Computer Methods in Applied Mechanics and Engineering 433 (2025) 117501

Contents lists available at ScienceDirect

Computer
Methods

in Applied
Mechanics and

Comput. Methods Appl. Mech. Engrg.

journal homepage: www.elsevier.com/locate/cma

GDSW preconditioners for composite Discontinuous Galerkin
discretizations of multicompartment reaction—diffusion problems

Ngoc Mai Monica Huynh #, Luca F. Pavarino ?, Simone Scacchi”

2 Department of Mathematics, University of Pavia, via Ferrata 1, Pavia, 27100, Italy
b Department of Mathematics, University of Milano, via Saldini 50, Milano, 20133, Italy

ARTICLE INFO ABSTRACT
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1. Introduction

In the present work, we construct and analyze a generalized Dryja—Smith-Widlund preconditioner for parabolic reaction—
diffusion problems where the equations present a low-order term that can lead to discontinuities in the solution on the considered
domain. Such problems arise in many applications, such as microscopic modeling in biomechanics, porous media [1,2], and
cardiac and excitable tissue modeling [3-5], where the low-order term represents a 3D-1D (or 3D-0D) poroelasticity network or
couples diffusive phenomena with microscopic ionic exchanges among cells. The numerical simulation of these phenomena presents
challenges because of the different physics and scales involved, which require spatial and time discretizations that lead to matrix
problems with very large dimensions. Common choices for space discretization are based on discontinuous Galerkin (DG) methods
(see [1,6]), which usually need to be coupled with efficient preconditioned solvers in order to tackle their computational complexity.

In the context of DG discretizations, several solvers have been proposed, ranging from block preconditioners [7] (which can be
tailored to each specific physics in the case of coupled problems) to two-level methods for second-order elliptic problems [8],
as well as iterative and multilevel methods for elliptic equations with coefficient jumps [9,10]. An extensive study on the
parallel performance of algebraic multigrid solvers on Graphics Processing Units (GPUs) can be found in [11]. In the Domain
Decomposition (DD) framework, numerous studies have addressed overlapping [12,13] and nonoverlapping [14-16] DD methods
for DG discretizations of elliptic problems. However, these works did not consider the specific challenges of reaction-diffusion
problems with discontinuous solutions which are the focus of this work, where the discrete solutions must preserve the discontinuities
of the continuous problem. Among the few works addressing this issue, we mention the two-level algebraic multigrid method
presented in [17], the analysis carried out in [18,19] and our previous work [20] on dual-primal preconditioners, in particular
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the Balancing Domain Decomposition by Constraints (BDDC) preconditioner. While these BDDC preconditioners have been proven
to be mathematically solid and to perform well on structured meshes or whenever the local connectivity graphs of the nodes are
simple [20,21], their implementation is not straightforward. Indeed, high-performance libraries such as PETSc [22], typically require
specific matrix and vector structures, which are not easily accessible to intermediate users. Moreover, the resulting reduced linear
system is typically quite dense and can pose challenges when simulating examples with computational domains obtained through
image segmentation, where the number of degrees of freedom is high and their distribution complex.

In order to overcome these issues, we consider here a DD method which presents the advantage of a simple nonoverlapping
coarse problem combined with the power and simplicity of local solvers based on an overlapping partition of the domain. This
method, known in the literature as generalized Dryja—Smith-Widlund (GDSW) preconditioner [23], has been largely studied for
standard finite element discretizations of elliptic problems and a parallel implementation can be found in [24]. Several variants
have been proposed by improving the construction of the coarse space [25,26] and by multilevel extensions [27].

In this paper, we extend the GDSW preconditioner to composite Discontinuous Galerkin discretizations of multicompartment
reaction-diffusion problems. Since the abstract problem can be formulated as a collection of many subproblems that interact
only on the interfaces of the related domain, there is a natural connection between the construction of the GDSW subspaces
and the subproblems definition, as we will show in the next section. The main result of this paper is the proof of a scalable
(i.e. independent of the number of subdomains N) and quasi-optimal (i.e. polylogarithmic in the ratio H/h between subdomain
and element sizes) upper bound for the condition number of the GDSW preconditioned operator for composite DG discretizations
of reaction—diffusion problems. The GDSW preconditioner is then applied to the recently proposed EMI (Extracellular - Membrane -
Intracellular) reaction—diffusion system, modeling microscopically the spatio-temporal evolution of cardiac bioelectrical potentials.

The work is structured as follows: we start by presenting a generalized problem formulation in Section 2, along with a possible
time discretization of its variational formulation. Section 3 introduces the standard GDSW preconditioner and the associated coarse
and local spaces. In particular, we propose a suitable formulation of space subdivision. The main convergence result is proven
in Section 4 and is confirmed numerically through extensive two-dimensional tests in Section 5. Several comments on further
developments are given in the conclusive Section 6.

2. A multicompartment parabolic reaction-diffusion problem

The continuous model problem. Given N + | generic domains €2; ¢ R? withi=1,..., N +1 and d = 2,3, a time interval (0,T),

such that the union of all the {.Q,-}fi Tl domains forms a global domain @2 and such that 2, n Q; = @, with i # j, let us consider the

following multicompartment parabolic reaction-diffusion problem: find u = {u;} ,'i Tl such that it holds

—div(o; Vu;) =0 inQ, i=1,...,N+1,
. 6|[u]][j - = L,
—n; aiVul-szT+F([[u]],-j) onE; =Q,nQ; Coy;, i #j, &)
nTO',-Vu,- =0 on 0£2; N 0L2,
u;(0) = u; in®, i=1,...,N+1

Here, F is the reaction term and [[u]l;; = u;-n;—u; -n; the jump between the value of ; and its neighboring value u; from the adjacent
subdomain ; along the common boundary E;; (»; is the outward normal to the ith subdomain), since u; can be discontinuous across
the domains. The constant C,, is the membrane capacitance for unit area of the membrane surface.

From an application viewpoint, this system could be seen as the union of (loosely) coupled problems: for instance, it can model the
co-existence and interaction of different pollution agents in different regions over a time period; or it can represent the propagation
of the electric potentials u; at a cellular scale and the time evolution of the coupling of several cellular dynamics within any organ
tissue (being this the brain, the cardiac muscle, etc.).

Remark 1. We consider N +1 domains (or problems) since in the numerical tests we will consider a particular application case where
we will benefit from this notation. Moreover, since the purpose of this work is to study the convergence rate of a preconditioner for
a composite Discontinuous Galerkin discretization of (1), we consider the simplified two-dimensional setting of our model problem
(d = 2), leaving the three-dimensional case for further numerical studies.

The weak formulation for the coupled problem on 2, by summing all the contributions from the N + 1 domains, reads: given
the initial data u; o = 4,(0) for i = 1,... N + 1, find u = {¢;,}"¥', u; € L*(0,T; H'(£2,)), such that

i=1
N+l N+1
1 du
> a,.Vu,.v¢,.dx+-ZZ/ <cm
i=1 ‘/Qi 2 i=1 E; JEij d

3]” + F([[u]],-,-)) [¢1;; ds =0, 2
for suitable test functions ¢; € H'(€2;), i=1,...,N + 1.

Semidiscretization in time. In order to ease the subsequent analysis, we consider an implicit-explicit (IMEX) time discretization,
where the diffusion term is treated implicitly and the reaction explicitly. Alternative implicit time discretizations could be considered
as well, analogously to the Bidomain implicit discretizations studies in [28,29].

The time interval (0, T) is subdivided into K intervals and, by defining the time step z = t**! — t*, the following scheme arises:
for k=1,..., K, find {uf*"}V*!, with uf*' € H'(Q,) such that V¢, € H'(2), i=1,...,N +1
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1 [[ukJrll]ij _ [[ukllij N+1 1 N+1
> > Z/ C,——l¢l;ds  + / o, Vukt v ¢, dx = -3 > Z/ F([u* ;)1 ds,
=1 £, JEij 4 i=1 =1 B, JEj
or, equivalently,
1 N+1 N+1
3 > 2/ C 11 ds + Z/ o; VUl V ¢ dx
i=1 E; JEij i=1 7/

N+1 N+1

= % z Z/ C,, ¥ 1,11 ds—r% Z Z/ F([u*1,)L1;; ds.
i=1 E; Y Eij i=1 E; 7 Eij

Let the above quantities be recast as follows:

a;(u, @) ::/ o;Vu; V¢, dx
Q;
1
P ¢) =5 EZ /E Tl 191, ds 3

fi(@) = % EZ,A (Cllall;; I8, — T F(Mull; HIS,;) ds
ij ij

di(u, ¢) = ta,(u, §) + Cpyp;(u, P). Q)

The semidiscrete problem at each time step can then be written in compact form as: find u = {u/*'}¥¥', with u*' € H'(2;) such
that
N+l N+l

dw¢) := Y dw.d)= (@) = Y f($). Vo={s)}N}", ¢ € H ). (5)

i=1 i=1

The discrete problem. On each subdomain £;, we consider a standard local finite element space V"(£2,), and we denote by
V() the product space of the V"(£2;). The fully discrete problem at each time step is then given by: find u = {i;} ,]i “1'1 e VhQ)
such that

dw,)=f(@),  VYo={g}' eV (6

Denoting by A; € RNdo*Naof the local stiffness matrix associated with the bilinear form g,(-,-) and by M; € RNdo*Naof the local
mass matrix associated with the bilinear form p;(-,-) (with N4, the total number of degrees of freedom), then (6) can be written in
matrix form as

Ku=f,  with K=Y K, K =14, +M, e RNDND, @

The right-hand side of the above system is updated at each time step, and the resulting linear system is solved by the Preconditioned
Conjugate Gradient (PCG) method. We will design and analyze an efficient and scalable preconditioner in the next section.

3. The GDSW preconditioner

In the following, we consider and study the theoretical convergence of an overlapping Schwarz preconditioner, known in
the literature as the generalized Dryja-Smith-Widlund (GDSW) preconditioner, modified to comply with the structure of our
multicompartment reaction-diffusion problem (1), where the solution on 2 is allowed to be discontinuous across the different
subdomains ;. The idea behind the GDSW algorithm is to combine a coarse space based on iterative substructuring techniques
with local components based on classical overlapping Schwarz techniques [23].

We recall that the global domain £2 is the union of nonoverlapping (sub)domains £2;, i = 1,..., N+1, and we have a finite element
discretization on each subdomain; in the following we will denote with I' = (Uﬁ TlaQ[) \0Q2 the interface between all subdomains.
Our problem formulation allows also for non-matching discretizations across the subdomains (since the solution u = {u; }I,fi Tl can be
discontinuous), but for simplicity we analyze the case with matching nodes on the interface I" between the subdomains. In a two-
dimensional situation, this interface is composed of edges £ and vertices V': the first are open subset of the interface I', containing
all the degrees of freedom shared by two subdomains 2, and ©;, while the latter are endpoints of such edges. In three-dimensions,
the interface would consist of faces (two-dimensional entities shared by two subdomains), edges (one-dimensional entities shared
by more than two subdomains) and vertices (endpoints of edges).

Let us then construct an overlapping subdomain partition {Q;. }; of @, for j=1,...,N + 1, where each Q; is extended by a strip
of depth 6 > 0 (called overlap) of finite elements. Let us denote by I, ; this strip. Then Q} = Q; U I}, In the numerical tests in
Section 5, we will consider only the case of minimal overlap, i.e. § = h (see Fig. 1 on the left).
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Fig. 1. Overlap between two overlapping subdomains !2’ and .Q’ for the multicompartment problem described in system (1), 1-dimensional example. On the
left, representation of the current minimal overlapping suuatlon On the right, the considered partition of unity basis function y; for subdomain Q’

-l -l

a Vi\ /Vj

Q, ) a9
Y Q El; Q;

V! ’ ik 1 f iy

ka Qk4 Ei/ \2@

Fig. 2. Vertex and edge sharing, 2-dimensional example. On the left, the vertex V' is shared by five nonoverlapping subdomains, therefore the set VO contains

five indices V° {ky.ky, k3, k4 ks}. On the right, the vertices v’ V’ and V v represent the same geometric endpoints of the edge E;; C %2;, but are referred
to different subdomams

3.1. GDSW coarse space

The coarse space VOC is chosen as the space spanned by the vertex and edges functions, described below, extended as discrete
harmonic functions inside each subdomain £,. These functions provide a partition of unity on the interface I'. For each vertex V' we
have as many vertex functions as the number of subdomains that share that vertex. Denote by V,O the set of indices k of subdomain
Q, that share vertex V', for all I = 1, ..., Nyerticess Where Nyerices iS the total number of vertices (see Fig. 2, left). Then the vertex
functions associated with vertex V' are given by

900 = {9, hieyo-

where 19’ is the coarse function associated to V' that has support in £,. The edge functions 9 (x) (represented in Fig. 2, right) are
k g E; 8

instead unique for each edge E;;, and are equal 1 on edge E;; and extended harmonically elsewhere.

Thus, the coarse component u, € VC can be written as

=y Y wV)x)+ ZuE 95, (), )

V! kEVO Ejj
where i £, is the average of u over the edge E;;. The projection P, onto the coarse space VOC is defined as

d(Pyu,v) =dw,v),  VveVL.

3.2. GDSW local spaces

We recall that the local nonoverlapping finite element spaces have been denoted by V; = V*(&2,), while the product space can
be written as V = V] x --- X Vy,;. We then define the local space

V/={veV:v=0 inQ\Q}.
This space can also be written as

=Vix{d;: ¢;#00n0R, ¢, & V).
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Since V/ C V, any function «, € V/ can be written as u] = {”z/'j } /’i T', where ] . denotes the projection of function «; on the subdomain
Q; Let y;, i = 1,..., N + 1 be a partition of unity as defined in [23]. We recall that these functions vary between 0 and 1, their
gradients are bounded by C/§; and vanish outside the overlap I’; ;. Any function u € V' can be written as

N+1

u:u0+2u;, uOGVOC, ul/.eVi’, fori=1,...,N +1.
i=1

where u; € VOC has been defined in (8) and u] € V/ are given by u] = I " —uy)) € V! cV, where I " interpolates into the product
space V"(Q). The projection-like operators P, onto the local space V/ are defined as P, = I, P, (with I; being the local interpolant),
where

d(Pu,v;) = d(u,v;), Vo, eV/.

Our GDSW preconditioned operator is then defined as
N+1
Py=P+ Y P. ©)

i=1

Remark 2 (Technical Assumptions). We will consider domains with the same geometrical properties as in Ref. [23] (namely, 2, are
John domains, each with a shape-regular triangulation), in order to consider the same technical results stated in that work. The
numerical tests presented in Section 5 consider simpler and more trivial domains, and in that case some of the assumptions can
be dropped and the convergence result may be sharpened. Nevertheless, to enhance readability, we will not include here these
technical tools, but we will refer to the specific Lemmas whenever required.

We prove here an auxiliary result that will be used in the proof of the convergence rate bound; this is an adaptation of the bound
(4.3) from [23].

Lemma 1. Let u, be the GDSW coarse function defined in (8). Then, for the multicompartment problem defined in (6), it holds

2
2 H 212
o=l < € (14108 7 ) H2ul g -

with H and h the maximum subdomain and finite element diameters, respectively.

Proof. By adding and subtracting i, the average of u on the subdomain &;, it remains to bound only |luy — g Il;2q,, since
llu — g |l ;2q, can be bounded with the energy norm of u by a Poincaré inequality type. The first term can be written as the sum
of three parts, each with support in £;,

up—iig, =y, (ui(v’)—ﬁ_qi)&ﬁ(x) (10)
v[
+2 Y (w0 -ig, ) 9 1)
v kEV,O
k#i
+y (”E,»j - agi) 9, (), 12)
E;

containing contributions from the vertices of £, themselves (line Eq. (10)), the adjacent vertices to each vertex of £; (line Eq. (11))
and the edges of ©; (line Eq. (12)) respectively. The term (10) can be bounded by using [23, Lemma 3.2] as follows:

2 2
1Y (00 -0 ) 0l <€ Y [ ) =g, Plotor a2
! i S

Pl

H 2 2 H 2
sc(1+log7> Iulil(mz,/g 19{(x0)|” dQ gc(1+log7) H ul}1 g
B i '

The remaining terms (11) and (12) can be treated analogously. []

4. Theoretical convergence rate bounds

We are now ready to prove the convergence of GDSW preconditioners for the considered composite discontinuous Galerkin
discretization of problem (1).

Theorem 1. The condition number of the GDSW preconditioned operator P,; defined in (9) for the discrete problem (6), when considering
a coarse space with vertex and edge basis functions, as described in Section 3, satisfies the bound

H H\?
cond (P,)) <C®,, (l+?)(l+log7> ,



N.M.M. Huynh et al. Computer Methods in Applied Mechanics and Engineering 433 (2025) 117501

where @ depends on the conductivity coefficients, the time-step size t, the subdomain diameter H and finite element size h

C, .
Digron = <0'M + P o =ml_1n|a,-|, oy = m[axla,-l, 13)
m

and C is a positive constant independent of N, h, H, .

Remark 3. The dependence of @
Section 5, indicating that the theoretical bound might not be sharp in 7, 5,, and ¢,,. We remark that, by assuming continuity across
the interface, the same result obtained in [23] would hold.

oag.om OT the time-step size 7, o), and o,, is not observed in the results of the numerical tests in

Proof. The proof is based on general abstract Schwarz theory as well as previous works on GDSW preconditioners, see [23,25,26,30].
In particular, we are required to verify three assumptions known as strengthened Cauchy-Schwarz inequality, local stability and
stable decomposition, see [30]. However, by considering a standard coloring argument, the strengthened Cauchy-Schwarz inequality
can be satisfied with a constant upper bound. Moreover, the local stability assumption holds true, since we use exact local solvers.
Therefore, we will only need to prove a stable decomposition for the considered subspace decomposition.

We proceed as in standard Schwarz theory by estimating the constant Cg required by the stable decomposition [30] and by
considering the coarse and local solvers separately.

Coarse solver. As usually done in domain decomposition algorithms, we work with one subdomain £; per time. We consider
u—ilg,, and instead of (8) we consider u, — il , being i, the average of u over subdomain £;:

g, () =ig | Y, D 9 () + Z 9, (0]
VI ke
Thus we want to bound the energy
di(uy — g, ug — o) = Ta;(ug — g, ug — i) + pilug — g, uy — ilg,).

The first term can be treated in the following way: recalling the coarse decomposition (8), let us write explicitly uy — g :

wp—iig, = ), (1" —iig ) 910+ Y, D (w0 =g, ) 800+ X (g, ~ig, ) 95, ().
vl v kevd Ejj

ki

The energy norm induced by the bilinear form g,(-,-) can be estimated by

a,-(uo—ﬁ_q ug — u_q)—/ O'V(uo—ﬁgi)~V(u0—ﬁQi)

scz/ (0 - ) 1900 + 3 2/ (e =i ) 19 0 col” +2/ (75, ~0,) 1V 9, COP”

YV ke v”

(4)
< lo;l (1+1o [u|? |,9| + |V,9’(x)| + |
< loj g HY(@) H(Q) Eij Hl(.rz)

VI kev?

k#l

B) H\2
hS |z7,-|(l+log7) |u|H](Q)_ <1+10g7) a;(u,u) 14

For inequality (A), the terms u, (V') — g, and @ E, ~ilg, can be bounded using [23, Lemma 3.2], while (B) is obtained thanks to the
fact that the first seminorm in the brackets is bounded and the second is zero by definition, while the last term can be bounded
considering [23, Lemma 3.4].

Regarding the jump term p;(-, -), it is useful to write explicitly the average i, over the edge E;; in terms of edge basis functions
(see Fig. 2 for the notation):

iig, (éf(x) + 0, (0 + gf(x))

g, (x) = -
2, g, (900 + 95, (0 + )

We need to focus on the jump
[lug — g, 1l;; = (”0, Q,) - (“o,j - 'Zgi)s
being
gy = u(V) 9160+ u(V) 916 + g, g, (). gy = (V) B0) + V) 8x) + g, 9, ()

6
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The inner edge contribution ﬁE,-,@E,j (x) can be neglected, since it appears from both sides of E;;. Thus, if we focus on only one

endpoint of E;; (for instance V), we need to estimate the jump of i = w@®) - ﬁg,)gf(x) - (u(@l.) —iig,) 9§(x):

Chn H
P, w)<Cm2(l+log >|u|Hl(Q) <||19’(x)||L2(E I COI, )) <c, (1+10g >|u|Hl(Q) S 1 (141022 2 ) astuw

‘J

(15)
In the same fashion, it is possible to estimate the jump for the term w = u(9)) — ”ﬂi)ﬁll' (x)— (u(gj.) - agi)g;(x). By definition,
L}:(uo —igug —lg) =1 a;(uy —ig . uy = ig )+ pi(ug — g,y — ig,)-

We can estimate the energy of the first term with the bound obtained in (14) while the second term can be bounded by (15).
Therefore,

~ _ B C, H\2 ~
di(uy —iig ,ug—iig) < C |1+ o] <1+10g —h> d;(u,u),
i i zlo,

thus leading to

C H\2
dug —iig up i) < C (1+ == ) (1+1og ) dwuw,  wh 1.
(ug —iig,, up — i) < ( + Tam> + log 7 (u,u) where o, = . lmlr]]V+1 lo;]

Local solvers. In Section 3.2 we have defined u = u, + ZN“

i=1,...,N +1. We recall that, for all u}, v] € V/, u] {u }j -

N+1
d;(u, v]) —d(u,,u)—rzak/ Vi, vU,k+Zc,,,/ Wy = )W, = V) )
Ey;

u for uy € VOC and u] = " —uy) = I"yw € V!, with

E;
= 70; / Vil Vi, +7 / Vu Vu, (16)
2 Jjie; ﬁ 670 nlis
+ Z CM/ (), = “f',j)(Uf',x - ”:,',j)' an
J1092,U00Q;#0 Ej;

Here the same considerations made in the proof of [23, Theorem 3.1] hold. Thus, the energy norms in line (16) (consider for instance
the first term — the second follows analogously) can be bounded as in the proof of [30, Lemma 3.10]:

’ 2 h 2
Wy < TG0 10y < € [(14 5 ) 10y + 25 0 By ]

where § is the common overlap parameter. Each of the above contributions can be bounded as follows.

(i) By considering the triangle inequality and the result obtained in the coarse solver for the energy norm, it holds

w1 g, S (1+ 102 h) s

(ii) Thanks to Lemma 1, we have

I wlle(Q)SC(l+10g7) H2ul, )

Collecting the above contributions leads to the following bound for the energy norms of line (16):
2 H\? H H, - H\? H
ol 71, < Cloil (1 +10g7) [(1+ 3) 01+ 1 Riay] < Cloil (14102 50) (14 3) LA,
Regarding the jump contributions in line (17), it holds
i}, up) = py(1" g0, I" z0) S pyus ) + py g, ug)-

The first term appears in the bilinear form d,(-, -), while the bound for the second term follows the same proof procedure as in the
coarse solver by adding and subtracting the average i, see Eq. (15). Therefore, the local solvers satisfy the bound
C 2
) = d, (1" g, 1" ) < C oy (1+ ﬂ) + | (1+10g 5) dy(u ),
Pt 6 70, h
where 6y, = max;_;  yyl0;| and o, = max;_;  n.q oyl
In conclusion, by collecting the above result and the coarse solver estimate,

N+1
C H H\?
! ! m
dugug) + Y, dil i) < € <6M + wm> (1 + )(1 +log ) d.u). [

i=1
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2} Q3
! Oy

Ql E1,2

)

Fig. 3. Left: representation of the situation described in system (1), with only one cell £, (green) immersed in the extracellular liquid (light blue); the external
boundary of the extracellular space ©, is divided into I’ 2” (black, dashed) and I zN (black, solid), with boundary conditions given in (19). Right: representation
of the situation described in system (1) considering two neighboring cells £, and £,, with common boundary E, ,. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Remark 4. In Section 5, the numerical tests consider a minimal overlap, thus § = A, due to the considered model example. Therefore,
the expected theoretical convergence estimate is given by

H H\?
cond () CP, 0 (14 7) (1 +log7) ,

with @ defined in (13).

5. An application to the cardiac EMI model

We now consider a particular application from the field of electrophysiology to numerically tests the proposed preconditioner.
Our focus is the so-called cardiac EMI model' [3-5,31], which provides a microscopic representation of the electrical propagation
in the cardiac tissue by means of diffusion equations for each single cell coupled through a (possibly nonlinear) reaction term
on the boundaries (cell membranes). This innovative model overcomes the well-established cardiac Bidomain model [32], since
it represents the extracellular space as well as the intracellular space and the cell membrane as individuals, allowing for realistic
characterization of each. While for the Bidomain equations we can find several works related to its mathematical properties [32-35]
and solution strategies [28,29,36-42], these various aspects for the cardiac EMI model are still open problems.

5.1. The EMI microscopic description of cardiac electrical propagation

We consider N connected cells immersed in the extracellular liquid, which altogether form the cardiac tissue 2, where generally
Q c RY, with d € {2,3}; in the following numerical experiments we will consider d = 2, in compliance with the proposed
convergence analysis. It is straightforward to visualize the parallelism between these N +1 objects and the nonoverlapping partition
{£;};, withi =1,..., N+1 (by denoting with 2, the extracellular subdomain). The interaction between each cell, the extracellular
media and their neighbors happens by means of ionic exchanges, which provide the reaction term on the boundaries 0£2;. These
currents are allowed to propagate among the intracellular spaces through the gap junctions, special protein channels which allow

the passage of ions directly between two intracellular environments, [43].

The situation depicted on the left of Fig. 3 can be modeled by system (1), where we need to add the ionic equations

dc Jw

= = Ciulyw.) =0, == = R(lully. w) =0, (18)

that model the ion flow dynamic by means of ordinary differential equations, describing the time evolution of ion concentrations ¢
and gating variables w by means of given functions C and R respectively. Here, the transmembrane voltage [[u]};; = u; —u; represents
the jump in the values of the electric potentials between two neighboring cells i and j. Thus, the reaction term F(-) will depend also
on the gating and concentration variables, representing either the ionic current I, ([u]l;;, ¢, w) or the gap junctions G([[u]};;) (which
we assume here to be linear in the potential jump). We assume that the (extracellular) potential is fixed on part of the external

D . . N _ D i .
boundary I'y , while the remaining I'y = I'\I'y,, is insulated:

~ony1 Viy, =0 on I'Y 19

- D
uy, =0 on T —n N+l

T
N+1? N+1

1 The acronym EMI stands for Extracellular, cell Membrane and Intracellular spaces, since this formulation takes into account each of these three separate
fields.
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In this framework, o; is the conductivity coefficient? in £; and n! the outward normal on 9¢2;. We refer to [4,31] for a formal
derivation of the complete EMI system.

The solution obtained from such problem is defined up to an arbitrary constant: in order to ensure uniqueness from a numerical
point of view, we impose zero average for the extracellular component u, . over the domain.

In conclusion, the cardiac EMI model reads

—div(o, Vi) = 0 inQ Vi=l,.. N+l
ul-—uj:[u]],-j on E;;,
a[[u]]ij
—nl'o;Vu; =C, o + F([ul;;, ¢, w) on E;;, (20)
el d
a—‘;—C([[u]],.j,w,c)=0, a—’:’—R([[u]],.j,w)=o on E,
u;(0) = u;, w(0) = wy, c(0) = cg, in® Vi=1,...,N+1

We consider a splitting strategy for the time solution of system (20). At each time step, we solve first the ionic model, given
the jump [[u]l;; from the previous time step; then, we update the cell-by-cell model with the newly computed ¢ and w, and solve it
with respect to the electric potential. With this approach, we can easily refer to the discretized formulation derived in Section 2 and
the preconditioning technique introduced in Sec. 3, obtaining an EMI-GDSW preconditioner. Another recently proposed approach
considers a boundary integral formulation of system (20), see [44].

5.2. Numerical tests

We consider a Matlab implementation of our EMI-GDSW preconditioner for a two-dimensional rectangular geometry where the
extracellular domain frames a group of cells. Each cell (subdomain) presents an aspect ratio of 6:1 finite elements, in order to
correctly represent the average aspect ratio of an actual cardiac myocyte. Our code considers a linear gap junction between cells,
each coinciding with an edge E,;, and the Aliev-Panfilov ionic model [45] for the update of the gating variables; this model does
not include concentration variables. We fix the time-step size to = = 0.05 ms, except for Section 5.2.3, where the parameter 7 is
varied between 0.005 and 0.1 ms in order to study its effects on the EMI-GDSW convergence rate. The external current needed for
the activation is applied at the bottom-left corner of the domain for 1 ms, with an intensity of 50 mA/cm?; the total simulation time
is of [0, 5] ms. The initial value for the potential u;(0) is set to —85 mV, while the initial gating w, value is set to 0. Unless otherwise
specified, the conductivity coefficients are o; = 3 x 1073 in all cells.

The discrete linear system (7) arising at each time step is solved through an iterative Conjugate Gradient method, either
unpreconditioned (CG) or with preconditioning. The stopping criterion compares the L2-norm of the relative (preconditioned)
residual with a fixed tolerance of 107®. We implemented a GDSW preconditioner with a coarse problem spanned by the subdomain
vertex and edge basis functions, see Sec. 3.1 for further details. For comparison, we also consider the classical one-level Additive
Schwarz algorithm (AS) without coarse space; see [30, Chapters 1-3] for further details. Both algorithms consider a minimal overlap
of 6 = h, in order to exploit the overlap between cells that follows from the EMI formulation.

All the tests have been performed on a Linux workstation equipped with an Intel i9-10980XE CPU with 18 cores running at
3.00 GHz.

5.2.1. Scalability tests

We start with numerical results investigating the scalability of the proposed EMI-GDSW preconditioned solver. We consider a
time interval of [0, 5] ms, for a total of 100 uniform time steps. The number of cells (subdomains) considered varies from N =2 x2
to N = 32 x 32, each one discretized by 24 x 4 finite elements. We report the condition number (k,) and the number of linear
iterations (it) at the final time step of the simulation; see Fig. 4(a) and Fig. 4(b). Fig. 4(a) reports also dimensions and number of
nonzero (nnz) entries of the EMI-GDSW coarse solver matrix, while Fig. 5 (top row) shows its sparsity pattern. If compared to the
EMI-BDDC coarse solver matrices (Fig. 5, bottom row) proposed in [20], given the same number of cells, we note that, in addition
to the obvious difference of the two coarse space sizes, the number of nonzero entries for the EMI-GDSW coarse matrices is more
than three times higher, and the sparsity pattern is less compact. The results show that the GDSW preconditioner has a scalable
performance in all the cases considered, in terms of both number of linear iterations and condition numbers. Both these parameters
mildly increase while initially increasing the number of cells N, but they approach a constant upper bound afterwards, in agreement
with the main bound of Theorem 1, since the ratio H /h is kept constant in these tests. On the other hand, for both unpreconditioned
CG as well as AS, the iteration counts and condition numbers increase with increasing N.

2 In general o, are tensors; however, in this work, we have treated them as scalar since the EMI model assumes isotropic diffusion in the cells and in the
extracellular matrix. This is motivated by the fact that the pronounced anisotropy in the homogenized bidomain model is an effect of the cellular geometry,
which here in the EMI model is resolved explicitly.
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EMI-GDSW AS CG
ko it d1mmmse( ko it ko it

149.2 30 | 2.20e+03 124

nb cells Nyof

0)
2x2 1140 | 64.1 32 28 (2.46%)
4x4 | 3200| 90.1 43 112 (3.50%) 6324 58 | 7.09¢+03 204
8x8 | 10320 | 1040 51 424 (4.11%) | 2.61e+03 106 | 2.50e4+04 355
12x 12 | 21440 | 1122 54 928 (4.33%) | 5.87e+03 157 | 5.26e+04 494
16 x 16 | 36560 | 116.2 55 1624 (4.44%) | 1.03¢+04 205 | 8.94e+04 624
5 ( )
( )
( )
( )

)
20 x 20 | 55680 | 119.8 57 2512 (4.51%) | 1.58e+04 252 | 1.32e+05 756
24 x 24 | 78800 | 120.7 57 3592 (4.56%) | 2.20e+04 297 | 1.79e+05 877
28 x 28 | 105920 | 121.9 58 4864 (4.59%) | 2.73e+04 332 | 1.90e4+05 921
32 x 32| 137040 | 122.9 59 6328 (4.62%) | 3.35e+04 368 | 1.78e+05 932

(a) Condition number (k2) and linear iterations (it) at final time ¢ = 5 ms for
EMI-GDSW (left), AS (center), unpreconditioned CG (right). Dimension
and percentage w.r.t. Ngof for the EMI-GDSW coarse solver is also reported.
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(b) Plots of condition numbers (k2) and linear iterations (it) from Table a) above.

Fig. 4. EMI-GDSW Scalability tests on [0, 5] ms. Condition number (k,) and linear iterations (ir) at final time 7 = 5 ms. Fixed time step z = 0.05. Increasing number
of cells from 4 to 1024, each discretized with 24 x 4 finite elements.

5.2.2. Optimality tests

We then test the quasi-optimality of our method by fixing the number of cells (subdomains) to be N = 4 x 4) and decrease the
mesh size 4, i.e. increase the ratio H/h. In these tests, the EMI-GDSW coarse solver has dimensions 112 x 112 and 1844 nonzero
entries. Fig. 6(a) and Fig. 6(b) show again that EMI-GDSW has a much better performance of both AS and unpreconditioned CG. The
polylogarithmic growth of the EMI-GDSW condition number is not easily detectable for this range of H/h, but the growth seems
definitely less than linear, as shown in Fig. 6(b). In order to detect the asymptotic behavior of the EMI-GDSW condition number,
higher values of H/h should be explored as in [46], but this was currently beyond our actual computational capability using a
Matlab implementation on a workstation.

5.2.3. Dependence on the time-step size

Here we study the convergence rate dependence of the proposed solver on the time-step size 7. We consider N = 12 x 12 cells,
each one discretized with 24 x 4 Q1 finite elements. The time interval is [0, 5] ms, where we vary 7 from 0.005 to 0.1 ms. As in our
previous study [20], we observe that the condition number (k,) and the iteration counts (ir) for both unpreconditioned CG and AS
solvers increase when the time-step size 7 is decreased, see Fig. 7(a) and Fig. 7(b). On the other hand, the EMI-GDSW preconditioner
is only marginally affected by the reduction of 7, yielding almost bounded &, and it values. We remark that the unpreconditioned
discrete problem already shows an increasing condition number and iteration counts for decreasing values of z, see Fig. 7(b), even
if we would expect the problem to be mass dominated. One reason for this could be that the mass matrix of the EMI problem is
associated only to the potential jumps on subdomains/cells interfaces, which is different from the standard case.

10
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Fig. 5. Sparsity pattern of EMI-GDSW (top row, red) and EMI-BDDC (bottom row, blue) coarse solver matrices for increasing number of cells. Each cell is
discretized with 24 x 4 finite elements. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

This test shows that the reduction of the time-step size z does not impair the performance of the GDSW solver, indicating that
the bound in Theorem 1 might not be sharp in z.

We show in Fig. 8 the solver performance over a time interval of [0,300] ms, simulating an heartbeat cycle. Except for a single
peak in the EMI-GDSW condition number when the action potential is at rest (see Fig. 8 for its evolution in two different points
of the considered domain), we observe that the EMI-GDSW is robust both in terms of condition number k, and number of linear
iterations it, presenting lower values with respect to the AS and CG cases.

5.2.4. EMI-GDSW robustness varying the conductivity coefficients

This set of tests investigates the robustness of the EMI-GDSW solver with respect to heterogeneous distributions of intracellular
diffusion coefficients ¢;, for i = 1, ..., N. In particular, we consider three different distributions with N = 8x 8 cells, each discretized
with 48 x 8 Q1 finite elements:

- checkerboard distribution, where the conductivities alternate between two values ¢; and a‘.* in a checkerboard fashion;

- capsule distribution, where we include a inner square block of 4 x 4 cells with conductivity ¢, while in the surrounding cells
the conductivity remain o;;

- random distribution, where we randomly generate for each cell the coefficient .

The value ¢ is obtained by scaling o; by a factor a of 1071, 1072, 10~ and 104, except for the random setting, where
o = (scaling factor) X (6; + nganq), With nyngq a randomly generated number between 0 and 1073 (in order to perturb o; of a value
with the same order of magnitude). In Figs. 9 and 10, we report three different time snapshots for each distribution, and also include
for comparison the homogeneous distribution (normal) with ¢; = 3 x 1073 in all cells.

Fig. 11(a) reports both condition number (k,) and number of linear iterations (ir) at 7 = 5 ms, while the boxplot in Fig. 11(b)
shows the distribution of several tests related to the random case. The results show the robustness of EMI-GDSW, since k, and it
remain fairly unchanged, with only a slight decrease in the former when reducing . This is to be expected, since decreasing the
diffusion coefficient ¢ and considering enough modified subdomains, the mass term with the potential jump would prevail.

6. Conclusions

We have designed a generalized Dryja-Smith-Widlund (GDSW) preconditioner for the solution of composite Discontinuous
Galerkin discretizations of parabolic reaction—diffusion problems, where the solution can present discontinuities across the domain.

11
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EMI-GDSW AS CG
H/h | Naot ko it ko it ko it
12 | 984 | 543 34 313.6 43| 2.26e+03 118
18 | 1936 | 73.3 39 473.7 51| 4.31e+03 160
24 | 3200 | 90.1 43 6324 58 | 7.09e+03 204
30 | 4776 | 103.7 46 791.5 63| 1.05e+04 246
36 | 6664 | 118.1 49 945.1 68 | 1.47e+04 288
42 | 8864 | 130.8 50 | 1.10e+03 73| 1.92e+04 326
48 | 11376 | 143.8 52 | 1.26e+03 77 | 2.46c+04 365
54 | 14200 | 148.3 54 | 1.41e+03 80 | 3.10e+04 405
60 | 17336 | 163.2 56 | 1.57e+03 83 | 3.79e+04 443

(a) Condition number (k2) and linear iterations (it) at
final time t = 5 ms for EMI-GDSW (left), AS (center),
unpreconditioned CG (right).
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(b) Plots of condition number (k2) and linear iterations (it) from the Table a) above.

Fig. 6. EMI-GDSW optimality tests on [0,5] ms. Condition number k, and linear iterations (i) at the final time r = 5 ms. Fixed time-step size z = 0.05 and number
of 4 x4 cells, each discretized with increasing number of finite elements.

These situations arise naturally, for instance, in the context of microscopic biomechanics modeling or in multiscale problems
where model order-reduction techniques lead to face coupling of different dimensionalities. We mathematically prove a scalable
(i.e. independent of the number of subdomains N + 1) and quasi-optimal (i.e. polylogarithmic in the ratio H/h) convergence rate
bound for the proposed GDSW preconditioner, which depends on the time-step size and the magnitude of the diffusion coefficients.
Extensive two-dimensional numerical tests confirm this theoretical result for the solution of the cardiac EMI reaction—diffusion
model. Possible future work should address the extension of this result to the three-dimensional setting as well as larger overlaps,
while investigating the design and analysis of advanced GDSW variants based on adaptive, reduced and multilevel techniques in
the challenging composite Discontinuous Galerkin framework required by the EMI and other multicompartment reaction-diffusion
problems.

The comparison of the current GDSW preconditioner with the BDDC preconditioner, as introduced in our previous paper [24],
shows that the coarse solver of GDSW is larger and less sparse than that of BDDC. Moreover, GDSW requires more iterations to
achieve convergence. However, we believe that GDSW is easier to implement in parallel, and since it is an overlapping method,
inexact local solvers may be more effective compared to the BDDC case. A fair comparison between the two solvers should be
performed on parallel architectures, but this is beyond our current capabilities, so we reserve it for a future study.
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EMI-GDSW AS CG
ky it ks it ks it

0.005 | 130.7 57 | 9.32e+03 183 | 2.55e4+05 630
0.01 | 1275 57 | 833e+03 177 | 1.55e+05 627
0.02 | 1221 56 | 7.25e+03 168 | 9.38e+04 584
0.05 | 112.2 54 | 5.87e+03 157 | 5.26e+04 494
0.1 132.3 54 | 3.10e+03 114 | 4.26e4+04 468

T

(a) Condition number (k2) and linear iterations (it) at final time
t = 5 ms for EMI-GDSW (left), AS (center), unpreconditioned

CG (right).
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Fig. 7. EMI-GDSW dependence on the time-step size. Condition numbers k, and linear iterations (ir) at the final time r = 5 ms, when the time-step size 7 is
increased from 0.005 to 0.1. Fixed number of 12 x 12 cells, each discretized with 24 x 4 finite elements (Nyo; = 21440).
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Fig. 8. Action potential propagation from two different points of the domain (bottom) and EMI-GDSW solver performance (top) over an heartbeat cycle of
[0,300] ms.



N.M.M. Huynh et al. Computer Methods in Applied Mechanics and Engineering 433 (2025) 117501

normal

t=1ms

t =15 ms

t = 30 ms

capsule

t=1ms

t =15 ms

t = 30 ms

Fig. 9. Snapshots at times 7 = 1,15,30 ms of the EMI electric potentials for the normal distribution (top) with o, = 3 x 10~ and the capsule distribution
(bottom) with an inner block of 4 x 4 cells with ¢ = 10745;.
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Fig. 10. Snapshots at times 7 = 1,10, 19 ms of the EMI electric potentials for the checkerboard distribution (top) with checkerboard-like alternating cells with
6} =107*s; and random distribution (bottom) with 6 = 107* - (6, + ny4q), Where ny,,q is randomly generated between 0 and 1073,
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« 1 107! 1072
k2 it k2 it ko it
checkerboard o = 00, 167.3 62 137.2 55 1186 52
capsule ¢ TN 1167.3 62 166.6 66 166.7 65
random of = (0; + Nrand) ‘ - - 17290 64 162.89 63
@ 1073 107
ko it ko it
checkerboard o = 00 1173 53 1172 54
capsule e 167.8 65 164.4 65
random oF = a - (07 + Nyana) | 153.80 65 164.59 66

Condition number (k2) and linear iterations (it) at final time ¢ = 5 ms for
EMI-GDSW with three different distribution of conductivity coefficients o;.
For the random distribution we report the average values over 10 experiments
(it are rounded to the closest integer).
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(b) Boxplots with the statistical distribution of the results (k2 on the left and it on the right) related to 10
random cases with different scaling factors o. The horizontal lines correspond to the lower whisker (—1.5
the interquartile range), the median (0.5-quartile of data) and the upper whisker (+1.5 the interquartile
range), while the colored circles are outliers.

Fig. 11. EMI-GDSW robustness tests. EMI-GDSW condition numbers k, and linear iterations (ir) at time ¢ = 5 ms with three different distributions (checkerboard,
capsule, random) of the conductivity coefficients o,. Fixed time step = 0.05 on the interval [0,5] ms. Fixed number of 8 x8 cells, each discretized with 48 x8
finite elements (N4 = 36576). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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