry out a
unique convergence rate analysis that hold for both preconditioner. In the decoupled approach,
we prove in Theorem a bound for the condition number of the preconditioned operator, both
in case the standard p-scaling and the recently introduced deluze-scaling (see [38]) are applied.
For the coupled strategy instead, since the resulting Jacobian system is non-symmetric, we extend
the analysis of [40, [121], providing an upper bound in Theorem for the residual at the m-th
iteration of the GMRES algorithm, preconditioned with BDDC.

The Thesis is structured as follows.

e In Chapter [2| we briefly review the principles of cell membrane, moving from a biological
description of the intra- and extracellular exchanges to the mathematical formulations of the
corresponding models, introducing the Goldman-Hodgkin-Katz (GHK) current equation and
the Nernst equilibrium potential. Then we show how the cell membrane can be modeled as
an electrical circuit, presenting the notion of channel gating. Afterwards, we introduce the
concept of cardiac action potential and the milestone Hodgkin-Huxley ionic model, which
provides the basis for the development of human ventricular ionic models (such as the Luo-
Rudy and Ten Tusscher-Panfilov models) presented next in the Chapter. Additionally, we
give an insight into two simpler phenomenological models, namely the FitzZHugh-Nagumo and
the Rogers-McCulloch models, which are easier to implement and facilitate preliminary tests
of the solver we propose. Successively, we finally introduce the cardiac Bidomain model for
the description of the electrical impulse in the cardiac tissue and its numerical discretization
prior to the definition of the solver. In particular, we present two solution strategies for
the time discretization. The Chapter is ended by the theoretical study of continuity and
coercivity of the bilinear forms associated to the Jacobian linear problems arising from the
Newton schemes, which will be needed for the theoretical convergence analysis of the proposed
solvers in the next Chapters.

e In order to introduce the preconditioners chosen for our solver, we review in Chap. [3] the
basic ideas of DD methods, focusing on non-overlapping dual-primal algorithms. In partic-
ular, after a short presentation of the idea of subdivision of the problem into smaller local



subproblems, we give an overview of the main ingredients needed for the definition of the
preconditioners, such as restriction operators and scaling procedures. Next, FETI-DP and
BDDC preconditioners are presented through an algebraic formulation, following (72}, |104}
127]. Eventually, we report classic technical tools from functional analysis and DD which
will be employed in the proofs of the convergence rate bounds.

The theoretical convergence analysis for the decoupled solution strategy is presented in Chap-
ter |4, where we first prove a bound for the projection operator (Lemma, for both cases of
p and deluxe scalings. This Lemma holds for both preconditioners, as they have been proven
to be spectrally equivalent in 78}, |83]. Then we provide an upper bound for the preconditioned
operator (Theorem that holds for both FETI-DP and BDDC preconditioners, each with
a separate proof.

Chapter [f] contains the theoretical study of the convergence rate for the coupled - or mono-
lithic solution strategy. As the Jacobian linear system is non-symmetric, we are forced to
employ iterative solvers such as GMRES. Consequently, the theoretical analysis is based on
the work of Eistentat [40], which provides a bound for the residual of GMRES iterations,
and on the work of Tu and Li |121], where BDDC preconditioner has been applied to the
solution of non-symmetric problems. In this perspective, while Lemma [5.1]is quite similar to
the analogous for the decoupled case, the construction of the proof of Theorem [5.1] requires
different steps in order to achieve the final bound.

Chapter [6] presents extensive parallel numerical experiments that validate the theoretical
analysis of the previous Chapters. We first give an overview of our computational setting
(parallel architectures, computational domains, parameters tuning and employed parallel
library); next, we provide scalability and optimality tests for the Monodomain and Bidomain
equations, using both decoupled and coupled solution strategies. Furthermore, we test the
robustness, scalability and optimality of the Bidomain decoupled solver in the presence of an
ischemic transmural region.

Chapter [7] ends this Thesis with some remarks on the advantages and limitations of the
proposed solvers, listing possible future developments and improvements.






Chapter 2

Cardiac reaction-diffusion models
and numerical settings

In this Chapter, we briefly review some principles of cell membrane physiology, from its biological
structure to the governing equations of the ionic currents. We introduce the notion of cardiac
action potential and a milestone in the field of mathematical physiology, the Hodgkin-Huxley
model for ionic currents; then, we review some of the most used ventricular models, such as
the Beeler-Reuter, the Luo-Rudy phase one, and Ten Tusscher-Panfilov models. We also present a
couple of phenomenological ionic models, which will be considered as benchmark for the theoretical
convergence analysis and its preliminary numerical validation.

Afterwards we introduce the cardiac Bidomain model, which describes the propagation of elec-
tric signals in the cardiac tissue, and its reduced formulation, the Monodomain model.
We close the Chapter by discussing the properties of the bilinear forms associated with the linear
problem arising from a finite element discretization in space and the Backward Euler method in
time.

2.1 Membrane ionic models

2.1.1 Principles of cell membrane

The cell membrane is a biological separator between the interior of the cell (intracellular space)
from the outside environment (ezxtracellular space). The basic function of the cell membrane is to
protect the cell from its external surroundings: it regulates the passage of substances in and out
the cell, by being selectively permeable to ions and organic molecules.

It consists of a double layer (or bilayer) of phospholipid molecules about 7.5 nm thick, with
the nonpolar hydrophobic tails (impermeable to charged ions and molecules) pointing toward the
inside of the membrane and the polar hydrophilic heads forming the inner and outer faces of the
membrane (Fig. [2.1)). Proteins and cholesterol molecules are scattered throughout the flexible
phospholipid membrane. Proteins may attach loosely to the inner or outer surface of the plasma
membrane (peripheral proteins), or they may lie across the membrane, extending from inside to
outside (integral proteins).

The intracellular and extracellular environments mainly consist of a dilute aqueous solution of
dissolved salts, primarily NaCl and KCIl, which dissociate into Na™, K and Cl~ ions. Typical
concentrations can be found in Table 2.1l The cell membrane acts as a barrier to the free flow of
these ions and maintains their concentration differences.

Even though the cell membrane itself is impermeable to ions, there exists a number of water-
filled pores with diameters of about 0.8 nm, as well as protein-lined pores, called channels proteins,
which allow passage of specific molecules. Ions can be transported across the cell membrane by
passive or active processes, where an active process requires the expenditure of energy (by using

7



8CHAPTER 2. CARDIAC REACTION-DIFFUSION MODELS AND NUMERICAL SETTINGS

the concentration gradient of a different ion, called exchanger or by consuming chemically stored
energy in the form of ATP), while a passive process results solely from the inherent and random
movement of molecules, driven by concentration gradients and electric fields.

Carbohydrate
chains
7, W‘ '
.
Phospholipid . Hydrgphoblc
bilayer .\‘ Y AL tail
|‘ i\ '. ‘ : |
AN
| ’ | N\
W ' \ Y o1
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Transport Q d Integral
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Figure 2.1: Schematic diagram of cell membrane.

In the literature passive processes are divided into three main categories [68].

Osmosis is the process that transports water through the cell membrane; simple diffusion accounts
for the passage of small molecules through pores and of lipid-soluble molecules through the bilipid
layer, as it happens for water, urea (a nitrogenous waste product of metabolism), and hydrated
chloride ions, for example. Carrier-mediated diffusion occurs when a molecule is bound to a
carrier molecule that moves readily through the membrane (for example, the transport of glucose
and amino acids).

On the other hand, concentration differences are set up and maintained by active mechanisms
that use energy to pump ions against their concentration gradient. This process is made by
transport proteins that spend energy to transfer material across the membrane. Differences in ionic
concentrations create a potential difference across the cell membrane that drives ionic currents.

The most important example of active (energy-consuming) transport is the sodium-potassium
pump. This pump acts as an antiport, actively pumping sodium ions out of the cell against its
steep electrochemical gradient and pumping potassium ions in. In general, the principal function
of the active transport processes is to regulate the intracellular ionic composition of the cell. In
this way the operation of sodium-potassium pump results in high intracellular K™ concentrations
and low intracellular Na® concentrations.

For more details and additional topics, see Ref. [68].

Squid Giant Axon Human Red Blood Cell

Intra Extra Intra Extra
Na™ 50 437 19 155
Kt 397 20 136 5
Cl 40 556 78 112

Table 2.1: Typical values for intracellular and extracellular ionic concentrations, from two different cell types.
Concentrations are given in units of mM.
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2.1.2 The membrane potential

As already stated, each ionic channel permits the passage of specific ions and this specificity
generates a potential difference. For example, consider two compartments ¢ and e filled with
a solution of NaCl separated by a thin membrane. Suppose to add a concentration of NaCl
of 100 mM in compartment i and only 10 mM in compartment e. If the membrane had been
completely permeable to all ions, the diffusion would drive the ions from compartment ¢ to e until
the concentrations were equal. Assume that the membrane is permeable only to Na™ ions instead:
in this case, diffusive forces would drive the ions over compartment e where the concentration is low,
creating a surplus of negative Cl1~ ions in compartment i and positive Nat ions in compartment
e. This charge difference sets up an electric field across the membrane which tends to drive back
Na™ ions to compartment i: the point of equilibrium is reached when the Na™ flux caused by the
electric field is equal to and in opposite direction to the flux caused by diffusion.

We briefly introduce the basic equations needed for the construction of a membrane model; for
more detailed studies, see Refs. |27} |68} |111].

The Nernst-Planck Equation. One of the most important equations in electrophysiology is
the Nernst-Planck equation [27) |68, [111], the constitutive law describing the total flux of a ion
across the membrane.

Suppose we are in the same situation as previously described, where we have two compartments
(separated by a semipermeable membrane) filled with the same ion, for example the potassium ion
Na™, but at different concentrations [Na™]; # [Na¥]., as shown in Fig The solutions on each
side of the membrane are assumed to be electrically neutral (at least initially), and thus each ion
Na™ is balanced by another ion with opposite sign (for example, Cl). We denote inside the left
part of the membrane and outside the right part.

Cell membrane permeable to Na™

Inside Outside
+ +
[Na"]. - [Na],
=0 Jelect r =1L
e S
Jaisr
—_—

Figure 2.2: A schematic diagram of the electrodiffusion model for current through an ionic channel. Each side of
the channel is electrically neutral, and both ion types can diffuse through the channel.

If the membrane is permeable to Na® but not to Cl~, the concentration difference of the
membrane results in a flow of Na™ from the higher concentration space to the lower one. However,
as C1~ cannot diffuse through the membrane, the diffusion of Nat causes an increase of charge
across the membrane. This charge imbalance (in turn) sets up an electric field that opposes the
further diffusion of Na™ through the membrane and the equilibrium is reached when the electric
field exactly balances the diffusion of Na™. Note that at steady state there will be more Na™ ions
on one side than on the other, and thus neither side of the membrane is exactly electrically neutral.

The total flux of Na®™ can be described by the following laws:

e Fick’s Law.. If we denote by ¢ (mol cm™3) the concentration of the ion Na™, then the ionic
diffusion flux is given by
Jaig = —DVe,

where Ve indicates the gradient of ¢ and D is a diffusion coefficient (cm? s71).
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e Planck’s equation. The flow of ions through the membrane is driven by concentrations
gradients and also by electric field. So the contribution to the flow from the electric field is
given by

z
Jelect = —H T c Vu,

z|

where

— p is the mobility of the ion (cm? V~! s71) defined as the velocity of the ion under a
constant unit electric field;

— z is the valence of the ion, so that z/|z| is the sign of the force on the ion;

— u is the electrical potential (V), so that —Vu is the electrical field.
The ionic mobility p and the Fick’s diffusion constant are linked by the Einstein’s relation

_ RT

where R = 8.3143 J K—! mol~! is the universal gas constant, T = 310 K is the absolute temperature
and F' = 96.4867 C / mmol is the Faraday’s constant. When the effects of concentration and
electrical gradients are combined, we obtain the Nernst-Planck equation

zF
J=-D (Vc+ ﬁc Vu) .

If the flow of ions and the electric field are transverse to the membrane, we can write a one-

dimensional relation J o
c z U
J=-D|—+ —c—|.
(dm * RTcd:r)
In general, the electric potential u is determined by the local charge density and so J must be
found by solving a coupled system of equations.

Suppose now that the membrane has thickness L, such that the potential across the membrane
is v = u(0) — u(L) = u; — ue, where the indexes i, e denote intra- and extracellular quantities;
as boundary condition we suppose in the inside the concentration ¢(0) = ¢;, while in the outside
¢(L) = ¢e. Furthermore we assume that the electric field is constant through the membrane, such
that du/dx = —v/L.

At a steady state with no production of ions, the flux J must be constant, leading to the

equation

dec zF v J

@ rRTT D"
whose solution is .

D 2F ¢;—c. e RTY

B fﬁ 1-— 37%” ’
by imposing the boundary conditions. This flux density becomes an electrical current density
(current per unity area) when multiplied by zF' (the amount of charge carried per mole) and thus
the ion current (A cm~?) is given by

zF
D 22F?¢; — ¢, e” ®TY

I=— =F )
L RT 1_—e &7V

known as Goldman-Hodgkin-Katz (GHK) current equation, where D/L =: P is the permeability
of the membrane. This current is zero if the diffusively driven flow and the electrical driven flow
are in balance, i.e. I =0, yielding the Nernst equilibrium potential

= og L. 2.1
v F log (2.1)
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Another common approach, widely used in the description of cardiac ionic currents, describes
the ionic current I as a linear function of the membrane potential. Suppose that the potential
drop across the membrane has two components: the first potential drop vg is given by the Nernst
equation and the second potential drop is due to an electrical current, given by rIg, being
r the channel resistance and Ig is the membrane current of a generic ion S. Summing these two
contributions we find

v=rlg+vg,

and solving for the current, we get the current-voltage relationship
Is =G (v —vs),

where G = 1/r is the membrane conductance. We note that the current Is and the conductance G
are usually specified per unit area of membrane, being the product of the single channel conductance
times the number of channels per unit area of membrane.

The linear current-voltage relation is also denoted long-channel or high-concentration and it
derives from the Poisson-Nernst-Planck (PNP) equation.

Nernst equation can be considered as a ”universal” law, as it is independent of how the ions
move through the membrane, but depends only on the concentration difference. Moreover, any
equation that expresses the transmembrane current of a ion in terms of the membrane potential
must have a reversal potential v;oy, i.e. the current must be zero at the Nernst potential v = vjoy.
However, although this is true in the case we are considering the movement of a single ion species,
it could be more complicated when more than one type of ion species can cross the membrane:
in this case, the membrane potential that generates zero total current does not necessarily have
zero net current for each individual ion, so the phases are not, in general, at equilibrium, even
when there is no total current. Therefore, the arguments of chemical equilibrium used to derive
the Nernst equation cannot be used, and there is no universal expression for the reversal potential
in the multiple ion case. In this case, the reversal potential depends on the model used to describe
the individual transmembrane ionic flows.

2.1.3 Electrical circuit model of the cell membrane

Since the cell membrane separates charge, it can be viewed as a capacitor that acts in parallel
with a resistor, which represents the ionic channels. A simple electrical circuit model of the cell
membrane is shown in Fig. [2.3

dv
The capacitive current is given by ., = Cma, where C,, is the capacitance of the capacitor

(assumed to be constant) and v is the transmembrane potential. The membrane potential can
be described by the following relation, thanks to the conservation law for the current, where the
transmembrane current is given by the sum of the capacitative and ionic currents must be equal
to the applied current Iy,

Channel gating. As already mentioned in this Chapter, ionic channels can either open or close
in response to voltage. In general, the current through a population of channels can be written as

Iion = g(’Uﬂf) ¢(U)7

where g(v,t) is the proportion of open channels in the population per unity area, while ¢(v) is the
current-voltage relationship of a single open channel (GHK or linear model). So, if we suppose to
have

o $(v) = G(v — Veq) in linear form, being veq the equilibrium potential,

o g(v,t) = %, where N is the number of open channels and S is the area,
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Outside

Iion

Inside

Figure 2.3: Electrical circuit model of the cell membrane.

then we can write
Iion(v) = Gmaxw(v - Ueq)y

where Gax = NiotG/S is the maximum conductance and w = N/Ni is the gating variable,
representing the percentage of open channels.

The modeling of w depends on the structure of the channels: we briefly present two simple models
for the Kt and the Na™ channels and we refer to [27, [68] for a more detailed discussion.

One or two unit protein, two states. The simplest model for the K* channel assumes
that the channel can exist in either a closed state Sy or an open state S, and the rate of conversion
from one state to another is dependent to the voltage (a(v) and S(v)); thus

a(v)
So = Si1.
B(v)

Let w denote the proportion of channels in the open state: it is possible to derive from the law of
mass action a differential equation for the rate change of w as

d
T =a@-w) - Bow,  w(©)=0,
where we used the fact that, thanks to the conservation of channels, the proportion of closed

channels is 1 — w. It is often convenient to rewrite the equation as

dw W — W

dt T Te ,
w(0) =0
a(v) . e 1 . :
where wo, := ——————— is the equilibrium state and 7., := ——————— is the time constant.
a(v) + B(v) a(v) + B(v)

An important generalization of the two-state model occurs when the channel is assumed to
consist of multiple identical subunits, each of which can be in either the closed or open state (as in
the case of the potassium ion KT). Let’s denote by S; the group of channels with exactly 4 open
subunits. Then, the conversions between channel groups are governed by the reaction scheme

2a [eY
Sop &2 851 & 5.
B 28
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By denoting with n the proportion of channels in the open state, from the law of mass action we
obtain

dn
dt
and the current that flows through the channel is given by

=a(l —n) — Bn, (2.2)

Iion = C"maxn2 (U - veq)~

This argument generalizes to the case of k identical independent binding sites, where the channel
conductance is proportional to n¥, so for the potassium K+ channels it holds

Ix+ = Gmaxn4(v — Ueq)-

The opening or closing state of the subunits modules the conductance of the channel, which can
be increased or decreased depending on the proportion of open or closed subunits.

k subunits, two states. A more complex model is needed to explain the behavior of the Na™*
channel, which both activates and inactivates. The simplest approach is to extend the previous
analysis to the case of multiple subunits (let’s say three subunits) of two different types, m and h,
where each subunit can be either closed or open.

Suppose we are in the case of two m subunits and one h subunit. Let S;; denote the channel
with ¢ m-subunits open and j h subunit open. We want to determine a differential equation for
S21 (i.e. when the channel is entirely open). The law of mass action and a substitution yield

dm
dh ’

and
Iion = Gmameh (V — ‘/eq).

As the sodium channel consists of four subunits, three of which are identical, the current equation
will be
INa+ - Gmaxm3h (V - ‘/Cq)

2.1.4 Cardiac ionic current models

So far we have seen that the potential difference across the cell membrane causes ionic currents
to flow through channels. The regulation of this activity is one of the most important cellular
function. Many cells, such as neurons and muscle cells, use the transmembrane potential as a
signal, and thus the functioning of the nervous system and muscle contraction are both dependent
on the generation and propagation of electrical signals [68]. To understand this process it is helpful
to divide cell types in two groups: excitable and nonexcitable cells.

e Nonezxcitable cell: if currents are applied to the cell for a short period of time, the poten-
tial returns directly to its equilibrium value after the applied stimulus is removed. Typical
examples are epithelial and photoreceptors cells.

e FExcitable cell: if the applied current is sufficiently strong, the transmembrane potential goes
through a large excursion (called action potential, AP) before returning to rest. Cardiac cells,
skeletal muscle cells, secretory cell and most neurons belongs to this category. An excitable
cell either respond to a stimulus or not at all, and thus a stimulus of sufficient amplitude
may be reliably distinguished from background noise.

The most important landmark in the study of generation and propagation of signals is the work
of Alan Hodgkin and Andrew Huxley [59-63], who developed the first quantitative model of the
propagation of an electrical signal along a squid giant axon. Their ideas have since been extended
and applied to a wide variety of excitable cells.
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Cardiac action potential. Let us first remark what an action potential is. As already stated, it
represents a large transmembrane potential excursion before returning to rest, due to a sufficiently
strong applied stimulus. We can notice two main features.

e Threshold potential vg: it is the critical value for which the action potential takes place. In
this way, the cell reacts to the applied stimulus only if v > vg.

e Refractory phase: in this time interval, no stimulus can produce another AP until the trans-
membrane potential returns to rest.

-84 mV F

0 300 msec

Figure 2.4: Evolution of the cardiac transmembrane potential in time during the AP. The letters correspond to
the different phases of the AP.

We can identify five phases of cardiac AP (see Fig. [2.4).

In phase A (depolarization), fast Na™ channels open, allowing a rapid inflow of positive ions into
the cell (In, current). Consequently, the transmembrane potential passes from a negative resting
value to positive values. When the fast Nat channels inactivate, phase B occurs: the outward
flows of K™ and Cl™~ ions (Ite; and Iiey currents respectively) cause a rapid decrease of the action
potential. Phase C is characterized by an inward current of Ca** (Ica) and an outward movement
of K* (slow delayed rectifier potassium current Ig). This balance maintains the potential almost
constant; usually, this phase is referred to with the term “plateau”. This phase is sustained at a
lower rate by the sodium-calcium exchanger current In, c. and by the sodium-potassium pump
current In, k. The rapid repolarization of the cell — phase D — is a consequence of the closing of
the Ca’' channels and while K* channels are still open. This net outward current, corresponding
to a negative change in the membrane potential which returns to negative values, causes more K*
channels to open (Ik, current and the inwardly rectifying current Ix1). Then, the cell repolarize
due to this net outward positive current. During phase F the potential is kept constant. Some of
the K™ ionic channels remain open, in order to guarantee the correct concentrations of ions outside
and inside the cell.

The Hodgkin-Huxley model. We now want to introduce the Hodgkin-Huxley (HH) model for

the membrane potential [59-63]. Hodgkin and Huxley carried their studies on the squid giant axon,

where the principal ionic currents are the sodium and the potassium current, as in many neural

cells. Although there are other ionic currents, primarily the chloride current, in the Hodgkin-
Huxley theory they are small and lumped together into one current called the leakage current.

We already described in Sec. how the membranctle can be modeled as a capacitor in parallel

v

with an ionic current, resulting in the equation C,, 7

+ Tion(v,t) = 0, where v denotes the
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transmembrane potential, which is the difference between the internal and the external potentials
and C,, is the capacitance of the capacitor. In the HH model, the sodium and potassium currents
are both gated, while the leakage current is time independent and is formulated as a linear function

of the transmembrane potential. This circuit (Fig. is described by the following system of
equations

Cm % + Lion(v,m, h,n) = Lypp
CZ—T =an(l—m)— Bnm
= on(1—h) B

% =an(l —n)— Bun

where we denote with Loy = Ina+ + Ix+ + I, sum of the sodium, potassium and leakage currents;
Iopp is the applied current. The specific rate functions o and 8 proposed by Hodgkin and Huxley

dV
Icap =Cn E -[Na+ IK+ ]L

Figure 2.5: Schematic diagram of the electrical circuit of the HH membrane model.

are, in units of (ms)~! [68],

25 — v v
Oém:O-l—,va Bm:4eXp( )’
exp (35¢) — 1 18
—v 1
ap = 0.07exp (20> ; Br = ma
10

10

— v —v
ap=00l——— % B =0.125exp [ — ).
o (=) -1 P P (80)

and the currents reads

Ing+ = GNam3h(v — UNa)
Ix+ = Ggn*(v — vk)
IL = GL(’U — UL)

where the maximal conductances are Gy, = 120, Gk = 36 and G, = 0.3, and the (adjusted)
equilibrium potentials are v, = 115, vk = —12 and v, = 10.6.

If the potential v is raised slightly by a small stimulating current, the system returns to its
stable equilibrium. However, if the stimulating current is large enough to raise the potential, see

Fig. the potential rises, m continues to rise and the inward sodium current is increased. This
causes the depolarization phase.



16CHAPTER 2. CARDIAC REACTION-DIFFUSION MODELS AND NUMERICAL SETTINGS

120

100 —

-3 @
S 3
T T
I I

Potential (mV)

20F —

Gating variables

Time (ms)

Figure 2.6: Top: action potential of the Hodgkin-Huxley equations. Bottom: the gating variables m, n and h
during an action potential.

When the potential is at rest, the sodium inactivation h is positive, at about 0.6. As the
potential increases, h approaches zero, so that sodium channels begin to close and the inward
sodium current decreases.

At about the same time that the sodium current is inactivated, the outward potassium current
is activated: this drives the potential below rest toward vgx = —12. When v is negative, n declines
and the potential eventually returns to rest, and the whole process can start again.

Of course the shape of the HH action potential (Fig. (2.6)) is substantially different respect
to the cardiac one reported in Fig. [2:4] as they describe different types of cells. Therefore, when
plugged into the bidomain equations, we would be able to reproduce both the depolarization
and repolarization of the tissue, but both the propagation velocity and the time interval between
those two phases would be incorrect. Thus, in order to obtain physiologically reliable models for
the transmembrane potentials, it is necessary to consider a more detailed representation of the
underlying cellular physiology.

Although this model is not directly relevant for studies of the heart, its ideas and mathematical
formalism have been widely used as building bricks for a number of models describing cardiac
action potentials. Indeed, it is possible to generalize the HH formalism by considering the following
general structure for the ionic current:

lO!\ M

Tion (v, w, ¢) = ZGkvc H (v —wvi(c)) + In(v,w,c)

where Nio, is the number of ionic currents, Gy, is the k-th membrane maximal conductance and
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v, the reversal potential for the k-th current, p;, are integers and I,, represents time independent
ionic currents.

By coupling the systems of ODEs accounting the dynamics of the gating variables w = (w1, ..., was)
and the dynamics of the ionic concentration variables ¢ := (c1,...,cg), the time evolution of the
transmembrane potential of a single cell is given by the system

d
Cm dirlt} + Iion(v; w,c) = Iapp
dw dc
E—R(v,w)—O, E—C’(v,w,c)—(),

v(0) = vo, w(0) = wo, c(0) = co,

with C), the surface capacitance and I, is the applied current per unit area of the membrane
surface. For more details and a qualitative study of the HH model, we refer to Refs. [27] 6§].

Ventricular models. The first model to describe the ventricular action potential was proposed
by Beeler and Reuter in 1977 [4], based on the HH formalism.

This model is based on experimental data from the guinea pig and, as an improvement with
respect to the Hodgkin-Huxley model, it takes into account the role of Ca®": indeed, the entry of
calcium produces a significant change in the calcium intracellular concentration [Ca2+]i7 mainly by
triggering the Ca?" release from the sarcoplasmic reticulum (SR) via a calcium-induced calcium-
release (CICR) process. Thus it adequately reproduces characteristic experimental phenomena
such as the slow recovery of the sodium system from inactivation and membrane oscillations. In
this model, the ionic current is given as the sum of four currents lion, = INa + Is + Ix1 + I, for a
total of six gating variables and one equation for the Ca?" dynamics. More extensive explanations
on this model can be found in |27, 68} [111].

This model is quite simple, but still widely used: recent models are more physiologically accu-
rate when describing the behaviour of a single cell, but the computational efficiency can be relevant
when simulating the electrical activity of the complete heart.

Another classical model for ventricular cells is the Luo-Rudy (LR) model, originally formu-
lated in 1991 [80] and then revised in 1994 [81] in order to give a detailed description of CICR,
intracellular calcium cycling and calcium buffering.

The first model (often referred to as Luo-Rudy phase one model, LR1) is a development of
the Beeler-Reuter model and it includes six ionic currents: Iy, a fast sodium current; Ig; a slow
inward current; Ix and Ix; time-dependent and a time-independent potassium currents; Ik, a
plateau potassium current and I a time-independent background current. In addition, the reversal
potential F; depends on the intracellular concentration [Ca2+]z-, whose dynamics is described by
a ODE.

On the other hand, the second model (referred to as Luo-Rudy phase two, LR2) [81] provides
a much more detailed description of the specific ionic currents across the membrane: it includes
twelve membrane currents, in addition to the Ca®T dynamics. This model also describes a number
of internal fluxes, including the Ca?' flux in and out of the SR as well as buffering of calcium.
The SR is a network inside the cell that takes up calcium from the myoplasm and later release it
back in response to the activation of the cell: in this way, the concentration of calcium inside the
myoplasm varies and this variation is important for the contractile ability of the muscle cells. For a
detailed discussion, we refer to Refs. [9,68]. In order to describe the calcium dynamics of the SR,
the Luo-Rudy phase two model proposes three different intracellular calcium concentrations, the
myoplasm calcium concentration [Ca**]; and two SR calcium concentrations [Ca]xsr and [Ca]jsg;
moreover, four ionic currents are related to the uptake and the release of calcium from the SR.

The last model we would like to review is the human ventricular tissue model proposed by
ten Tusscher et al. in 2004 [114] and revised by ten Tusscher and Panfilov in 2006 [115]. This
formulation can reproduce human epicardial, endocardial and M cell action potential by modifying
the transient outward and slow delayed rectifier currents. Moreover, it accurately reproduces the
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experimentally observed data on action potential duration (APD) restitution (APDR), which is
an important feature for reentry phenomena, and some proprierties of wave propagation in human
ventricular tissue, such as the conduction velocity (CV) restitution (CVR), which is involved in
the generation of arrhythmias. The APD is defined as the interval in which the cardiac cell is in
an excited state, as a function of the diastolic interval (DI) (the time interval when the cardiac cell
is in an unexcited state), while the CV property of a propagating electric impulse in the cardiac
tissue depends on the APD and on one or several previous diastolic or interbeat intervals |27,
Sections 2.9.6 and 3.1.4], [111}, Sec. 2.2], [68].

The total ionic current Iy, is the sum of all transmembrane ionic currents
Lion = Ina + Ix1 + Lio + Ixr + Iks + Icar + INaca + Inak + Ipca + Ipk + Inca + Iona.

The fast Na® current Iy, presents three gating variables (m is the activation gate, h the
inactivation and j is the slow inactivation gate), each of whom is governed by a HH-type equation
and characterized by a steady-state value and a time constant for reaching this steady-state value.
The time constant 7; differs from the one in LR1 as here a more gradual CV restitution is granted.
The L-type calcium current Ic,p, is made up of a voltage-dependent activation gate d, a voltage-
dependent inactivation gate f and an intracellular calcium-dependent inactivation gate fc,. In the
original formulation [114], the activation times curve of this current is taken from the LR2 model,
due to limited experimental data. However, in the updated model [115] from 2006, modifications
are made to include the injection of calcium into the subspace and its inactivation by the Cagg via
the inactivation gate fcass. Moreover, voltage-clamp experiments induce the incorporation of both
a slow voltage inactivation gate f and a fast voltage inacivation gate fy. A single formulation for
the steady-state activation curve r, is used for the transient outward current I;,, as no significant
differences between activation in epicardial and endocardial cells were recorded; on the other
hand the steady-state inactivation curve s, presents two different formulations for epicardial and
endocardial cells, in order to fit experimental data. This current is not included in the LR model,
neither in phase one nor in phase two. Two other currents that are not included in Luo-Rudy
formulations are the slow and rapid delayed rectifier current Ixs and Ik,: these two currents are
in charge of the rapid repolarization phase of the action potential (phase D in Fig. , as the
L-type Ca®T channels close while the slow delayed rectifier K™ channels are still open. The inward
rectification is modeled as a time-dependent inactivation gate. The formulation of the Na™/Ca®"
exchanger current is similar to the one used in LR model, with an additional o factor that accounts
for the higher concentration of calcium in the subspace close to the sarcolemmal membrane, where
this exchanger is operating. Also the Na® /K™ pump current (Ina.x), the plateau (I,ca and I,k)
and background (Tpna and Ipc,) currents formulation resemble the one in the LR model. In the
calcium dynamics, three currents describe the movements of calcium ions inside the cell: Tj,y is a
leakage current form the sarcoplasmic reticulum to the cytoplasm, I, represent the pump current
raising calcium in the SR and I, is the CICR current. In the model from 2006, a description of
calcium dynamics in the subspace (Cagg), in the cytoplasm (Ca;) and in the sarcoplasmic reticulum
(Cagr) is given. In addition, two differential equations are provided to describe the changes in the
intracellular sodium Na; and potassium K, concentrations, where the external stimulus current
Litim and the axial current flow I, are accounted.

An important feature in this model is that all the major currents are fitted to experimental
data on human ventricular myocites, while being relatively computational simple, thus easily al-
lowing the simulation of reentrant spiral waves in a 2-dimensional sheet of epicardial tissue for the
investigation of reentrant arrhythmias.

For all the mentioned models, we refer to the original papers for the Equations of ionic currents
and gating variables [4}, 80} |81] and to Appendix

Several ionic models are available at the CellML Physiome Model Repository in different pro-
gramming languages (https://models.physiomeproject.org/).
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Phenomenological models. Despite the accuracy of the ventricular models presented in the
previous paragraph, several models have been developed in order to investigate phenomena on
larger spatial and temporal scales, where the sub-cellular processes are ignored and only an ac-
tion potential is provided. We mention here the FitzHugh-Nagumo model [51}, 52], the Rogers-
McCulloch [105] model, the Morris-Lecar model [87], the Aliev-Panfilov model [1] and the Fenton-
Karma model [49]. We give a brief insight of the first two models, as the Rogers-McCulloch model
is then employed in most of the numerical tests in Chapter [6]

The FitzHugh-Nagumo model. The FitzHugh-Nagumo model extracts the essential be-
havior of the Hodgkin-Huxley model and presents it in a simplified form [51, 52]. Thus, the
FitzHugh-Nagumo model has two variables: the first (v) is called the excitation variable, while the
second (w) is called the recovery variable.

The FitzHugh-Nagumo model can be derived from a simplified circuital model of the cell
membrane (Fig. [2.7)). Here the cell consists of three components in parallel:

e a capacitor representing the membrane capacitance, with current i.;

e a nonlinear current-voltage device for the excitation variable, with a current j = F(v) with
F' a cubic function in v;

e a resistor (with resistance R), inductor (L) and battery (with potential vg) in series for the
recovery current i.

Using Kirchhoff’s law i, 4+ ¢ 4+ j = I,pp and noticing that the total potential difference is given
by v = vg + Ldi/dt + Ri, we can write the equations for the behavior of this membrane circuit
diagram:

ov

Om@ = —i+ F(v) + Lipp,
i .
La =v—vy — Ru,

where I, is the applied external current.

Extracellular space

R

dVv

j=FV) L ) e =Cbm=r
Vo

Intracellular space

Figure 2.7: Schematic diagram of the electrical circuit of the FHN membrane model.

We notice that the current 7 in this model plays the role of the potassium current in the HH
model, that’s why it is called recovery current. The function F'(v) is assumed to be of cubic shape.
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The FitzHugh-Nagumo equations [51] can be written in the following form:
v

ot flo,w) = Tapp
ow
E = Q(va),

with Neumann boundary conditions v),, = 0, where 9€2 is the boundary of the domain € consid-
ered. The function f has a cubic form and it is often written as:

flo,w) =crv(v—a)(l —v) — cow,
while g is a linear function of v and w
g(v,w) = b(v — caw),

see for example [111]. In this ODEs system w is the excitation variable, which can be identified
with the transmembrane potential, and w is the recovery variable. Here, a, b, ¢1, co and c3 are
given parameters, which may be adjusted to simulate different cell types. This parameter choice
(reported in the caption of Fig. gives a normalized action potential, with the resting potential
being zero and the peak potential approximately 0.9. Plots of v and w are shown in the left panel
of Figure [2.8] The action potential shown in the figure results from applying a stimulus current
Lpp of strength 0.05 mA /cm?, lasting from ¢ = 50 to ¢ = 60 ms.

0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (ms) Time (ms)

Figure 2.8: Transmembrane potential v (blue) and recovery variable w (lilac) computed using the FHN model
(left panel) and the Rogers-McCulloch model (right panel). Membrane parameters are taken from [111]: a = 0.13,
b =0.013, c1 = 0.26, c2 = 0.1 and c3 = 1. The external applied current Iapp has strength 0.05 mA/cm2 lasting
from 50 ms to 60 ms. Note the hyperpolarization of v in the recovery phase.

The Rogers-McCulloch Model One detail of the original formulation by FitzHugh-Nagumo
that does not match well with physiological data is that the cell hyperpolarizes in the repolarization
phase: as a matter of fact, the waveform solution of the FHN system presents a negative excursion
of v during the refractory part of the wave (left panel of Fig. . A modification of the equations
to overcome this problem was suggested by Rogers and McCulloch [105], by modifying the last
term in the first equation:

% = C1U(U — a)(l — v) — oW + Lopp,
ow
5 = b(v — czw),

The right panel of Fig. 2.8 shows the action potential computed with the modified model. We see
that the undershoot in the transmembrane potential is eliminated, giving a more physiologically
realistic solution.
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2.2 The Bidomain model

So far we have reviewed a number of ionic models describing the dynamics of action potential
within a single cell. In order to describe the propagation of the electric signal in the heart, a
model for the cardiac tissue must be provided. Moreover, the mathematical model should be able
to describe the potential difference across the membrane: a natural approach would be to model
each cell as a single unit, thus enabling complete control of all facets in the intracellular and
extracellular potentials. However, this strategy would lead to a very complex and computational
inefficient model, due to the large number of cells in the heart. This motivates the continuous
approximation of the cardiac tissue as follows [27] [111].

At a cellular level, the structure of the cardiac tissue can be viewed as composed by two ohmic
conducting media, the intracellular space €; inside the cell and the extracellular space €. outside,
separated by the active membrane I" (which also acts as an insulator between the two domains,
as otherwise there would be no potential difference across the domain). In each point of the two
domains the electric potential is defined as a quantity averaged over a small volume: consequently,
every point of the cardiac tissue is assumed to be both the intracellular and the extracellular
spaces, thus being assigned both an intracellular and an extracellular potential. From now on,
we will denote by 2 the cardiac tissue volume represented by the superposition of the intra- and
extracellular spaces.

A very common assumption is that the domains are continuous and fill the complete volume
of the heart, and that the membrane is a distributed continuum that fills the complete tissue
volume. Structural inhomogeneities in the intra- or extracellular spaces due to the presence of gap
junctions, blood vessels and collagen are generally included in the conductivity tensors D; and D,
as inhomogeneous functions of space.

The cardiac tissue is composed of elongated cardiac cells, with roughly a cylidrical shape of

diameter d, ~ 10 pm and length I, ~ 100 um. These cells are coupled together mainly end-to-end
and side-to-side by gap junctions, which are small channels embedded in the cell membrane pro-
viding direct intercellular communication between the internal compartments of two neighbouring
cells. Thanks to these gap junctions, ions and other molecules can pass directly from one cell to
another without entering in the extracellular space.
The cells are arranged in fibers set as laminar sheets running counterclockwise from the epicardium
to the endocardium |27, |76, 98]. In this way, at each point x of the cardiac domain € it is pos-
sible to define an orthonormal triplet of vectors a;(x), a;(x) and a,(x) parallel to the local fiber
direction, tangent and orthogonal to the laminar sheets respectively.

To be able to formulate a mathematical model, we define the anisotropic conductivity tensors
D; and D, of the two media as

Die(x)= Y oiad(x)al(x),

o={l,t,n}

where o4¢ are conductivity coefficients in the intra- and extracellular domain along the correspond-
ing direction a,, with ¢ = [, ¢, n. For our theoretical purpose, we assume here that these coefficients
are constant in space.

We denote by J;(x,t) and J.(x,t) the local average current densities per unit area in the intra-
and extracellular domains, and by 4, the transmembrane current per unit volume flowing across
the membrane surface I'. If we consider a volume V enclosing x and we denote by |V] its volume,
dV its smooth surface and by n the outward normal on V', we can write the current conservation
law as

1 1
— Je-ndo=——
VI Jov VI Jov

where C,, is the surface capacitance. The equation above means that the flux flowing in the
extracellular volume must be equal and opposite to the one exiting from the intracellular volume,
and both must equal the transmembrane current across the membrane. By the divergence theorem,
it follows

Ji-ndJ:Cmi/ imdax,
Vv

divde(z,t) = —divd;(z,t) = Cpim.
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As we made the assumption that the intra- and extracellular media are ohmic, the following
relations hold

Ji = —D;Vuy, Je = —D.Vue,
which lead to the parabolic-parabolic formulation of the Bidomain system.
Parabolic-parabolic formulation. Find the intra- and extracellular potentials u; .: 2 x (0,T) = R,

the transmembrane potential v = u; —u.: Q% (0,T) — R, the gating variables w: Qx (0,7) — RM|
the ionic concentration variables ¢: € x (0,7) — R¥, such that

XCm% —div (D;Vu;) + Lion(v,w,c) = I;pp in Qx (0,7),
—XCm% —div (D.Vue) = Lion(v,w,c) = I, in Q x (0,T),
%—Vt" —R(v,w) =0 in Qx (0,7), (23)
%—C(v,w,c)zo in Qx (0,7),
n’'D; Vu; . =0 in Q x (0,7),

given Ig’}fp: Q x (0,T) — R intra- and extracellular applied currents and initial values vy : @ — R,

wo: Q= RM and ¢ : Q — (0, +00)
v(x,0) = vo(x), Ww(x,0) =wg(x), c(x,0)=co(x) in Q.

The zero-flux boundary conditions in the system last row) mathematically represent the
assumption that the heart is immersed in a non-conductive medium. The non-linear rection term
Lion and the ODEs system for the gatings w and the ionic concentrations c are given by the chosen
ionic membrane model.

Parabolic-elliptic formulation. It is possible to re-write the system (2.3)) in terms of the
transmembrane potential v(x,t) and the extracellular potential wu.(x,t)

v . . i :
Xcma —div (D;Vv) +div (D;Vue) + Lion (v, w,c) = I, in Q x (0,7T),
—div (D;Vv) — div (D; 4+ De)Vue) = I, + IS, in Q x (0,7),
ow
2 _R = in Q T
5 (v,w)=0 in Q x (0,7), (2.4)
Jdc .
EfC(v,w,c):O in Q x (0,7),
0" D;V(v+u.)=0 in Q x (0,7),
n”(D; + D.)Vu, +n"D;Vv =0 in Q x (0,7),

and same initial conditions as in the parabolic-parabolic formulation.

Results on existence, uniqueness and regularity of the solution of the parabolic-parabolic system
have been extensively studied, see for example References [27, |29} [124], while the well-
posedness of the parabolic-elliptic formulation has been studied for example in Refs |12}
217].

2.3 The Monodomain model

The numerical solution of the Bidomain system is computationally demanding: in order to accu-
rately reproduce the steep potential propagation throughout the myocardium, very fine time and
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spatial scales are needed. Moreover, due to the pure Neumann boundary conditions, the discretized
linear system is ill-conditioned and iterative solvers such as the Conjugate Gradient (CG) method
preconditioned by standard preconditioning technique (for example, like ILU or Block Jacobi) are
not effective, thus motivating the development of more robust and efficient preconditioned solvers.

For this reason, for large scale simulations, it is often convenient to simplify the problem by
assuming equal anisotropy rate between the internal and external diffusion coefficient - i.e. by
taking D, = AD; with A constant, where the system is equivalent to a single parabolic
reaction-diffusion equation describing the evolution of the transmembrane potential v = u; — u,,
coupled to the microscopic model through the gating variable w.

The system we consider is then the following:

v A .
mea 137 /\dIV (D;Vv) + Liopn(v,w) = Lipp in Qx (0,7T)
ow
Y R =0 in Q x (0,7),
>R, w) i 0 x (0.7, .
Jc .
EfC(v,w,c):O in Q x (0,7,
n’'D;Vv = in Q x (0,7,
Ii e _Je 7

where L, (x,t) = M is the applied current.
o, + o

From the mathematical and numerical analysis point of view, this is certantly a useful reduction.
However, it has some limitations directly related to the choose of equal anisotropy: experimental
measurements of intracellular and extracellular conductivities show that this assumption is not
realistic and it is really difficult to set the parameter A in order to obtain physiological conductiv-
ities.

2.4 Space and time discretizations

In the following Section, we provide a Finite Element discretization for the spatial variable, and
two different solution strategies for the time numerical discretization, based on a decoupling strat-
egy (such as the one proposed in Refs. [36, 88 |89, |109]) and on a coupled fully implicit time
discretization (see e.g. Ref. [90]). Common alternatives in the literature use semi-implicit time
discretizations |26} [127] and/or operator splitting |22} (23, |111], since fully implicit schemes are usu-
ally more expensive from a computational point of view if complex and high-dimensional non-linear
ionic (e.g. [35} |80} [114]) models are coupled with the Bidomain system. However, as the scope of
this Thesis is to design an efficient class of preconditioners for fully implicit time discretizations
of the Bidomain system and to avoid numerical stability constraints, both approaches (decoupled
and coupled) will be considered.

To this end, our theoretical analysis will be carried on the parabolic-parabolic formulation of the
Bidomain model and will consider the class of phenomenological ionic model (by neglecting
the ionic concentration variables), while ionic models such as the Luo-Rudy phase one [80] and the
ten-Tusscher models [114} |115] will be only included in parallel numerical experiments in Chapter

Gl

2.4.1 Weak formulation and space discretization

The current state-of-the-art on space discretization of the Bidomain model is very extensive: finite
difference methods have been investigated in Refs. |15} (94} 101} 120] as well as finite volume meth-
ods (Refs. [8l 33} 58, 66 [L19]). In this Thesis we focus on Finite Element (FE) discretizations of
the Bidomain equations, in the same fashion as in [25] [26} |50, /107, |109].
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We remark that, for our theoretical purposes, we consider here a simplified ionic model, where
we denote with w both gating and ionic concentration variables.

Let the cardiac domain © C R?® be a bounded open Lipschitz set with Lipschitz continuous
boundary. We derive a variational formulation of the Bidomain model in the following way: con-
sider the functional spaces V = H'(Q), V = {veV : Jov= 0} and define the usual L*-inner
product

(u,v) = / uvdx Yu,v € L*(Q)
Q

and the elliptic bilinear form associated with the intra- and extracellular conductivity tensors
aje (U, v) = / (Vu)T D; .Vudz, Yu,v € V.
Q

Then, find u; € L2(0,T;V), ue € L*0,T;V) and w € L2(0,T; L%(Q)N*) such that for v €

L0, T;V), 86—1: € L2(0,T; L*(Q)Nw) and Vt € (0,T) it holds

P )
Xcmﬁ (v, 03) + ai (ui, 0i) + (Lion (v, W), ) = (I;pw 901')
0
7XCWL§ (1}, 906) + ae (um Soe) - (Iion('va w)’ 906) = (I:Pp’ ﬁPe) (26)
0
ot (’LU, Saw) - (R(U’w)v 90w) =0

Vi, pw €V, Yo, € XN/, where N, is the total number of gating and ionic concentration variables.

In a similar fashion, the Monodomain model can be written as: find v € L?(0,7;V) and
w € L2(0,T; L*(Q)Nv) such that for v € L?(0,T;V), %—l: € L2(0,T; L*>(Q)Nv) and Vt € (0,7) it
holds
XCm o (0,2) 0 (0,) + (ion(0,),) = (Tapp #)
P (2.7)

a (w’ <pw) - (R(U’w)7 Sow) =0,

Vo € V and Yo, € V, where the bilinear form is a (u,v) = [, (Vu)" DVo.

The models and are approximated in space by the finite element method (see e.g.
Ref. [14]), where the domain Q is discretized by a structured quasi-uniform grid of hexaedral
isoparametric ()1 elements. Let V;, C V be the associated finite element space, with the same
basis functions {(pp};v:hl for all variables u; . and w and let A; . and M be the stiffness and mass
matrices with entries

{Ai,e}nm:/Q(V(pn)T Di,ev@n% {M}nm :/S;(pn(pm-

By denoting with ¢; the I-th nodal basis function, the nonlinear reaction term in (2.7)) is approxi-

mated by
Ny,

(Iion(v»w)v Lpp) = Z-Tion(vlawl) (QDlv 9010) .
=1

With a standard Galerkin procedure, we thus need to solve at each time step, the semidiscrete
Bidomain model

0 (u; u; M Lin(v,w) \ _ [ M I,
XCOn Mgy <u> A <u> - (—M fionw,w)) - (—M L)
ow

E:R(%w),
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where
A, 0 | M -M
A 0] me]h -

Similarly, given the stiffness matrix A associated with the bilinear form a (-, -), the semidiscrete
Monodomain system reads

XCm M?) + Av + Mg (v, w) = ML,
Jw
E—R(U,w).

For simplicity, from now on we write
Nh

;;:

assuming that we are adding contributions from all the IV, nodes of the discretization.

=1

2.4.2 Time decoupling strategy

In the literature, one of the most common procedure for the time discretization is the implicit-
explicit (IMEX) scheme, where the diffusion term is treated implicitly while the remaining terms
are treated explicitly [22| 23| 26| |127]. On the other side, a fully implicit discretization in time of
the Bidomain system coupled with the gating equation while using physiological coefficients, leads
to the solution of a very nonlinear problem at each time step, which can be very expensive from
a computational point of view. The first approach we would like to present here is a decoupling
strategy, where we decouple the gating variable w from the intra and extracellular potential u; and
ue in the following manner: at the n-th time step

1. given u, = u” and u; = u? (hence v), compute w™*! by solving the membrane model

(wn+1a ‘Pw) =T (R(U7 wn+1)7 QDw) = (wna Qow) )
with time step 7 :=t,41 — tn.

n+1 n+1 n+1)

2. givenw = w" ! calculate u? ™! and u] "' by solving the nonlinear equation Fpgo(ul ™", u?
derived from the Backward Euler scheme applied to the Bidomain equations, Where

Fyi . n+1 w1
Foigo(u n+1,u2+1) = (FZ;O;EU%H n+1;> (2.9)
_ ( XCrm (0", 03) + 7a; (u ?“,%) + 7 (Lion (v, w), i) — [XCm (U, i) + 7 (I 94) ]

—xXCnm (Un+17 Soe) + Tae ( 2 7905) -7 (IIOI]( 7w)a ‘Pe) - [Xcm (UZ, Qoe) +7 (Iappa Pe

From now on, we will omit the dependence of [, on the gating variable w, as it is given
from the previous step.

2.1 Use a Newton method to solve the nonlinear system , starting from the Newton
intial value (u?,u?), at the k*" iteration of the Newton loop7 we solve the linear system

of equations

Fb1d01 + I
0 k 1 0 b’LdOl ky k+1 k Kk
E ; + E iU )S —Fidgo1(u;,u
9%1 auel e) el 2do, ( i e)

(2.10)

)

an%d02 k k+1+ 8szdo2 uk)sk:+1 — _F (uk uk)
1 1 — —4'bido,2 1

Z dug Z Dugy o0t o2 the

=0

)])'
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which can be explicitly written as

XCm (Sl‘ﬁ_l k+1’ 901) + Ta; ( ]'€+17 QO'L) +

3 Z

aIi n
T (Z avol (") (55?_1 kH) @i, %) = —Fhido,1 (uy, ul)

l

—xCm (Sfﬂ — sttt Pe) + Tac (s]zf{l, %> i

Iion
-7 (Z aa—vl(vk) (::ffl kH) @1, %) = —Fhido,2(u7, ug)

where

k+1 _ ¢ k+1 k+1 _ 5 k+1
s; = u; sg = du,

are the increments at time step k, and I, is only dependent on uf and u*.
In matricial form, this means solving

Olion (’Uk 'wk) k41 ( k k)
) s M Fyigo1 u
Crm + M| +7A| (T ) = k) )|
KT Shen A | (i) = (Chtrenteic )
v ’

(2.11)

with the same stiffness and mass matrices defined in (2.8).

2.2 Update
k+1 _ Kk k+1 k+1 _ K k+1
U, =u; +5s; U, =u, +5;, .

In the Monodomain case, the workflow is analogous: at the n-th time step

1. given v = v™, compute w™* ! by solving the membrane model
(W™, pu) = 7 (R(v,w™™), 0u) = (0", )

2. given w = w" !, calculate v" ! by solving the nonlinear equation F(v"*!) = 0 derived from
the Backward Euler scheme applied to the Monodomain equation, where

Frono(v™ ) := xChp, (v et ©) +7a (v"+1 Q)+ (Iion(v"'"l w), ) +
—[XCm (V") + 7 (Lapp> )]

2.1 Use an exact Newton method to solve the nonlinear system (2.9); at the k" iteration
of the Newton loop, we solve the linear equation

(2.12)

aP;’nono k;-‘,—l 13
Z For ) —Frnono (%), (2.13)

i.e.

where
k+1 _ 5,Uk:+l

is the increment at time step k. In matricial form, we have

Iion
Kxcm + Taav (v*, wk)) M + TA} s = —MFyon01(vF) (2.14)

2.2 Update

PR+ — gk 4 gk
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Properties of the bilinear form associated with the decoupled Bidomain and Mon-
odomain Jacobian systems

We reformulate problem 1) in variational form: find s*+1 = (sf“, 5’2*1) € Vi =V, x V}, such
that

bido (8", 0) = —Foido1(5%) = Fhido2(s"), Vo = (@i, @e) € Vn, (2.15)
where

abido(sk+1a ¢) = XCn (strl - SIeH_la Pi — Soe) +Ta; (strlv 901) + Tae (SIeH_lv Qoe)

8Iion
+7 <Z avl ('Uk) <Si?_1 - 55.71) ®1, Pi — Soe> .
l

For our theoretical analysis, we need to study some properties of this bilinear form. We will need
the following lemma from Ref. [116]:

Proposition 2.1. Let Q be a domain in R? and N, the set of vertices of the triangulation. Then
there exists two positive constants C and ¢ such that

ch® 37 (@) < [[ol3age) < ChT Y ().

IjGNh, IjGNh,

We proceed first by showing that the bilinear form (2.15) is continuous and coercive with respect
to the following norm defined Yu = (u;,u.) € Vi,

ulll7 = (L + 7l — wel [0y + 7ai (wi u) + Tae (ue, ue)

Lemma 2.1. Assume that

8Iion

o0, (") > e >0, ceRT,

XCm + 7

Vi=1,...,Np and for all k. Then the bilinear form apiqo(-,-) defined in is continuous and
coercive with respect to the norm ||| - |||+

Proof. We divide the proof in two parts.

(i) Continuity. Let sF*1 =3, sf“cpl, with ¢; being the [-th nodal basis function. We observe
that using the Cauchy-Schwarz inequality, we have

0 ion
3 Zon () st — sk e — e | = (@)ile) = (o)
l

—f (@)
- / F(2) (94(z) — po(z)) d2

< f @)Lz llpi () = pe(@)]|L2()-
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By using Proposition (2.1)) and the triangle inequality, we get

2
a‘IIOH
ey s Ont Y (Z GG k“)mx»)

IjGNh, l
8Iion ?

= Che Z (8114 (vk)(sfjl—s’:;l)>

.’ﬂJGNh J
< Chd Olion |, 1 ’ k+1 k412
= Z 81}‘ ('U ) Z ( 1,7 - S e,j )

z; ENp, J z; ENp,

2

d Olion k k+1
=cnt > (> NI D st -

a:jGNh, l ! a?jeNh l

=:f1(z) independent of sk+1
< Ol AllZ2 ol 72 = Kmlls"H[720)

for a positive constant Kj;, from which we can conclude

l

The continuity simply follows

abido (s, 8) = XCry (s§ T = 5 i — ) + 7a; (si T, 1) + Tac (sht

aIion
+T<Z 20, ()5t = 5T, 00 — %)

l

1
< XCal|s5T = 85T L2y ll0i — %IIL?(Q +7a; (sit i)

+ Tae (s]«:+1755+1) Qe (Qoea‘pe)Q +T||sk+1
< Cllls*HI-¢ll--

(ii) Coercivity. Thanks to the hypothesis, we observe that

Olion
(Z o, (vk)(sﬁl kH)sDz,(Pz %) <|flle2@llei—@ell2) <

(2.16)

k+1)‘Pl($J)>

Kl[si ™

Lpe) +

al;
XCmHsiH"l — 5§+1||%2(Q) + 7 <Z a;;n (U’f)(si?”l — slzjl)@l’ 7],6+1 sé“rl)
l

l

2% R ) [ et
aIion
=(1 +T)El:zp:m (XC'm +7 o, (vk)> (s

1 8Iion k
- <XCm+7' o (v ))}

(Z(Sf,;rl k+1)<pl’Z( k+1

l p
> (L+7) |5 = se ™12 g

We can conclude that

il

Olion )
= (3 (10t o o)t - it Sk -

k+1 k+1)(8

el

k
e+pl)90p>

k+1 k: 1
,p + )(

—sEM | L2y l|0i—@el| L2(0) -

a; (i, %‘)% +

se L2l — @ellL2 (o

Slec,;l)ﬁpp)
P
k
Tt =St (e ep)

®1,¥p)

abido(sk+173k+1) — Xcm (Sf:+1 _ Sk—i-l k+1 k+1) + Ta; ( I§+1 k+1) + Ta, ( ]ec+17slec+1) +

€ ’ 1



2.4. SPACE AND TIME DISCRETIZATIONS 29

ol
(St st )
]
> (14 7))t - s’§+1||%2(9) +7a; (siF1 sFTY) 4 ra, (sETE, SR
k
= [|Is* 112

O

Remark 2.1. We do observe that the hyptothesis of non-negativity of Lemma/|2.1]is always satisfied
for any time step 7 < 0.37 ms, using the Rogers-McCulloch ionic model. Indeed, numerical
computations of xCp, + Tagg" validate this assumption (see Fig. . Although we have not
verified the validity of the non-negativity assumption for more general membrane models, we have
numerically tested the convergence rate estimate of Section also with the Luo-Rudy phase 1

and Ten-Tusscher ionic models (see Chap. @

Remark 2.2. The hypothesis of non-negativity also guarantees that the matrix of the system
(2.11) is non singular. Hence, this ensures that the local problems are well-posed.

0 o0 v

Figure 2.9: Surface plot of xCp, + Tagg‘“, with Cy, = 12771—}‘;, x = 1 and 7 = 0.05 ms, which are values usually

employed in numerical experiments.

As an immediate consequence of the continuity and coercivity of the bilinear form ap;q,, it is
possible to prove the following bounds, which will be useful in the convergence rate estimate.

We can drop the index k from now on, unless an explicit ambiguity occurs.

Lemma 2.2. Assuming that the conductivity coefficients are constant in space, the bilinear form
Abido satisfies the bounds
bido(8,8) < (XCm + 7K M) |[si — 3e||%2(n) + TU§\4|51‘|%11(Q) + 705\4|5e|§11(9)7

avido(s,8) > (XCm + TEm) ||si = sellT2(0) + 700 15il Fri ) + Tomml5eF1 (0

where
oy = max 0.°, ol = min 0o}°
o={l,t,n} o={l,t,n}

and Ky, K., are constants independent of the mesh size h.
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Proof. Using the same arguments as in the continuity proof, it holds

Abido(8; 8) < XCml|si — Se||%2(9) + TU§\4|SZ"%11(Q) + 707\4\34%{1(9)‘*‘

6Iion
T (Z 87111(1}) (Si0 = Set) Pus 8 — se>

1
< (XCrm + 7K M) [|s: — 5e||%2(sz) + TUMSz‘ﬁfl(Q) + TUFM|56|%{1(Q)7

where K is the constant related to the upper bound of the reaction term, see inequalities (2.16|).

Concerning the second bound, it is straightforward to show that

8Iion aIion
(Z 90, (0) (8,0 = Se,1) 1, 80 — se> = <Z o, (0) (810 = Se.)P1> Y _(Sip — Se,p)@p>

l l P

= Z Z aal;oln (V) (85,0 — Se1)(Sip — Se,p) (01, Pp)

. alion
> mlln 0, (v) (Z(szl — Se,1)Pls Z(Si,p - Se,p)%’p>
l

P

> Kollsi — sell72(q)-
It follows

abido(8,8) > XCm|si — 5e||%2(9) + To-in|3i|§-ll(ﬂ) + TUfn|86|%{1(Q)+

aIion
+7 <Z o (v) (84,0 — Se,t) @1, 8i — se>

l

> (XCm + 7Ky [|si — 5€||2L2(Q) + TUMSiﬁql(Q) + TUfn\Seﬁp(Q)-
O

Remark 2.3. This result can be easily extended to the case of conductivity coefficients almost
constant over each subdomain.

In the same fashion, we can prove analogous properties for the Monodomain Jacobian system.
Define a variational formulation of the problem (2.13): find s**! € V}, such that

amono(8k+1; SD) = _Fmono VLP S th
where
k+1 _ k+1 k+1 Olion k\ k+1
amono(s a@) _Xcm (S ,QD) +T7a (S ,410) +7 ZTUZ(U )sl PLP | -
l
We again define a norm ||| - ||| monos

Vu € Vh |||’U’H|3’,mono = (1 + T)HU’H%Q(Q) +7a (u’ ’LL) ’

and we can prove that the bilinear form a,,on, is continuous and coercive w.r.t. this norm. Also

in this case, the hypothesis of non negativity is fullfilled (see Remark [2.1)).

Lemma 2.3. Assume that

8Iion
6’01

Vi=1,...,N and for all k. Then the bilinear form amono(-,*) defined in 18 continuous and
coercive with respect to the norm ||| - |||r.mono-

XCm + T (vk)zc>0, ceRT,
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Proof. As in the Bidomain case, we divide the proof in two parts.

(i) Continuity. Let s"*1 =Y, sf“gpl. Using Cauchy-Schwarz inequality, we have

aIion
S G M)t g | = () ole)) = [ fladota) d2 < Ifllzz oo

=:f(x)

By using Proposition (2.1)) and the triangle inequality, we get

2
aIion
1120 < Ch* 37 (Z oo ’“W%))

ijNh l
d aIion k ? k+1\2
< Ch %(avj(u) %(sj )
TS TS , (2.17)
aIion
o T (Do) T St
z; €N} l ! z;€ENp L

=:f1(z) independent of sk+1
< HleQL?(Q)||Sk+1||%2(Q) = KMHSIH_lH%Q(Q)a

from which we can conclude

Olion
(Z v (Uk) k“@la ) < HfHL2(Q)||90||L2(Q) < KM||5k+1||L2(Q)\|¢||L2(Q)~
l

The continuity simply follows

aIi n
amono(5k+1a 90) = XCm (3k+1a (p) +Ta (3k+1a (P) +7 (Z a;l (U ) k—H(pla <P>
l

[MES

1
< (14 7) |85 p2@) 1@l 2y + 7a (s"7 s5 1) 2 a (9, @)
S C||‘Sk+1|||T,m0no|‘|¢|||7—,mon0'

(ii) Coercivity. Thanks to the hypothesis, we observe that

aIion
-XX (xcm+T & w)) F
L p !
=+ T s (O TG0 ) s ()
» 1+7 " 6’01 % P

. 1 alon k+1 k+1
> (1+T)Hllln L“‘T (me—i—T )} <ZS ! ‘plagsf ¥p

> (1411512 (q)-
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We can conclude that

aIion
anumo(s’“ﬂ7 sk+1) =xCn (sk“, sk+1) + Ta (skH, sk+1) +7 <Z 73 ( k) k+180l7 1)
L

> (1 + T)Hsk—HH%z(Q) +7a (5k+1u8k+1> = |H8k+1|||f2r,mono'

It is then easy to show the Monodomain bounds analogous to the bounds of Lemma
Lemma 2.4. The bilinear form amono Satisfy the bounds

mono(8,8) < (XCm + TEw) |I8l[22(0) + Tom 8|31 (o)

Amono(8,8) = (XCm + THKpm) ||8||2L2(Q) + 70m|3|§11(9)a

where

Oy = max O, Om = min o,,
o={l,t,n} o={l,t,n}

and Ky, K., are constant independent of the mesh size h.

2.4.3 Fully implicit time schemes

As alternative to the decoupling strategy proposed in the previous section as well as in References
[88, |89} |109], the second approach we propose is a fully implicit time discretization of the Bidomain
system, in the same fashion as in Ref. [90], where we deal with a monolithic nonlinear system. At
the n-th time step,

1. compute the intra- and extracellular potentials as well as the gating variables by solving the
nonlinear system F(u?“7 u?t w™ ) = 0 derived from the Backward Euler scheme applied

to the Bidomain system,

Fy(uf ™t untt qpnt?
Fum ! um+ wm ) o= | By(ul™! untl wnt ) (2.18)
Fg(u?—i_l’ un+17 wn+1)

XCm (,Un+11’ ‘pz) + Ta; (u?+1; SD'L) +7 (Iion(vn+1iw)v SOZ) - [Xcm (Un, 307,) +7 (Izpp; Soz)]
= | —xCn ('Un+ a‘Pe) + Tae (UQ ) Spe) (Iion(vn+ ,w), @e) - [Xcm (Unv @e) +7 (Iapp) Qpe)}
(W™t pu) =7 (RO, w™ ), u) — (W™, pu)

where ¢;, p. and ¢, are the test functions related to u;, u. and w respectively.

2.1 Apply an exact Newton method for the solution of the nonlinear system (2.18)); given

the initial guess (u?,u?,w?), at the k' iteration of the Newton loop, solve the linear

1 Yer

system of equations

or S 3F1 k1
ZaUZ ul,ue,w + +Zaue uz,ue,w )Sij_-f—

OF'
Jrz L(uk uk w )sffl = —F(uf, uf wh)

OF: OF:
Z 2 (ulF uF, wk k“—i—z 2 (uF, b wk)skﬂ—i—

Qugy - Quey s

oF: .
2 g )T = i 0)

Uj s e,l

: (2.19)

0F3
§ k k+1 § : ky k+1
811,1 . (uz 7ue ) w w l + 6Ue uz 7ue , W )sw,l +
l El 7

OF:
—|—Z 3 uk, )sfv‘sl = —Fy(uf, u¥, w")




2.4. SPACE AND TIME DISCRETIZATIONS 33

explicitly written as

8Iion
XCm (Sf—H - s];Jrlv 901') + Ta; ( §+1, 901) (Z o, (Uk, ’wk) (857?-1 k+1) i, 901)
l

611 n
+T< u'j (v*, wh)sh i ¢l,%> = —F (uf,ul, w")
z .
1

OLion , ©
—xCh, (8§+1 _ SEH,%) 1 Ta, ( ];+17<Pe) <Z o (vk7wk) (Sffl k+1) 1%%)

l

T ( aaIion (Uk,’wk) k+1 T,bla@e) _ 7F2(U uk wk)
;W

(sifl on) — 7 ( aTR(vk?wk) (Sffl k“) %s%)
l

;W

where
k+1 Zsk-H 1c+17 Sl@ﬁ»l Zsk-H k+17 Sﬁ)ﬂ _ Zsﬁ)-s-f — Swkt!
l

are the increments at time step k and t; the [-th nodal basis function. In matricial
form, this means solving the linear system

JFFshTL = _F(u"), (2.20)
where
xCooM +T7A; + TM 81‘0“ (vF, whk) —xCp M — TM—BQE“ (vF, wk TMLI;Z“ (vF, wh)
JFF = —xCp M — gyal‘;“ (v wk) XCrn M + TA%]—%F TM%(VIC, wk) —TMaié;f," (vF, wh)
—T ML (vF wh) TMZE(vF wh) (1— 788k wh)) M
siFt1 —MF; (uf,uf, wh)
skl = [ skt ] | F(u") = | —-MFEy(uf, v, wk) | |
whtl —M Fs(uf, u wh)
with the same stiffness and mass matrices defined in (2.8).
2.2 Update
uf“ = uf + sf“, uf“ = u + skH wh Tt = wh 4 sﬁfrl.

Again, we drop the index k from now on, unless an explicit ambiguity occurs.

Properties of the symmetric part of the bilinear form associated with the Bidomain
Jacobian system

The Jacobian linear system JF in is non-symmetric, due to the inclusion of the ionic model.
For this reason, the iterative solver we adopt must address the solution of such type of system,
such as the Generalized Minimal Residual (GMRES) method (see Ref. [106]).

Following the work in Ref. [121] (where BDDC preconditioners are applied to the solution of
non-symmetric problems arising from the discretization of advection-diffusion PDEs) in order to
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properly prove the convergence rate estimate of the solver, we need to associate to the Jacobian
system ([2.20) a bilinear form and to analyze its symmetric and skew-symmetric parts.
We reformulate problem ([2.19)) in variational form: find s = (8;, Se, Sw) € Vh = Vi, X Vi x Vj

such that
CL(S,(,ZS) = 7F1(5) 7F2(5) 7F3(5) V(b: (‘piaweac)@w) th; (221)

where

a(s,¢) = XCrm (8 — Se, i — Ye) + (Sw, Pw) + Ta; (85, 0i) + Tac (Se, e)

aIion aIion
+T <; N (va) (Si,l - 5@,1) i, 0 — 90(3) +T < l w; (v, w)sw,l Wi, i — cPe>

— T < l %(U 'LU) (Szl Se,l)wl7@w> — T <zl: %(U,w)st wl7@w> ,

being 1, the I-th nodal basis function. The symmetric and skew-symmetric parts of a(s, ¢) respec-
tively are denoted by

Q(Sa ¢) = QXCm (Si — SeyPi — @e) +2 (Swa 90111) + 27a; (Sia @i) + 27a, (Sea 906)

OLion OR
9 R C_ —_9 -
+ 27 ( El o, (v,w) (i1 — Set) Vi, i %) T El B0, (v, W) S, 1%%)

l

0 0
-7 ( 8R (v, w) (Si4 — Se1) V1, <Pw> -7 (Z £(U7w)5w,l Vi, pi — %)

aIion aIion
+7 (2; o (Vo) (550 = se,z)ibmpw) +7 <§l: T, (v, )81 Vi, Pi — (pe>

l

and

aLon aIion
Z = -7 (Z sz,l - Se,l) i, $0w> +7 ( A, (Ua w)sﬂhl Vi, i — 906)

—T(Z vw s,l Sel)wg,cpw>+7'<za Uw)£wl¢l7% @e)

In the same way, the system of linear equations (2.19)) correspond to the finite element problem
(2.21]), we can denote by @ and Z the symmetric and skew-symmetric parts of JF, which correspond
to the bilinear forms ¢(-,-) and z(-,-) respectively:

XConM + 7 A; + 7y Lion 2 (—xCputt — 7ar2hen g ((Qion _ OR
ov ov ow v

Q= 2<—meM—TMag;n 9 XCmM+TAe+7M8(§1‘)’“) Y 88[;“ f;f |
(G- %) STy () B i T4 v
Z = 0 0 _TM(azn+31,> 7
ol ) W)

where we simplify the notation by writing % = %(w w), with ¢ = {Iion, R} and e = {v, w}.
o [ ]
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In the same spirit as in the decoupled approach, it is possible to show that the symmetric
bilinear form ¢(-,-) is continuous and coercive with respect to the following norm defined as

ulll coup = (14 7)|ur — ug|[72(qy + (1 — 7)lus||72(q) + Ta: (w1, u1) + Tac (uz, uz)
Yu = (ul,uz,u;),) € Vyp.
Lemma 2.5. Assume that

0Lion OR

ion

ol OR
XCm +7 o0, (v,w) > ¢ >0, 1—7'6—wl(v,w)262>0, D, (v,w)—a—vl(v,w)z(),
c12 €RT and Vi =1,...,N. Then the bilinear form q(-,-) is continuous and coercive with respect

to the norm ||| - ||| +,coup-

Proof. (i) Continuity. Let s = ", s; ¢;. By using the Cauchy-Schwarz inequality, we have

Z aaIZn (v, W) (851 — Se )V, 00 — e | = (f(2), pi(x) — pe(T))
1

=:f(z)
= [ @) (i) = pela) d
<@z llei(z) = e(@)llL2(0)-
By using Proposition 2.I] and the triangle inequality, we get

2
aIion
||f”%2(§l) < Chd Z (Z 8’[}[ (U,W)(Si,l - Se,l)qul(xj))

ijNh l
aIi()n ?
=cht ((%j(v,w)(sz',j —Se,j))
z; €N
<cht y Olion (1, ) 2 > (i —ses)”
=~ 5% ’ ,] €,J
z;ENR z; ENp
ol ’ :
. d ion
=Ch w;/ (; o, (U,w)i/fl(%‘)) x;/ (Zl:(si,lse,z)w(xj))

=:f1(«) independent from s;,se
< fillZz@llsi = sellt2(q) = Cnllsi = sell72(q)»

from which we can conclude

aIion
(Z v, (v, w) (851 — Se,1)V1, i — %) <Cy,llsi — Se||L2(Q)H<Pi - <Pe||L2(Q)~
l

Following the same arguments, it is possible to see that similar bounds hold:

OR
( %(v’w)sw’l 11)1,9070) < CrylIswllz@llewllL2@),
]

aIion
(Z ow; (v,w)(Si1 — Se,) %ww) <O, llsi = sellLz@llpwll 2 ()
1

OR
( %(U’w)(si’l — Se,1) Vi, %) < COg,llsi = sellL2@)llewll 22 ()
l
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swllrz@)llei — @ellL2(9)

aIion
w y Wi — Fe S C
< _ (v, W)Sw1 Y, 0 — ¢ ) I

OR
(Z %(U7w)8u;,z i, pi — <Pe> < Cr,|Iswllrz@)llvi — @ellL2(9)
l

where Cgr,, Cr,, Cr, come out from the computation of the counterpart of the norm. The
continuity follows easily:

q(s,¢) <2 (xCrm +7C71,)
+27a; (5i,5:)? @i (01, 00)® + 2700 (5, 50)? e (e, 00)?
+7(C1, — Cr,) [llsi = sellL2@)llewllL2@) + |swllL2@)ll0i — @ellz2()]

Isi = sellrz@)llei — @ellLz) +2 (1 = 7Cr,) l[swllL2 @) [lPwl| L2 ()

<l
provided that (C;, — Cg,) <0

(ii) Coercivity. Thanks to the hypothesis, we observe

8Ii n
o XCnllsi = sellfoy +7 (Z 8;1 (v, w)(8i,1 = Se 1)1, i — se>
l

0 ion
= (Z (XCm +7 8Ivl (v, w)) (50— Se)tr, > (sip— se,p)ql}p)

l P

;;(Xcmﬂ

0 ion
4TS s (0 T 000 (s = sua)(si — 5e) (1)
L p

1 aIion
> (1+7)min [1 g (me T g (v,w))] <Z(5i,l — Se)¥i, Y (8ip— Se,p)l/)p>

l p

aIion
8’Ul

(v, w>) (561 — 5e2) (St — $e.p) (1, )

(L +7)lsi = sellZ2(q)

>
o lswllZzo) — (Z (v, W) S, wl>5w>
- ( l (1 _Tgﬁ(v,w)) Swi Vi Y Swp ¢p>
>
P> (17 0) ) s 11,
0
— =) Y (1 w0w) ) s s 1. 3)

>(1- T)mlin [1 i - (1 — Tgfl(v,w))} (Z: Sw,l ¢lyzsw,p %)

(Z 5(9[;,;] (si0 — Se,l)l/)usw) -7 (Z g—i(v w) (841 — Se,l)wl,8w>

l

=T <Z (%[,lljln (”U, w) - gﬁ(Q)?w)) (Si,l - se,l) ?/11, ; sw,p wp>




2.4. SPACE AND TIME DISCRETIZATIONS 37

8Imm OR
- TZ Z ( awl - avl(’U)w)) (Si,l - Se7l) Sw,p (wl7¢p)

Olion OR
> P — > 0.
T mln ( 0, (v,w) — 70, (v, w)> (8i — Sey Sw) >0

‘We conclude that
q(s,8) = 2xCh, (8i — Se, 8i — Se) + 2 (Sw, Sw) + 27a; (84, 8;) + 2Tae (Se, Se)

8Iion 6R
+ 27 (Zl: a0, (v, w) (85,1 — Se,t) Y1, S5 — se> - 27 (Zl: %(v,w)sml P, sw>

+T< ’Onvw szz—sez)wz,8w>+7< 1Onvw)swﬂm,sz e>

-7 (; %(v, w) (Si,l - Se,l) 'l/Jla 3w> -7 (zl: %ﬁ(va w)sw,l 1/117 Si — Se>
>2(1+17)||si — se||%2(9) +2(1 - T)”Sw”%z(g) + 27a; (8;,8:) + 27ac (Se, Se)

> [[[s117 coup-

O

Remark 2.4. The norm |||-|||7.coup is well defined, as the quantity 1 —7 is always positive (typical
computational values for 7 are less than 1072).

Remark 2.5. The request (Cy, — Cg,) < 0 is justified in Lemma [2.6]

Remark 2.6. As in the case of the decoupled strategy described in the previous Section, the
hypothesis of non-negativity of the above Lemma is always satisfied for any time step 7 < 0.37 ms
if we consider the Rogers-McCulloch ionic model. Indeed, numerical computations of xC, + 78(13%
validate this assumption (see Fig. - left). Regarding the other two hypothesis, it is easy to
compute analytically that 1 — 7 g R — 1 4+ nyr > 0 for any value of 7, being 1, a physiological
parameter, while the last 1nequahty is always satisfied for any v > 2-107%. This request is not
restrictive, as for those values of the transmembrane potential the tissue is almost at rest. Also in
this case we have not verified the non-negativity hypothesis of Lemma for more complex ionic
models: possible future works should be devoted to the theoretical and numerical study of human
ventricular ionic models in this coupled solution strategy.
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Figure 2.10: Surface plots of xCm + Tag;j“ (left) and aé% — %—f (right), with Cp, = 125
ms, which are values usually employed in numerical experiments.

x =1 and 7 = 0.05

c'm‘5 ’

As an immediate consequence of the continuity and coercivity of the symmetric bilinear form ¢(-, -),
it is possible to prove the following bounds.
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Lemma 2.6. Assuming that the conductivity coefficients are constant in space, the symmetric
bilinear form q(-,-) satisfies the bounds

q(s,s) <2 {(Xcm + 7K, 1) [|si — Se||2L2(Q) +(1- TKM,R)HSwHQL?(Q) + TU?\/I|SZ'|§{1(Q) + TC’?/[|56|%11(Q)} )

q(s,s) > 2 [(XCm + 7K 1) |10 = sellT2(0) + (1= K r)||sw|[72(0) + 707,151 F ) + TU:;L|8€|%[1(Q)}

where
i,e i,e i,e : i,e
oy = max oy oy¢= min ol
M esiliny * ™ e={ltn} °
and Kus v, K« are constants, independent of the subdomain diameter H and the mesh size h.

Proof. By proceeding as in the proof for the continuity, we obtain

q(s,8) < 2xCl[si — 36”%2(9) + 27H3w||2L2(Q) + 270§v1|3i|§{1(9) + 27(716\4\563\%{1(9)"‘

Olion OR
+ 27 (; En (v,w) (851 — Seu) i, 80 — 3e> =27 (; aTUl(Ua w)Sw,1 Y1, 8w>
Olion OR
+ 7 <; awl (U, U}) (Si,l - Se,l) ¢l7 5w> - T <; %(U, w) (Si,l - Se,l) wla 5w>

6Iion aR
+7 (Z ow ('va)sw,l Vi, 8 — Se> - T <zl: %(v,w)sml Wi, S; — 3e>

l

< 2XCml[si = sellT2(0) + 275wl 220y + 2700 |8ilFr () + 270515 |7 () +

|5wH2L2(Q) +27(Cr, —Cr,)

—|—2TKM7[||81‘ - 8€||%2(Q) - QTKM,R

Isi — sellz2@)llswllL2 (o)
<2 {XCmHSi = sell72eq) + Tllswlliz (@) + 7o silHn ) + TOR 15 Fr o)

—‘rTKM’[

|Si — Se||%2(9) - 7—‘K—M,Fi |sw||%2(ﬂ) ’

where K . are the constants related to the upper bound of the reaction term and where in the
last inequality we use the hypothesis of non-positivity of the quantity Cr, — Cr, made in the
previous proof.

Concerning the second bound, it is straightforward to show that

8Iion 8Iion
<Z avl (Uv w)(si,l - Se,l)wla S; — Se) = <Z 81}1 (’U, w)(si,l - Se,l)wlv Z(Si,p - Se,P)wp>
l

l P

8Iion
- Z Z A, (v, w)(sial - Se7l)(8i7p - 56717) (, ¢p)
L p

aIion
> mlin BT(U’ w) (Z(Szl - 56,1)1% Z(Si,p - Se,p)%))

l i »
= Ko, 1|s; — Se”%?(ﬂ)

and, in a similar way, that

OR
( =— (v, w) (81,0 — Se )1, 8i — Se) > Ko gllswll72(0),

. 5‘wl

with K, p = mlin S—R(’u, w). Then the bound follows from the coercivity.
wy

O

Remark 2.7. This result can be extended to the case of conductivity coefficients almost constant
over each subdomain.



Chapter 3

Dual-Primal Iterative
Substructuring Methods

The notion of Domain Decomposition (DD) methods (DDMs) is often referred to the splitting and
approximation of Partial Differential Equations (PDEs) into coupled subproblems each defined on
smaller subdomains, which form a partition of the original domain.

The subdivision can be usually performed at three different stages: at continuous level, if

several physical models are defined in different regions of the domain; at the discretization level,
by employing different approximation methods in different portion of the domain; otherwise, the
splitting can be done in the solution of algebraic systems.
As a matter of fact, in general, when modeling real life problems arising in Physics, Engineering
and Biology, it is not always possible to define an exact analytic solution of these equations: thus
it becomes necessary to adopt discrete formulations of the original problem. This leads to alge-
braic systems of equations that in case of real applications might be very large (more than 10°
unknowns): in this sense, direct methods run into memory, complexity and scalability problems
and basic iterative methods can have slow convergence.

In this framework, DDMs can be viewed as iterative algorithms to find approximate solutions
of a large problem, by solving many smaller subproblems defined on single subdomains. The main
effort regards the selection of subproblems that ensure a fast rate of convergence, providing precon-
ditioners that can be accelerated by Krylov space methods. Another important feature of DDMs is
their easy applicability for development of efficient codes, which nowadays are essential on modern
supercomputers, since the divide-and-conquer approach used in DDMs makes them particularly
suitable for parallel computing. For an extensive discussion, we refer to References [39, (110, [116].

The aim of this Chapter is to introduce the basic ideas of DDMs, focusing on non-overlapping
methods; in particular on dual-primal algorithms, since the solvers proposed in this Thesis are
preconditioned by the Dual-Primal Finite Element Tearing and Interconnecting (FETI-DP) (Sec-
tion and Balancing Domain Decomposition by Constraints (BDDC) (Section algorithms.
These two preconditioners will be then applied to the solvers introduced in the previous Chapter
and, as they have been shown to be spectrally equivalent in Refs. 78| [83], it will be possible to
derive only one convergence rate analysis for both the proposed solvers (see next Chapters). A
closing section with useful technical tools that will be needed in the core of this Thesis ends this
Chapter.

39
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3.1 Non-overlapping Dual-Primal Algorithms

Let Q;, j =1,...,N, be a decomposition of the cardiac domain €, into non-overlapping subdo-
mains:
N
Q=19 @nu=0 if j#£k,
j=1

0

a vertex o
89]‘ N 8Qk = if ] 7& k.
an edge

a face

Each subdomain is a union of shape-regular finite elements, with matching finite element nodes
on the boundaries of neighboring subdomains across the interface I'. The interface I' is the set of
points that belong to at least two subdomains,

= 09, n o,
#k
where 0€2;, 0Qy, are the boundaries of §; and 2, respectively.
We assume that subdomains are shape regular and have a typical diameter of size H whereas the
finite elements are of diameter h.

Let us denote the set of nodes on 89, 9Q; and T by 9", Q" and T", respectively. For any
interface nodal point z € I', we can use Definition 4.1 in Ref. [116]

Ny ={je{l,....N} z e}, (3.1)

i.e. V, is the set of indices of all subdomains with z in the closure of the subdomain. If x is in the
interior of a subdomain, then N, contains only the index of that subdomain.
For any pair of interface points x, y € I'*, we introduce an equivalence relation defined by

e~y Ny =Ny,

meaning that two nodes x,y belong to the same open set if and only if they share the same index
set. We can now describe the sets of nodes on edges £, on faces F, on vertices V and in the interior
Z, using their equivalence classes{T]

Definition 3.1. Let x € 9Q" U 9O, then

o z €T, interior < |N| =1;

o 1 € F, faces = |N|=2;

o x €&, edges < |N|>2 or |N| =2 and x € 09;
and x €V, vertices, defined as endpoints of edges.

We denote the associated local finite element spaces by W;. It is therefore helpful to partition
W; into the interior part W) and the finite element trace space W), such that

w;=wP ewd.
Note that we consider variables on the Neumann boundaries 9Qy as interior to a subdomain. We
introduce the product spaces by

N N
Wi=Wix - xWy=][W;, and  Wp=]]W.

j=1 =1

'In the definition, |]A/| denotes the cardinality of the set N.
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Therefore we define W C W as the subspace of functions of W, which are continuous in all interface
variables between subdomains and similarly we denote by Wr C Wrp, the subspace formed by the
continuous elements of Wr.

In dual-primal methods, we iterate in the space W while requiring certain constraints to hold
throughout the iterations. In this case, these constraints are continuity constraints (named primal
constraints), that have to be chosen such that each subdomain problem becomes invertible and
such that a good convergence bound can be obtained [104].

We denote by W the space of finite element functions in W, which are continuous in all primal
variables; clearly we have W C W C W and likewise Wp C Wp c Wr.

We define ngf ) ¢ Wls] ) the subspace of functions which are continuous across the interface
and that will be subassembled between the subdomains that share I'); this subspace (and its
elements) will be called primal. Additionally, let WX ) ¢ WIEJ ) contain the finite element functions
that can be discontinuous across the interface and which vanish at the primal degrees of freedom;
it will be denoted as dual.

In this work we will denote with subscripts I, A and II the interior, the dual and the primal
variables respectively.
We introduce two subspaces, W and Wa, such that

N N
Wi =[[wy, wa=][w
j=1 =1
and
Wr =Wn® Wa.

Using this notation, we can decompose Wp into a primal subspace /WH which has continuous
elements only and a dual subspace Wa which contains finite element functions which are not
continuous, i.e. we have

WF = WH &) WA;
and similarly we can write P -
W =Wn®Wa oW
This space subdivision induces a reordering of the degrees of freedom (dofs), which will be
divided into those internal and those on the interface (further classified into dual and primal dofs)

of each subdomain, see Fig. From now on, we will refer interchangeably to dofs and nodal
points, as we assume they coincide.

In dual-primal methods, this reordering leads to consider a reordered system matrix. Define the
local stiffness matrices

, ) S
oy [ S
K=\ et | = |E&r Kia Kia
Tl T K9  gO W

111 IIA IIIT

and
KII*dlagj 1,..., NKII)v Kar = dlag] 1,..., NKAI’ KAA:diagj:l,.,.,NK(Aj)Av
Ky = diag, KY),  Kya = diag, K3 Ky = diag, KY)
I 1ag;—1 . NBr A 1ag;—1 . NIA» 11 1ag; 1. ... N

Then the linear system Ku = f can be written as
K K§; K
K= |Kar Kan Kig
Knr Kna Knon
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Internal 1

Figure 3.1: A schematic diagram of domain subdivision into four subdomains and splitting of degrees of freedom
(dofs): interior (blue squares), dual (red circles) and primal (green triangles) dofs.

As in many iterative substructuring algorithms, the first step is to eliminate all the interior vari-
ables, obtaining the unassembled Schur complement Sr

SF:KFF—KF[KHlK?I: |:KHA Kﬁg | Kur KHI [KKIK%I] (3.2)

Then, we can write §1" = R%“SFRE, with R being the direct sum of local restriction operators ng )
(which returns the local interface components). Applying the same idea to the right hand-side f,

fr

gr :J?F_KFIKI_IlfI, f= {
Ir

:| > ﬁ:R?fF7

the resulting system which we need to solve is
SFUF = /g\r. (33)

Once this problem is solved, the solution ur on the interface is used to recover the solution on the
internal degrees of freedom by
ur = K7 (91 — Krrur) .

Restriction operators and scaling. Before going into the details of the proposed precon-
ditioners, we need to introduce some operators needed for their definition. In particular, when
working with these methods, an interface averaging is needed in order to ensure a correct continu-
ity of the global solution. Let us define the restriction operators

RY :Wa = WY, Rra:Wr — Wa,
Rg) :WH%WI%j), RFH:WF*)/WH,

and the direct sums Ra = @R(Aj), Ry = @Rg) and ]?Zp = Rrn @ Rra, which maps Wr into Wr.

In this Thesis we will consider mainly two types of scaling, the p-scaling and the deluze scaling;

for further details see References .
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The p-scaling takes into account the standard counting functions of the Neumann-Neumann
methods and in particular their pseudoinverses, which can be defined for the Bidomain model as,
Yz € TU)

i o)
61'75 T _ 03\7/16 ' iel ie?) 5w T _ 1 4
L . SO v A LS
D keN, 001 ” v
where N, is the set of indices of all subdomains with z in the closure of the subdomain, defined in

Eq. (3.1). The following property (see [116]) holds

o) (i 2 o) iR
ie ie T . i,e i,e
o ((5k ) Smln{aM NoaY: }

Conversely the deluxe scaling, recently introduced by [38], defines the average w = Epw
differently for the equivalence classes of faces or edges.
We define the deluxe scaling for classes F and £ in the following way. We recall that the class
of faces F contains all the nodes shared by two elements. Suppose that F is shared by €2; and
Qp; let S;_Z) and Sgg) be the principal minors obtained from 81(3 ) and Sﬁk) by removing all the
contributions that are not related to the degrees of freedom of the face F.

Let uj = Rru; be the restriction of u; to the face F through the restriction operator Rr;
the deluxe average across F is then defined as (see [7])

ar = (59 + S}’“))il (895 + 5% 7).

Note that we have denoted with #;  the mean value of u; over the face F, while, if we omit the
index j, we denote the deluxe average.

The action of (Sg_z) + ng))_l can be computed by solving a Dirichlet problem over the two subdo-
mains, by extending to zero the right-hand side entries associated with the interior nodes.

If we consider an edge £, where a node is common to at least two elements, the deluxe average
across € is defined in a similar manner.
Suppose for simplicity that £ is shared by only three subdomains with indices j1, jo and js; the
extension to more than three subdomains is immediate. Let u; ¢ = Rgu; be the restriction of u;
to the edge £ through the restriction operator Re and define

Séh%) _ Séjl) + SéjQ) —I—Séh);

the deluxe average across an edge £ is given by
. -1 , , ,
g = (Séjms)) (Séjl)ujl,g + Sén)uj‘g,g + Séh)’uj&g) ]

The relevant equivalence classes, involving the substructure €2;, will contribute to the values of u.

These contributions will belong to ﬁ/\p, after being extended by zero to I'\F or I'\&; the sum of all
contributions will result in R*Tﬂ*. We then add the contributions from the different equivalence
classes to obtain
u=Fpu=ug+ Z RI’I]M
*={F,E}

where Ep is a projection. Its complementary projection is given by

Pp:Wr—Wr  Ppu:=(I-Eplu=ua— » Rlu. (3.5)

*={F,E}

Lastly, for each subdomain €2; we define the scaling matrix

DY
DY) = . x={F.&} (3.6)
()

D

g o
kj
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with k1,...,k; € =7 set containing the indices of the subdomains that share the face F or the

edge £ and where the diagonal blocks are given by
D;Z) _ (S;_g) + S;f))—ls;j) or Déj) _ (Séjl) + Séh) + S‘gjg))_lséjl).
Thanks to the definition of the scaling matrix, we define the scaled local restriction operators
Re=DYRY,  RYs= RARY,

Rp. A as direct sum of Rg?A and the global scaled operator ED,I‘ = Rrin ® Rp,ARra.

3.2 Dual-Primal Finite Element Tearing and Interconnect-
ing (FETI-DP)

The Finite Element Tearing and Interconnecting Dual-Primal preconditioner was proposed first
in Ref. [48] with vertex constraints as an alternative to one-level and two-level FETI, introduced
in References |42} 43, |45H47]. It has been then extended to 3D in Reference [46]; References 85
provide a convergence bound in 2D, while a complete 3D dissertation of both algorithm and bound
are provided in Refs. [69] [72H74].

This class of methods is based on the transposition from the Schur problem on Wr‘ to a mini-
mization problem on W, with continuity constraints on dual degrees of freedom. They have been
applied in several contexts, from three-dimensional elliptic problems with heterogeneous coeffi-
cients [73] to linear elasticity problems |72, |104]. In the biomechanics field, applications of FETI
and FETI-DP have been extensively studied in Refs. [2, (L3} |71} [127].

We present here an algebraic formulation of FETI-DP algorithm, following Refs. |72} [104].

Starting from the algebraic system Ku = f, we denote the unknows on each subdomain by
u9) . For each subdomain §; for j = 1, ..., N, we can distinguish between interior, dual and primal
contribution in the stiffness matrix, the unknowns and the right-hand side vectors:

T I O I
KU — K(AJ} K(AJ)A KI(IJKT , ) = UX) , f(]): fg)
Pl P i

Note that any variable on the Neumann boundary 0y is considered to be interior to a subdo-
main. Unknowns on the Dirichlet boundary 92p are usually eliminated upfront and do not need
to be considered. We observe that in a structured decomposition (as considered in this Thesis),
the vertex unknowns are all degrees of freedom which are associated with nodes shared by four or
eight subdomains, as in Fig. [3.1]

We introduce the following notation

(4) (4)
_ | () _ |ur _ | G _ |11
upg = , uy = N = , = N
o=l M weln) M
Let us now partition the stiffness matrix K, the right-hand side f and the unknowns vector u
according to the different sets of unknowns:

K4 4 -
Kpp = K9 _ K9 KY) 7
kY KL

1 N j : j
Kup = [KI(U)B o k8D K9 = [Kl('ljl) KI(I]M .
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Observe that Kgp is a block-diagonal matrix. If we subassembly with respect to the primal
displacement vectors, we obtain

~ Kpp Kl = ~(1 ~(N
"o L?gg R0\ K= K KGR
where, for j =1,... N,
~ . . . ~ N . . .
Ry mf) e SR RHRD
j=1

We note that K is block diagonal and coupling is introduced only through the primal variables.
To enforce continuity on the remaining interface variables u(A]), we define a discrete jump operator
B =[0 Ba]and a set of Lagrange multipliers A € A = range(B) such that

B up = BAU,AO. (37)

Since we assume that finite element nodes match across the interface I', the entries of the matrix
B will be chosen between 0, 1 and —1.
For example, consider the domain €2 in Fig. [3.2} a suitable choice for the entries of B is to assign

o 0,
By=-1| By=

0 Qs
B =1 By =-1

Figure 3.2: A generic domain subdivided into 4 subdomains.
values 1, —1, —1 and 1 for subdomains €, Qs, Q3 and €4 respectively.

The starting algebraic system Ku = f can be reformulated as the following saddle point problem:
find (u, Ax) € W x A, such that

Kpp I:(EB BT [up fB
Knp Kmn O urn | = | fu| - (3.8)
B 0 0 AK 0

We emphasize that Bug = 0 holds if and only if up € W, which means that the columns of B
associated with primal degrees of freedom are null. As K is invertible on A, the degrees of freedom
in Wr can be eliminated by a block-Cholesky factorization, reducing the above system to a problem
only in the Lagrange multipliers unknowns

Frx = dx, (3.9)
where

Fx = BKZY, (BT n f(ﬁ“ﬁﬁﬁf{nBKE}BBT) :

dx = BKgp (fB + I?EBgﬁfq (J?H - I?HBKg}ng)) ;

St = Knn — KupKppKis.
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The symmetric positive definite Schur complement §HH represents the FETI-DP coarse problem
and it introduces the global coupling across the subdomains. For computational purposes, we
note that the matrix F is never computed explicitly, as it can be retrieved from the solution
of two linear systems; moreover, the inverse matrices that appear are never calculated, as they
are only needed in terms of matrix action on a vector, and direct solvers such as Cholesky or LU
factorization are used. After the solution A\i is found, we can retrieve the solution on Wt as

w=K"! (f— BT)\K) .

Usually, Eq. is preconditioned by the FETI-DP preconditioner M ~!: in order to properly
define this preconditioner, we introduce a scaled jump operator Bp.

This operator is obtained by applying D) : A — A scaling matrices that act on the space of
the Lagrange multipliers, which are given by matrix if the deluxe scaling is used or by the
pseudoinverses Eq. if the standard p-scaling is used. In both cases, the scaling is chosen such
that the linear mapping Pp = BgB becomes a projection.

Then, a quasi-optimal preconditioner for the FETI-DP algorithm is given by
M~'=Bp K BY.

In this way, FETI-DP method can be considered as a standard preconditioned conjugate gradient
algorithm for solving the preconditioned system

M YFpdg = M~ Ydg,

see Ref. [116]. It can be implemented with the recursive Algorithm ().
In order to be consistent with the notation in the next Chapter, we reformulate the FETI-DP

Algorithm 1 FETI-DP method as a PCG method
Require: r° =d — F)%;
for k£ =1,... until convergence do
Precondition z*~1 = M ~1r*~1 then
. < SRl kel

1 _
=g s =0
Pk = 2h=1 4 gpk-1 [p! = 2]

R < ZFTh Rl
< pk, Fp* >

)\k — )\k—l +Ozkpk
Pk = k=l ok pph
end for

preconditioner for the Schur complement problem Srur = ar-
By eliminating the interior unknowns, system (3.8)) is equivalent to

Sr BE] [ur] _ [gr =
S )] e o0

where gp is the partially assembled Schur complement matrix, Br is the restriction to the interface
of the jump operator B
Br = [Ba On].
This saddle point problem can be also viewed as a reformulation of the minimization problem on
Wr
L rg T~
—~ —upSrur —u

find up € Wr g I OTUr TN gr

B[‘UF =0



3.3. BALANCING DOMAIN DECOMPOSITION WITH CONSTRAINTS (BDDC) 47

In the same manner, the system can be reduced to a problem only in the Lagrange multipliers
by eliminating the interface dofs by a block-Cholesky factorization: this leads to the algebraic
system

FA=d,  F=BpS;'BL, d=BrS:iyr,

and the FETI-DP preconditioner for the system above is given by
MF_EITI-DP = BD,FgFBg,Fa

where Bp r is the scaled restricted jump operator.

3.3 Balancing Domain Decomposition with Constraints (BDDC)

The Balancing Domain Decomposition with Constraints (BDDC) procedure is a two-level precon-
ditioner for the Schur complement system §pu1~ =9r.

BDDC algorithms were initially proposed by [37] for the solution of symmetric, positive definite
problems, but its formulation can be equally applied to non-symmetric problems, as done in [121]
for advection-diffusion equations. This preconditioner has been applied to a large variety of prob-
lems, such as 3D problems in H (curl) (see e.g. [38]), Raviart-Thomas vector fields (|93]) and more
recently to Isogeometric Analysis (|5H7]) and Virtual Elements Method (Refs. |10, [78]).

A very interesting feature which has been proved in References |78, [83] is the spectral equiva-
lence with FETI-DP: if the same primal space is considered, it has been demonstrated that both
preconditioners share the same eigenvalues, except for those equal to 0 and 1. This means that the
rate of convergence is essentially the same, allowing us to carry out only one convergence analysis.

As previously done for FETI-DP, we partition the degrees of freedom of the interface I into those
internal (I), dual (A) and primal (IT) dofs, and partition the local stiffness matrices as

J J )T
g9 gOT K KKy

KW — II | = | g0 ) K(J)T

K9 g AT AA

I T KUY W) K(J)

7 A T

Let §1" be the partially assembled Schur complement obtained from Eq. 1) gp = EFSFE?; then
we define the BDDC preconditioner using the scaled restriction operators as

—1 _ T o—1p
Mgppe = RprSr Rp,r.

The action of gp on any vector ur of Wp can be computed as

[-(1 T (T r - - .
K R R [0
KAI) K(A)A Kl('lg (1) R(A)RFASFUF
N N)T  ~(N)T N :
K§I) K(AI) Iféu) u§ ) ™) 0 _
KLy KO RET ulV) RA"’RpaSrur
_f(l(ill) I?gg I?ﬁﬁ) f(l(q]}]) f(nn ]t ur | L RrnSrwr

The inverse of the partially assembled Schur complement gp can be evaluated with a block-Cholesky
elimination procedure

N ) ()
=Ria [0 ROT]| B i
K KA

j=1

Rra + $S;L®.

RY
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In this way, the first term is the sum of local solvers on each substructure €2;, with Neumann data
on local dual edges, while the latter is a coarse solver for the primal variables where

-1

N () ) ()
_ N [ ) T hr] | K Kja Ko )
St =Y Ry’ | Ky - [K%) K3} } [K(j)T ) R | |
j=1 IA AA ATL
is the primal problem and
N ) D17 )
; K K K G)
& = RFy — REA {o RX)T} l . B LR,
= KR" KZA) | R&n

is the matrix which maps the primal degrees of freedom to the interface variables. The columns of ®
represent the coarse basis functions defined as the minimum energy extension into the subdomains
and subject to the chosen set of primal constraints.

3.4 Preliminary technical results

We assume that the cardiac domain §2; € R? is a bounded domain with Lipschitz continuous bound-
ary; moreover suppose I'7) C 0f); has non-vanishing two-dimensional measure and is relatively
open with respect to 0§2;.

We recall the following definition, see [14, Definition 7.5.25] :

Definition 3.2. The fractional order Sobolev semi-norm | - |H1/2(F(j)) is defined by

lu(z) — u(y)|®
)y — d Id )
|u\H1/z(r( ) //Fm oy Szds,

where ds is the differential of the arc-length. The space H/?(T'U)) consists of functionsu € L*(T'9))
such that |u|H1/2(F<j>) < 00, and we define the norm

H“H?{l/z(rm) = ||u‘|iz(r<j)) + |U|§11/2(ru>)'
Furthermore, we define the space
Hy*(00) = {u € BVAO0) : Epuu € HYV2(09) ),

as the set of all functions « € H'/2(I'Y)) for which the zero extension from T'V) to 9Q; by the
extension operator Equt

0 on 9Q; \ TV,

U on '),

Eext :TU) — 00 Eepru = {
remains bounded in || - |[1/2(p¢)y. This space is equipped with the norm

2 — 2 2 .71
||UHH(%2(F(J)) = HU||H1/2(F(J')) +‘/F(_7‘) u d((L’,F ) d{E,

where d(2;T1)) denotes the distance between x and the boundary T'). We observe that if
u € H/2(99) vanishes almost everywhere on 992\ T, then |[ull 17206 and ||u|\H1/2(F) are equiv-
00

alent norms.

We also need to introduce the usual Lagrangian interpolator operator

1" C%Qy) — Va(9)),
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and define the discrete harmonic extensions of the Laplacian operator on 0€;

—Au=0 in 09,
u = HJAUF e U = ur on 1"(.7)

u=0 ondQ\I.

Notation We will write with A < B whenever A < ¢B with ¢ constant independent of the diam-
eter H, the mesh size h, the time step 7 and the conductivity coeflicients; similarly, we will write
A ~ B whenever A < B and B < A.

We recall some useful technical results that will be employed in the proofs of the convergence
rate estimates. These results can be found in the appendix A of [116].

Proposition 3.1 (Poincaré-Friedrichs inequality). Let € be Lipschitz continuous with diameter
H. Then, there exists a constant Cy, that depends only on the shape of Q0 but not on its size, such
that
2 21,12
ullz2) < CrH [ulf g,

for all uw € HY(Q) with vanishing mean value on .

Lemma 3.1. Let I' C 09Q. There exists two constants, such that for u € Héf(l“)
cllEeartllf 2oy < lullf/e ) < Cll€eatulli/2og)-
H/2(0Q) = Hoy™(T) — H1/2(09Q)
Theorem 3.1 (Trace theorem). Let §; be a polyhedral domain, then
ul3p 2oy ~ [HS w3 q,)-

Also the following Lemmas are from the same reference, [116, Lemmas 4.16, 4.17 and 4.19],
[116, Lemma 4.26] and [116}, Lemma 4.30].

Lemma 3.2 (Edge estimate). Let £ be an edge of 0); and b¢ be the finite element function

1 on nodal points of £

Oc € Vi, (Q25), O =
£ l ]) £ {0 elsewhere.

Then, Yu € Vi, (2;),
11" (Oew) G172y < CllullZze),

H
lulFsey <€ (1+ 108 7 ) el

_ H
Hu - ug||%2(5) <C (1 + IOg h) \u|§{1(ﬂj)7

where tg is the average value of u over £. The last two inequalities hold also in case the norm and
seminorm on the right-hand side are replaced with the Hl/Q(Qj) norm and seminorm respectively.

Lemma 3.3 (Face estimate). Let F be a face of 02; and 05 be the finite element function

1 on nodal points of F

0 elsewhere.

QFEVh(Qj), 0r = {

Then, Yu € V3 (8;),

|Ih(9]:(u — U}‘))ﬁ.ﬂ/z(]:) <C (1 + IOg h) |u|§{1/2(8ﬂj)'
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where Ur is the average value of u over F. The same bound holds if the seminorm on the left-hand
side is replaced by the norm of H010/2(.7-"). It follows 116, Lemma 6.36]

o H\?
107 (s, 7 — Uj,f)HiIégz(f) <C (1 + log h) <|ui|§{1/2(]~') + |uj|?{1/2(]-')) :
Lemma 3.4. Let ur and ug be the average of u over F and & respectively. Then,

_ 2 _
(ar)” < CH|ullZ2(x

_ 2 _
(ag)” < CHY|ull72 (e

where H is the subdomain diameter.



Chapter 4

Newton-Krylov Dual-Primal
methods for the Decoupled
Bidomain problem

As already introduced at the end of Chapter [2], two strategies arise when dealing with fully implicit
time discretizations: a staggered, or decoupled, approach, where for each time step the ionic model
is solved first and then its solution is used for solving and updating the Bidomain system; a
monolithic, or coupled, approach, where the nonlinear system (including the ionic variables) is
solved as a unique problem. In the same Chapter, we proved Lemma [2.2] which provides an upper
and a lower bound for the bilinear form associated with the decoupled Jacobian Bidomain system.
This Lemma is fundamental for the theoretical estimate for the condition number of the operator
proposed in Chap. [2| preconditioned by FETT-DP and BDDC preconditioners (Chap. .

In this Chapter, after the introduction of local bilinear forms defined on each subdomain, we
prove an upper bound for the projection operator, both scaled by the standard p-scaling and by
the deluxe scaling. Then, we conclude the Chapter with the estimate of the condition number,
both in case of FETI-DP and BDDC preconditioners, showing that the same bound holds, as they
have been proved to be spectrally equivalent in Refs. [78]83)].

The main results of this Chapter have been submitted for publication and a preprint version
can be found in Reference [65]. We notice that a similar bound for the projection, while using
the p-scaling, has been developed in Reference [127], where a semi-implicit time discretization was
applied: in our approach the main difficulty is given by the presence of the nonlinear reaction term
Tion, which influences the elliptic bound in Lemma [2.2

Local bilinear forms. In the non-overlapping framework, the global system matrix (see Eq.
(2.11) and (2.14)) for the decoupled problem) is never formed explicity, but a local version with the
same structure is assembled on each subdomain, by restricting the integration set from 2 to ;

a?) (p,4) = / DY)V -y,

J

and by defining the local bilinear forms (i.e. the local analog of the global forms defined in (2.15)),
(2.4.2)
@1(7210(57 ¢) = XC (8i — Se, 07 — @e)mj + 7ai (i, pi

aIion
T (Z Fo, (V) (i = se) i, i - %) :

! €25

)(j) + Tae (e, SOe)(j)

j j aIion
agrjt)ono(sv 90) = XCm (57 90)|Qj +7a (57 90)(]) +T (Z ou, (Uk)slgol? @) ’
l

125

o1
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where (- 7')\Qj denotes the restriction of the L?-inner product on the j-th subdomain.

These definitions are admissible here, as the proposed theory allows constant non-negative dis-
tribution of the conductivity coefficients among all subdomains, with large jumps aligned to the
interfaces.

Since the Jacobian Bidomain (Monodomain) system is symmetric positive semidef-
inite (definite), the Schur complement matrix Sp is also symmetric positive semidefinite (definite).
Thus, it is possible to apply iterative methods for symmetric positive definite systems, such as the
Conjugate Gradient method, taking care to start and keep the iteration in the orthogonal space of
the possible operator kernel.

The following results will be stated in terms of the Jacobian Bidomain problem, as the case of
the Jacobian Monodomain problem is analogous.

We define the Jacobian Bidomain local discrete harmonic extension operators as follows:
4 ‘ ' _ KW= G), () on W
H; - WIEJ) — W), ijéj) = (,)H mer I(,) .
wy? on Wy
It is appropriate to notice that the local discrete harmonic extension of a constant vector is the
vector itself. From now on, we will use the componentwise notation

ijl(ﬂj) = (H}wl(ﬂj),?'-lj-wl(ﬂj)) )

where the superscripts ¢, e denote the usual intra- and extracellular component.

Moreover, it would be useful to remark some useful properties between this object and the
Schur complement matrices (see [116]). First, the Schur bilinear form can be defined through the
action of the Schur complement matrix and the Jacobian bilinear form

aghho(Hyut Hyor') = o SPui! = s (ufl), o).

From the definition of Séj ), it follows immediately that the bilinear form s()(-,-) is symmetric
and coercive. Thanks to Lemma [2.2]it is possible to bound the energies related to the local Schur
complements and prove that

s () u?) = min ay, My ), (4.)
ur

which allows us to consider the corresponding discrete harmonic extensions, instead of working
with functions defined on I'.

4.1 Convergence rate estimate for the decoupled Bidomain
and Monodomain systems

Here we first prove our main result for the projection operator while using the standard p-scaling,
then we show the analogous result for the deluxe scaling.

Lemma 4.1. Assume that the primal space is spanned by the vertex nodal finite element functions
and the edge cutoff functions. Let the Bidomain projection operator be scaled by either the standard
p-scaling or the deluze scaling. Then

*(k) 2 n
2 Toy +H*(XCOwm + 7Kn) H )
|PDU‘|SF 5 k:Hlla)fN 7_0_;;—1(16) L+ log % ‘U|SF>

*=1,€e

Yu € Wp, with n = 2 in case of p-scaling, n = 3 in case of deluzre-scaling.
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By using the same arguments as in the Bidomain case, it is easy to extend this result also to
the Monodomain Jacobian system.

Lemma 4.2. Assume that the primal space is spanned by the vertex nodal finite element functions
and the edge cutoff functions. Let the Monodomain projection operator be scaled by the standard
p-scaling or the deluze scaling. Then

(k) H2 K n
roat IO TR (4o 8T

Ppu max
Poulty S, max g

holds Yu € WF, with n = 2 in case of p-scaling, n = 3 in case of deluze-scaling.

4.1.1 Proof of Lemma with p-scaling

Using the p-scaling, we will need the standard counting functions of the Neumann-Neumann meth-
ods and in particular their pseudoinverses, which can be defined for the Bidomain model as follows:
Yz € TU)

i,el?) )
52 e T( ) O i,e@ ()

Sien. 7 =it}

and the following property (see [116]) holds
jwem ((5t © T) < min{a}f(ﬂ,a?\f(k)} .

In this case, the action of the scaling operator on a given function w € Wp is locally defined for
the decoupled Jacobian Bidomain model as

(Ppw(z (Z 6 H(wi(e) — wi(@), Y 6} T(wj(a) —wi(x))> :

kEN, kEN,

By eliminating all internal variables of €2;, we denote by Sl(j ) the local Schur complement matrix
and St the global unassembled Schur complement matrix:

G o)

G) _ |SAa SA o o)

SF - S(J) S(jg[ ’ SF_dlag SF .
IIT1 J

Let Ogjr, ©rjx and Oy, . be the characteristic finite element functions associated with and edge
ETF a face FI* and a vertex V¥ between two substructures 2; and €. Those functions form
a partition-of-unity associated with the decomposition of I' into edges, faces and vertices. For
brevity, we will write ©, = (01, 9:), with x = {€, F,V}, and drop the index jk, unless an explicit
ambiguity occurs.

In the substructuring framework, the global estimate on Pp can be established by bounds cal-
culated locally: indeed, by introducing the operator Raq, that restricts the finite element function
w to the subdomain boundary 0€;, it is straightforward to observe that

N
oy = ) = 300 0 g
j=1
N N
Z RdQ wl Rdg wl )>S§j) = Z |Raﬂjw‘25<rj)
Jj=1 Jj=1

for all w € Wp. Thus, the thesis becomes

|Ppuls, = Z |Rog, PDUISm

=1
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We denote by I" the finite element interpolant,

vj(x) = (Ppu(x)); = (Z "6, " (u(2) = uj(2))), D 1"(6} T (uf(=) —UZ(w)))>

kEN, keEN,

= "1"(Oev) + > _1"OFv)) + Y I"(Oyu;).
£ F %

We note that with our assumption on the primal space, the vertex contribution vanishes, as
vj(z) = vi(x) Ve e Vi, 4. keN,

thus we only need to estimate the edge and face contributions.
Since each local Schur complement is positive semidefinite, it holds

2 h 2 h 2
\”j\sgn < zg: ™ (©sv;) 59 + zf: 1 (vaj)|s§j).

Since the Schur seminorm realizes the minimum of the bilinear form (Eq (4.1])), each component
of the above sum can be bounded from above by using Lemma [2.2

|Ih(@*vj)|23§j> = 55 (I"(0.v)), I"(©.v)))
=aj (H?efh(e)wj), Hé'elh(@*vj»
< (XCrm + TE M) [[HF 104 (v) = 05))[1 200,y +
+ 70 [ HP T (0.0 1 o) + TOSIHT T (0.05) 51 0 )-

As the argument of the L?-norm vanishes on a two-dimensional subset of I'Y), we can use the
Poincaré-Friedrichs inequality (Prop. and the Trace theorem (Thm. as follows:

Prop@
IHE T (O |[F20,) S H?

~ ‘

Thpi3dl
H?‘Ih(@*va’)ﬁ{l(m) ~ H2|Ih(@*vj)|§11/2(r<j)),

Th
M1 ©.0) sy "I O o,

to obtain
020 S Y [7on + H2 (WO + TR 11020 a2 o, (42)
*=E,F

We now proceed to estimate the contribution from edges and faces separately.

Edge contribution We recall that in dual-primal construction,

Yoy € Wr, vy = Z 5 T(ub® —ule), (4.3)

where Kg = Ng \ {j} is the index set of subdomains sharing £. Therefore, thanks to Lemma
Equation (4.3)) and the triangle inequality, we have

[1M(©ev; ) /2y S 1107122

= Z 526 i (u;,c _ u;e) ||2L2(8)

kEKe

. 2 . . . 2 . .
S (0 ) Ml = a By + Y (0 T) e — a1
keke keke
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1,e H 1,€ 2 1,e
| Ujﬁ{l(ﬂj) + <1 + log h) Z (5k T) My ukﬁ‘{l(ﬁk)

(1 + log >
keKe

, 2 ; 2
- (1+log IZ) lZ (52’6 T) M5 sl ) + D (51156 T) |H2’euk|§11<ﬂk>]'

kele kee

G

keke

Note that, by definition of pseudoinverses,

. 2 . 2 ielt)
S )< () - (£ )
l l Zke/\/

N2
yelding 3, i, (52’6 T) < 1. Moreover, we recall the following property

o) [ 2 . e (k)
o ((52’5 T) < min {05\’/[6 , ;We } ,
from which we can conclude that either
ie@ (e t\2 ie) ie@ (e )2 i,e®)
ot . <oy or o i <oy - (4.4)

Consequently, the edge terms in inequality (4.2) can be bounded as follows, using inequalities

and Lemma

| Ppu;l?

2
s = |Uj|s§j>

Z [TJX/(Ij) + H? (XCerTKM)} (1+10g IZ) X

x [Z (5:1) ey + 3 (51 1) mzukmmw]

AN

keke keke
() | g H R ANITTET
= 3 [rord? + B2 G+ 7K (1105 = ) 30 (0 7) 5w+
*=1,e keK
\%,_./
<1
*(5) 2 H « 1) g, 2
+ 3 [ron + B (Ot 7Kan)| (14102 5 ) 3 (61 1) Ml oy
*=1i,e keKe
< 5D 4 B2 (ot 7E)] (14 10g 2 (32
< Z 1oy + H” (XCr + 7K ) + log - 5wl o)+
*=1,e

+ Z Z [mz*vﬁj) + H? (xC,, +TKM)} (1 + log ];I) (5;: T)2 [ Hicur |3 o)

*=i,e kEKg

*(J H
< Z |:TU]V(IJ) + H? (XCm-FTKM)} (1+10g h) |H;uj|%11(ﬂj)+

*=1,e

n Z Z (J) ( ) + H? (xCpy + 7K ) (5,: T>2 (1 + log g) \Hﬁukﬁp(m)
—’_/ ——

*=i,e kEKge
for Ineq. (4.4) <1
<o']*\/§k)

. H
< Z [Taﬁ,]) + H? (Xcm+TKM)} (1+10g h) 5wt o)+

*=1,e
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. H
+ Yy [mﬂg’@ + H? (xCr + TKM)] (1 +log h) Ml )

*=i,e kEKg
*(4) 2
_ Toy +H? (XCm + 7KN) H *(3) |y*,, |2
= Z ) 1 4 log 7 o M ul5 o))+
*=i,e m
*(k) 2
TO + H?* (xCp, + 7K ) H
+ > M () L+ log - o ikl )
*=1,e kEKg TOm
*(7) 2
oy + H? (XCrm + 7Kn) < H) 5
< max — 1+log — | u;l o+
— o n ) 1l
W H? (xCr + T H
+ Z TUM * 0O + 7H) 1+ log — \uk|2<k>
*= z e * (k) h Sh
keKe TOm
H roi® 4 H? (XCh + 7K )
- (Hbg h) max ) ( . <(F) fufgger
Tk N, TOm

since the number of subdomains sharing an edge is finite. In conclusion,

W H? (G +TK
e CEe DT

kENg T()':ngk)

H
|PDU|S(J) ~ <1+log h)
*x=i,e kENE

Face contribution The procedure is essentially the same as the edge term estimate, but we
need to treat differently the addition of the average values: since we have not included the face
averages in the primal space, it could happen that the mean on the face F7* takes different values
from the substructure j and from k. Therefore,

11" (©70;°) zl/z(rm) S [M©F6;° T(U;’p w2 (TG))

SIM©787 (uy® —wg )5 5

< (5 1) IO — u DI,

< (5;,e T) Wh(@f( ;’e_a;;)m? 3+ (5;1’6 T) ||Ih(@f( “e—ﬂzef))llil%z(fﬁ
# (557 1) 1O (35 = T

= (° T)2|urh(®f (" = @5 DI sa ey + (85 T)2||Ih(@F( © =0 Dl
# (55 ) 107 (1 — )

2 2
< (1+10gl;[> (5;-_76 T)2‘u;ﬁ|§p/2(m>)+ <1+10gIZ) ((5;‘_,6 T)2|u;€>e|§{1/z(r<k>)+

(Hlog ) ‘WT) (165 s 2y + o/ |

|7'[ UJ\HI(Q y t |, uk|H1(Qk):|

1

2 -
1 , , 1 , .
) 52 T T(j)aj (H;’euj7 H;7EUj> + % (Hz’eub ’Hzeuk)}
L7o TOW
[ O S T

) () [ty + i)

<1+lo

by applying Lemmas and [3 . 3l the Trace theorem (Thm and the ellipticity property (Prop.
. In the same fashion as with the edge term, we can conclude our proof with the estimate of
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the face term

H\® o™ 4 g2 (XCrm + 7K )
|PDU|S(7> ~ (1 + log h) tnax M ) |Uj‘;g) + |Uk\;§k>
*=1%,e m

4.1.2 Proof of Lemma with deluzxe scaling

We now show that, for the Jacobian Bidomain linear system, the same bound holds when the
deluxe scaling is used. This particular scaling (see Chapter [3)) is based on the solution of local
problems built from local Schur complements associated with the dual unknowns. In this particular
application, the bound is essentially the same as for the p-scaling, but it can be potentially more
efficient when applied to other systems or discretizations.

As in the previous proof, instead of proving the bound for the projection operator Ep, we prove
it for the complementary projection Pp . Moreover, in the same fashion, it is sufficient to
compute only the local bounds, since |Ppul. = Z;vzl |Raq, PDU‘ZU). Thus, for all u € Wr

T

T —
Roq,; Ppu = Raq; | ua — Z R, u. |,

*={F,E}
that leads to
(Boo, Poul’ < |55 D7 RT (u)f =) P,
«={F .} :
*EE;

where =7 is the index set containing the indices of the subdomains that share the face 7 or the

edge £. Let us distinguish between face and edge contributions.

Face contribution Suppose that the face F is shared by subdomains €2; and €. Then, by
simple algebra, it follows

whs — E =l (s;iws(’“))*l (59ui + $Euie)
= (s +S§T’“)) S® (uis - upy)

_ (W) (k) (k) —i,e ie _ise _ie  —ie
= (S]-Z +5x ) SF [( ujF “j,f) - (uk,}‘ *“k,f> + ( UjF — Uy .7-‘)}

where we add and subtract the mean values ﬂ;e}- and ﬂzef of u over the face F of subdomains j
and k respectively. Therefore, it follows

: T .
—ie\ |2 _ ie —i,e (J) pT i,e —ie\ _ ie —i,e 7) ie _i,e
|R;< J]_-—u}-) S0 = (uj’}- u}-) RrSy’ Ry (uj,}-—uf) = (uj’}-—u]_-) Syl (ujF—uz
———

s
= (uy - u;;ff) s (59 + s8) Ty (s9+ 55_?’) S (uys — )
¢ a;’;) §® (S(J) S(k)) S8 (s + s9)
+ (s - ) Y (59 +s%) Ty (s + sﬁ”) P (it — ) +
+ (a5 - ukf) s® (59 +sP) Ty (552 +5%) W (a5~ ai%)

1
_ie i, _ie (@) (k) (k) [ -i,e —i,e 2
< 2|“J FUiF S(:) +2ugF — U F S(k) + | (S +5F ) SE \WF — U F 59
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Vu;e}- € Wp, where in the last line we use the two inequalities

. —1 . . -1 .

SW (59 4+ 5%) 5P (59 4+ 5E) s® < 5P s
! j W\ ! oG j W\ L ok k '
SP (59 +5P) s (s +5W) 5P < s

These relations follows from the generalized eigenvalue problem S(}Z)qi) = )\S](f)¢ and by observing
that all eigenvalues are strictly positive [7].

It is sufficient now to estimate |uj]E - a;} ?;“) and | ( sV 4 g k)) 5 (7;; _ azef) zm’

we note that, when the subdomain faces averages are included in the primal space, the last term
is zero. Let us start from the first term, which we can bound by

—7/6

—_1,e —1i,e
|ug FUF S(J) Uj, 7 — U 7 U F — Ui F
< (XCon + 7)1 (5 = 0% ) B2, +

+7 Z oh|HS (Uj,F — ) |H1(Qj)

*=1,e
< [roki + B2 (O + 7o) 5.5 — 5 s ey,
by using the ellipticity Lemma and the Poincaré-Friedrichs inequality (Prop. [3.1) combined
with the Trace theorem (Thm. [3.1). In contrast to the previous Lemma, here we are already

taking in consideration the discrete restriction of a function u; € Wr to the face F. In this way

the notations u; — uj % and I"(©F(u; — ;%)) are essentially the same. Therefore, it is possible
to apply Lemma and the Trace theorem (Thm. . to obtain

—716 H 2
|u3}‘ _ uj}_|5§j) < [TUM + H? (xCm +TKM):| (1 + log h) |“j|§{1/2(aﬂj)
7\ 2
~ [TO’M + H? (xCp, +TKM)} (1 + log h) |H3‘AU3“%11(QJ)-

. -1 ,
Regarding the term | (S(J) S(k)) Sﬁf) (ﬂ;ef ’Le}-) |25-(j)7 let £ C OF be a primal edge, such
that ﬂ;eg = ﬂz Then, by using the two inequalities in |.D
. -1
(s +S§T’“>) P (a5 — %) 2 <21 (S¥ + 4 ) SE (e — %) P+
j k) k _i,e —i,e
2| (S(j) + S.(F)) S(f) (“k,e Uy, .7-‘) QS;_g)
<9 _i.,e _ =ie 92 —i,e  —i,€ )
<2uje —ujF S(J> +2 |y, “k,f|s§j>
It is sufficient now to estimate the first term on the right-hand side, as we can deal with the

other in the same fashion. Combining the result of ellipticity (Lemmal2.2)), the Poincaré-Friedrichs
inequality (Prop. and the Trace theorem (Thm. , we have

—i,e 7z e ie [ —1i,e —1,e ie [ —1i,e —1,e
‘uj’f ‘SW (Hj (uj e~ Y, F) H; (uj’f - U F))
i,e —i,e i,e —i,e
=a; | H; (u»—u" ) H (u—u )
J ( J J 3 F g T J 9 F J.E

< (XCm + 7Kn) HH]A (uj e ) HL?(Q +7 Z UM|HA< _ﬂ;;) ﬁﬁ[l(ﬂj)

*ZC
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<> 7oty + H2 (XCo + 7K )] \(uj - aj.:‘jf)jg\Hl(Qj).

*=1,e

Using Lemmas [3.2] and [3.4] it follows
I (u = 55) P < CH g =51 G
o .
=C (1 +log h) [w; = @5 2 00,

7\ 3
<C (1 + log h) \Ujﬁ{l/a(aﬂj)'

This means that

l 7716 H °
|t — uF Sm <C (1 +log h) > 7ok + H? (XCo + 7K M)] [u5l7/2 00,

*=1%,e

7\ 3
~C (1 + log h) Z [To%y + H* (XCm + 7K )] |Hfuj|%{1(9j).
*=1,e
To conclude, thanks again to Lemma [2.2] the face contribution is analogous to the p-scaling case:

H\® .
|PDU|S(J) Z Z [ro% + H? (XCr + 7K )] (1+10gh> |7'ljujﬁ11(ﬂj)

*= ze]—‘er}'

5+ H2 (YO + 7K AN
_ Z Z e (x TKwm) <1+10gh> J:n|H;uj|%{1(Qj)

*:i,e]—'eE?: 7'0';(”
3
To%; + H? (XCrm + 7K 0r) H 5
= Zf p—s Llog 3 ) fuifgg-
FeE

Edge contribution For simplicity, suppose that an edge £ is shared only by three subdomains
associated with indexes j1, jo and j3. The extension to the case of more subdomains is then similar.
Define 592 as

S(]lzs) S(]l) +S(J2) +S(]5)

Then, the average operator is given by
e S(jlzs) -t S(]l) 5(32) S
ug = \o¢ g Ujie T og Uy e + 5 Juj, ).
Proceeding in the same fashion as for the face contribution, we find
. . -1 . ) .
wj, e — ’U;:’e _ (Séjmz)) [(Séjz) + Sé]a,)) wj, £ — SéJZ)Uj2,S _ S‘gjs)uh)g} ,
which leads to
T —ie\ |2 _ie\T (J1) pT ahe
|RS (uhf — ug ) ‘Sl("jl) = (ujlaf —ug ) Re SF Re (ujhg Ug )
= ('Lle’g - ’EL? ) S(Jl) (’U,jl’g — 'ﬁge)
<3 (5(32 + S‘E:js))T (S‘gjlzs))—l S‘E;jl) (Séjl%))_l (S‘g]é) + SéjS)) uj, £ +
1,

. . —1 . . -1 .
+ 3u£’55§j2)T (s8) " s (s8)) " sEue +
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. . —1 . . —1 .
+3uf, e SEOT (5E0) P (80) 5w e
Sul, eS¢ e+ 3uf, eS8 ug, e Ul e S U

where we use analogous inequalities as in the face case. The first term can be bounded by taking
into account the matrices Séj Y and ng) + Sé”’) in the generalized eigenvalue problem

S‘gjl)ﬂs -\ (S‘E;jz) + Séj3)) .

The second and third terms follow similarly, by first bounding them from above with (see for
example the second term)

3T 50T (ngn) - (Sém . S§j2)) (Séjlzs)) gy
and then considering the generalized eigenvalue problem
5896 = A (59 + 569 0
By adding and subtracting the mean value ab i 5 over the edges (which assume the same value over

the three subdomain, as we have included the edge averages into the primal space) we obtain the
analogous estimate for the egdes:

sy, 555J1 ujy e < |uj, e — U g|sm> S [TUXIS + H? (XxCrp + TKM)} |ujy e — ﬂ;’ig@p/z(r(j))
< [rolf + H2 (Con + 7Kan)| llujre = @ elage)
i€ H
S [TUM + H2 (XCm + TKM)} (1 + 10g h) "HjAl'Lle’gﬁ{WQ

by applying Lemma In conclusion, using Lemma the edge estimate gives us

H
|PDU|2~§> Sy [TUM +H? (xCr, +TKM)} <1+10gh) 5 w513 (0,

*=i,e 865.5

+ H? (xCy + TK H\
_ Z Z T(TM (x TK ) (1+]0gh> Um|7‘[jAUj|§{1(Qj)

0.*
*= zege"'g

IA

H2 (xC), + 7K o
Hlax Z TUM + (X +7 M) (1+10gh> ‘uJ|S(J1))

o*
—& m
EeE;

where the index j collects all contributions from the subdomains that share the edge €.

4.2 Condition number bound for FETI-DP and BDDC pre-
conditioners

Lemma [.1] is used for estimate the condition number in the FETI-DP and in BDDC methods.
As the constants are the same whether we use the p-scaling or the deluxe one, we can state the
following result.

Theorem 4.1. The condition number of the Bidomain FETI-DP and BDDC operators satisfies

cond (M;'A) < C (1 + log <];LI)> ,
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with n = 2,3 depending on the scaling, where M ' denotes the FETI-DP or the BDDC precondi-
tioner, A is the Bidomain system matriz and the constant C is computed from the above Lemmas,

*(k
C— max TO'M)-FHQ(XCm—FTKM).
k=1,...,N m,*,E’“>

*=1,€e

It is possible to see that (see e.g. [116, Appendix A])
cond (M;*A) =

so we have to estimate the smallest eigenvalue Apin (M 1A) from below and the largest eigenvalue
Amax (M1 A) form above. In this case, this means to show that

<x,z>A§<M*1Az,z>A§C<1+log(IZ>) (z, ) 4, n=2,3,

holds for all z € V, with (a,b)4 = b’ Aa.

This result holds for both preconditioners, since they have been proven in Refs. [78] [83] to
be spectrally equivalent. Anyway, we distinguish the proofs for the two preconditioners, showing
indeed their equivalence.

4.2.1 FETI-DP preconditioner

Before going into details of the proof for FETI-DP, it is convenient to rewrite algebrically the
projection Pp. _
Given the operator Rra which restricts partially assembled interface variables to their dual parts

Rraur = ua, Vur € Wr,
we recall the definition of the interface jump operator Bp
Br = BaRra = [Ba O],

as the matrix which extends the enforced continuity on dual variables (through the Lagrangian
multipliers) to the interface I'. Lastly, it is possible to define the scaled jump operator, obtained
by scaling the submatrices of Ba B

Bpr = Bp.aRra.

In the FETI-DP case, the projection can be algebrically written as Pp := BZT)_’FBF. Moreover, it
is possible to show, from projection properties, that

1. Pp preserves the jump of any function u € Wr‘ with respect to the jump operator Br, i.e.
BFPDU = BFU;

2. Pg preserves the scaled jump of any function u € Wp, i. e. BDIPgu = Bp ruy;

3. Ppu=0,VYue€ w.
Lower bound. Observe that from property (2) of the projection Pp, it follows

2
BD’FPE’LL = BDIBI,’Z:BD,FU (Z) BDI'LL, (46)

so that
BprBL =1. (4.7)
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So VA € range(Mpprypp) C range(Bp r) thanks to Eq. (4.7), it follows

\, Bp S22 BENZ,

)

(M A% = (\, BprBEN)%
= (
= (FA, BprS/2 8.2 BEA)2.

Using the inner product definition and keeping in mind that Spis a block-diagonal and symmetric
matrix (i.e. Sp = SL), we can write

ot oy~ et o~ T
(F), Bp 82512 BT\ = (BDISIE/ 2512t A) (F))
~ T /-
- (S;l/ BT A) (S;/ ZBIT),FF/\>
= (S//2BE FA, 572 BI)).
Applying the Cauchy-Schwartz inequality, we get

(M N2 = (FA, Bp rSL/2S0 1/ BE A
SH2BL (FA, St°BE L FA)(SEPBEA, S 2 BIN)
SrBY pFA, Bh 1 FA)(Sp ' BE A, BE))

[(BD PF)) (SFBDVFFAN {(B;F N (§;1B§F A)}

< (S
=

(FN)" | Bp,rSrBE 1 FA AT | BpSpiBEA
\—,_/ N———
ML F

FETI-DP
= <M}<:ElTI-DPF)‘v)‘>F<)‘a A)F.
In conclusion we have, by cancelling the common factor (A, A) p,

AN F < (MpgrippFA A p-
Upper bound. We observe now that for A € range(Mpgr. DP) we have SpBL\ € W. Using

Lemma“ 4.1| from the previous Section, we otain YA € range(Mpprrpp);

(MppriopFA AN F = (MpprippFA, FA)
= (Bb BrSy ' BEA B BrS B Ng, = [PoSy ' BIA,
N—— ——

PD PD
<C (1 + log (I}j)) |§1?1B1T)\\2
=C (1 +log (I]j)) (Si BIX, SpSEEBEA)
=C (1 + log (IZ)) (SpEBIX, BEIX)
=C (1 + log (I]j)) (BrSp'BEX )
F
=C <1 + log (Z)) (FA, )
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where C' is given by
C— e TOM A H?(XCar + TE )

k=1,...,N *(k) ’
*=1,e T0m

and n = 2 in case the p-scaling is applied and n = 3 if the deluxe scaling is used. Therefore,
_ 2

(MeprippFA A F < C (1+1og (4£))" (A ) p.

Eventually, we estimate the condition number cond (MFE1TI opf) by

Amax(MgrippF)

)‘min (METElTI-DPF)

(1+1log (£))* (A, A e
NP

*(k) 2 n
TO )\ + H (XCM+TKM) H
= 1+1 —

2N Iy e\ ))

*=1,e

cond (M, F_ElTI-DPF )=

<C

which ends our proof for the FETI-DP preconditioner.

4.2.2 BDDC preconditioner

In the same fashion as for the FETI-DP operator, we need to estimate the smallest and the
largest eigenvalues Apin and Apax related to the BDDC operator MgéDCSF from below and above
respectively:

_ P~ H " —~
(u,u)g, < <MBSDCSFU’7U>§F <C (1 + log (h)) (u,u)g., Yu € Wr,

with n = 2,3 depending on the applied scaling (p or deluxe scaling, respectively). In this case, it
is more convenient to work directly on the projection Ep := RrR], .

Lower bound. Analogously to Eq. (4.6)), it holds
RERpr =1 (4.8)

We can evaluate the bound from below in the same manner, by using the Cauchy-Schwarz inequal-
ity:
(u,u)% = (u, Spu)? = (u, RERp, rSru)?
g2 Rr U, S 1/2 Rp pSpu>
1/2R U, Sl/ R u><S 1/2 RD pSpu S RD,F§Fu>

= (Sr
< (S
|: 1/2R1'*u S 1/2 RFU)] [(S}Tl 2§D7F§FU)T (§;1/2§D,r§ru):|

~p o~ ~ ~ T - ~ i~ ~
UT(RI:CSFRFU) [ (SFU) (Rg FsleD,FSFU)‘|
— —_—
Sr Mg

BDDC

= (w7 8e) [(80)" (idocSen)|

= (Sru, u)(MgppeSru, Sru) = (u,u)g (MpppeSru, u)g, -

—~

Therefore,
(u,u)g, < (MgppcSru,u)g, .
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Upper bound. Thanks to the bound on the projection operator in Lemma 4.1} we can compute
the upper bound as follows,

<M§$DC§FU> U>2§F = <M§5D0§Fua Sru)?
= <}~‘zg,p§;l§[)7p§¥:§p§pu, EIT§FEFU>2
= <EFEg,F§51§D,F§?§FEFU7 gpépu>2
—— N——
Ep Sr
= <ED§1:1§D,F§FU, EFU>Q§F
S <ED§1:1§D,F§FU7 ED§;1RD,F§FU>§F <EFU, Eru>§r

= ‘EDgElED’F§Fu|%p |§Fu|2§F

H\\" =15 = ~
<C (1 +log (h>) S5 Rp,rSrulf, |Brulf,

C <1 + log (>> <§1:1ED,F§FU7 551§D7r§Pu>§F <§ru, RFU>§F

|
Q
T ==

(1 + IOg ()) <§£’F§;1§D7F§Fu, §pu> <§%§F}N‘zpu, u)
N———— ‘A,_/

1
Mgppe Sr

=C <1 + log (h>> <M§5D0§pu, Sru)(Spu, u)

T

H\\" . . =
=C (1 + log (h)) (MBI%DCSFU7U>§F (u,u)g.,

where we used first the Cauchy-Schwarz inequality, then one of the estimates for the projection
operator and C is given as above by

*(k
o s TUA/([)+H2(XCm+TKM)
k=1,....N o X(k)
m

*=1,e

b
T

with n = 2,3 depending on the type of scaling applied (p or deluxe scaling, respectively). So
—1 = H "
<MBDDCSF’U,,U>§F <C|1+log " (u,u)gr.
In conclusion, the condition number cond (MgSchp) is bounded by

*(k) 2 n
1 4 Toy +H? (xCm + 7K ) H
cond (MgzppcSt) < pnax 0 1+ log ” ,

*=1,e

which proves that the FETI-DP and BDDC preconditioners have the same condition number
bound, provided that the same primal set is taken in consideration.



Chapter 5

Newton-Krylov Dual-Primal
methods for the Coupled
Bidomain problem

The aim of this Chapter is to develop a theoretical convergence analysis of the preconditioned
operator for the coupled Jacobian Bidomain system . Since this system is non-symmetric,
due to the inclusion of the ionic model in the monolithic solution strategy, the iterative solver
that we consider is the Generalised Minimal Residual (GMRES) method. In the literature, so far,
the BDDC preconditioner has been applied to non-symmetric problems only in few cases and the
relative convergence analysis is not widely available: in References [121} [122] BDDC application
to the solution of non-symmetric algebraic problems arising from the stabilized finite element
discretization of advection-diffusion problems has been studied and theoretically analyzed; in the
recent work in Ref. [97], the strategy proposed by Tu and Li is extended by designing an adaptive
strategy for choosing the primal constraints, while in Ref. [123] an investigation of the problem
discretized with hybridizable Discontinuous Galerkin is provided.

We combine the main result for the GMRES convergence in Reference [40] and the proof
technique proposed in Ref. [121] to carry out the convergence analysis of the preconditioned
operator for the coupled Jacobian Bidomain system. In Section [5.1] we provide a bound for the
projection operator of the symmetric part of the bilinear form associated with the Jacobian: as in
the previous Chapter, this upper bound is proven for both p-scaling and deluxe scaling; afterwards,
in Sec. the convergence Theorem for the BDDC preconditioned GMRES solver is provided.
The content of this Chapter has been partially submitted for publication and a preprint version
can be found in Ref. [64].

Local bilinear forms. As done in the previous Chapter, we define the local bilinear forms by
restricting the integration set, thus allowing us to assemble a local matrix on each subdomain

a(j)(s’ ¢) = Xcm (Si — Se, Pi — @e)mj + (Swa @w)mj + Tagj) (31" <;Oi) + Tagj) (867 @e)

aIion aR
+ 7 (Z v ('U’ ’lU) (Si,l - Se,l) 1/’17 ©i — @e) - T (Z aiﬂ)l(v7 U})SwJ ’lj}h SOU)>
! l

1
O0Lion OR
+7 (; B, (v, w)sw,1 Y1, 05 — %) N -7 (Z %(v,w) (830 — se,z)wzmw)

l

‘Qj ‘Qj

€2
The symmetric and skew-symmetric parts of a¥)(-,-) are given by
¢ (5,8) = 2XCom (51 — 5c, i — Pe)q, +2 (5w, ), + 27 (si,0:) + 27l (sc, 1)

65
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l

O0lLion OR
+27 (Z B (v, w) (si0 = Ser) Vi, pi — s0e> —2r (Z %(U’w)sw’l 1/)1,%1)

Q;

8Ilon 8Ii0n
+ 7 (; 310[ ) (Si,l - Se,l) 1/)17 (pw> . + 7 (Z Twl(v, ’LU)Sw,l wh ©; — (pe> )

l

OR
-7 ( avl (Su - Se,z) i, <Pw> . -7 (212 %(va)sw,z Y1, 08 — %) )

J

J @
Z(J) (s,0) =
10n aIlOn
<Z ” w Swl Ui, Yi — @e) (Z awl Sz,l - Se,l) i, @w)
Q; Q2
OR
(Z (v, w)Sw1 i, pi — soe> —T<Zaw(v w)(szl_sel)wl790w> ;
l Q; l 2,

where (- ,o)Qj denotes the restriction of the L?-inner product to the j-th subdomain.

Following [121], after introducing the space W of partially subassembled finite element space,
we define the corresponding bilinear forms by

N N
a(s,0) =3 _aV(s,0),  dls,0) =3 (s.0),  Es.0) =D 2V(s,0).

We denote the partially subassembled matrices corresponding to the bilinear forms above with g,
Q@ and Z, respectively, and let

A=RTAR, Q=RTQR, Z=R"ZR,
with R the injection operator from W to W.

In the same fashion as in |121], we define the truncated norms on the space w
||w||2L2(Q) = Z ||w|\iz(9j)a |w|12ql(sz) = Z |w\%11(9j)7 Ywe W.

In this work, ||w||z2(q) and |w|H1(Q) for w € W always represent these truncated norms. Since

for construction the bilinear forms ¢U)(-,-) for j = 1,..., N are symmetric and positive definite on
W) | it is possible to define

ulfy) = ¢ (u,w), Yue W@
and

N N
lulg = Z ulZ ) Vue W, |U|% = Z |ul 0 VueW.
; —

For any ur € Wr, we define the harmonic extension u4 r to the interior of subdomains as

—1 iy
_KII K[F’U,F
ur

U.A,F:[ ]Gw,

and analogously, it is possible to define its counterpart u AT € W for ur € Wr
We define the following bilinear forms for vectors in Wp and Wp

(ur,vr)gr = v4rQuar, (ur,vr)z, =vhrZuar, Vur,vr € Wr (5.1)
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(ur,vr)g, = UEVFQUAI, (ur,vr)z. = ’UﬂypZUA)F, Yur,vpr € Wp (5.2)

We observe that [121] Lemma 7.2] follows from these definitions and this will be needed for
further calculations. _
Following Reference|121], it is useful to define Qr and Qr norms:

|U1“|ér = (ur,ur)g, for ur € Wr and |u11|2é§F = (ur,ur)g, forur € Wr.

Ultimately, we define '
HS u = (’HjAuﬂHjAue,Eemquw) ,

a discrete harmonic extension whose first two components are the discrete harmonic extension of
the Laplacian operator of the intra- and extracellular component of the solution, while the last is
the extension to zero of the gating components u" to £2;.

5.1 A bound for the projection operator for the coupled
Jacobian Bidomain system

The following Lemma can be proved for both p-scaling and deluxe scaling:

Lemma 5.1. Assume that the primal space is spanned by the vertex nodal finite element functions
and the edge cutoff functions. Let the Bidomain projection operator be scaled by either the standard
p-scaling or the delure-scaling. Then

*(k) 2 n
H- (xC K 1-7K H
|EDU|%F < | max T7M t+ H” XCo & 71 R s (1 + log h> lul%_,

k=1,..,N ro(k) 1 — 7K R
*=1,€e

Yu € Wp, with n = 2 in case of p-scaling or n = 3 in case of deluze-scaling.

5.1.1 Proof of Lemma with p-scaling

As for the decoupled case, instead of proving the bound for the projection operator Ep, we prove
it for the complementary projection Pp. The action of the p-scaling on a given w € Wr can be
defined locally for the coupled Jacobian Bidomain model as

(Ppw(z)); = (Z 6 (w(2) = wi(@), Y 6 Twi(a) —wie)), D & T(w) (2) —w}f(a?)))

kEN, kEN, kEN,

It is sufficient to compute only the local bounds, as it holds |PDu\2 = ZJ 1 |Raq, Ppul? 50"

We recall that by eliminating all internal variables of €1, we obtam the local Schur complement

matrix S’fﬁ ) and the global unassembled Schur complement matrix St:

, () () )
Séj) — |34 SAH] Sr = diag 51(3).
j

Let Ogjr, Oxjx and Oy;x be the characteristic finite element functions associated with an
edge £7% a face F/* and a vertex V¥ respectively, between two substructures 2; and . Those
functions form a partition-of-unity associated with the decomposition of I' into edges, faces and
vertices. For brevity we will write O, = (01, 0¢, 0}:’), with « = {&, F,V}, and drop the index jk,
unless an explicit ambiguity occurs.

Denoting by I" the finite element interpolant, we have

vj(z) = (Ppu(x)),
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= (30 1 o) ). 3 2 0 ). T 1 o) 0

kEN, kEN, kEN,
=3 I"Ov;) + > IMOFv;) + > I"(Oyv;).
£ F v

We note that with our assumption on the primal space, the vertex contribution vanishes, as
vj(z) = vk(x) Vo € Vi, j.k €N,

thus we only need to estimate the edge and face contributions.
As we proved, the symmetric bilinear form ¢(-,-) is positive semidefinite, and it leads

|UJ|Q(7) ~ Z |Ih 96% oy +Z |Ih @fUJ)|Q<n

Moreover, thanks to [121, Lemma 7.2], each component of the above sum can be bounded from
above by using Lemma

\Ih(@*vj) %(Fj)

= \Ih(@*vjﬂgg)

= s (I"(©.v)), I"(©.)))

< gV (HS I"(©.5), HS 1"(0.v;))

< (XCon + TRr) [HE IO (08— 09) By + (1 = K ar,0) [[Eentir, (020 22
+ 10\ M (0,00 3 g, + 705 [HE I (0.05) 3 o -

As a matter of fact, since the Schur seminorm realizes the minimum of the bilinear form ) (thus

of its symmetric part ¢¥)), we can bound it with any function defined on the interface I': we

choose the discrete harmonic extension of the Laplacian operator for the intra- and extracellular
u"® components, while for the gating we use the discrete extension by zero of u" to ;

In this perspective, as the argument of the L?-norm vanishes on a two-dimensional subset of
'), we can use the Poincaré-Friedrichs inequality (Prop. 3.1)) and the Trace theorem (Thm
as follows

Prop@ Th
IHP T (Ou0j)1720,) S HAHPT(Ow0))[En (o, ~ HAT(O405) 312 0o

~

Th
H5 1 @2l " O e

to obtain
olZe £ X0 [road + H (o + 7Kt )] 170005 By s e
*=E,F
*= ’Le . (5-3)
+ Z (1_TKM,R)||5ext,QjIh(®*U;'U)||2L2(Qj)'
*={E,F}

We now proceed to estimate the contribution from edges and faces separately.

Edge contribution We recall that in the dual-primal construction,

Vot e Wr,  wbt = )" 0 Tuht — ), (5.4)
keEKe

where Kg = N¢ \ {j} is the index set of subdomains sharing £. Therefore,

‘Ih(@.‘,'v;e)ﬁp/z@(j)) 5 HU;”GH%Q(S)
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=Y o (=) Bage

keEKe
. 2 . .
S 2 () I - il
keEKe
) 2 . . . 2 . .
S0 (0 ) el = a By + 0 (00 T) e - a1
keKe keKe
H i€ 2 i€
S (l—Hog h) lz (515 T) ] 5 w0, +
kee
H i€ 2 i€
+ <1+logh) Z ((5k’ T) |Hk) Ukﬁ-p(gk)
keKe
H i,e 2 i,e i,e 2 i,e
= (1+10g h> lz <6k7 T) |/)L[J7 Ujﬁ_p(gj)"' Z <6k7 T) |,7le7 Uk|%_11(9k)‘|,
keke keKe

where we used Lemma and Eq. (5.4). By definition of pseudoinverses,

2 i,e(”
(o) < <Z55’6 T) - (Z CrMu) <1
l l

1 Zke]\@ Opm

. 2 2
yielding >~ . (5;’6 T) < 1 and also - easy to prove - Y,y (5:’ T) < 1. Moreover, we recall
that the following property

i@ [ 2 ) i@ e

o ’ (6,2’5 T) < mln{a}f ’ L ONf } ,

holds, from which we can conclude that either
i,ed) ie T 2 iel) i,e ie T 2 i,e(F)
o (5k’ ) <oy or o <5k’ ) <oy - (5.5)
In addition, we notice that
h 2 2
[Eeat,0, 1 (G*uj)HLZ(Qj) < ||Uj||L2(Qj)v

i.e. the L%-norm of the extension to zero on §); of the discrete restriction of u; to x = {&, F} is
bounded by the L?-norm on §; of the function u; itself.

Therefore, using the ellipticity property (Lemma , the edge terms in (5.3) lead to

|PDUJ|Q<J'> = |”j%<rj)
*(7 H * 2 2
sy [m]yuHQ (Xcm+TKM,,)} (1+log h) lz (5k T) Mo, + D (5; T) |’H2uk|§{1(9k)]
*=1,e keke keKe

+ (1 = 7K R) ||5emt,j1h(9*uf)|\%2(gj)

< Z |:T0'X§j) + H? (Xcm—FTKM,I)} (1+log I;) Z (5,: T)2|H§uj|§p(ﬂj)+

*=1,e keKe
—_———
<1
+ 3 [roh? - 12 (Con B )] (140087 ) 3 (5 T)zmguml
_ M ; A A k H(Qy)
*=1,e £

+ (1= 7Kumg) ||uf[172(0,)

*(J H
S Y [roh + B2 (XCon + 7K ar1)| (1+1og h) (M5 o)+

*=1,e
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+ Z Z To’ﬁj) (5,: T)Q + H? (Xcm + TKMJ) (5]: T>2 (1 + log If—f) |HZUK‘QH1(Qk)
hf_’ ~——

*=i,e kEKg
for Ineq. (5.5 <1
<O’;J(k)

+(1—7Km.R) ||uj HL?(QJ‘)

, H
< Z [7’07\/([]) + H? (xCm JFTKM,I)} (1 + log — > ‘H uJ|H1 o)t
N H
£33 [rod) 4 B (Con 4 7K )| (”bgh) Hiunlis o + (1= TEaw) 1170
*=i,e kEKg
*(5) 2
H K H :
= > Tt IO TR (1o DY o g s+
2 TU*U) h J )
*=1,e m
TO' +H2(XC +7KM 1) H N
DY (R 1+ log - Ton ) [Hiurlin )
*=i,e keEKg TOm
1-— TKM’R 2
m (1 —7Km,R) ||U}UHL2(QJ.)
*(7) 2
oy +H? (XCr + 7K 1) H 2
< max 7o) L tog g ) sl +
*(k) 2
TO'M +H (XC +TKM7]) H m
+ Z in:% —® 1+log — 5 |Uk|Q(k> + 1 Komn lu J\Qm
keKe m
H roi®) 4 12 (xCyy + 7K - 7K
- <1+logh) [max b ( B bﬁ(k) i [ulGgo + MR' ulge
*7%6/@6/\/5 TOm :

H TO'*(k)-l-HQ(XC +’7’K]y[[) 1—-7Kyr
< E M m 5 ,
B <1+log h) linz%’}éke/\f ( ropt) i L =7Kp,r e ‘Qm
£

by eventually noting that the number of subdomains sharing an edge is finite. In conclusion,

H 7ot 4 H? (XCon +7Kn) 1—7Kpy
2 < = M m ’ =i 2
Poulge = (1 +log h) keNe o (B T Kn kg:v el
*=1,e £

Face contribution The procedure is essentially the same as the edge term estimate, treating
differently the addition of the average values: as we have not included the face terms in the primal
space, it could happen that the mean on the face FU*) takes different values from the substructure
j and from k. Therefore, for the intra- and extracellular components,

1O} sy S 11 O75 105 — i s
SO = g DI

. 2 . .
< (07 1) IO = wp NI
. 2 .
= (55 1) 1O (w5 — v + 5 w5+ — T e
. 2 . .
ie T h i,e —i,e 2 i,e T h i —i,e 2
< (555 1) 1O (e — B + (55 T) 1O (s — a5 )y +

. 2
() O (355 e
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_ ((5;-’6 T)2 th(@]__ (u;e _ ﬂ; e]"))H?{léz(]’) + (5;.’6 T>2 ||Ih(9]-‘ (uze - ﬂ?f}'))”éééz(]__)“r
+ (3 1) e (a5 = m) 1B

i,e i,e H 2 i,e 2 i,e
< <1+log ) 5 T |uj’ |§11/2(r<1>>+(1“°gh> (51'7 T) [k a2 o)+
H ? i,e 2 i€ i€
<1+log h) (5j’ T) [|Uj’ ﬁm/zur) + |uy \%1/2(1?)}

H 2 ,e 2 i€ i,e
S2 (1 + log h> (5j’ T) [|Hj’ uilt ;) + IH ukﬁ{l(ﬂk)}

H\? /. 2 1 _ . ,
ie T (1) ie, ie
§2(1+logh> (51 [ 71" (75 s 1y oy ) +

T

1 i,e i,e
+ i,e(k)q(k) (Hk’ ug, My “k)]

TOm

H\? /. \2 1 !
_ = e f R PO PR -
=2 (1 o h> (5°7) [mi;f(j) ulgw + iz “’C|Q“>} ’

by using Lemmas the Trace theorem (Thm and the ellipticity Lemma We also
have to add the estimate of the L? norm of the gating component u?, which can be treated in the
same way as in the previous case.

In the same fashion as with the edge term, we can conclude this proof with the estimate of the
face term

H\? 7ot L H2 (xCpo + 7Kag) 11— 7K
2 < M m M,I M,R
|pDu|Q<FJ) < <1 + log h) [gf},}é ) +3 Ko n |u ‘Q(J)

5.1.2 Proof of Lemma with deluxe scaling

It is possible to extend the proof of the analogous Lemma for the decoupled problem, with few
modifications, for the coupled problem when the deluxe scaling is applied.

We need to define first the deluxe scaling induced by the symmetric bilinear form g(-,-). As
already done in Chapter |3| suppose that the face F is shared by ; and €y; let Qg) and ng) be

the principal minors obtained from Q}J ) and Q%k) by removing all the contributions that are not
related to the degrees of freedom of the face F.

Let u; r = Rru; be the restriction of u; to the face F through the restriction operator Rx; we
define the deluxe average induced by the bilinear form ¢(-,-) across F as

uQ,F = ( g) + Q(Fk))_l (Qg)“j,}' + Qﬂrk)uk,f) .

Also in this case, we have denoted with @; r the mean value of u; over the face F, while, if we
omit the index j, we denote the deluxe average.

The action of (Qg—) + Q(]ff))*l can be computed by solving a Dirichlet problem over the two sub-
domains, by extending to zero the right-hand side entries associated with the interior nodes.

In a similar fashion, if we consider an edge £, where a node is common to at least two elements,
it is possible to define the deluxe average induced by the symmetric bilinear form ¢(-,-) across €.
Suppose for simplicity that £ is shared by only three subdomains with indices j;, jo and js; the
extension to more than three subdomains is immediate. Let u; ¢ = Rgu; be the restriction of u;
to the edge £ through the restriction operator Re and define

Qg123) _ Q‘(gjl) + Q‘(gjé) + Q‘(‘:Jé);
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then, the deluxe average induced by the bilinear form ¢(-,-) across an edge £ is given by

Gr2)\ " ( Hl) (j2) (ja)
aQ7g = (QE 123 ) (le u]hg +Q52 sz,g +Q53 u]37 ) .

Then, like in the previous proof, instead of proving the bound for the projection operator Ep, we
prove it for the complementary projection Pp and we focus on the local contributions. Thus, for
all u € Wr

Roq,Ppu = Roq, (ua— Y Rlu.|,
*={F,E}

that leads to

|RdQ PDU|Q(7) < |E]*| Z ‘RI (ué‘:iM - ﬂzQe w) Q(7)a
*={F,E}

=%
*E_j

*

where Z7 is the index set containing the indices of the subdomains that share the face F or the

edge £. We will denote by @ T e Y= ( G Ulg, O) the vector containing the mean value of the intra-
and extra-cellular potentlals over G ={F, £ } on the subdomain - and null value corresponding to
the gating component. Let us distinguish between face and edge contributions.

Face contribution Suppose that the face F is shared by subdomains €2; and €. Then, by
simple algebra, it follows

ujF — UQ,F = Uj,F — ( Sﬁ) + Q(fk ) ( Si)uj, + Q; U ]-')
= (@9 + Q%) QY (uy 5 — i p)
- (08 @) " (o o) - (o) + (5 i)
Therefore, it follows
(R (w7 —0.7) [j0 = (w7 —Hg.7)" QY (uj 7 — g 7)
= (uyr —upr)" QY (Qﬂi) +ng))‘l 9 ( ) +Q(k)) ®) (4, 7 — g r)
< (uj P ;w) ® ( ) Q(k))—l ) ( D 4 ) 1 ) (uj’f _ aé:;“’) n
(- a) QP (@2 + @) @ (@2 +Q¥) Q¥ (ur - aig) +
+ (w5 - azéé“) QP Q¥+ Q) QP (@ + Q<k’)_1 (- )
< 2lusr — w5 P+ 2nr — w5 P 1 (9 + Q) QW (w5 - w) By
Yuj r € Wr, where in the last line we use the two inequalities
QW ( G) Q(k))‘l 9 ( n Q(fk))‘l QW < QY

(5.6)
1 . . -1
Q;’“)( W Q(k)) ng( qug@) Q¥ < Q¥

These relations follow from the generalized eigenvalue problem Qg)gb = )\ng)gb and by observing
that all eigenvalues are non-negative.
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It is sufficient now to estimate |u; »—a"% w\z o and | ( G 4 Q(k)) Q; (’; - a}f;”) QQ(J),

we note that, where the subdomain faces averages are included in the primal space, the last term

is zero. Thanks to the definition of u”e’ , we obtain
uj,F — ﬂ;:;w|é(j) = q(j) (H (UJ}‘ JF w) M (UJJ: _; i’-‘w))
(XC + TKM] HH]A (u ©— ﬂ;’;—) ||%2(QJ)+
+7 Z oh M (wh F — ) 5) H0,)
*= 'L e

+ (1= 7K ) ||€eat.0,u #[72(0,)
< {TO’M + H? (xCpy + 7K 1)] |uj1f - aj1F|H1/2(F(j>)
+ (1= 7Kung) |[uf]1720,),

by using the ellipticity Lemma and the Poincaré-Friedrichs inequality (Prop. combined
with the Trace theorem (Thm [3.1). Here we are already taking in consideration the discrete

—i,e,w

restriction of a function u; € Wr on the face . In this way the notations u; — @/ 7" and

I"(Ox(uj — u] %)) are essentially the same. Therefore, it is possible to apply Lemma and the
Trace theorem to have

—i,e,w H 2 i,e 0
.m0 g  [ro + B2 0+ 7)) (14108 5 ) 15 By + (1= Knn) 0 o

2
~ [roks + B (Cou+ 7K1 (1 +1ogf,f) O 2,y + (1= Kar) 6212,
(5.7)
Regarding the term | ( + Q ) ' ny) (a;ef“’ - ﬂ;f}-w) %}f” let £ C OF be a primal edge,
such that ﬁj:g’ = Z 2", Then,

j k -1 k —i,e,w —%,e,W k —i,e,w —i,e,w
(0008 a2 i)y =21 4 02) ' ()
k)\ k) (i _
r20(Q0 QW) QW (mr —ais) 1By
<2 |ugg"” — ﬂ;?‘)2(7)+2|“k5 —ﬂ;cpfwb(f’”’

by using the two inequalities in (5.6)). It is sufficient now to estimate the first term on the right-
hand side, as we can deal with the other in the same fashion. Combining the result of ellipticity
(Lemma (2.6) ), the Poincaré-Friedrichs inequality (Prop. [3.1)) and the Trace theorem (Thm. [3.T)),

we have
he,w  —i,e,w|2 (7) c z e w o =iew c z e w o =iew
|u uy 7 QY ~ =4q H u; H Uy F

— () c —i,e,w c L Shew
q (H](Uj u,; 3, F )],78) Hj(uj ’U/j7]-" >j,5)

< (xCm + 7K 1) ||7—le(u;e —uj}-) HLz o) t

(1*7_KMR)||5eth( *Ujf) HL(Q)

+r Y0 oul (W - 55, e,

*=1i,e

< Z [Tafw—i-Hg(me—&-TKM)]|(u;’e—u ]_-> |H1 Q,);

- 7€
*=1,e
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where in the last inequality we use the fact that uye and uj r are zero by construction. Regarding
the intra- and extracellular components, by using Lemma (3.2]) and Lemma (3.4]), it follows

I (ujy —u57); 6 1 < CH Y|uy — 772

H _
<C (1 + log h) luj — Uj,Fﬁil/z(an)

H 3
S C (1 =+ log h) |Uj‘%11/2(89j).

This means that

—i,e,w —1,e,w H ° i,e

|y —uyF Zu) <C <1 + log h) > (ot + H> (XCo + 7K ar1)] | H1/2(00,)
*=1,e

2 (5.8)

~C (1 + log h) > [ror + H> (XCo + 7E 1)) [H5 0511 -

*=1,e

To conclude, the face contribution is given by considering the inequalities (5.7)), (5.8) and Lemma

* H ?
|PDU|Q(7) = Z Z [TO'M + H2 (Xcm + TKIM,])] (1 + IOg h> |’HJAUJ|§_11(Q])

*=ie FeE]

+ 3 (= TEwp) 0?2200,
FesT

* H? Cm K H ’
Z Z 70 + H* (XCrm + 7K 1) <1+logh) U;|Hg4uj|§{1(ﬂj)

*
U’m

*=ie FeET

+ > (1 = 7K r) 14} |22y

]—‘eE?’
3
Toy; + H? (XCr + 7K M1) H
Sin?)é Z p— 1+ log -~ |2 g
_7:6:}'
TKMR
DI
FeET R
3
TO'?W-I-H?(XCM-FTKM’[) ].—TKM_’R H
: Z [FE}% TOS, +1—7'KmR 1+10gﬁ |uJ‘Q“)
FesT ’

Edge contribution For simplicity, suppose that an edge £ is shared only by three subdomains,
with indexes ji, jo and j3. The extension to the case of more subdomains is then similar. Define

Q((‘:juz) as
Q(st) Q(]l) +Q(]2) +Q(]3)

Then, we recall that the average operator is given by

. —1
lg.e = (Qéhzs)) (ngl)ujl,éf + ngz)uh’g + ngs U, e ) )

Proceeding in the same fashion as for the face contribution, it follows

uj, £ —UQ.e = (Q‘(gjlﬁ))il [(Q v 4 QY ) wjr e — Q& uj, e — QY uj, ¢ } :
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which leads to
[RE (uj,e — g.e) [ = (u e —fige)” Re QFVRE (w6 — ge)
= (uj, e —g.e)" Q" (uj e — g, s)
<3l ( ) 4 m) (Q(ghm)) QU (Q am>>*1 (Qém n Q(gn)) w5 +
130T QYT (Qéjmg))*l QU (Qémw) Q¥ ¢ +
+3ul LQUT ( gj123)> v (Q(ma)) QY ¢
< 3u]1 SQ(Jl Uj, e + 3uJT2’gQ(£]2)uJ2 e + u]3 SQ(gj“")uJ&

where we use analogous inequalities as in the face case. The first term can be bounded by taking
into account the matrices Q(gj 1V and ng) + QgS) in the generalized eigenvalue problem

Q(Jl)(b A (Q(Jz +Q 33)) o.

The second and third expressions follow similarly, by first bounding them from above with (see for
example the second term)

. —1 . . . —1
3u r SQ(Jz)T ( gus)) (Q(g]l) + Qéh)) ( (5]123)) Q(gjz)uﬂ e

and then considering the generalized eigenvalue problem
Q(h)d) A (Q(]l + Q(gﬁ)) o.

By adding and subtracting ﬂ;legw (which assume the same value over the three subdomain, since
we have included the edge averages into the primal space) we obtain the analogous estimate for
the egdes, thanks to Lemma

ul, eQ¥Vuj e < luj, e — W5 o
S [ro5s + H2 (o + TR0 Wi = @5 e Bpasagreny + (1= 7Earm) 6 g3 )
< [T"j\f + H? (XCpn + 7K, 1) } e — 5 ellTagey + (1= TR g) [uf,, ellF2(a,)
< |:TO'M + H? (XCpn + TKar 1) } (1 + log — > ‘HﬁUj17g|§{1(Qj)
+ (1 = 7Kwm,R) Huﬁ,sﬂm(ﬂj)'
In conclusion, applying again Lemma the edge contribution for the estimate of |Ppu/|? o is

given by

H
|PDU|Q(1> N Z Z [TUM + H? (XxCpp +TKMI)] (l—Hog h) \HjAujhqu(Q

*= zegerf

+ > (=K r) 16320,

=7
Tob¢ + H? (XCrm + 7K 1) H\ |
= Z Z M - 1—|—logﬁ am\’}—[fujﬁ{l(ﬂj)
*—747‘35651‘5
1-— TK]V[’R w12
£ Y T (= K m) e,

Ee=¢
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be L H? (xCp +TK H
< max Z royy + H” (XCm & 7Ka1.1) (1+10g >|u ow

*=i,e TOX
=& m
£ezt

1-7K
+ Z ]\/I,Rl w|

1— 7Kg 7@
Ee=7 o

be L H2 (xC K 1— 7Ky,
Z maXTUMJr XCm + 71 M,1)+ 7Ky R
*=1,€

1+ log 2 fuy 2
=, Toh, 1= 7Kmr %8 ) Ml

where the index j collects all contributions from the subdomains that share the edge €.

=X
(S

5.2 Convergence rate for the coupled non-symmetric prob-
lem

The convergence rate of the preconditioned GMRES iteration can be obtained using the result in
Reference [40] and following the proof techniques proposed in Ref. [121].

Theorem 5.1. Let H be the subdomain size and let the mesh size h be small enough.
Assume, for u € Wp, that there exists two positive constants ¢ and C' such that

C<uv U>Qr < <u’ TU>QF
<Tuv TU>Q1" < C<uv U’>QF (5-9>

hold, with ¢ = % and C' = &**F(H, h) K2, where

*(k)
H? {UJVI }
co=1—-K* = max O*F(H, h) [®@*F(H,h) —1]7,
hok=1,.N VTor®)
*= 7, €

N

*B) L H2 (xCp + 7K 1-7K H\"
OF(H,h) = | max 7 * (Xk +Ra) | 1= TRk <1+log) :
k=l,..N rork) 1-7Knr
2 _ 1 7 |C1, = Cr,|?

4(XCp +TEKm1) (1= 7K g)’

where n = 2,3 depends on the p-scaling or deluze scaling adopted and T is the Bidomain precon-

ditioned operator _ . _
T = MIEEDCSF = R%yFS;lRD,FRFSFRIT.
Then

rmlor (1 B )m
Irolor — ¢ 7
where 1, is the residual at the m-th iteration.
5.2.1 Proof of the upper bound of Theorem
For the proof of the upper bound (Tu, Tu)g, < C{u,u)q., we need the following results.
Lemma 5.2. There exists a constant C1 > 0 such that Yu;,v; € W) with j=1,...,N,
129 (uj,05) | < C1 Klujlqw |vjlqw,

a9 (uj,v;) | < C1 Klujlom vjloo

where

1 *\c,
4(XCrm + 7K 1) 1 = 7K R)

K% =
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Proof. Using the ellipticity Lemma [2.6] we can bound from below the norm
‘Uj%u) =q¥ (uj, uj)
Lemma
= 2 [(XC + mEo ) 1~ w5, +
(1= Ko ) 0|20, )+
+ TUin|U§|§Jl(Qj) + TUfn|u§|§{1(Qj)]
> 2 [(XCon + K1) |1 = 65320,y +
+ (1=K ) 142 -
Therefore, Yu;,v; € w)
|Uj\2Q<j) Ivjlém > 4(XCy + 7K 1) ||uf; — U?H%Z(Q,-)HU;" - U§|‘%2(Qj)+

2 w w
+ 4 (1= 7K )" [|uj H%z(ﬂj)ij ||%2(Qj)+

+ 4(X0m +TKm,[) (1 —TKm’R) X

(15 = 2 105 32y + 1 I3y 05 = w5132 ]

Z 4 (Xcm —+ TKmJ) (1 — TKm,R) X
(15 = 2 105 2y + 1 gy 105 = 05 132

from which

W=

1
lujlom vilow = 2(XCm + TKm 1)? (1 = 7Ky r)? X

\/Hu; - U;H%Q(QJ)HU;'UH%%QJ-) + ||u;‘ﬂ|‘2L2(Qj)||U§ - U§||2L2(Qj)~
We estimate the bound for the skew-symmetric bilinear form as

129 (uj,v;)| < 7|C1, — Cr

w v

7|C1, — Chg,

v

1
2 (\Co + 7E.1)? (1 = 7K. )

: H\U; —u§l[Lz) [V [|22(0,) + \|U§U||L2(Qj)\|9; —v§l[z2(0,)]

= T lujlow [vjlgw -
2

The bound for the bilinear form a(-,-) follows easily from its decomposition

. 1 .. 1 .
¥ (uj,v5) = gq(]) (uj,v5) + 52(” (uj,v5)
and from the continuity of both symmetric and skew-symmetric forms. O

Lemma 5.3. There exists a constant Co > 0 such that Yu,v € W
|2(u, v)| < C2 Klulgllvllr2(0),
with K defined in Lemma[5.9

Lemma 5.4. Let C3,Cy4 > 0 be two positive constants, independent from H and h, such that
VUFJ)F e Wr
(i) [(ur,vr)z.| < Cs K |ur|g_|vrla,
(ii) [(ur,vr)g.| < C4 K |ur|g |vrlg,
(5.10)
where K is defined in Lemma[5.3
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Proof. (i) From Definition and Lemma Yur, vr € Wp,

[(ur,vr)z, | = [{uar,var)z| = |z (uar,var)|

B K|UF|QF |vF|QF

(ii) By using [121] Lemma 7.2] and [5.2] we obtain

[(ur, vr) 5. | = [(war,v) 5 = @ (var,v) |

< Kluarlglvlg = Klur|g |vrla,.-

We are now ready to prove the upper bound of Theorem

Given ur € Wp, by defining wr = §;1§D,FUF and using [121, Lemmas 7.2 and 7.9] and
Lemmas [5.1} [5.4]
(Tur, Tur)gr = (Tur, Tur)s,
= (R 1Sp'Rprur, RS 1St Rp rur)s,
<RD rur, RD ,TWr)sp
= <RD,FwFa SFRD,I‘wF>
= (Rp pwr, R{SpRrR}, pwr)

= <EFE£ rwr, El‘ﬁg FwF>§

= (Epwr, Epwr)g, |Epr|~ |EDwr|%F
< &**(H, h) \wr|@
= ©**(H, h) (ur, Tur)s,
< @ (H,h)K |ur|qr|Tur|qr
= o**(H,h)K (ur, ur)g L2 <Tur,Tur>/

from which we conclude

(Tur, Tur) g, < ®**(H,h)K? (ur,ur)qr,

where
x(k) 2 n
TO +H (XCm+TKM[) ].—TKMR H
(p*k} H h M 2 ) 1 1 - _ 2
( [ 7777 ) TR | e ) n=23
*= 'LC
K2 — 1 7 IC1, —CPW|2 .
A (XC + 7Em1) (1 — 7K 1)

5.2.2 Proof of the lower bound of Theorem 5.1

Conversely, for the proof of the lower bound, we need Lemma 7.9 from Ref. [121] and the following
results.

Lemma 5.5. There exists a constant Cs > 0 such that Yur,vr € WF,
[(ur,vr) z..| < Cs Klur|qr|[var||rz ),

with K defined in Lemma[5.3
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Lemma 5.6. Given wr = gflﬁD,pSqu forur € Wp, there exists a constant Cg > 0 such that
2 2%,k 2
wr|, < Cs KZ®™"(H, h) [ur[g,.,

with K defined in Lemma[5.9 and

M 4 H? (XCp + TK 1-7K H\"
(I’*’k(H,h): max M + (XCn £ 7 M"I)—|— TEMR <1—|—10g> , n=2,3.

k=1, N ropk) 1—7Kmr
Proof. We make use of Lemmas [5.1] and in addition to [121, Lemmas 7.2, 7.9]:
(Tur, Tur)gp = (Tur, Tur) s,

= (Rh Sy RprSrur, RSy Rp rSrur)s;
= <E;{77FU’F7 ﬁg,rwﬂsr
= |[Epwr[}
= Bpurly,
< Co®™*(H, h)|wr|%
= Ce®**(H, h) (ur, Tur)s,
< Cg KO*F(H,h) (ur,ur)g’(Tur, Tur) g,

which means )
<TUF,T’UF>QF < 06 K2 [(I)*’k} (H, h) <UF7UF>QF-

It is straightforward to conclude, by applying [121, Lemma 7.9] and Lemma
|w1“|%F = (ur, Tur) sy
< K|U’F|QF|TU’F|QF
< Co K*®**(H, h)|ur[g,..

Lemma 5.7. Let wr = §EII§D,pSpup, forur € /V[7p. Then, the following property holds
(war,v)g = (Ruar,v)g,
forallv e E(W)
Proof. Given v € E(/W), we denote by vr € EF(WF) its continuous interface part. Then, given
ur € Wr, by using Lemma 7.2 from Ref. [121] and the identity RFREFUF = ur, we get
(war,v)g = (wr,vr)g, = vf Srwr
= Uggrgglép)FSFuF
= UERD,FSFUF
= ’U%ﬂRD’[‘RFEg’FSFUF
= U%ﬂRD’FEr‘gFEF’U,F
= (Epunﬁrﬁg,rvﬂgr
= (Rrur,vr)g,

= (Rruar,v)g
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Lemma 5.8. For h sufficiently small, given wr = gflﬁpﬁpsqu for ur € Wp, there exists a
positive constant Cy > 0 such that Yur € Wr
O*F(H, h) — 1

||wA,F - U.A,F”%Z(Sz) <Cr H? K? kil’{laXN .k ‘UF|QF7
=1..., TOm

with K and © defined in Lemmas and [5.6| respectively.

Proof. Tt is useful to observe that, being ur € Wp, by defining R:W — W, then Rur € R (/W)

By using the Poincaré-Friedrichs inequality (Prop. , the ellipticity Lemmaand [121, Lemma
7.2], we obtain

|wa,r — UA,F||%2(Q) < CH2|7UA,F - UA,F@{l(Q)

< CH? max
N

R
*=1,e

_R 2
lwar — Ruarl

*,k
Om

The right-hand side is:

lwar — Ruar|s = (war — Ruar,war — Ruar)g
= (war — Ruar,war)g — (war — Ruar, Ruar)s.
We treat separately the two terms.

(i) Using Lemma [5.6| and [121, Lemma 7.2],

(war — Ruar,war)g = lwarl’ — (Ruar,war)g
= Jwr|3 — [Ruarl3
= w3 —luarly
= |wrl3, — lurld,
< C[K*®YF(H, h) — 1] |ur|3,,

where we observe that, for uar € W, ﬁuA,p € E(W) and, since @ is symmetric, Lemma
holds:

(Ruar,war)s = (war, Ruar)s = (Ruar, Ruar) .

(ii) From Lemma it holds
(war — Ruar, Ruar)s =0,

since EUA,F € E(W)

Then
lwar — Ruarlf < C [K2@"(H, k) — 1] urld,.,

which leads to

_ 2, 0. <C H? K2
lwar —varllzz ) < k:nfi)ffv
*=1,e

[fb*vk(H, h)—1

*,k :| |UF‘2QF'
TOm
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Lemma 5.9. Given vr = ﬁgrwl« for wr € Wp, there exists a positive constant C > 0 such that

oarl o < C 2 % [&** (H, 1)) |[war]?
PATIL2 @) = G TN R 7 WArllL2(9)

with ® defined in Lemma[5.6

Proof. As the quantity var — wa,r has zero average on the interface, Vur € Wp, then thanks
to Poincaré-Friedrichs inequality, the ellipticity Lemma Lemma and [121, Lemma 7.2], we
have

loar —warlltz) < C Hluar —warli g
2
< C — 2
S dmax ok lvar = warls
*=1,€

H? 9
= max C——|ur —wr|%
*,k Qr
TOMm

k=1,...,N
*=1,e
2
k 2 2
< mmex, O [B7F(H. )] urly,
*=1,e
*,k
TO 2
< max CH? 71\413 [‘I)*’k(H, h)} |wA,1“ %11(9)
k:l,.l..,N TOm
*=1,e
2 _xk
UM k 2 2
= k:r?f}fzvc h2 Gk (@5 (H, )] ™ [lwarllZ2 o
*=1,e

where we used the definition of projection Ep,
vr —wr = (I — Eg’r\) wr = EDU}F,
and an inverse inequality. O

Lemma 5.10. Set vr = Tur — ur, for ur € Wr‘. For h sufficiently small, there exists a positive
constant C' > 0 such that for upr € Wr,

4 *,k

H o 2
[oarlieq < C K* o5 max  —= [@°5(H, 1) [0 (H,h) = 1] lur g,
e

*=ire m
with K and ® defined in Lemmas and [5.6| respectively.
Proof. Since Tur = Eg,rwp and E%’FEF = I, then
vr = Tur — ur
= R} pwr — RE 1 Rrup

= R (wr — Rrur).

Therefore, by Lemmas [5.9] and
2 *,k

H g 2 ~
lvarlliz@) <C TTmax ofk [@**(H, h)]" [[war — Rruar

*=1,e

|2
L2(Q)

4 *,k

H
<CK? o7 max (”Mk)2 [®*F(H,1)]” 8% (H, h) = 1] |ur[3,..
N

*=1,e
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Finally, we are able to conclude the proof of Theorem by proving the lower bound of the in-
equality .
By using Lemma[5.4) and [121} lemmas 7.2 and 7.9],
(ur,ur)qr = (ur, ur) sy

= u?Squ

= UEE?EDISFUF

= u} RSk S Rp rSrur

= ul RE Srwr

< Klurlg, frurlg,

1/2

= K<ur, T'LLF>A1542 <ur, uF>Qr s

which means
<UF,UF>QF S K2<UF,TUF>SF. (511)

From (121, Lemma 7.2] and (ur, ur)z. = 0, we obtain

(ur, Tur) sy = (ur, Tur)gr + (ur, Tur) z. — (ur, ur) z;

= (up, Tur)gp + (ur, Tur — ur) z..
Therefore, (5.11]) becomes
(ur,ur)qr < K*(ur, Tur)qy + K*(ur, Tur — ur) z..

However, thanks to Lemmas [5.5] and [5.10]

(ur, Tur — ur) z. < Klurlge|lvar|lc2 @)

ok 1/2

2 [01\/’[}
2

<CK o max TR

1,“..7N T20m,
*=1,e

1/2
ok (H, h) [&%(H, 1)) (ur, ur) gy,

from which it follows

1/2

*,k

o] U

<UF7UF>QF < K2<UF7TUF>QF +C K4T k:nlla’XN W(I) ’k(]{7 h) [(I) 7k(I{, h)} / <uF7uF>QF'
*:i,é m

In conclusion, we have the lower bound

CO<UF7UF>QF < K2<uFaTUF>QF>

where
AL
e o]

L2 ok, by [0k (i, )]



Chapter 6

Parallel Numerical Tests

In this Chapter we present extensive parallel numerical experiments related to the solution strate-
gies proposed in Chapters [4f and |5} The ionic model which has been considered as benchmark is
the Rogers-McCulloch ionic model (see Chap. , but some preliminary tests using the Luo-Rudy
phase 1 and the Ten Tusscher-Panfilov 2006 models (Chap. [2|and Appendix [A]) have been reported
for the decoupled approach. Further investigations using these complex ventricular ionic models
should be carried out, in order to confirm the robustness of the proposed solver.

We investigate two important properties of the proposed solvers, namely scalability and opti-
mality (see [116], Definitions 1.3 and 1.2]).

Definition 6.1 (Scalability). A domain decomposition iterative algorithm for the solution of a
linear system is said to be scalable if its rate of convergence does not deteriorate when the number
of subdomains grows. This typically means that the convergence does not deteriorate when H, the
typical subdomain size, becomes small.

Computationally, this property can be translated as, while fixing the local mesh size h (diameter
of the finite elements) and increasing the number of subdomains 1/H (being H the diameter of a
typical subdomain), the average number of linear iterations does not increase uncontrolled. In our
tests, we always assign one subdomain to each processor.

Definition 6.2 (Optimality). An iterative method for the solution of a linear system is said to be
optimal if its rate of convergence to the exact solution is independent of the size of the system.

In this sense, we have theoretically proved that the condition number of the preconditioned opera-
tor for the decoupled strategy (Thm and the residual of the GMRES iterations in the coupled
approach (Thm are bounded by a polylogarithmic term depending from the ratio H/h. There-
fore, we expect to numerically confirm scalability and quasi-optimality properties.

Lastly, we also compute and study the speedup, in order to evaluate the efficiency of the
proposed solvers. The speedup usually indicates a measure of the relative performance of two
systems processing the same task. Throughout this Thesis, we will refer to the speedup S, as the
ratio between the runtime needed by p processors and the average runtime needed by N processors
to complete the task.

Ty

All the codes are written in C, with the usage of the Portable, Extensive Toolkit for Scientific
computation (PETSc), from the Argonne National Laboratory |3]. This library provides structures
and many linear (KSP) and non-linear (SNES) solver routines for the parallel solution of scientific
applications.

83
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Architectures. We describe here the hardware used for all the numerical experiments.

1. Linux Cluster, Eos. At the University of Pavia, a Linux Infiniband cluster with 21 nodes,
each carrying 2 processors Intel Xeon Gold 6130 2.1 GHz with 16 cores each, for a total of
672 cores.

2. Linux Cluster, Marconi. Supercomputer of Cineca centre, an Intel OmniPath cluster
with 3600 nodes, each with 68 1.40 GHz Intel Xeon Phi 7250 Knights Landing (KNL) cores
and 16 GB/node, for a total 244 800 cores.

3. Linux Cluster, Galileo. Supercomputer of Cineca centre, a Linux Infiniband cluster
equipped with 1084 nodes, each with 36 2.30 GHz Intel Xeon E5-2697 v4 cores and 128
GB/node, for a total 39 024 cores.

4. Linux Cluster, Indaco. At the University of Milano, a Linux infiniband cluster with 16
nodes, each carrying 2 processors Intel Xeon E5-2683 V4 2.1 GHz with 16 cores each, for a
total amount of 512 cores.

For each set of experiments we will specify the cluster employed.
Domain geometry. All numerical experiments are carried both on a thin slab and on a idealized

left ventricular geometry, modeled as a half truncated ellipsoid (see Fig. [6.1). The latter is
described in ellipsoidal coordinates by the parametric equations

= (T) cos 0 cos ©, Omin <0 < omaxa

X=a
y b(T) cos 0 sin 2 $Pmin S 2 S Pmax;

z = ¢(r) sin ¢, 0<r<1,

where a(r) = a; +r(ag — a1), b(r) = by +r(ba — b1) and ¢(r) = ¢; + r(cz — ¢1) with a2, b1 2 and
b1,2 given coefficients defining the main axes of the ellipsoid.

7T
7

.
W

—
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Figure 6.1: Computational domains. Portion of left ventricle, idealized as a truncated ellipsoid (left) and slab
geometry (right).

The fibers rotate intramurally linearly with the depth for a total amount of 120° proceeding
counterclockwise from epicardium (r = 1, outer surface of the truncated ellipsoid) to endocardium
(r = 0, inner surface). More precisely, where not otherwise specified, the geometry is settled with
the parameters reported in Table

Conductivity coefficients and parameters. Regarding the physiological coefficients in Table
we refer to the original paper Ref. [105] for the parameters of the Roger-McCulloch ionic
membrane model, while for the Bidomain and Monodomain model to Ref. [27]. For Luo-Rudy
phase one and ten Tusscher-Panfilov 2006 ionic models, we refer to References [80} |81, 114} |115]
and Appendix [A] for the equations and constant values.
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Parameter Value Parameter Value
aq 1.5 Qmin - g
as 2.7 Gmax g
by 1.5 ©min -3
bo 2.7 ¥Pmax %
C1 4.4
Co 5.0

Table 6.1: Geometries parameters.

Bidomain conductivity coeft. Tonic parameters

o} 3x1073Q T em™! G 120 1Tem™?
ol 3.1525 x 1074Q~! em ™! m 4.4Q71em™!
ol 31525 x 107°Q 7! em ™! M2 0.012
oy 2x 1073071 ecm™! Vih 13 mV
of  1.3514 x 1072Q7! em ™! Up 100 mV
o 6.757 x 10740t em™! Chm, 1 mF/cm?

Table 6.2: Conductivity coefficients for the Bidomain model and physiological parameters for the Rogers-McCulloch
ionic model.

Time setting and stimulation site. If otherwise not specified, the external stimulus Iy,
needed for the potential to start propagating is applied for 1 ms to the surface of the domain
representing the endocardium, with intensity 100 mA /cm®. On the other hand, if a thin slab is
considered, the stimulus is applied in one corner of the domain, over a spheric (or circular) area
of radius 0.1 cm. The boundary conditions are for an insulated tissue, while the initial conditions
represent a resting potential.

The time step is fixed 7 = 0.05 ms. Indeed, increasing it might slightly affect the solver perfor-
mance, but we would loose accuracy in the final solution, especially during the activation phase.
On the other hand, decreasing the time step means to rise the computational costs, without a
significant improvement in terms of accuracy.

Figures [6.2] and [6.3] show the time evolution of the extracellular and transmembrane potentials
respectively, from the epicardial view of a portion of the idealized left ventricle when the external
stimulus I,pp, is applied on the surface of the ellipsoid representing the epicardium layer.

The staggered propagating wavefront seems to indicate an insufficient mesh resolution, despite the
usage of a fine mesh (192 x 96 x 48 elements): this further motivates the need of efficient solvers
which can be both accurate and computationally competitive.

As another example, we report in Figures [6.4] and [6.5] the time evolution of the transmembrane
and extracellular potentials respectively from the endocardial side of the portion of the half trun-
cated ellipsoid. The external stimulus I,,p is applied on five different sites on the endocardium
layer, positioned at the apex of the idealized left ventricle.

Nonlinear solver. The outer Newton loop is implemented both:

e as an exact Newton method, with an absolute convergence test on the reduction of a weighted
Euclidean norm of the residual, setting a tolerance of 10~%, if not otherwise specified;

e by taking advantage of the non-linear solvers component SNES (Scalable Nonlinear Equations
Solvers) from PETSc library, which by default implements an inexact Newton method with
cubic backtracking linesearch. The default tolerances are reported in Table

Linear Solver. The linear systems arising from the discretization of the Jacobian problems at
each Newton step are solved with
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t =10 ms t =15 ms t =20 ms

t =25 ms t =30 ms t = 35 ms

t =40 ms t =45 ms t = 50 ms
-3.8e+01 -30 -25 -20 -15 -10 - 1.5e+01

Figure 6.2: Snapshots (every 5 ms) of extracellular potential u. time evolution. For each time frame, we report
the epicardial view of a portion of the left ventricle, modeled as a truncated ellipsoid.

1. the Conjugate Gradient (CG) method, if the resulting system is symmetric (decoupled case);

2. the Generalized Minimal Residual (GMRES) or the BiConjugate Gradient Stabilized (BiCGStab)
methods, if the resulting system is not symmetric (coupled case).

We employ the linear solvers component KSP from PETSc library, which provides a user-ready in-
terface for the combination of a Krylov subspace iterative method and a preconditioning technique.
CG, GMRES and BiCGStab are employed with the default values from PETSc implementation
(so e.g. with restart value = 30 for GMRES). If not otherwise specified, we adopt the tolerances
from Table .31
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t = 10 ms t = 15 ms t = 20 ms
t = 25 ms t = 30 ms t = 35 ms

t = 40 ms t = 45 ms t = 50 ms

-2.7e+00 20 30 40 50 60 70 80 9.9e+01

Figure 6.3: Snapshots (every 5 ms) of transmembrane potential v time evolution. For each time frame, we report
the epicardial view of a portion of the left ventricle, modeled as a truncated ellipsoid.

The Jacobian matrix is always computed analytically in all the experiments, both for the
decoupled and the coupled problem; we tested (but not reported in this Thesis) an approximation
of the Jacobian via automatic differentiation, but without gaining substancial differences.

KSP 71 =19 a1 =170 dyp = 1t
SNES 7 =1e ™ quy =19 s, =1e %8

Table 6.3: PETSc SNES and KSP tolerances. 74, is the relative convergence tolerance, as,; is the absolute
convergence tolerance, d;,; is the KSP divergence convergence tolerance and s;,; is the convergence tolerance related
to the solution change between Newton steps.
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t = 10 ms t = 15 ms t = 20 ms

t = 25 ms t = 30 ms t = 35 ms

t = 40 ms t = 45 ms t = 50 ms

3. E!e+01 20 o 20 40 60 80 1.0e+02

Figure 6.4: Snapshots (every 5 ms) of transmembrane potential v time evolution. For each time frame, we report
the epicardial view of a portion of the left ventricle, modeled as a truncated ellipsoid.

Preconditioner. In order to accelerate the convergence of the linear solver, a preconditioner is
needed. We always compare the efficiency of our dual-primal preconditioners to more standard
ones. In particular, in our tests we use

e Balancing Domain Decomposition with Constraints (BDDC) preconditioner, from PETSc
implementation;

e Finite Element Tearing and Interconnecting Dual-Primal (FETI-DP) preconditioner, from
PETSc implementation;

e Block Jacobi (BJ) preconditioner, from PETSc implementation;
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t = 10 ms t = 15 ms t = 20 ms

t = 25 ms t = 30 ms t = 35 ms

t = 40 ms t = 45 ms t = 50 ms

-3.8e+01 -30 25 -20 -15 -10 -5 0 5 10 1.5e+01

Figure 6.5: Snapshots (every 5 ms) of extra-cellular potential u. time evolution. For each time frame, we report
the epicardial view of a portion of the left ventricle, modeled as a truncated ellipsoid.

e Algebraic MultiGrid (GAMG), from PETSc implementation;
e Boomer Algebraic MultiGrid (bAMG), from the Hypre library .

In the latter, we use the default Hypre parameters, such as strong threshold 0.25, number of
smoothing levels 25 and number of aggressive coarsening 0. Since the focus of this Thesis is
on dual-primal Domain Decomposition preconditioners, we have not investigated the behavior of
bAMG with different parameters. As concerns BDDC and FETI-DP preconditioners (as not oth-
erwise specified) we employ the default primal space with only vertices and edge averages, and we
set a direct solver for BDDC coarse problem with a LU factorization.
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Since we are employing BDDC and FETI-DP with default settings from PETSc implementation,
sometimes they can differ in terms of performance (both CPU time and average number of linear
iterations). A further tuning of the parameters could be done in order to obtain the same behavior,
but it is beyond the scope of this Thesis.

6.1 Decoupled Monodomain tests

We start by reporting here a number of parallel numerical tests that validate the decoupled
bound Thm [£:] for the Monodomain problem, solved with a decoupling strategy from the Rogers-
McCulloch ionic model (see Chapter [2| and 4] for more details). As the resulting Jacobian linear
system is symmetric, we can use the Preconditioned Conjugate Gradient (PCG) method for its
resolution.

These preliminary tests does not show the entire potential of the proposed dual-primal solvers,
as they seem to be comparable to the standard Block-Jacobi in terms of average number of nonlin-
ear and linear iterations; actually, BDDC preconditioner presents higher timings. However, since
the results show a constant behavior for the average number of nonlinear and linear iterations,
these experiments can be considered as indicator of a good behavior of the proposed dual-primal
solvers on more complex and singular problems, like the Bidomain problem.

All the values reported in the following Tables are an average over the time steps of the related
quantity: in particular, the number of nonlinear and linear iterations are rounded to the nearest
integer. Moreover, since the Monodomain problem is non-singular, when considering a simple ge-
ometry such as the slab domain, the overall system is well conditioned. This explains the reported
condition number almost near 1.0: we report a mean value, but the actual range of values oscillates
around that value.

Throughout these experiments for the Monodomain decoupled problem, the tolerances for KSP
solver are set as follows: relative convergence tolerance 10~5, absolute convergence tolerance 10~°°
and divergence tolerance 10%.

Scalability on slab domain

These sets of experiments are performed on the Linux cluster Eos at the University of Pavia. We
focus on a thin slab domain during the initial activation phase ([0, 2] ms), which is discretized with
fixed time steps of 0.05 ms, for a total of 40 time steps.

Weak scalability on slab domain. In this test, we fix the local mesh size to 32-32-32 elements
and we vary the number of subdomains from 8 to 256; thus, we consider increasing geometries,
where the dimension of the slab increases from 0.48 x 0.48 x 0.48 cm? to 7.68 x 3.84 x 0.96 cm?.
As shown in Table [6.4] all quantities seem to be independent of the number of processors, show-
ing that the preconditioned solver is scalable. Moreover, the average number of linear iterations
per nonlinear step of the dual-primal preconditioners is lower than the standard Block-Jacobi.
Reported average CPU times per time step display a faster performance of the CG solver pre-
conditioned with Block-Jacobi as compared to BDDC or FETI-DP: this behavior may be due to
the implementation of vector and matrix structures within PETSc library, which involves several
communications between processors, thus slowing down the overall computational time.

Strong scalability on slab domain. We fix the global mesh size to 256 - 256 - 2 elements and
we increase the number of processors from 16 to 256, thus reducing the local problem dimensions.
The average CPU times and the average number of nonlinear iterations per time step for the
Block-Jacobi preconditioner is now comparable to the FETI-DP; thus, focusing on the average
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procs Block-Jacobi BDDC FETI-DP
time nlit lit cond time nlit lit cond time nlit lit cond

8 3.98 3 2 1.0027 297.0 2 2 1.0 6.72 2 1 1.0
16 417 3 2 1.0027 297.75 2 2 1.0 592 2 1 1.0
32 3.68 3 2 1.0027 302.25 2 2 1.0 7.1 2 1 1.0
64 419 3 2 1.0027 302.0 2 2 1.0 7.14 2 1 1.0
128 449 3 2 1.0027 310.0 2 2 1.0 751 2 1 1.0
256 447 3 2 1.0027 311.25 2 2 1.0 7.51 2 1 1.0

Table 6.4: Weak scalability on slab domain for the Monodomain decoupled solver. Fixed local mesh size 32-32- 32
and increasing number of processors from 8 to 256. Rogers-McCulloch ionic model. Comparison between average
CPU time per time step in seconds (time), (rounded) average number of nonlinear iteration per time step (nlit),
(rounded) average linear PCG iterations and average condition number per Newton step (lit and cond). Performed
on Eos cluster.

number of linear iterations per Newton step, we can observe a better performance of the dual-
primal preconditioners, confirmed by the average condition number estimate per nonlinear step

(Table [6.5).

Block-Jacobi BDDC FETI-DP
procs time nlit lit cond time nlit lit cond time nlit lit cond
16 0.35 2 2 1.0004 1.25 2 2 1.0 0.36 2 1 1.0
32 0.2 2 2 1.0004 222 2 2 1.0 0.21 2 1 1.0
64 0.1 2 2 1.0004 1.89 2 2 1.0 0.13 2 1 1.0
128 0.06 2 2 1.0003 577 2 2 1.0 0.11 2 2 1.0
256 0.04 2 3 1133 0.22 2 2 1.0 0.14 2 2 1.0

Table 6.5: Strong scalability on slab domain for the Monodomain decoupled solver. Fixed global mesh size 256-256-2
and increasing number of processors from 16 to 256. Rogers-McCulloch ionic model. Comparison between average
CPU time per time step in seconds (¢ime), (rounded) average number of nonlinear iteration per time step (nlit),
(rounded) average linear PCG iterations and average condition number per Newton step (/it and cond). Performed
on Eos cluster.

Scalability on ellipsoidal domain

These sets of experiments are performed on the Linux cluster Galileo at Cineca centre. We consider
a truncated ellipsoidal domain, which models an idealized left ventricular geometry during the
initial activation phase ([0, 2] ms), with fixed time step of 0.05 ms, for a total of 40 steps.

Weak scalability on ellipsoidal domain. As already done for the slab domain, in this weak
scaling test we fix the local mesh size to 16-16-16 elements and we vary the number of subdomains
from 4 to 256, thus resulting in an increasing ellipsoidal geometry.

As shown in Table all quantities (average number of nonlinear and linear iterations, average
CPU times) remain bounded independently of the number of processors, revealing that the pre-
conditioned solvers are scalable.

In contrast to the analogous test on the slab, here we do not see any relevant improvements of the
dual-primal preconditioners with respect to the Block-Jacobi, neither in terms of average number
of cumulative linear iterations or average nonlinear steps.

We observe an increase in the average number of nonlinear iterations, probably due to the addi-
tional complexity of solving the problem on an ellipsoidal domain. This not so relevant, as this
quantity remains bounded.

Reported average CPU times display a faster performance of the solver preconditioned with
Block-Jacobi and FETI-DP as compared to BDDC (see also Fig. left). In particular, the
almost-identical timings of Block-Jacobi and FETI-DP while increasing the number of processors
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is a good indicator that the preconditioned dual-primal solver may behaves well on more complex
and singular problems, like the Bidomain system.

Block-Jacobi BDDC FETI-DP

procs time nlit lit cond time nlit lit cond time nlit lit cond

8 0.36 6 2 1.0034 253 5 2 1.0052 0.42 6 1 1.0

16 032 5 3  1.0315 235 5 2 1.1680 041 5 2 1.0004
32 031 5 3 1.0342 2.61 4 2 1.2161 047 5 2 1.0005
64 0.30 4 4 1.1358 2.37 4 2 1.0992 0.44 4 2 1.0061
128 0.28 4 4 1.1440 2.30 4 2 1.0078 0.48 4 2 1.0080
256 034 3 4 1.1428 1.96 3 2 1.0076 0.49 3 2 1.0072

Table 6.6: Weak scalability on ellipsoidal domain for the Monodomain decoupled solver. Fixed local mesh size
16-16- 16 and increasing number of processors from 8 to 256. Rogers-McCulloch ionic model. Comparison between
average CPU time per time step in seconds (time), (rounded) average number of nonlinear iteration per time step
(nlit), (rounded) average linear PCG iterations and average condition number per Newton step (lit and cond).
Performed on Galileo cluster.

Strong scalability on ellipsoidal domain. Lastly, we fix the global mesh size to 256 - 128 - 32
elements and we increase the number of processors from 16 to 512, thus reducing the local problem
dimensions.

The average number of nonlinear iterations per time step for Block-Jacobi preconditioner case
is comparable to the dual-primals (Table ; thus, focusing on the average number of linear
iterations per Newton step, we can easily see a better performance of dual-primal preconditioners,
confirmed by the average condition number estimate per nonlinear step (Table .

FETI-DP preconditioner, when increasing the number of processors, has a good performance on
the computational time point of view, almost comparable to Block-Jacobi (Fig. right).

No remarkable differences are measured between the p-scaling or the deluxe scaling, applied to
BDDC preconditioner, which again presents higher timings with respect to the other two precon-
ditioners.

procs Block-Jacobi FETI-DP
time nlit lit cond time nlit lit cond
16 3.05 3 4 1.1202 9.18 3 2 1.0073
32 1.57 3 3 1.0714 5.22 3 2 1.0064
64 0.81 3 3 1.1341 1.64 3 2 1.0
128 0.45 3 3 1.1243 0.72 3 2 1.0073
256 0.28 3 4 1.1428 033 3 2 1.0072
512 0.18 3 4 1.1432 024 3 2 1.0079
BDDC p scaling BDDC deluxe scaling
procs . . . . . .
time nlit lit cond time nlit lit cond
16 436.75 3 2 1.0414 447.0 3 2 1.0400
32 247.87 3 2 1.0185 262.5 3 2 1.0186
64 41.25 3 2 1.1351 35.17 3 2 1.4206
128 9.75 3 2 1.0073 8.72 3 2 1.0072
256 2.13 3 2 1.0076 2.13 3 2 1.0076
512 out of memory out of memory

Table 6.7: Strong scalability on ellipsoidal domain for the Monodomain decoupled solver. Fixed global mesh size
256 - 128 - 32 and increasing number of processors from 16 to 512. Rogers-McCulloch ionic model. Comparison
between average CPU time per time step in seconds (time), (rounded) average number of nonlinear iteration per
time step (nlit), (rounded) average linear PCG iterations and average condition number per Newton step (lit and
cond). Performed on Galileo cluster.
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Figure 6.6: Weak scalability (left) and strong scalability (right) on ellipsoidal domain for the Monodomain decou-
pled solver. Fixed local mesh size 16 - 16 - 16 and increasing number of processors from 8 to 256 for weak scaling;
fixed global mesh size 256 - 128 - 32 and increasing number of processors from 16 to 512 for strong scaling. Rogers-
McCulloch ionic model. Average CPU time per time step in seconds. Performed on Galileo cluster.

6.2 Decoupled Bidomain tests

In this section we report extensive parallel numerical experiments related to the decoupled solu-
tion strategy presented in Chapter 2] applied to the Bidomain equations. These tests validate the
theoretical bound for the condition number of the preconditioned operator (see Chap. .

As in the previous section, the resulting Jacobian system using the Rogers-McCulloch ionic

model is symmetric and positive semi-definite, thus allowing us to solve it with the CG method,
along with BDDC and FETI-DP preconditioners from PETSc library [3]. We compare their per-
formance with the Boomer Algebraic Multigrid (b AMG) from the Hypre library [41].
Both weak and strong scaling tests contain also a comparison between different ionic models: the
Rogers-McCulloch (which has been used so far as benchmark for our experiments), the Luo-Rudy
phase 1 and the ten Tusscher-Panfilov ionic models. Since the resulting Jacobian system when
using the last two ionic models is not positive semi-definite, the Generalised Minimal Residual
(GMRES) method is applied instead of the CG.

We clarify that, in the Tables where the number of nonlinear iterations is 1, the actual values
oscillates between 1 and 2. For simplicity, we report an average value rounded to the nearest
integer.

Weak scalability on slab and ellipsoidal domains. The first set of tests we report is a weak
scalability test on both slab and ellipsoidal domain, performed on Galileo cluster. For both cases,
we fix the local mesh size to 16-16-16 finite elements and we increase the number of processors (thus
subdomains) from 32 to 2048, thus resulting in an increasing slab geometry and in an increasing
portion of ellipsoid. Tables and show how BDDC and FETI-DP have a better performance
than bAMG: the average number of linear iteration per Newton iteration (lit) is clearly lower and
does not increase with the number of subdomains, except for BDDC on the slab domain, where the
linear iterations increase unexpectedly. Moreover, the reported average CPU times (in seconds) per
nonlinear step (see also Fig. are slightly better for the BDDC and FETI-DP preconditioners,
except for FETI-DP on the slab domain and 2048 processors. In the harder ellipsoidal tests, both
BDDC and FET-DP are scalable and outperform bAMG when the number of processors increases
past 128, indicating lower computational complexity and interprocessor communications.
Additionally, we perform the weak scalability test comparing the performances of the Newton-
Krylov solvers in case realistic human ionic ventricle models are included. Tables [6.10 and
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procs mesh dofs bAMG BDDC FETI-DP
nit lit time nit lit time nit lit time
32 64 - 64 - 32 278,850 1 106 4.9 1 22 6.1 1 10 6.0
64 128 - 64 - 32 553,410 1 132 6.8 1 27 6.2 1 11 6.0
128 128 - 128 - 32 1,098,306 1 180 9.4 1 32 7.6 1 10 7.4
256 256 - 128 - 32 2,188,098 1 237 152 1 39 7.2 1 10 7.9
512 256 - 256 - 32 4,359,234 1 318 20.0 1 48 10.1 1 10 11.1
1024 512 - 256 - 32 8,701,506 1 405 29.6 1 63 13.8 1 10 18.7
2048 512-512-32 17,369,154 1 536 40.3 1 78 335 1 10 63.2

Table 6.8: Weak scalability on slab domain for the Bidomain decoupled solver. Local mesh of 16 - 16 - 16 elements.
Simulations of 2 ms of cardiac activation with d¢t = 0.05 ms, for a total amount fo 40 time steps. Comparison of
Newton-Krylov solvers with boomerAMG (bAMG), BDDC and FETI-DP preconditioners. Rogers-McCulloch ionic
model. Average Newton iterations per time step (nit); average conjugate gradient iterations per Newton iteration
(lit); average CPU solution time per time step (time) in seconds. Performed on Galileo cluster.

procs mesh dofs bAMG BDDC FETI-DP
nit lit time nit lit time nit lit time
32 64 -32-64 278,850 1 86 3.3 1 30 5.4 1 20 4.7
64 64 - 64 - 64 549,250 1 124 6.0 1 37 6.2 1 20 6.5
128 64 - 128 - 64 1,090,050 1 207 11.3 1 26 7.5 1 19 6.6
256 64 - 256 - 64 2,171,650 1 348 222 1 25 8.7 1 17 107
512 128 - 256 - 64 4,309,890 1 335 21.3 1 27 105 1 18 114
1024 256 - 256 - 64 8,586,370 out of memory 1 28 125 1 19 11.0
2048 512 - 256 - 64 17,139,330 out of memory 1 28 26.6 1 19 214

Table 6.9: Weak scalability on ellipsoidal domain for the Bidomain decoupled solver. Local mesh of 16 - 16 - 16
elements. Simulations of 2 ms of cardiac activation with dt = 0.05 ms, for a total amount fo 40 time steps.
Comparison of Newton-Krylov solvers with boomerAMG (bAMG), BDDC and FETI-DP preconditioners. Rogers-
McCulloch ionic model. Average Newton iterations per time step (nit); average conjugate gradient iterations per
Newton iteration (lit); average CPU solution time per time step (time) in seconds. Performed on Galileo cluster.
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Figure 6.7: Weak scalability on slab (left) and ellipsoidal (right) domains for the Bidomain decoupled solver. Local
mesh of 16 - 16 - 16 elements. Simulations of 2 ms of cardiac activation with dt = 0.05 ms, for a total amount fo 40
time steps. Rogers-McCulloch ionic model. Comparison of average CPU time per time step in seconds. Performed
on Galileo cluster.

report a comparison between the algebraic multigrid and the dual-primal preconditioners, while
employing the Luo-Rudy phase 1 and Ten Tusscher-Panfilov ionic models (LR1 and TPO06, respec-
tively). The local mesh size is fixed to 1212 - 12 and the number of processors is increased from
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4 to 256, thus resulting in an increasing number of dofs from 16,250 to 926,786. GMRES iterative
solver is employed, due to the loss of positive semidefinite property.

We observe an overall raise in the average number of nonlinear iterations, with lower values for
the TPO6 case for both geometries; as above, this parameter seems to be affected by the increasing
complexity of the ellipsoidal domain, as it presents slightly higher values.

The performance of BDDC and FETI-DP in terms of average CPU time show robustness of
the preconditioned solver, since this quantity remains bounded while increasing the number of
subdomains; this trend cannot be found for bAMG, which presents higher and increasing values,
as shown in Fig.

For what concerns the average number of linear iterations, on the slab geometry we observe the
same trend as for the average CPU timings: for both ionic models, BDDC and FETI-DP’s values
are lower and remain almost constant, while for bAMG these values increase with the number
of processors. On the ellipsoidal geometry, we have some fluctuations for BDDC and FETI-DP,
although the average number of linear iterations remains bounded; the multigrid case presents
higher values with respect to its corresponding cases on the slab.

Luo-Rudy phase 1

bAMG BDDC FETI-DP

procs mesh dofs . . . . . . . . .
nit lit time nit lit time nit lit time
4 24-24-12 16,250 3.0 48.7 1.5 3.0 10.0 3.8 3.0 7.0 3.6
8 24-24-24 31,250 2.9 62.1 2.3 2.9 13.0 3.7 2.9 85 3.5
16 48 - 24 - 24 61,250 2.9 72.2 3.3 2.9 14.0 13.0 2.9 9.2 3.6
32 48 - 24 - 48 120,050 2.8 99.3 4.6 2.8 13.0 3.1 2.8 8.6 2.8
64 48 - 48 - 48 235,298 2.8 118.1 5.7 2.8 13.0 4.1 2.8 84 3.7
128 48 - 96 - 48 465,794 2.8 2593 17.3 2.8 13.0 4.3 2.8 84 3.9

256 48 - 192 - 48 926,786 2.8 6220 41.5 2.8 13.0 4.6 2.8 84 4.3

Ten Tusscher-Panfilov

bAMG BDDC FETI-DP

procs mesh dofs . . . . . . . . .
nit lit time nit lit  time nit  lit  time
4 24 -24-12 16,250 1.8 49.1 0.9 1.85 10.0 1.8 1.8 74 1.7
8 24-24-24 31,250 1.8 628 1.5 1.87 12.9 2.4 1.8 8.6 2.3
16 48 - 24 -24 61,250 1.8 732 2.2 1.87 14.0 2.5 1.8 9.3 2.3
32 48 - 24 - 48 120,050 1.8 98.9 2.9 1.82 13.2 1.9 1.8 8.7 1.7
64 48 - 48 - 48 235,298 1.8 119.5 3.7 1.82 13.0 2.6 1.8 8.7 2.4
128 48 - 96 - 48 465,794 1.8 261.2 11.2 1.82 13.0 2.7 1.8 8.6 2.5

256 48 - 192 - 48 926,786 1.8 629.1 26.6 1.82 13.0 2.9 1.8 8.7 2.7

Table 6.10: Weak scalability on slab domain for the Bidomain decoupled solver. Local mesh of 12-12-12 elements.
Simulations of 2 ms of cardiac activation with dt = 0.05 ms, for a total amount fo 40 time steps. Comparison
of Newton-Krylov solvers with boomerAMG (bAMG), BDDC and FETI-DP preconditioners. Luo-Rudy phase 1
(LR1) and Ten Tusscher-Panfilov 2006 (T'T06) ionic models. Average Newton iterations per time step (nit); average
conjugate gradient iterations per Newton iteration (lit); average CPU solution time per time step (time) in seconds.
Performed on Indaco cluster.

Strong scalability on slab and ellipsoidal domains. We now perform a strong scaling test
for the two geometries on the cluster Indaco.

For the thin slab geometry, we fix the global mesh to 192 - 192 - 32 elements (for a total of
2,458,434 dofs) and we increase the number of subdomains from 32 to 256. We fix the global mesh
to 128 - 128 - 64 elements for the portion of ellipsoid instead (thus resulting in 2,163,3360 dofs).

When the local number of dofs decreases, the preconditioner with the better balance in term
of average linear iterations and CPU time per time step is FETI-DP, as reported in Tables
and .13
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Luo-Rudy phase 1
bAMG BDDC FETI-DP

procs mesh dofs . . . . . . . . .
nit lit time nit lit time nit lit  time
4 24 -24-12 16,250 3.4 520.2 4.1 3.4 9.8 3.5 3.4 6.9 3.2
8 24-24-24 31,250 3.3 791.3 8.9 3.3 154 4.9 3.3 10.7 3.3
16 48 -24 - 24 61,250 3.9 7204 16.2 3.9 213 6.1 3.9 14.6 5.4
32 48 - 24 - 48 120,050 4.3 720.0 229 4.3 34.0 6.5 4.3 23.2 5.2
64 48 - 48 - 48 235,298 3.8 560.1 20.1 3.8 21.5 6.4 3.8 14.9 5.7
128 48 - 96 - 48 465,794 4.1 604.7 34.3 4.1 153 6.6 4.1 10.2 5.9
256 48 - 192 - 48 926,786 4.4 5264 51.7 4.4 144 7.6 4.4 9.4 6.9

Ten Tusscher-Panfilov
bAMG BDDC FETI-DP

procs mesh dofs . . . . . . . . .
nit lit time nit lit time nit lit time
4 24-24-12 16,250 3.3 516.5 3.8 3.3 9.8 3.4 3.3 6.9 3.1
8 24 -24-24 31,250 3.0 867.2 8.4 3.0 15.7 4.7 3.0 11.1 3.0
16 48 - 24 - 24 61,250 2.8 T731.1 125 2.8 21.8 4.5 2.8 15.9 4.1
32 48 - 24 - 48 120,050 3.1 736.5 16.9 3.1 344 4.6 4.3 23.2 3.7
64 48 - 48 - 48 235,298 2.9 5421 14.7 2.9 21.7 4.8 2.9 15.1 4.3
128 48 - 96 - 48 465,794 3.0 597.0 25.2 3.0 154 4.9 3.0 10.1 4.5
256 48 - 192 - 48 926,786 2.9 498.0 32.8 2.9 14.6 5.1 29 95 4.7

Table 6.11: Weak scalability on ellipsoidal domain for the Bidomain decoupled solver. Local mesh of 12-12-12
elements. Simulations of 2 ms of cardiac activation with d¢t = 0.05 ms, for a total amount fo 40 time steps.
Comparison of Newton-Krylov solvers with boomerAMG (bAMG), BDDC and FETI-DP preconditioners. Luo-
Rudy phase 1 (LR1) and Ten Tusscher-Panfilov 2006 (T'T06) ionic models. Average Newton iterations per time
step (nit); average conjugate gradient iterations per Newton iteration (lit); average CPU solution time per time step
(time) in seconds. Performed on Indaco cluster.
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Figure 6.8: Weak scalability on slab (left) and ellipsoidal (right) domains for the Bidomain decoupled solver.
Local mesh of 1212 - 12 elements. Simulations of 2 ms of cardiac activation with dt = 0.05 ms, for a total amount
fo 40 time steps. Comparison of average CPU time per time step in seconds between Luo-Rudy phase 1 (LR1) and
Ten Tusscher-Panfilov 2006 (TT06) ionic models. Performed on Indaco cluster.

However, in both cases, BDDC and FETI-DP preconditioners outperform the ideal speedup,
while bAMG is sub-optimal (see Fig. . Indeed, since we are working with a low number of
processors, the local problem sizes are high, thus requiring lot of time for the LU factorization of
the matrices.

Moreover we compare the performance of the Newton-Krylov solver with BDDC preconditioner
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using different ionic models: the Rogers-McCulloch (RMC), the Luo-Rudy phase 1 (LR1) and the
Ten Tusscher-Panfilov 2006 (TP06) ionic models in Tables and In this case the Jacobian
linear system is solved with the GMRES method, as it loses the positive semidefinite property.
By increasing the complexity of the ionic current, we observe an increasing in the average number
of nonlinear iterations from 1-2 per time step using the RMC model to 2-3 per time step with
LR1 and TP06 models. On the other hand, the average numbers of linear iterations per time step
for the three ionic models are comparable, indicating that our dual-primal solver retains its good
convergence properties even for more complex ionic models. As a consequence, the CPU times
for LR1 and TP06 model increase due to the increase of nonlinear iterations, but the associated
parallel speedups of the models are comparable.

bAMG BDDC FETI-DP
procs nit lit time S32  Ses nit  lit time S32  Sga nit  lit time S32  Sga
32 1.25 250 116.0 - - 1.0 27 348.2 - - 125 11 3522 - -
64 1.25 252 62.7 1.8 - 1.22 32 59.5 5.8 - 1.25 17 53.0 6.6 -

128 1.25 252 33.6 3.5 1.8 122 37 219 158 2.7 125 21 19.9 176 2.6
256  1.25 252 18.6 6.2 34 122 22 10.4 33.5 5.7 125 13 8.9 39.7 5.9

Table 6.12: Strong scalability on slab domain for the Bidomain decoupled solver. Global mesh of 192 - 192 - 32
elements, 2,458,434 dofs. Simulations of 2 ms of cardiac activation with dt = 0.05 ms, for a total amount fo 40 time
steps. Rogers-McCulloch ionic model. Comparison of Newton-Krylov solvers with boomerAMG (bAMG), BDDC
and FETI-DP preconditioners. Average Newton iterations per time step (nit); average conjugate gradient iterations
per Newton iteration (lit); average CPU solution time per time step (time) in seconds; parallel speedup with respect
to 32 (S32) and 64 (Se4) processors. Performed on Indaco cluster.

bAMG BDDC FETI-DP
procs nit lit time S32 Sea nit lit time S32 S64 nit lit time S32 S64
32 1.92 311 188.4 - - 1.92 36 571.8 - - 1.92 14  558.2 - -
64 1.92 310 113.4 1.7 - 1.92 30 129.1 4.4 - 1.92 19 129.7 4.3 -

128 1.92 310 60.5 3.1 1.9 192 40 40.2  14.2 3.2 192 24 424 13.2 3.1
256 1.92 311 32.2 5.8 3.1 192 23 15.1 379 85 192 14 19.0 294 6.8

Table 6.13: Strong scalability on ellipsoidal domain for the Bidomain decoupled solver. Global mesh of 128-128-64
elements, 2,163,330 dofs. Simulations of 2 ms of cardiac activation with dt = 0.05 ms, for a total amount fo 40 time
steps. Rogers-McCulloch ionic model. Comparison of Newton-Krylov solvers with boomerAMG (bAMG), BDDC
and FETI-DP preconditioners. Average Newton iterations per time step (nit); average conjugate gradient iterations
per Newton iteration (lit); average CPU solution time per time step (time) in seconds; parallel speedup with respect
to 32 (S32) and 64 (Ses) processors. Performed on Indaco cluster

RMC LR1 TPO6
procs nit lit time 532(64) nit lit time S32(64) nit lit time S32(64)
32 125 169 220.2 - 2.85 169 5022 ) 185 17.0 3262 S
64 1.25 199 62.1 3.5 (-) 2.85 19.6 140.9 3.5 (-) 1.85 19.7 919 3.5 ()

128 1.25 15.3 19.2 11.5 (3.2) 2.85 15.0 439 11.4 (3.2) 1.85 15.0 28.4 11.4 (3.2)
256 1.25 174 5.8 37.9 (10.7) 2.85 29.5 17.0 38.1 (10.6) 1.85 17.1 8.6 37.6 (10.6)

Table 6.14: Strong scalability on slab domain for the Bidomain decoupled solver, comparison between ionic models.
Global mesh 192 - 192 - 32 elements, 2,458,434 dofs. Simulations of 2 ms of cardiac activation with dt = 0.05 ms
(40 time steps). Comparison of Newton-Krylov solvers with BDDC preconditioner using Rogers-McCulloch (RMC),
Luo-Rudy phase 1 (LR1) and ten Tusscher-Panfilov 2006 (TP06) ionic models. Average Newton iterations per time
step (nit); average conjugate gradient iterations per Newton iteration (lit); average CPU solution time per time step
(time) in seconds; parallel speedup (Sp) computed with respect to p = 32 and p = 64 processors.

Optimality tests on slab and ellipsoidal domains. Tables and report the results
of optimality tests employing RMC ionic model, for both slab and ellipsoid geometries, carried on
Eos cluster. We fix the number of processors (subdomains) to 4 - 4 - 4 and we increase the local
size H/h from 8 to 24, thus reducing the finite element size h.

We focus only on the behavior of the BDDC preconditioner, as the FETI-DP has been proven to
be spectrally equivalent. We consider both scalings (p-scaling on top, deluxe scaling at bottom of
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RMC LR1 TPO06
PR nit lit time  Ssogeq) nit  lit  time  Sgpgq  mit  lit  time  Ssoga
32 2 211 4365 e 3.95 205 8622 () 25 211 4880 -G
64 2 269 99.3 44 () 395 259 1949  44() 25 265 1227 3.9 ()
128 2 214 273 160 (3.6) 395 208 535 161 (3.6) 25 21.3 338  14.4 (3.6)
256 2 30.0 8.2 53.4 (12.1) 3.95 295 16.1 53.6 (12.1) 2.5 299 10.1 48.3 (12.1)

Table 6.15: Strong scalability on ellipsoidal domain for the Bidomain decoupled solver, comparison between ionic
models. Global mesh 128128 - 64 elements, 2,163,330 dofs. Simulations of 2 ms of cardiac activation with dt = 0.05
ms (40 time steps). Comparison of Newton-Krylov solvers with BDDC preconditioner using Rogers-McCulloch
(RMC), Luo-Rudy phase 1 (LR1) and ten Tusscher-Panfilov 2006 (TP06) ionic models. Average Newton iterations
per time step (nit); average conjugate gradient iterations per Newton iteration (lit); average CPU solution time per
time step (time) in seconds; parallel speedup (Sp) computed with respect to p = 32 and p = 64 processors.
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Figure 6.9: Strong scalability for the Bidomain decoupled solver. Left: strong scaling test on slab domain, with
global mesh of 192 - 192 - 32. Right: strong scaling test on ellipsoidal domain, with global mesh of 128 - 128 - 64.
Simulations of 2 ms of cardiac activation with dt = 0.05 ms, for a total amount fo 40 time steps. Rogers-McCulloch
ionic model. Comparison of actual parallel speedup (ideal speedup dotted). Performed on Indaco cluster.

each table) and we test the solver for increasing primal spaces: V includes only vertex constraints,
while V+E and V4+E+F include vertex and edge constraints or vertex, edge and face constraints.

The simulations time is 2 ms of cardiac activation with time step dt = 0.05 ms, for a total
amount fo 40 time steps.

Similar results hold for both geometries. Despite an higher average CPU time using the deluxe
scaling, all the other parameters are quite similar between the two scalings.

We observe almost linear dependence of the condition number if the coarsest primal space (only
V) is chosen (see also Figures bottom), while we can obtain quasi-optimality if we enrich
the primal space by adding edge (V+E) and face (V+E+F) constraints.

We report in Tables and the optimality results in case LR1 and TPO06 ionic models
are employed. As for the RMC tests, these results are independent of the scaling chosen.

The average number of nonlinear iterations increases to 2-4 in case of the LR1 ionic model and
to 2-3 for the TP06, with higher values for the ellipsoid, as already observed in the scalability tests.
This parameter seems to be dependent only on the local size of the problems, but independent of
the coarse space. As confirmed by Fig. [6.12] the average number of linear iterations per time step
deteriorates while increasing the local problem size, if the coarse space is made up only of vertices.
Instead, by enriching the primal space by adding edge (V+E) and face (V+E+F) constraints, this
quantity remains bounded and with lower values.

The average CPU times are almost identical if we consider the richest primal spaces (V4+E and
V+E+F).
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p-scaling
H/h \% V+E V+E+F

nlit lit time cond nlit lit time cond nlit  lit time cond

4 1 26 1.7 8.4 1 11 0.9 1.9 1 9 0.9 1.7

8 1 47 3.4 241 1 14 14 2.6 1 12 1.4 2.5

12 1 66 10.3 429 1 18 6.4 3.2 1 15 4.5 3.2

16 out of memory 1 20 11.9 3.7 1 20 11.6 3.7

20 out of memory 1 22 342 4.2 1 20 325 4.2

24 out of memory 1 23 831 4.6 1 21 80.5 4.5

deluxe scaling
H/h \Y V+E V+E+F

nlit  lit  time cond nlit  lit  time cond nlit lit  time cond
4 1 26 1.9 8.4 1 11 0.9 1.9 1 9 1.0 1.7
8 1 47 4.1 240 1 14 1.7 2.6 1 12 1.8 2.5
12 1 65 14.7 42.7 1 18 9.9 3.2 1 15 7.8 3.2
16 1 8 30.0 63.7 1 20 191 3.7 1 20 214 3.7
20 1 90 938 86.3 1 22 739 4.2 1 20 700 4.2
24 1 99 2119 110.1 1 24 2058 4.5 1 21 2473 4.5

Table 6.16: Optimality tests on slab domain for the Bidomain decoupled solver. Fixed number of subdomains
4-4-4. Increasing local size from 4 -4 -4 to 24 - 24 - 24. Rogers-McCulloch ionic model. CG solver preconditioned
by BDDC. Comparison between different scaling and different primal sets (V = vertices, E = edges, F = faces).
Average non-linear iterations (nlit), average number of linear iteration, average CPU time in seconds and average
condition number per time step. Performed on Eos cluster.
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Figure 6.10: Optimality test on slab domain for the Bidomain decoupled solver. Fixed number of subdomains
4-4-4. Increasing local size from 4 -4 -4 to 24 - 24 - 24. Rogers-McCulloch ionic model. CG solver preconditioned
by BDDC. Comparison between different scaling (dash-dotted p-scaling, continuous deluze scaling) and different
primal sets (V = vertices, E = edges, F = faces). Comparison average number of linear iteration (right) and average
condition number (left) per time step. Performed on Eos cluster.

Strong scaling on a full activation-recovery interval. In this last set of tests (performed on
Indaco cluster), we compare the performance of our dual-primal and the multigrid preconditioner
during a complete activation-recovery interval over the computational domains.

We fix the number of subdomains to 128 = 8-8-2 and the global mesh size to 192-96 - 24, thus
resulting in local problems with 8,450 dofs.

We consider a time interval of [0, 170] ms for a total of 3400 time steps for a portion of ellipsoid
defined by @min = —7/2, Ymax = 0, Omin = —3/87 and Oy,.x = 7/8, while on the slab of dimensions
1.92 x 1.92 x 0.48 cm?® we performed the tests for 2400 time steps, on [0, 120] ms.
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p-scaling

H/h \Y% V+E V+E+F
nlit lit time cond nlit lit time cond nlit lit time cond
8 2 50 5.5 30.1 2 17 2.4 4.3 2 16 2.4 4.0
12 2 66 11.8  54.6 2 19 5.6 5.4 2 18 5.6 4.9
16 2 8 339 80.6 2 21 16.9 6.3 2 21 169 5.7
20 2 91 90.3 108.2 2 22 44.7 6.9 2 21 449 6.3
24 2 100 206.3 137.2 2 24 109.3 7.5 2 23 84.0 6.8

deluxe scaling

H/h A% V+E V+E+F

nlit lit time cond nlit lit time cond nlit lit time cond

8 2 49 6.7 31.0 2 17 3.1 4.3 2 16 3.0 4.0
12 2 54 272 546 2 19 9.6 5.4 2 18 9.6 4.9
16 2 79 541 806 2 21 32.1 6.2 2 21 32.7 5.7
20 2 90 1424 108.2 2 22 1258 7.0 2 21 1111 6.3
24 2 99 3293 137.1 2 24 236.7 7.5 2 22 2471 6.8

Table 6.17: Optimality tests on ellipsoidal domain for the Bidomain decoupled solver. Fixed number of subdomains
4 -4 -4. Increasing local size from 8 - 8 - 8 to 24 - 24 - 24. Rogers-McCulloch ionic model. CG solver preconditioned
by BDDC. Comparison between different scaling and different primal sets (V = vertices, E = edges, F = faces).
Average non-linear iterations (nlit), average number of linear iteration, average CPU time in seconds and average
condition number per time step. Performed on Eos cluster.
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Figure 6.11: Optimality tests on ellipsoidal domain for the Bidomain decoupled solver. Fixed number of subdo-
mains 4-4-4. Increasing local size from 8-8-8 to 24-24-24. Rogers-McCulloch ionic model. CG solver preconditioned
by BDDC. Comparison between different scaling (dash-dotted p-scaling, continuous deluze scaling) and different
primal sets (V = vertices, E = edges, F = faces). Comparison average number of linear iteration (right) and average
condition number (left) per time step. Performed on Eos cluster.

In Figures [6.13] and [6.14] we report the trend of the average number of linear iteration per
time step during the simulation. The average number of linear iterations remains bounded and
almost constant during the test. Moreover, we notice a huge difference between the multigrid
preconditioner and the dual-primal preconditioners, with a reduction of more than 90% for the
latter.

If we focus on the trend of the dual-primal preconditioners average number of linear iterations
(Figures and on the right), we can notice that for both domains FETI-DP is affected
by the different phases of the action potential: there is an initial peak matching to the activation
phase, followed by an increase in the number of linear iterations as the potential propagates in the
tissue and by a slow decrease as wider portions of tissue return to resting. Similar behavior can be
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LR1 ionic model, p-scaling

101

\% V+E V+E+F
nlit lit  time nlit lit  time nlit lit  time
4 2.92 70.4 0.3 292 293 0.2 2.92 26.1 0.3
8 2.85 113.8 1.1 2.85 349 0.6 2.85 31.1 0.8
12 2.87 147.1 4.9 2.87 377 3.3 2.87 344 3.5
16 2.90 167.7 215 2.90 40.6 16.1 2.90 36.8 16.6
20 2.90 195.9 67.9 2.90 42.6 51.6 2.90 38.1 52.1
24 2.92 2229 194.6 2.92 439 149.5 2.92  40.8 152.0
LR1 ionic model, deluxe scaling
A% V+E V+E+F
nlit lit time nlit lit  time nlit lit  time
4 2.92 70.2 0.5 2.92  29.2 0.2 2.92  26.0 0.3
8 2.85 112.9 2.3 2.85 34.8 1.8 2.85 30.8 1.7
12 2.87 145.5 17.3 2.87 375 14.3 2.87 34.5 14.6
16 2.90 167.6 88.4 2.90 40.6 79.6 2.90 37.2 79.8
20 2.90 196.8 335.7 2.90 42.2 304.5 2.90 38.3 307.0
24 2.92  221.2 1014.3 2.92 43.8 950.0 2.92 409 951.5
TPO6 ionic model, p-scaling
\% V+E V+E+F
nlit lit  time nlit lit time nlit lit  time
4 1.90 45.4 0.2 1.90 19.0 0.1 1.90 16.7 0.2
8 1.85 72.2 0.8 1.85 22.2 0.4 1.85 19.6 0.4
12 1.82 93.3 3.2 1.82 23.7 2.2 1.82 21.6 2.3
16 1.80 104.5 13.6 1.80 25.2 10.4 1.80 22.6 10.5
20 1.80 121.7  43.2 1.80 26.5 32.2 1.80 23.7 325
24 1.82 1394 121.2 1.82 274 936 1.82 25,5 939
TPO06 ionic model, deluxe scaling
\% V+E V+E+F
nlit lit  time nlit lit  time nlit lit  time
4 1.90 45.4 0.2 1.90 19.0 0.2 1.90 16.6 0.2
8 1.85 71.7 1.6 1.85 22.2 1.1 1.85 194 1.1
12 1.82 92.3 10.9 1.82 23.7 9.1 1.82 21.7 9.2
16 1.80 104.0 54.9 1.80 25.2 49.3 1.80 22.8  49.6
20 1.80 122.5 207.5 1.80 26.3 189.6 1.80 23.8 190.2
24 1.82 137.8 632.0 1.82 274 592.2 1.82 25.5 593.5

Table 6.18: Optimality tests on slab domain for the Bidomain decoupled solver, LR1 and TPO06 ionic models.
Fixed number of subdomains 4 -4 - 4. Increasing local size from 4 -4 -4 to 24 -24-24. GMRES solver preconditioned
by BDDC. Luo-Rudy phase 1 (LR1) and Ten Tusscher-Panfilov (TP06) ionic models. Comparison between different
scaling and different primal sets (V = vertices, E = edges, F = faces). Average non-linear iterations (nlit), average
number of linear iteration, average CPU time in seconds and average condition number per time step. Performed

on Indaco cluster.

observed for BDDC preconditioner on the slab domain: there is an initial peak corresponding to
the activation phase, followed by a constant period, as the tissue turn to resting. This trend is not
appreciable for BDDC on the ellipsoidal domain, probably due to the complexity of the geometry.

We also observe a better performance of dual-primal preconditioners in terms of average CPU
time per time step (see Table [6.20)).
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LR1 ionic model, p-scaling
A% V+E V+E+F
nlit lit  time nlit lit  time nlit lit  time
4 3.60 122.0 0.6 3.60 61.0 0.4 3.60 57.8 0.4
8 3.17  162.2 1.4 3.17 648 0.9 3.17 624 0.9
12 3.85 245.6 8.1 3.85 83.6 5.4 3.85 79.5 5.7
16 4.22 3235 376 4.22 98.0 26.8 4.22 932  28.0
20 4.20 369.6 116.4 4.20 103.2 839 420 979 849
24 4.17 425.8 319.0 4.17 1074 238.7 4.17 101.9 242.3

H/h

LR1 ionic model, deluxe scaling

A\ V+E V+E+F
nlit lit time nlit lit time nlit lit time
4 3.60 124.9 0.6 3.60 60.8 0.4 3.60 57.7 0.5
8 3.17 162.3 3.1 3.17 64.9 2.4 3.17 62.3 2.5

12 3.85 245.6 26.0 3.85 839 21.9 3.85  79.5 22.1
16 4.22 3218 144.1 4.22 975 126.8 4.22 929 1281
20 420 370.5  524.5 420 102.8 4773 420 973  479.5
24 4.17 4223 1561.3 4.17 106.8 1449.2 4.17 101.1 1453.2

TPO06 ionic model, p-scaling
A% V+E V+E+F
nlit lit  time nlit lit  time nlit lit  time
4 3.50 117.6 0.5 3.50 58.6 0.4 3.50 56.6 0.4
8 2.82 1448 1.2 2.82 57.6 0.7 2.82 55.3 0.8
12 2.90 185.5 6.1 2.90 634 4.0 2.90 60.0 4.3
16 3.06 234.7 26.9 3.0 713 20.1 3.06 68.0 208
20 290 257.7  80.7 290 719 583 290 685  59.2
24 2.45 2525 183.9 245 63.9 1408 245 60.6 1424

H/h

TPO06 ionic model, deluxe scaling
\Y V+E V+E+F
nlit lit  time nlit lit  time nlit lit  time
4 3.50 120.8 0.6 3.50 58.7 04 3.50 56.0 0.5
8 2.82 1449 2.9 2.82 57.6 2.1 2.82  55.2 2.2
12 2.90 185.7 19.5 290 63.6 16.5 2.90 60.0 16.5
16 3.06 2339 104.6 3.05 711 916 3.05 677 924
20 2.90 259.6 362.2 2.90 71.7 329.7 2.90 68.1 331.0
24 2.45 249.7 918.7 245 63.8 9975 245 60.1 852.0

H/h

Table 6.19: Optimality tests on ellipsoidal domain for the Bidomain decoupled solver, LR1 and TPO06 ionic models.
Fixed number of subdomains 4 -4 - 4. Increasing local size from 4 -4 -4 to 24 -24-24. GMRES solver preconditioned
by BDDC. Luo-Rudy phase 1 (LR1) and Ten Tusscher-Panfilov (TP06) ionic models. Comparison between different
scaling and different primal sets (V = vertices, E = edges, F = faces). Average non-linear iterations (nlit), average
number of linear iteration, average CPU time in seconds and average condition number per time step. Performed
on Indaco cluster.

6.2.1 Transmural ischemic tests

In this Section, we test the robustness of our dual-primal Bidomain decoupled solver also in case
of jumps in the diffusion coefficients, modelling pathological conditions such as myocardial is-
chemia. In particular, we consider here a transmural ischemic region located at the center of both
geometries.

The ischemia is modeled by decreasing the diffusion coefficents af and o} along and across
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Figure 6.12: Optimality tests on ellipsoidal domain for the Bidomain decoupled solver. Fixed number of subdo-
mains 4 -4 - 4. Increasing local size from 4 -4 -4 to 24 - 24 - 24. GMRES solver preconditioned by BDDC. Luo-Rudy
phase 1 (LR1) and Ten Tusscher-Panfilov (TPO06) ionic models. Comparison between different scaling (dash-dotted
p-scaling, continuous deluze scaling) and different primal sets (V = vertices, E = edges, F = faces). Comparison of
average number of linear iteration per time step. Performed on Indaco cluster.
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Figure 6.13: Strong scalability on slab domain for the Bidomain decoupled solver. Fixed number of subdomains
8-8-2 and fixed global mesh of 192-96-24. Simulation of a full activation-recovery cycle: time interval of [0, 120]ms,
2400 time steps. Rogers-McCulloch ionic model. Comparison between preconditioners of the average number of
linear iterations per time step (left). Zoom over dual-primal preconditioner (right). Performed on Indaco cluster.
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Figure 6.14: Strong scalability on ellipsoidal domain for the Bidomain decoupled solver. Fixed number of sub-
domains 8 - 8 - 2 and fixed global mesh of 192 - 96 - 24. Simulation of a full activation-recovery cycle: time interval
of [0,170]ms, 3400 time steps. Rogers-McCulloch ionic model. Comparison between preconditioners of the average
number of linear iterations per time step (left). Zoom over dual-primal preconditioner (right). Performed on Indaco
cluster.

bAMG BDDC FETI-DP

procs dofs . . . . . . . . .
nlit  lit time nlit lit time nlit lit time
slab 128 8,450 2 185 11.28 2 19 8.02 2 12 7.62
ellipsoid 128 8,450 2 328 13.24 2 30 8.85 2 21 8.05

Table 6.20: Strong scalability for the Bidomain decoupled solver. Fixed number of subdomains 8 - 8 - 2 and fixed
global mesh of 192 - 96 - 24. Simulation of a full activation-recovery cycle: time interval of [0,170] ms, 3400 time
steps for the ellipsoidal domain and time interval of [0,120] ms, 2400 time steps for the slab. Rogers-McCulloch
ionic model. Comparison of average Newton steps, average linear iterations and average CPU time (in sec.) per
time step. Performed on Indaco cluster.

the fibers as shown in Table In case the Rogers-McCulloch ionic model is employed, we
reduce the ionic current by 30%; in case of the Ten Tusscher-Panfilov ionic model, we increase the
extracellular concentration of potassium K, from 5.4 mV to 8 mV, and we decrease the sodium
conductance Gy, by 30%, simulating a mild ischemic event.

Normal tissue Ischemic tissue - RMC Ischemic tissue - TP06
o} 3x10730" T em™! 1.5 x 1073Q7 T em™! 1.5x 107307 em™?
of 3.1525 x 107401 ¢m™! 5.2541 x 1075Q~! ¢m™! 1.57625 x 10~4Q~1 cm™!

Table 6.21: Conductivity coefficients for the Bidomain model: physiological and ischemic tissue for Rogers-
McCulloch (RMC) and Ten Tusscher - Panfilov (TP06) ionic models.

Figures[6.15] [6.16] [6.17] and [6.18] show the time evolution of the transmembrane potential v and
the extracellular potential u. from the epicardial surfaces respectively, with a transmural ischemic
region in the middle of the slab and the ellipsoidal geometries.

The simulations time is 2 ms of cardiac activation with time step dt = 0.05 ms, for a total
amount fo 40 time steps. The external stimulus of 100 mA /em? is applied for 1 ms on a small area
of the endocardium.

The discontinuity of the diffusion coefficients on the boundaries of the ischemic region impairs
the condition of the linear systems, thus requiring robust solvers.

We report in the following paragraphs several numerical tests investigating the scalability and
optimality of the dual-primal decoupled solver. Due to the loss of positive semidefinite property
in case of the inclusion of TP06 ionic model, we employ GMRES iterative solver also for RMC. In
this experiments we employ PETSc implementation of algebraic multigrid (GAMG). All the tests
are performed on Indaco cluster from the University of Milan.
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t = 6 ms t = 8 ms

t = 10 ms t =12 ms t = 14 ms

t = 16 ms t =18 ms t = 20 ms

-2.4e+00 10 20 30 40 50 60 70 80 90 9.9e+01

Figure 6.15: Snapshots (every 2 ms) of transmembrane potential v time evolution in presence of an ischemic
transmural region. For each time frame, we report the epicardial side of slab domain.

Weak scalability on slab and ellipsoidal domains. Transmural ischemic region. We
perform the weak scalability tests in presence of a transmural ischemic region by comparing the
performances of the Newton-Krylov solvers in case RMC and TPO06 ionic models are employed.
Tables [6.22] and report a comparison between the algebraic multigrid and the dual-primal
preconditioners, with both ionic models and geometries. The local mesh size is fixed to 14-14 - 14
and the number of processors is increased from 4 to 256, thus resulting in an increasing number of
dofs from 25,230 to 1,462,050.

As expected from the previous comparison between ionic models in normal physiological cases
(see for example Tablesor7 for both geometries the average number of nonlinear iterations
rises as the ionic model becomes more stiff; moreover also in this case, this parameter seems to be
affected by the increasing complexity of the ellipsoidal domain.

As concerns the slab geometry, we observe a good behavior of BDDC and FETIT-DP in terms of
average number of linear iterations, since this quantity remains bounded while increasing the prob-
lem’s size, while GAMG's iterations increase. The ellipsoidal geometry presents more fluctuations
for all preconditioners, but the dual-primal solvers present lower values.

BDDC and FETI-DP perform slightly worse in terms of average CPU time, since their timings
are higher than GAMG (probably due to the higher need of interprocessors communication).
In contrast to these higher values, GAMG presents an increasing trend, while the dual-primal
preconditioners remain constant.
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t = 4 ms t = 6 ms t = 8 ms

t = 10 ms t =12 ms t = 14 ms

t = 16 ms t = 18 ms

<4.3e+01 -35 -30 -25 -20 -15 -10 -5 1.7e+00

Figure 6.16: Snapshots (every 2 ms) of extracellular potential u. time evolution in presence of an ischemic
transmural region. For each time frame, we report the epicardial side of slab domain.

Strong scalability on slab and ellipsoidal domains. Transmural ischemic region. We
report here the strong scalability experiments in presence of a transmural ischemic region.

As in the normal physiological case, for the slab geometry, we fix the global mesh to 192-192-32
elements (for a total of 2,458,434 dofs) and we increase the number of subdomains from 32 to 256.
We fix the global mesh to 128 - 128 - 64 elements for the portion of ellipsoid instead (thus resulting
in 2,163,3360 dofs).

We have an increasing in the average number of nonlinear iterations by increasing the complexity
of the ionic current, as happened in Table [6.14}as reported in Tables and [6.25] this parameter
increase from 1-2 per time step using the RMC model to 2-3 per time step with TP06 model.

The average number of linear iterations are comparable for all the preconditioners and for both
ionic models, thus indicating robustness of the solvers and that our dual-primal solver retains its
good convergence properties even for more complex ionic model. Again, as a consequence, the CPU
times of TP06 model increase (with respect to RMC) due to the increase of nonlinear iterations,
but the associated parallel speedups of the models are comparable. As in the previous strong
scalability tests (Tables and [6.13), since we are working with a low number of processors,
BDDC and FETI-DP outperform the ideal speedup (both with respect to 32 and 64 processors).

Optimality tests on slab and ellipsoidal domains. Transmural ischemic region. Tables
and [6.27] report the results of optimality tests, for both RMC and TP06 ionic models, for both
geometries. We fix the number of processors (and subdomains) to 64 = 4 -4 -4 and we increase
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t = 50 ms t = 55 ms t = 60 ms

t = 65 ms t = 70 ms t =75 ms
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Figure 6.17: Snapshots (every 5 ms) of transmembrane potential v time evolution in presence of an ischemic
transmural region. For each time frame, we report the epicardial side of a portion of half truncated ellipsoidal
domain.

the local size H/h from 4 to 24, thus reducing the finite element size h.

Also in presence of the transmural ischemic region, we focus only on the behavior of the BDDC
preconditioner, as the FETI-DP has been proven to be spectrally equivalent. For both ionic models,
we consider both scalings (p-scaling on top, deluxe scaling at bottom of each table) and we test the
solver for increasing primal spaces: V includes only vertex constraints, while V+E and V+E+F
include vertex and edge constraints or vertex, edge and face constraints.

Similar results hold for both geometries, independently of the ionic model employed or the
scaling chosen. Despite higher average CPU timings for the deluxe scaling, all the other parameters
are similar between the two scalings (the average number of nonlinear iterations are the same, for
each ionic model).

If we consider the coarsest space (with only vertices V), we observe that the number of linear
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t = 50 ms t = 55 ms t = 60 ms

t = 65 ms t = 70 ms t =75 ms
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Figure 6.18: Snapshots (every 5 ms) of extracellular potential u. time evolution in presence of an ischemic
transmural region. For each time frame, we report the epicardial side of a portion of half truncated ellipsoidal
domain domain.

iterations increase by increasing the local size, see Figure [6.19] On the other hand, if we enrich
the primal space by adding edge and (V+E) and face (V+E+F) constraints, we can obtain quasi-
optimality, where this quantity remain bounded, except for the slab geometry with TPO6 ionic
model, where the p-scaling with the full primal space (V+E+F) behaves as the coarsest (only V).

6.3 Coupled Monodomain tests

In the case of the coupled strategy, we implement "by hand” the Newton method, with stopping
criterion based on the decresing of the L2-norm of the residual with tolerance 10~%.

The non-symmetric linear system arising from the discretization of the Jacobian problem at
each Newton step is solved with the Generalized Minimal Residual (GMRES) and the stabilized
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RMC ionic model, slab

procs mesh dofs GAMG BDDC FETI-DP
nit lit  time nit lit  time nit lit  time
4 28-28-14 25,230 1.2 164 0.35 1.2 105 2.03 1.2 7.8 1.92
8 28 - 28 - 28 48,778 1.2 189 0.41 1.2 13.8 2.09 1.2 9.6 1.93
16 56 - 28 - 28 95,874 1.2 185 0.63 1.2 148 234 1.2 104 2.12
32 56 - 28 - 56 188,442 1.2 208 0.72 1.2 147 2.63 1.2 104 2.38
64 56 - 56 - 56 370,386 1.2 209 0.89 1.2 139 2.88 1.2 9.7 2.64
128 56 - 112 - 56 734,274 1.2 220 1.09 1.2 137 3.09 1.2 9.6 2.84
256 56 - 224 - 56 1,462,050 1.2 229 1.89 1.2 137 3.52 1.2 9.5 3.20
TPO06 ionic model, slab
procs mesh dofs GAMG BDDC FETI-DP
nit lit  time nit lit  time nit lit  time
4 28-28-14 25,230 20 16.1 0.67 20 10.2 3.46 20 7.2 327
8 28 - 28 - 28 48,778 2.1 180 0.68 2.1 134 3.69 2.1 9.1 3.42
16 56 - 28 - 28 95,874 2.2 18.0 1.17 22 146 4.19 22 9.7 3.78
32 56 - 28 - 56 188,442 2.2 20.1 1.34 2.2 14.7 3.93 22 9.6 4.28
64 56 - 56 - 56 370,386 2.2 20.8 1.56 2.2 14.1 5.06 22 94 472
128 56 -112 - 56 734,274 2.2 220 213 22 13.8 548 22 94 5.07
256 56 - 224 - 56 1,462,050 2.2 224 3.03 2.2 139 6.21 2.2 94 542

Table 6.22: Weak scalability on slab domain for the Bidomain decoupled solver, transmural ischemic region. Local
mesh of 14-14-14 elements. Simulations of 2 ms of cardiac activation with dt = 0.05 ms, for a total amount fo 40 time
steps. Comparison of Newton-Krylov solvers with GAMG, BDDC and FETI-DP preconditioners. Rogers-McCulloch
(RMC) and Ten Tusscher-Panfilov (TP06) ionic models, in presence of transmural ischemic region. Average Newton
iterations per time step (nit); average conjugate gradient iterations per Newton iteration (lit); average CPU solution
time per time step (time) in seconds. Performed on Indaco cluster.

RMC ionic model, ellipsoid

procs mesh dofs GAMG BDDC FETI-DP
nit lit  time nit lit  time nit lit time
4 28-28-14 25,230 2.0 266 0.62 2.0 9.6 2.96 2.0 6.8  3.46
8 28 - 28 - 28 48,778 2.0 415 0.85 20 16.8 3.86 2.0 122 3.55
16 56 - 28 - 28 95,874 2.0 595 1.80 20 233 442 20 173 3.87
32 56 - 28 - 56 188,442 2.0 78.1 2.41 20 39.7 5.85 2.0 26.7 4.66
64 56 - 56 - 56 370,386 2.0 56.0 2.13 2.0 229 542 2.0 16.2 4.77
128 56 - 112 - 56 734,274 1.4 346 1.39 1.4 16.5 3.82 1.4 12,5  3.47
256 56 - 224 - 56 1,462,050 1.1 30.5 1.24 1.1 156  3.77 1.4 11.7 3.13

TPO06 ionic model, ellipsoid

procs mesh dofs GAMG BDDC FETI-DP
nit lit  time nit lit time nit lit  time
4 28-28-14 25,230 3.7 258 1.32 3.7 9.6 7.01 3.7 6.3 6.62
8 28 - 28 - 28 48,778 3.3 453 1.64 3.3 170 6.68 3.3 11.6 6.09
16 56 - 28 - 28 95,874 3.4 57.7 296 3.4 229 7.65 3.4 16.1 6.67
32 56 - 28 - 56 188,442 3.7 81.1 4.73 3.7 379 10.80 3.7 249 872
64 56 - 56 - 56 370,386 3.5 54.6 3.66 3.5 23.1 9.34 3.5 15,5  8.11
128 56 - 112 - 56 734,274 3.2 358 3.63 3.2 164 8.82 3.2 109 794
256 56 - 224 - 56 1,462,050 29 315 3.85 29 15.7 8.95 2.9 103 8.11

Table 6.23: Weak scalability on ellipsoidal domain for the Bidomain decoupled solver, transmural ischemic region.
Local mesh of 14-14-14 elements. Simulations of 2 ms of cardiac activation with dt = 0.05 ms, for a total amount fo
40 time steps. Comparison of Newton-Krylov solvers with GAMG, BDDC and FETI-DP preconditioners. Rogers-
McCulloch (RMC) and Ten Tusscher-Panfilov (TP06) ionic models, in presence of transmural ischemic region.
Average Newton iterations per time step (nit); average conjugate gradient iterations per Newton iteration (lit);
average CPU solution time per time step (time) in seconds. Performed on Indaco cluster.

Biconjugate Gradient (BiCGStab) method, preconditioned by BDDC preconditioner (included in
the PETSC library) and Boomer Algebraic MultiGrid (bAMG, from the Hypre library [41]).

Since the main focus of the work is to apply the proposed solver to the Bidomain model, we provide
here only few preliminary experiments for the Monodomain problem with the Rogers-McCulloch
ionic model: in particular, we propose only weak scalability tests on a portion of half truncated
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RMC ionic model, slab

GAMG BDDC FETI-DP
proes nit lit time S3o Se4 nit lit time S3o Se4 nit lit time S3o Se4
16 1.2 199 19.28 - - 1.2 227 679.75 - - 1.2 227 680.00 -
32 1.2 199 10.14 - - 1.2 169 220.9 - - 1.2 169 220.80 -
64 1.2 200 5.17 1.96 - 1.2 200 62.77 3.52 - 1.2 200 63.22 3.49

128 1.2 19.9 293 346 176 1.2 153 20.06 11.01 3.13 1.2 153 19.90 11.09 3.17
256 1.2 19.9 1.84 551 281 12 174 6.79 32,55 9.25 12 174 6.53 33.80 9.67

TPO06 ionic model, slab

GAMG BDDC FETI-DP
proes nit lit time S3o Se4 nit lit time S3o Se4 nit lit time S3o Se4
16 22 201 35.62 - - out of memory out of memory
32 22 19.7 18.68 - - 22 178 386.75 - - 22 17.8 387.00 -
64 22 202 9.32 2.0 - 22 209 109.37 3.54 2.2 209 110.42 3.51

128 2.2 19.6 536 348 1.74 22 158 35.72 1083 3.06 2.2 158 35.22 1098 3.14

256 2.2 20.0 3.88 4.81 241 22 178 11.60 33.33 943 22 17.8 11.48 33.71 9.62

Table 6.24: Strong scalability on slab domain for the Bidomain decoupled solver, transmural ischemic region.
Global mesh of 192 - 192 - 32 elements (2,458,434 dofs). Simulations of 2 ms of cardiac activation with dt = 0.05
ms, for a total amount fo 40 time steps. Comparison of Newton-Krylov solvers with GAMG, BDDC and FETI-
DP preconditioners. Rogers-McCulloch (RMC) and Ten Tusscher-Panfilov (TP06) ionic models, in presence of
transmural ischemic region. Average Newton iterations per time step (nit); average conjugate gradient iterations
per Newton iteration (lit); average CPU solution time per time step (time) in seconds; parallel speedup with respect
to 32 (S32) and 64 (Se4) processors. Performed on Indaco cluster.

RMC ionic model, ellipsoid

GAMG BDDC FETI-DP
procs nit lit time S32 Se4 nit lit time S32 S64 nit lit time S32 Sea
16 1.1 37.1 19.98 - - 1.1 270 862.50 - - 1.1 270 863.0 - -
32 1.1 36.8 10.19 - - 1.0 20.5 240.57 - - 1.1 205 240.60 - -
64 1.1 38.2 5.63 1.81 - 1.1 26.7 55.05 4.37 - 1.1 26.7 55.40 4.34 -
128 1.1  36.5 3.15 323 1.78 1.1 214 15.56  15.46 354 1.1 214 1591 15.12 3.48
256 1.1 385 1.86 385 3.02 1.1 314 5.39 4463 1021 1.1 44.1 5.46 44.04 10.12

TPO06 ionic model, ellipsoid

GAMG BDDC FETI-DP

proes nit lit time S3o Sea nit lit time S3o Se4 nit lit time S3o Sea
16 2.9 385 53.47 - - out of memory out of memory

32 2.9 383 28.45 - - 29 202 62875 - - 29 20.2 629.00 - -
64 29 394 15.15 1.88 - 29 263 11447 4.35 - 29 263 144.35 4.36 -
128 29 373 822 346 1.84 29 207 4097 15.35 3.53 29 207 41.22  15.26 3.51
256 2.9 39.8 5.69 50 266 29 29.7 13.54 46.44 10.67 2.9 29.7 14.07 449 10.31

Table 6.25: Strong scalability on ellipsoidal domain for the Bidomain decoupled solver, transmural ischemic
region. Global mesh of 128 - 128 - 64 elements (2,163,330 dofs). Simulations of 2 ms of cardiac activation with
dt = 0.05 ms, for a total amount fo 40 time steps. Comparison of Newton-Krylov solvers with GAMG, BDDC and
FETI-DP preconditioners. Rogers-McCulloch (RMC) and Ten Tusscher-Panfilov (TP06) ionic models, in presence
of transmural ischemic region. Average Newton iterations per time step (nit); average conjugate gradient iterations
per Newton iteration (lit); average CPU solution time per time step (time) in seconds; parallel speedup with respect
to 32 (S32) and 64 (Ses) processors. Performed on Indaco cluster.

ellipsoidal domain. The good results can be considered as a good indicator of well behavior of the
solvers on the Bidomain problem.
This set of tests are run on the Linux cluster Marconi, at Cineca centre.

Weak scalability on ellipsoidal domain. We report a mean of nonlinear iteration number
nlit over integration time, while lit and cond denote the average cumulative linear iterations and
the mean condition number per Newton step respectively. time denotes the average CPU time per
nonlinear iteration.

We fix the local mesh size to 16 - 16 - 16 and we increase the number of processors from 32 to
512, thus increasing the global number of dofs from 131,072 to 2,097,152. The integration time is
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RMC ionic model, p-scaling
A% V+E V+E+F
nlit lit  time nlit lit  time nlit lit  time
4 1.35 329 0.15 1.35 13.6  0.09 1.35 12.1  0.12
8 1.25 504 045 1.25 156  0.25 1.25 14.0 0.29
12 1.25 642 224 1.25 16.8 1.45 1.25 153 1.56
16 1.25 73.7 9.98 1.25 175  7.22 1.25 162 7.81
20 1.25 85.6  0.10 1.25 18.6 21.84 1.25 16.8 2241
24 1.25 98.7 83.42 1.25 18.8 63.02 1.25 174 63.82

H/h

RMC ionic model, deluxe scaling
\% V+E V+E+F

nlit lit time nlit lit time nlit lit time

4 1.35 323 0.18 1.35 13.6 0.12 1.35 12.1 0.19

8 1.25 49.7 0.99 1.25 154 0.74 1.25 13.8 0.84

12 1.25 64.1 7.54 1.25 16.6 6.22 1.25 15.1 6.34
16 1.25 73.5 38.27 1.25 17.5 34.17 1.25 16.2 34.32
20 1.25 86.0 143.80 1.25 18.7 131.35 1.25 17.1 132.27
24 1.25 96.9 432.70 1.25 18.8 404.75 1.25 17.5 407.25

TPO6 ionic model, p-scaling

A\ V+E V+E+F
nlit lit time nlit lit time nlit lit time
4 1.9 44.2 0.22 1.9 19.0 0.13 1.9 44.2 0.20

8 21 836 0.80 2.1 263 0.45 21 836 0.87
12 2.1 110.0 3.81 2.1 291 2.55 2.1 110.0 3.79
16 2.1 129.1 16.90 2.1 311 12.47 2.1 129.1 16.93
20 2.1 153.0  52.40 21 336  38.40 2.1 153.1 5237
24 2.2 1749 147.92 2.2 357 113.45 2.2 1749 149.37

TPO06 ionic model, deluxe scaling
A% V+E V+E+F

nlit lit time nlit lit time nlit lit time

4 1.9 438 0.25 1.9 189 0.17 1.9 158 0.28

8 2.1 82.9 1.79 2.1 26.1 1.36 2.1 23.1 1.36

12 2.1 108.5 12.79 2.1 29.1 10.74 2.1 26.8 10.85
16 2.1 126.6  65.27 2.1 31.1 58.52 2.1 28.2 58.82
20 2.1 151.7 248.40 2.1 33.5 227.37 2.1 30.7 227.75
24 2.2 171.2 762.50 2.2 35.8 715.50 2.2 33.6 717.00

Table 6.26: Optimality tests on slab domain for the Bidomain decoupled solver, transmural ischemic region. Fixed
number of subdomains 4 - 4 - 4. Increasing local size from 4 -4 -4 to 24 - 24 - 24. GMRES solver preconditioned
by BDDC. Rogers-McCulloch (RMC) and Ten Tusscher-Panfilov (TP06) ionic models, in presence of transmural
ischemic region. Comparison between different scaling and different primal sets (V = vertices, E = edges, F =
faces). Average non-linear iterations (nlit), average number of linear iteration, average CPU time in seconds and
average condition number per time step. Performed on Indaco cluster.

[0, 5] ms, with a time step of 0.05 ms, for a total of 40 time steps.

Similar results hold independently of the employed preconditioner, as shown in Table
The average number of nonlinear iterations per time step remains bounded for both GMRES and
BiCGStab methods; the average number of cumulative linear iterations per time step is slightly
lower in case BiCGStab is used and, more generally, is lower for the multigrid preconditioner.
This is not a limitation, as for BDDC this value remains bounded and actually it decreases while
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RMC ionic model, p-scaling

\% V+E V+E+F
nlit lit time nlit lit time nlit lit time
4 1.95 73.6 0.36 1.95 36.7 0.19 1.95 34.7 0.23
8 2.05 106.7 0.89 2.05 42.6 0.55 2.05 40.7 0.59
12 2.0 131.3 4.17 2.0 44.8 2.82 2.0 423 2.95
16 2.0 1564 18.53 2.0 46.9 12.99 2.0 44.4 13.18
20 2.0 1774 55.37 2.0 49.4  40.25 2.0 46.4  40.37
24 1.85 187.8 137.15 1.85 47.3 105.07 1.85 44.7 105.80

RMC ionic model, deluxe scaling

A% V+E V+4+E+F
nlit lit time nlit lit time nlit lit time
4 1.95 75.6 0.37 1.95 38.6 0.26 1.95 34.7 0.26
8 2.05 104.3 1.99 2.05 421 1.46 2.05 40.3 1.61
12 2.0 129.1 13.62 2.0 43.7 11.42 2.0 414 11.45
16 2.0 153.6 58.27 2.0 45.7  60.00 2.0 434 60.10
20 2.0 175.8 248.97 2.0 49.2 227.17 2.0 45.4 228.00
24 1.85 185.4 692.00 1.85 46.7 641.25 1.85 43.7 643.50

TPO06 ionic model, p-scaling

\% V+E V+E+F
nlit lit time nlit lit time nlit lit time
4 3.9 140.2 0.66 3.9 69.6 0.50 3.9 65.7 0.46
8 3.4 1739 1.54 3.4 69.5 0.92 3.4 67.3 0.98
12 3.35 246.2 6.96 3.35 74.3 4.76 3.35 T71.1 4.96
16 3.25 252.9 29.65 3.25 773 21.10 3.25 73.2 21.89
20 3.05 271.0 84.77 3.05 76.1 61.42 3.05 71.6 62.00
24 2.8 293.2 218.90 2.8 T74.5 164.32 2.8 70.3 165.95

TPO06 ionic model, deluxe scaling

A% V+E V+E+F
nlit lit time nlit lit time nlit lit time
4 3.9 144.8 0.80 3.9 723 0.55 3.9 65.8 0.59
8 3.4 173.8 3.40 3.4 704 2.47 3.4 66.4 2.64
12 3.35 214.8 22.80 3.35 74.8 19.12 3.35 70.7 19.16
16 3.25  249.1 111.40 3.25 76.6 97.60 3.25 72.6 98.30
20 3.05 268.1 380.00 3.05 75.1 346.25 3.05 71.2 348.25
24 2.8 291.7 1076.80 2.8 73.8 997.75 2.8 69.7 999.25

Table 6.27: Optimality tests on ellipsoidal domain for the Bidomain decoupled solver, transmural ischemic region.
Fixed number of subdomains 4 -4 - 4. Increasing local size from 4 -4 -4 to 24 -24-24. GMRES solver preconditioned
by BDDC. Rogers-McCulloch (RMC) and Ten Tusscher-Panfilov (TP06) ionic models, in presence of transmural
ischemic region. Comparison between different scaling and different primal sets (V = vertices, E = edges, F =
faces). Average non-linear iterations (nlit), average number of linear iteration, average CPU time in seconds and
average condition number per time step. Performed on Indaco cluster.

increasing the number of subdomains. The average CPU time per time step for the dual-primal
preconditioner is higher, again maybe due to the higher need of communication between processors.
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Figure 6.19: Optimality tests on ellipsoidal domain for the Bidomain decoupled solver, transmural ischemic
region. Fixed number of subdomains 4 - 4 - 4. Increasing local size from 4 -4 -4 to 24 - 24 - 24. GMRES solver
preconditioned by BDDC. Rogers-McCulloch (RMC) and Ten Tusscher-Panfilov (TP06) ionic models, in presence
of transmural ischemic region. Comparison between different scaling (dash-dotted p-scaling, continuous deluze
scaling) and different primal sets (V = vertices, E = edges, F = faces). Comparison of average number of linear
iteration per time step. Performed on Indaco cluster.
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Figure 6.20: Weak scalability on ellipsoidal domain for the Monodomain coupled solver. Fixed local mesh size
16 - 16 - 16 and increasing number of processors. Average number of cumulative linear iterations per nonlinear step
(left) and average CPU time per time step in seconds (right). Performed on Marconi cluster.
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procs Glob. mesh GMRES - bAMG GMRES - BDDC

time nlit lit cond time nlit lit cond
32 64 - 64 - 32 1.2 2 6 1.0 49.1 2 4 35
64 64 - 64 - 64 2.3 2 4 1.0 48.8 2 6 3.2
128 128 - 128 - 32 6.6 2 4 1.0 61.2  out of memory
256 128 - 128 - 64 599 1 3 1.0 56.1 1 3 1.1
512 256 - 256 - 32 384 1 2 1.0 471 1 2 1.0

BiCGStab - AMG BiCGStab - BDDC

procs Glob. mesh . : . . . .

time nlit lit cond time nlit lit cond
32 64 - 64 - 32 1.3 2 4 1.0 46.7 2 3 1.0
64 64 - 64 - 64 2.2 2 2 1.0 494 2 4 1.0
128 128 - 128 - 32 8.3 2 2 1.0 66.1 2 4 1.0
256 128 - 128 - 64 286 1 1 1.0 576 1 2 1.0
512 256 - 256 - 32 444 1 1 1.0 51.6 1 2 1.0

Table 6.28: Weak scalability on ellipsoidal domain for the Monodomain coupled solver. Fixed local mesh size
16 - 16 - 16 and increasing number of processors. Comparison between average CPU time per nonlinear step in
seconds (time), (rounded) average number of nonlinear iteration per time step (nlit), (rounded) average cumulative
linear iterations and average condition number per Newton step (lit and cond). Perfomed on Marconi cluster.

6.4 Coupled Bidomain tests

As for the Monodomain coupled solver, we implement ”by hand” the Newton method, with stop-
ping criterion based on the decresing of the Euclidean norm of the residual with tolerance 104
For the Bidomain model, we solve with the Generalized Minimal Residual (GMRES) method the
non-symmetric linear system arising from the discretization of the Jacobian problem at each New-
ton step, preconditioned by BDDC preconditioner (included in the PETSC library) and Boomer
Algebraic MultiGrid (bAMG, from the Hypre library [41]). The employed ionic model is the
Rogers-McCulloch. All these experiments have been run on the cluster Galileo at Cineca center.

Weak scalability on slab and ellipsoidal domains. These set of tests is a weak scalability test
on both slab and ellipsoidal domains. For both geometries, we fix the local mesh size to 12-12-12
and we increase the number of subdomains from 32 to 256, thus resulting in an increasing slab
geometry and in an increasing portion of half ellipsoid. In this way, the dofs are increasing from
180k up to 1 million and a half. Tables [6.29] and [6.30] show how the dual-primal algorithm has a
better behavior respect to the bAMG: the average number of linear iteration per nonlinear step
(lit) does not increase while increasing the number of subdomains and is clearly lower. Indeed, for
the slab geometry we observe an increasing reduction rate from 85% up to 93% for the average
number of linear iterations, while for the ellipsoidal geometry it varies between 65% and 90%. In
contrast, BDDC’s average CPU time is higher than bAMG CPU time (we do not have a clear
explanation of this fact), maybe due to the interprocessor communications: however, we remark
that BDDC timings do not increase significantly when the number of processors is increased from
32 to 256, while bAMG timings more than double.

Strong scalability on slab and ellipsoidal domains. We perform a strong scaling test for
the two geometries: we fix the global mesh to 128 - 128 - 24 elements (resulting in more than 1
millions of dofs) and we increase the number of subdomains from 32 to 256.

We observe from Table that, as the number of processors increases, the local number of
dofs and BDDC’s average number of linear iterations decrease and the latter parameter is certainly
lower than bAMG’s. Timings of the multigrid preconditioner are lower than BDDC timings, even
if they decrease less than expected.

We test the efficiency of the proposed solver on the parallel architecture by computing the
parallel speedup S, = % In both cases, BDDC preconditioner outperforms the ideal speedup,
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bAMG BDDC
subds. global mesh dofs nit  lit time nit lit time
32 48 - 48 - 24 180,075 1 100 0.6 1 16 3.2
64 96 - 48 - 24 356,475 1 127 0.9 1 16 3.4
128 96 -96 - 24 705,675 1 168 1.3 1 17 3.4
256 192-96 - 24 1,404,075 1 243 1.9 1 17 4.3

Table 6.29: Weak scalability on slab domain for the Bidomain coupled solver. Local mesh of 12-12 - 12 elements.
Simulations of 2 ms of cardiac activation with dt = 0.05 ms (40 time steps). Comparison of Newton-Krylov solvers
preconditioned by bAMG and BDDC. Average Newton iterations per time step (nit); average GMRES iterations
per Newton iteration (lit); average CPU solution time per time step (time) in seconds. Performed on Galileo cluster.

bAMG BDDC
subds. global mesh dofs it Lt time  mit Lt time
32 484824 180,075 2 142 15 2 45 68
64 96 - 48 - 24 356,475 2 145 1.9 2 32 6.9
128 96 - 96 - 24 705,675 2 158 2.1 2 23 7.0
256 192-96-24 1,404,075 2 212 32 2 23 85

Table 6.30: Weak scalability on ellipsoidal domain for the Bidomain coupled solver. Local mesh of 12 -12 - 12
elements. Simulations of 2 ms of cardiac activation with d¢ = 0.05 ms (40 time steps). Comparison of Newton-
Krylov solvers preconditioned by bAMG and BDDC. Average Newton iterations per time step (nit); average GMRES
iterations per Newton iteration (lit); average CPU solution time per time step (time) in seconds. Performed on
Galileo cluster.

Slab geometry Ellipsoidal geometry

|

Average CPU time (sec.) per time step
Average CPU time (sec.) per time step

—e—bAMG —e—bAMG
—— BDDC —e— BDDC
32 64 128 256 32 64 128 256
# cores # cores

Figure 6.21: Weak scalability on slab (left) and ellipsoidal (right) domains for the Bidomain coupled solver. Local
mesh of 12-12-12 elements. Simulations of 2 ms of cardiac activation with dt = 0.05 ms (40 time steps). Comparison
of average CPU time per time step, in seconds. Performed on Galileo cluster.

while bAMG is sub-optimal (see Fig. [6.22)). Again, this can be explained by the low number of
processors employed, thus by the high local problem sizes which increase the time spent for the
LU factorization.

Optimality tests on slab and ellipsoidal domains. Tables and report the results
of optimality experiments, for both slab and ellipsoid geometries.

We fix the number of subdomains to 4 - 4 - 4 and we increase the local size H/h from 4 to 24,
thus reducing the finite element size h. We consider both p-scaling (on top of each table) and
deluxe scaling (at the bottom of each table) and we test the solver for increasing primal spaces: V
includes only vertex constraints, V+E includes vertex and edge constraints, and V4+E+F includes
vertex, edge and face constraints. The deluxe scaling tests are up to a local size of 20 - 20 - 20
elements, due to limited computational resources. Similar results hold for both geometries. The
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Slab domain

bAMG BDDC
subds. . . . . . .
nit lit time S39 nit lit time S39
32 1 183 9.5 - 1 20 98.7 -
64 1 196 54 1.7 (2) 1 23 308 32(2
128 1 201 29 32(4) 1 17 107 9.1 (4)
256 1 232 19 4.9(8) 1 19 37 26.3(8)
Ellipsoidal domain

bAMG BDDC
subds. nit lit time S3o nit lit  time S3o
32 2 187 15.1 - 2 37 189.3 -
64 2 222 92 16(2) 2 44 591  32(2)
128 2 240 53 28 (4) 2 29 201 944
256 2 280 3.2 4.7 (8) 2 46 10.2  18.5 (8)

Table 6.31: Strong scalability on slab (top) and ellipsoidal (bottom) domains for the Bidomain coupled solver.
Global mesh of 128 - 128 - 24 elements, 1,248,075 dofs. Simulations of 2 ms of cardiac activation with dt = 0.05 ms,
for a total amount fo 40 time steps. Comparison of Newton-Krylov solvers with bAMG and BDDC preconditioners.
Average Newton iterations per time step (nit); average GMRES iterations per Newton iteration (lit); average CPU
solution time per time step (time) in seconds; parallel speedup w.r.t. 32 processors Ss2, with ideal speedup in
brackets. Performed on Galileo cluster.

Slab Ellipsoid

—— bAMG —e—bAMG
—— BDDC —e— BDDC
— — ideal Ir — — ideal | |
. . . . . .

64 128 256 64 128 256

Figure 6.22: Strong scalability on slab (left) and ellipsoidal (right) domains for the Bidomain coupled solver.
Global mesh of 128 - 128 - 24, 1,248,075 dofs. Simulations of 2 ms of cardiac activation with d¢t = 0.05 ms, for a
total amount fo 40 time steps. Comparison of actual parallel speedup (ideal speedup dotted). Performed on Galileo
cluster.

deluxe solver seems to be more robust while increasing the local mesh size, both in terms of average
linear iterations (see also Figure ) and average CPU time per time step.

Strong scaling on a full activation-recovery interval. Lastly, we compare the performance
of the dual-primal and the multigrid preconditioners during a full activation-recovery interval.

We fix the number of subdomains to 128 = 8 - 8 - 2 and the global mesh size to 128 - 96 - 24,
considering local problems of 8,619 dofs. We consider a time interval of [0,200] ms for a total of
4000 time steps for a portion of ellipsoid defined by @min = —7/2, Ymax = 7/2, Omin = —3/87 and
Omax = /8, while on the slab of dimensions 1.92 x 0.96 x 0.96 cm® we perform the tests for 3000
time steps, on the time interval [0, 150] ms.

Fig. [6.24] reports the trend of the average number of linear iteration per time step during
the simulation. We notice a huge difference between bAMG and BDDC preconditioners, with
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p-scaling
A% V+E V+E+F
nlit lit  time nlit lit  time nlit  lit  time
4 1 29 0.2 1 16 0.1 1 18 0.2
8 1 48 0.8 1 17 0.7 1 16 0.6
12 1 65 4.5 1 19 3.4 1 18 3.6
16 1 77 20.6 1 21 15.8 1 19 16.5
20 1 99 70.0 1 23 52.5 1 21 54.4
24 1 219 256.2 1 24 156.4 1 22 158.6
deluxe scaling
A% V+E V+E+F

nlit  lit  time nlit  lit  time nlit  lit  time

4 1 29 0.3 1 14 0.2 1 16 0.2

8 1 46 1.1 1 15 0.6 1 15 0.6

12 1 59 5.4 1 17 3.2 1 15 3.1

16 1 67 21.8 1 17 133 1 16 13.2

20 1 73 66.7 1 18 426 1 17 425

Table 6.32: Optimality tests on slab domain for the Bidomain coupled solver. 4 -4 -4 subdomains, increasing local
size from 4 -4 -4 to 24 - 24 - 24 (up to 20 - 20 - 20 for the deluxe scaling). Comparison between different scalings
and different primal sets (V = vertices, E = edge averages, F = face averages). Average non-linear iterations (nlit),
average number of linear iterations (lit) and average CPU time in seconds per time step. Performed on Galileo
cluster.

p-scaling

\% V+E V+E+F
nlit lit  time nlit  lit time nlit lit time
4 2 57 0.3 2 27 0.9 - - -
8 2 113 1.6 2 58 1.4 2 56 1.4
12 2 139 8.7 2 67 6.4 2 65 4.5
16 2 228 47.2 2 75 11.9 2 75 11.6
20 2 277 144.6 2 82 342 2 81 325
24 2 477 4945 2 75 831 2 87 80.5

deluxe scaling

\% V+E V+E+F
nlit lit  time nlit  lit time nlit lit time
4 2 45 0.3 2 25 0.3 2 24 0.3
8 2 86 1.8 2 40 1.2 2 40 1.2
12 2 118 9.8 2 53 6.9 2 46 6.3
16 2 138 39.8 2 50 25.1 2 51 252
20 2 172 130.8 2 60 81.6 2 62 835

Table 6.33: Optimality tests on ellipsoidal domain for the Bidomain coupled solver. 4-4-4 subdomains, increasing
local size from 4 -4 -4 to 24 -24-24 (up to 20 - 20 - 20 for the deluxe scaling). Comparison between different scalings
and different primal sets (V = vertices, E = edge averages, F = face averages). Average non-linear iterations (nlit),
average number of linear iterations (lit) and average CPU time in seconds per time step. Performed on Galileo
cluster.

a reduction of more than 85% for the latter. The average number of linear iterations remains
bounded during the test. We observe a significant difference in performance of bAMG between
Tables [6.31] and This can be explained by the different geometry considered: in Table [6.34
we enlarge the portion of truncated ellipsoid considered, both in height and in width, and this can
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Figure 6.23: Optimality tests on slab (left) and ellipsoidal (right) domains for the Bidomain coupled solver.
Different scalings (dash-dotted p-scaling, continuous deluze scaling) and primal sets (V = vertices, E = edge averages,
F = face averages). Slab (left) and ellipsoidal (right) domains, 4 -4 - 4 subdomains, increasing local size from 4 -4 -4
to 24 - 24 - 24. Average number of linear iterations per time step. Performed on Galileo cluster.

affect the performance of the solver.

Both preconditioned solvers seem to affected by the different stages of the action potential:
an initial peak during the activation phase is followed by a constant elevated number of linear
iterations as the electric signal propagates in the cardiac tissue, ending with a lower - but always
constant - number of linear iterations during the resting phase.

Despite similar qualitative trends between the two geometries, it is undeniable that there are
differences from the quantitative point of view, due to the complexity of the domain taken in
consideration. Comparable performances in terms of average CPU time per time step (see Table
hold for both preconditioners.

Slab Ellipsoid
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Figure 6.24: Strong scalability for the Bidomain coupled solver. Time interval [0, 150]ms, 3000 time steps for the
slab (on the left) and time interval [0,200]ms, 4000 time steps for the ellipsoid (on the right). Fixed number of
subdomains 8 - 8 - 2 and fixed global mesh 128 - 96 - 24. Comparison between bAMG and BDDC average number of
linear iterations per time step. Performed on Galileo cluster.



bAMG BDDC

procs dofs nlit lit time nlit lit time
slab 128 8,619 1 235 3.65 1 34  20.66
ellipsoid 128 8,619 6 1,134 9.54 6 96 8.27

Table 6.34: Strong scalability for the Bidomain coupled solver. Time interval [0, 150] ms, 3000 time steps for the
slab and time interval [0,200] ms, 4000 time steps for the ellipsoidal domain. Fixed number of subdomains 8 - 8 - 2
and fixed global mesh 128 -96 - 24. Comparison of average Newton steps, average linear iterations and average CPU
time (in sec.) per time step. Performed on Galileo cluster.
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Chapter 7

Conclusions

In this Thesis, we have presented and theoretically analyzed two different strategies for the solution
of the nonlinear system arising from fully implicit time discretization of the Bidomain model. These
discretization schemes avoid numerical stability issues and provide a valid alternative to operator
splittings or semi-implicit time discretizations. In particular, we have explored the potential of
dual-primal Domain Decomposition (DD) preconditioners in the improvement of the convergence.

The first strategy we have investigated relies on a decoupling (or segregated) approach, where
at each time step the ionic model is solved first, and its solution vector is then employed within the
Bidomain system. Instead of applying a nonlinear DD approach, where the decomposition is made
before the linearization, we wrap the nonlinear system within a Newton method and we linearize
the algebraic system, resulting in a symmetric problem. We have constructed and analyzed BDDC
and FETI-DP methods for the Jacobian linear system, in order to accelerate the convergence of
the Preconditioned Conjugate Gradient method. We have proved a novel theoretical bound for
the projection operator, using the deluxe scaling; this bound has been employed in the proofs of
the upper bound for the condition number of the preconditioned operator, for both dual-primal
algorithms, showing a theoretical quasi-optimality property.

Secondly, we have explored a coupled (or monolithic) solution strategy, where the ionic model
is solved all-at-once with the Bidomain system. In this case, the Jacobian system, arising from the
linearization of the coupled problem, is non-symmetric and we are forced to employ the General-
ized Minimal Residual (GMRES) method for its solution. In the literature, BDDC preconditioners
for non-symmetric problems have not been largely studied yet: therefore we provide an ad-hoc
theoretical analysis for the convergence of the solver. This analysis exploits a classical result for
the upper bound for the residual of GMRES iterations, together with a proof technique recently
proposed for BDDC applied to advection-diffusion problems.

Both these quasi-optimality conditions have been validated numerically through extensive par-

allel experiments. We have tested the robustness of the proposed solvers also in case of realistic
human ventricular ionic models, such as LR1 and TPO06, as well as in presence of an ischemic
transmural region, meaning jumps in the diffusion coefficients. The results indicate scalability and
robustness of the solvers, as well as optimality.
The results presented in this Thesis enlarge the class of solvers for fully implicit time discretiza-
tions of the Bidomain model; surely the nonlinear approach requires attentions, in order to reduce
the computational workload. In this perspective, optimization of the codes and employment of
quasi-Newton methods should improve the numerical performance.

Possible future discussions should be devoted to the development and theoretical analysis of
nonlinear dual-primal DD solvers for this system, and a numerical comparison of the performances
between these two nonlinear approaches, both for segregated and monolithic solution strategies.

Potential interesting applications could be the employment of these nonlinear solvers in the
simulation of cardiac diseases, such as arrythmias or ischemic events.
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Appendix A

Ionic models

We report here the equations and the constants values for the ionic models described in Chapter
and implemented in the simulations presented in Chap. [6] The original formulations and detailed
explanation can be found in the works [80} |114, [115].

We remind the reader that, given a gating variable y, its dynamics is described by

dy

at =ay,(1-y)—Byy
and by setting

Yoo = Qy S 1
T oay+ By Yy + By
we can rewrite the gating equation as % = ¥4 whose solution can be easily obtained as
Y

Y(t) = Yoo - (1 — e’t/Ty) . Moreover, with the notation Ex = % log <[[§]]5> we indicate the reverse

potential of ion X, being R, T and F' the universal gas constant, the absolute temperature and
the Faraday constant respectively.

A.1 Luo-Rudy phase 1

The ionic concentrations for standard preparations are

K], = 5.4 mM [Na], = 140 mM [Ca], = 1.8 mM
[K]; = 145 mM [Na]; = 18 mM [Ca]; = 2-107* mM

Inward currents

Fast sodium current
Ina = 23 m3hj(v — Exa).

For v > —40 mV

ap =a; =0.0

Bh :

T 013 (1 4 e(v+10.66)/-11.1)
0.3 ¢ 2-535:10 v

i = 1+ ¢—0.1(v+32)
For v < —40 mV

ap = 0.135 - ¢(80+v)/—6:8
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(—1.2714 - 10° - 024440 — 3474 . 1075 - ¢~ 0-09391v) (y 4 37.78)
1+ e0-311(v+79.23)

Bh — 356 . 60.0791) + 31 . 105 . 60.351)

0.1212 - 670.010521)
Bj = 1 + e—0-1(v+47.13)

Qj =

For all range of v
0.32(v + 47.13)

= = —v/11
m = 1 — ¢—0.1(v+47.13) Bm =0.08-¢ /

Slow inward current
Isi = 09 d f(’U — Esi)a

with Ey = 7.7 — 13.0287log ([Cal;)

0.095 - 6—0.01(1)—5) 0.012 - 6—0.008(v+28)
d = e —0.072(v-5) OF = T 1 e015(vr28)
0.07 - 6—0.017(1)+44) 0.0065 - 6—0.02(v+30)
Ba = 1 + ¢0.05(v+44) A I T OREET0)
d[Cal;
Calcium uptake: [S:] =—10"* I + 0.07 (10~* — [Ca);)

Outward currents

Time-dependent potassium current

K
IK:GKXXZ(U—EK), with GK20282 [5 116

60.04(v+77) -1

2.837

Xi= (v+77) - 00435 for v > —100mV
1 for v < —100mV
0.0005 - ¢%-083(v+50) 0.0013 - e—0-06(v+20)
ax = 0.057 Bx = —
1 + ¢0-057(v+50) 1 + ¢—0.04(v+20)

Time-independent potassium current

Kle
IKl = GKI . Kloo . (’U — EK1)7 with GKl = 0.6047 [5 11 .
1.02 0.49124 - 60.08032(’0*EK1+5.476) + 60-06175(U7EK17594-31)
QKL= 0.2385(v—Ex1 —59.215 Br1 = - -
1 + ¢0-2385(v—Ex1 —59.215) 1 + ¢—0-5143(v—FEx1+4.753)

Plateau potassium current

1
T 1t o(7488—0)/5.98

IKp = 0.0183 - Kp . (U - EKP), Kp with EKp = EKI-

Background current
I, = 003921 (v 4 59.87).
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A.2 Ten Tusscher - Panfilov 2006

This model is structurally the same as the model from 2004 (we refer to [114, Table 1] for all the
numerical constants) with few modifications in the calcium dynamics, in the L-type Ca’" and in
the slow delayed rectifier currents. In this case, the reverse potential for the slow delayed rectifier

Ke+prnaNae )

current is in the form Fyxg = % log (K-+pr No
k2 a 3

Fast Na™ current L-type Ca®™ current
- 37 ; (v—15)F?
INa o GNam hj(’l) o ENa) ICaL = GCaLd f f2 fcass4T X
0.25Cagge2(V=19F/BT _ (g
o2(v—15)F/RT _ |
1
Moo = 5
(1 + e(~56:86-0)/9.03) .
oy = ; too = 1+ e(—=8-v)/7.5
m 1 4 e(=60-v)/5 1.4
B = —— 0.1 = T e T
m 1+ e(+35)/5 1 + e(v—50)/200 1.4
Tm = amﬁm Bd - 1+ e(v+5)/5
- 1
Td =7 T ¢(50—0)/20
1 Td = Qdfa + Vd
oo = (1+ e(v+71455)/7.43)2
0.0 v > —40 1
ap = ~ . foo = 7m0y 77
0.057 - e~ (v 480)/6:8  therwise 1+e
7(u+27)2
0.77 > _40 ap =1102.5-¢ 15
5, = J 013 (1+e (1106)/111) v 8, — 200
9.7 0079 4 3 1§()5 . (034850 T 1T e(3=v)/10
T = 3 T T e(v+30)/10 +
Qo O,
- Tp=ap+ B+
0.67
. 1 o = 1+ e(w+35)/7 +0.33
Joo = L(1+ e(v+71.55)/7.43)2 aje = 600 e_(wlrggﬂ
0.0 v > —40 31
B2 = 1 + o(25—v)/10
) (25428 . 10% . 024440 +e
&= “6_—0.043910 | (v+37.78) 16
6.948 - 1076 - =0 - :
1 + ¢0-311(v+79.23) 1 + e(vH30)/10
0.6 - 0-057v Tro = oy + Bra + V52
1+ ¢—0-1(v+32) v=—40
Bj = 0.0242 - 6—0.010521)
1+ ¢ 0.1378(v140.14) otherwise Frnssoe = 0.6 404
ass ca . .
oo 1 1+ (58)
" a 80
mﬂm TfCélSS = w —+ 2
1+ (552)
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Transient outward current
Lo = Giors(v — Ex)

For all cell types

1
Too = 1 c20-0)/6

T = 0.5 ¢~ (HADT/IS0 4 g

For epicardial and M cells
1
SOO = -
1+ e(v+20)/5

_ . —(v+45)%/320 0
Ts =85-¢ + T 2075 +3

For endocardial cells
1
Soo = ————————
14 e(v+28)/5
T, = 103 - e—(v+67)2/1000 +8

Slow delayed rectifier current

Iks = Gstg(U - EKS)

1
Lo = T e(5-v)/14
1400
Qg = —F/—————
V14 e(5-v)/6
1

Prs = 1+ c(w—35)/15
Txs — Oéf25f2 + 80

Rapid delayed rectifier current

[ Ko
Ik, = GKr axrlx'ﬂ(v - EK)

1
Lyploo = —1 + e(—26—v)/7
450
Qarl = 1 o (—45-v)/10
6
Bar1 =

1+ e(v+30)/11.5

Txrl = azrlﬁzrl

1
Tpooo = W
_ 3
Qar2 = T (—60-)/20
1.12
IBwr2 =

1 + (v—60)/20

Txr2 = aerﬁzr?
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Inward rectifier K current

[ K.
Ixi = Gxa axKlw(U — Ex)

B 0.1
KL= 17 0.06(v— B —200)
3. £0-0002(v—FEx+100) | o0.1(v—Ex—10)

B =

1+ e—0.5(v—FEx)

- QK1
Kl = —————
ak1 + Bki

Na™ / Ca®* echanger current

eV F/BTNg,3Ca, — eV~ DVE/BT Ny 3Ca,a

INaCa = kNaCa (K3

mNai

Na™ / K* pump current

Inaxk = PNak X

+Na.?) (Kmca + Cae) (1 + kgape(-1vE/RT)

KeNai
(Ke + Kmk) (Na; + Kmna) (14 0.1245¢-0-10F/BT 4 0,0353¢—vF/ET)
Cai
Ica = Gpcam————
pC pC KpCa + Ca;
v — EK

ok = Gpk 1+ e(25-0)/5.98

Background currents
IbN'a» = GbNa<v - ENa)

Ihca = Guea(v — Eca)
Calcium dynamics

leak = Vleak (Cagr — Cay)
Lp = 1 +UI?SXI/HE]&2
up i
Lret = vrel (Cagr — Casgg)
Lter = vxfer (Cags — Ca;)
k‘lcasszé

0= L2888
]fg + leaSS
dR - -
ar = —kyCagsR + k4(1 — R)
ks
k =
! kcasr
k2 = kQ’kcasr

maxg, — Ming,
Kcasr = max —

st 1+ (EC/Caggr)?
_ Ca; x Buf.

Caibufc = = -
Cai + Kbufc



A.2. TEN TUSSCHER - PANFILOV 2006

dCaitotal Ihca + IpCa — 2INaca Usr
- O eare — 1 Leter
dt 2UCF + Ve ( leak up) + Lxfe
o Cag, X Buf,
g gy = -
srbufsr Casr + Kbufsr
dCagRyotal
% = Iup — Licak — Lrel
C Cag X Bufg
a. = -—mmmmmmmmmm
ssbufss Cass +Kbufss
dCassiota _ _ IcaL | Vsry Ve,
dt 2’USSF Vs rel Ves xfer

Sodium and Potassium dynamics

dNa; _ Ina+ IbNa + 3Inak + 3INaca

dt v

dKi Tk + Tio + Ike + Iks — 2Inak + Ipk + Lstim —

Iax

dt v F
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