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Abstract

In this paper we develop a Neumann-Neumann type domain decomposition method
for elliptic problems on metric graphs. We describe the iteration in the continuous
and discrete setting and rewrite the latter as a preconditioner for the Schur comple-
ment system. Then we formulate the discrete iteration as an abstract additive Schwarz
iteration and prove that it converges to the finite element solution with a rate that is
independent of the finite element mesh size. We also show that the condition number
of the Schur complement is uniformly bounded with respect to the finite element mesh
size. We provide an implementation and test it on various examples of interest and
compare it to other preconditioners.

Keywords Quantum graphs - Elliptic partial differential equations - Nonoverlapping
domain decomposition methods - Finite element methods
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1 Introduction

In recent decades differential operators on metric graphs have found a myriad of
applications when describing quasi-one-dimensional phenomena in a broad range of
fields, such as superconductivity in granular materials [1], classical wave propagation
in wave guide networks [2, 3], membrane potential of neurons [4], cell differentiation
[5], and optimal control [6-9].
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We consider a quantum graph; that is, a metric graph G equipped with an elliptic
differential operator on each edge and certain standard vertex conditions. The graph
consists of a finite set V of vertices and a finite set E of edges connecting pairs of
vertices. We assume that the graph is simple and does not contain parallel edges or
loops. Let n = |V| denote the number of vertices and m = |E| the number of edges.
We assume that the graph is directed; that is, each edge has a specified (but otherwise
arbitrary) orientation, and thus an origin and a terminal vertex. Each edge e € E is
assigned a length £e € (0, 0o) and a local coordinate x € [0, £e].

A function u on a metric graph G can be defined as a vector of functions and we
write # = (ue)eck, and consider it to be an element of a product function space, to be
specified later. Let ue(v) denote the value of u at v € V along the edge e € E.

To define the vertex conditions, let us denote by Ey the set of edges incident to the
vertex v € V, and by dy = |E| the degree of v € V. We denote by int(G) the set of
vertices with degree dy > 1 and by 9G the set V\int(G). We seek solutions that are
continuous on G and satisfy the Neumann-Kirchhoff (often called standard) condition,
given as

> upv) =0, vev,

eckE
where the derivatives are assumed to be taken in the directions away from the vertex.
When there are (variable) diffusion coefficients or conductances present, represented

by the function ¢ = (ce)eck defined on the graph, the Neumann-Kirchhoff condition
is defined as

Z ceWug(v) =0, vevV.

eckE

If dy = 1, then this reduces to the classical zero Neumann boundary condition.
In order to write the vertex conditions more compactly, let us define the vector of
function values at v € V as

Uv) = (eW)) g, € RY
and the bi-diagonal matrix
I, = c R@—Dxdy_
1 -1

Then I,U(v) = 0 € R%~! implies that the function values along the edges in E,
coincide at v € V. Similarly, we define

U'(v) = (up(V))oeg, € R%,
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the vector of function derivative at v € V and the row vector
cw’ = (cel(v) Cer(V) ... Cey, (v)) e RIxdv,

Then C(V)TU'(v) = 0 implies that the function u satisfies the Neumann-Kirchhoff
conditions at v € V.
Then a quantum graph can be formally written as

—(cetty) (x) + pe(X)ue(x) = fe(x), x € (0,¢e), ecE, (a)
0=LU(V), veint(G), (b) (1)
0=Ccw)'U v, vev, (¢

where the function p = (pe)ect represents a potential. The exact assumptions on the
functions u, ¢, p and f = (fe)ecE are to be defined later.

We wish to approximate the solution of (1) in the finite element framework. In [10]
a special finite element is assigned to the vertices that have a star shaped support on
the neighbouring edges ensuring the continuity of solutions, and use standard finite
elements on the edges. Then the authors prove usual error estimates and an upper bound
for the Neumann-Kirchhoff residual of the discrete solution. However, the size of the
corresponding stiffness matrix can grow quickly and it loses its banded (tridiagonal)
nature compared to one-dimensional problems.

To overcome such issues, we investigate a Neumann-Neumann type nonoverlapping
domain decomposition method. The mathematical background of overlapping domain
decomposition methods originate from [11], which was further developed in [12-
14]. Later nonoverlapping methods gained attention due to their natural parallelism
and efficiency in numerical applications along with the growth of high performance
computing [15-17]. Many variants have been developed since, such as Lagrange mul-
tiplier based Finite Element Tearing and Interconnecting (FETI) methods [18, 19],
least squares-control methods [20, 21], and multilevel or multigrid methods [22-24].
In particular, Neumann-Neumann methods can be traced back to [25-28]. For intro-
ductory surveys we refer to [29, 30], see also [31, Chapter 7], while more thorough
theoretical background and historical overview can be found in [32-34]. While certain
domain decomposition methods have been successfully designed and applied for opti-
mal control on networks [35-38] and its theory was established in [39], to the authors
knowledge, the performance and the convergence of Neumann-Neumann type itera-
tive substructuring methods was never addressed. First, we rewrite the method as a
preconditioner for the Schur complement system, then rigorously show via the abstract
additive Schwarz framework that the iteration converges to the finite element solution
with a geometric rate that is independent of the finite element mesh size, see Theorem
7. While preparing for this proof we also show, in Corollary 5, that the condition
number of the underlying Schur complement is uniformly bounded with respect to of
the finite element mesh size.

The paper is organized as follows. Section 2 contains a brief overview of the
abstract problem, the corresponding weak formulation and its FEM solution, and
the abstract additive Schwarz framework. In Section 3 we introduce the Neumann-
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Neumann method and prove its convergence to the FEM solution through the Schwarz
framework. We also formulate the method as a preconditioner to the Schur comple-
ment system. We note because of the quasi-one-dimensional nature of the problem
we can use powerful tools like Sobolev’s embedding, and thus our proofs are much
simpler and more transparent then that of classical domain decomposition methods
in two or more dimensions. Finally, in Section 4, we demonstrate the strength of our
approach through various examples and compare it to other preconditioners.

2 Preliminaries

Let L?(a, b) be the Hilbert space of real-valued square-integrable functions equipped
with the norm

b
”f”iZ(a’b) 2/ |f(x)|2dx7 f € Lz(av b)a

and L*°(a, b) be the Banach space of real-valued essentially bounded functions
equipped with the norm

I fllzoo@.p) =esssup|f(x)],  feL®@,b).

x€(a,b)

Let H*(a, b) be the Sobolev space of real-valued square-integrable functions whose
generalized derivatives up to the kth order are also square-integrable, equipped with
the norm

. feHNa,b).

2
L2(a,b)

k
1 Py = 2 | £
=0

Finally, let C[a, b] be the Banach space of real-valued continuous functions equipped
with the supremum norm. Using these, we define the Banach spaces

L*G) =@ L*0.te). LG =EL¥0.te),  H*G) =D H" 0, te).

eckE eckE ecE

endowed with the natural norms

2 2 2
lelF2g) =D el 2 - U = (te)ect € L*(G),
eckE
i g i =max luell vy 4= (e)ect € L¥(G),
el 3y =D el o.p, » u = (ueect € H*(G).
eckE
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We note that the spaces L?(G) and H¥(G) are Hilbert spaces with the natural inner
products. Finally, we define the space of continuous functions defined on G as

COy={u = (e)ect

LU(\) =0, Ve €E : ue € C[0, ee]}.

2.1 The abstract problem

On L*(G) we define the elliptic operator

Amax 1= diag( —dx <cedx> + pe) s D(Amax) = Hz(G)-
ecE

We further define the boundary operator B : D(Amax) — Y by

(WUW),ey

Bu = [(C(v)TU/(V))VGV] , D(B) = D(Amax),

where the boundary space ) is isomorphic to R** endowed with the standard inner
product. Finally, we define

A= Anax.  D(A) :={u € D(Amax) : Bu =0y}

Throughout the paper we assume that ¢ = (ce)eeE : G — R is a positive Lipschitz

function, that the function p = (pe) € L°°(Q) satisfies ess inf e p(x) > po for

ecE
some pg > 0, and that f = (fe)eeE e L%(G). Using this, we can reformulate (1) as

follows: find u € D(A) such that
Au = f. 2

2.2 Weak formulation and FEM

While (2) is well-posed [40, Proposition 3.1], for our purposes it is convenient to
introduce a weak formulation of (1). The corresponding bilinear form a is defined as

a(u, v) = Z </Ce(x)ué(x)vé(x)dx +/Pe(x)ue(x)ve(X)dX),

eck
D(a) = H'(G) N C(G),
see [41, Lemma 3.3] and [42, Lemma 3.4]. We highlight that the Neumann-Kirchhoff

condition does not appear in this bilinear form or in its domain. Thus, we seek a
solution u € D(a) such that

a(u,v) = f(v), v € D(a), 3)
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where f(v):=(f, v)2(g)- Itis well-known that under our assumptions the symmetric
bilinear form a(-, -) is bounded and coercive, and thus (3) is well-posed in light of
the Riesz representation theorem. Moreover, the unique solution of (3) is the unique
solution of (2).

Following [10] for the sake of notational simplicity we consider an equidistant
discretization on the edges. This approach and our subsequent analysis can be trivially
generalized to the nonequidistant case. We divide each edge e = (v§, v}) into ne > 2
intervals of length e € (0, 1). For the resulting xfj: nodes we introduce

1,2,...,ne—1
the standard basis 1//;?“1,_ : . of hat functions

2,1

1 Jaf x| if e e
Yy =1 The » X E [xjfl’xjﬂ]’

, otherwise,

where x§ = vg and x,; = vj. These functions are a basis of the finite-dimensional
space V7 C HOl (0, £0) N C[O0, £e] of piecewise linear functions.

To each v we assign a special hat function ¢, supported on the neighbouring set
W, of the vertex defined as

w={ U at])o| U ey

ecE:ve=v ecEvp=v
Then ¢y is defined as
xg—=x® ¢ e
¢ (xe)_ l_vh—e’ if x GWV,
\' - .
0, otherwise,

where x¢ is either O or £¢ depending on the orientation of the edge.
We define the space

Vi(G) = (@ V,f) @ spangy, cy
ecE

of piecewise linear functions. Note, that V;,(G) C H LG)NCG) by construction. Any
function wy, € V,(G) is a linear combination of the basis functions:

ne—1

wi(x) =Y Y aS¢S(x) + ) By (x).

eck j=1 veV

Thus the solution of (3) can be approximated by finding u;, € V;,(G) such that

a(up, vp) = f(vp), vy € Vip(Q). 4)
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Equivalently, we can test only on the basis functions. Since the neighbouring set of
distinct vertices are disjoint we have that

ne—1

a(wp, Y =Y D af f (cew$" Vg + pevSYf)dx
ecE j=1 €
+37 B [ (e UE + ped V) = SO K= 1.2, mer, € €
veV e (5)

ne—1

awp, d) =y Y af / (ce¥®'dv + pevridy)dx

ecE j=1

+ 3 B [ (ced/ 8 + peapras = f). VeV,

veV

Let us denote by

u us Uy,
e e
_ UE _ u e M2 _ uVZ
u= ) Ug = . ) u = . ) uy = .
uy : : :
e e
usm Up, 1 Uy,

the vector of values that define the finite element function

ne—1
w(x) =y D uSeS () + Y uvg(x),
ecE j=lI veV
and by
.fel ff jb]
e 5 S
f:[jﬂ’ fe=| .| = 2 A "
v : : :
fem fr-1 o
the vector of values
i [ rusas. fo= [ fo
Then (5) can be rewritten as
Au = f, (6)

where the stiffness matrix A has a block structure as follows:
Ap Agpy Bg Bgy
A= + .
|:AVE Av] [BVE Bv}

@ Springer



27  Page 8 of 25 BIT Numerical Mathematics (2025) 65:27

Here

1. the matrix Ap = diag(Ae)ect is block diagonal and the entries of the tridiagonal
matrix Ae are given by

[Aeljk = /cewj’w;j’dx, jok=1,2,... ne—1
e
2. the entries of the blocks of AETV = Ave = (Ae)eck are given by
[Aelvk = / cedy/U'dx, k=1,2,...,ne—1,veV,
3. the entries of the diagonal matrix Ay = diag(Ay)yev are given by

Ay Z/ Ce¢v/¢v/dx1

Wy

4. the matrix B = diag(Be)ecE is block diagonal and the entries of the tridiagonal
matrix Be are given by

[Be]/k:/pew]ew]?dx, j,k:1,2,...,ne_l
e

5. the entries of the blocks of BETV = Byg = (Be)ecE are given by
[Be]\,sz Pepyvypdx, k=1,2,...,ne—1, veV,
Wy
6. the entries of the diagonal matrix By = diag(By)yey are given by

By =/ DePypydx.
Wy

Similarly to standard error estimates in the FEM framework the H'!(G) error of the
finite element solution uj, and the weak solution u is O(fz), where h:= maXecg /e and
the LZ(G) error is O(ﬁz), see [10, Theorem 3.2] for the special case when ¢ = 1 and
[40, Propositions 6.1-6.2] for the general case.

2.3 Abstract additive Schwarz framework

In this section we recall the abstract Schwarz framework based on [34, 43]. Let V be a
finite dimensional space with inner product b(u, v) and consider the abstract problem

b(u,v) = f(v), veV. @)
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Let

V=Vi+Vo+---+Vy
be a not necessarily direct sum of spaces with corresponding symmetric, positive
definite bilinear forms b; (-, -) defined on V; x V;. Define the projection-like operators
T, : Vi V;by

bi(Tiu, vi) = b(u,v;), v €V

and let

Ir=n1+T+- - -+1y.
Note that if b; (u, v) = b(u, v) then the operator 7; is equal to the b(:, -)-orthogonal
projection P;. However, the generality of this framework allows the use of inexact

local solvers.
The operator T is used to equivalently reformulate (7) as

N N
Tu=g=Zgi=ZTiu, 3)
i=1 i=1
where g; is obtained by solving

bi(gi,vi) =b(u,v;)) = f(v), v €V

The following theorem is the cornerstone of the abstract additive Schwarz frame-
work [43, Theorem 1].

Theorem 1 Assume that

(i) there exists a constant Co > 0 such that there exists a decomposition u =
D
E lN_l u; forall v € V, where u; € V;, such that

N
> biwi, ui) < Cob(u, ),
i=1
(ii) there exists a constant w > 0 such that the inequality
b(ui, ui) < wbi(ui,ui), u; €V

holds fori =1,2,..., N,
(iii) there exist constants €;; > 0 such that

1 1
b(ui,uj) < €ib2(u;, u;)b2(uj,uj), u; €V;, uj €Vj,
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fori,j=1,2,...,N.

Then T is invertible and
Co b, u) < b(Tu,u) < p(E)wb(u,u), ueV,

where p(€) is the spectral radius of the matrix £ = €;; lezl.

Theorem 1 ensures the existence of a unique solution of (8) and provides the
bound «(T) < Cy Z,O(S)a) for the condition number of 7" w.r.t. the inner product
b(-, -), through its Rayleigh quotient. Thus, an upper bound can be computed for the
geometric convergence rate of a conjugate gradient (CG) or minimal residual method
applied to (8).

3 Neumann-Neumann method

In [10] the authors proposed a nonoverlapping decomposition, where each subdomain
consisted of a single edge. We generalize this approach by decomposing G into arbitrary
disjoint (w.r.t. its edges) subgraphs {G; = (V;, Ei)}l.zl)sz with n; = |V;| and
m; = |E;|. We note that each subgraph is itself a metric graph and that a subgraph
may consist of only one edge. The set of vertices that are shared on the boundary of
multiple subgraphs will be denoted with I" and called the interface. The corresponding

function values are denoted as ur = (u(V)), _p--

3.1 Continuous version

The idea of Neumann-Neumann methods is to keep track of the interface values and
iteratively update these values based on the deviation from the Neumann-Kirchhoff
condition. Formally, we start the algorithm from a zero (or any inexpensive) initial
guess u(} For n > 0 the new iterate is computed as follows: first we solve the Dirichlet
problems

fo0) =~ ™Y (0 4 et B, x € 0,00, ek @

o) 0= I\,Ul.]cl+£(v), veVAT, (b)
Wk v) = U2 (), vevinT, (o)

0=C; (V)TUZH%/(V), veVAT. d)

Here the function C; is the restriction of C to G; . Note, that we impose natural boundary
conditions on the set of vertices dG; N dG, but we will still refer to these problems as
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Dirichlet problems. Then we compute the solutions of the residual Neumann problems

0= —(cewk™) (x) + pe()wkt! (x), x €(0,Le), e €, (a)
0= 1w, VeV, (b)
(Ni) 0=Cv) W vy, veV\T, (o)
Yoo (v)TUikJr%/(v) = Ciw) W ), veV,nT. )
i:vevV;

Finally, we update the interface values as

W =ufv) -0y witv),  verl,

eck,

with an appropriate 6 € (0, Opax), for some Opax > 0 [34, Chapter C.3].

3.2 Discrete version

In this section we briefly overview some technical tools essential for our subsequent
results based on [32, 34]. While in our analysis we will mostly rely on variational
notations we will introduce some of the tools in matrix form. For the sake of nota-
tional simplicity the following introduction is carried out for a decomposition into two

subgraphs.
Let us consider the linear equation Au = f arising from the finite element approx-
imation of an elliptic problem on the quantum graph G = (V,E), where A is a

symmetric, positive definite matrix. We assume that G is partitioned into two nonover-
lapping subgraphs {G; = (V;, E;)},_, ,: that is, we have that
E=EUE, EENE2 =0, T =V NV,

We recall that in traditional domain decomposition methods we would require that the
solution be continuous along the interface and that the normal derivatives w.r.t. the
domains sum to zero; that is, they are virtually identical to the continuity and Neumann-
Kirchhoff conditions at the vertices. We highlight, that while the latter condition is
quite natural and has a clear interpretation for quantum graphs, it is not straightforward
to define its functional meaning for problems on domains.

3.2.1 Subassembly and Schur complement systems

Let us partition the degrees of freedom into those internal to G; and to Gy, and those
on I' and introduce

() (1 ) 1
b A “b 1,
A= (()1) A{ZI) Ajp [su=1u? | fF=1f
A[‘[ AFI AFF ur fl_‘
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A crucial observation is that the stiffness matrix A and load vector f can be subassem-
bled from the corresponding components of the (two) subgraphs. If fori = 1,2 we

denote by
@) (ORNO)
70 - [fl(')} A0 = [% Aﬂ
1 ’ 1 1
Ir Apy Arp

the right hand sides and local stiffness matrices of the corresponding elliptic problems
with Neumann conditions, then we have that

Arr = AR+ AR fr= 10+ 12
We can find an approximation of the coupled problem as

@@ (@) @) (@) (@) .
Ajjup” + Ajpup” = fi, i=12
(1) (1 1 (1) @ _ 2) (2 2) (2 2) .
Apjup” + Appup — fp —(AFqup” + Appup’ — f7) =t ar

&)

which is equivalent to (6). Clearly, if we know the boundary values ur or the approx-
imate normal derivative Ar the approximate solution inside the domains can be
computed by separately solving two Dirichlet or two Neumann problems, respec-
tively. Two well-known corresponding families of domain decomposition algorithms
are the Neumann-Neumann and FETI methods. In this article we focus on the former.

To prepare our formal analysis the first standard step of iterative substructuring
@)

methods is to eliminate the unknowns u;* with a block factorization

(1) (1)
0 f 8 A G A
A= 0 A% AL,

-1 —1
AVADT ADAD Lo 0 s
—1 —1
where 1 is the identity matrix and § = App — AW AN AN 4D AP AR §s the

Schur complement relative to the unknowns on I'. The corresponding linear system is
given by

(1 (0 [€))]
A N I
0 Ay A |v¥= 17
0 0 S &r

where gr = fr — A;II)ASII)_ M A%)A(IZI) f ,(2) This can be further reduced to
the Schur complement system

Sur = gr. (10)
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The Schur complement S is a sparse matrix that has the same sparsity pattern as the
graph Laplacian of the underlying graph G [10, 44]. The fact that Arr and fr can
be subassembled from local contributions shows that the same holds for S and gr.
Indeed, if for i = 1, 2 we define the local Schur complements by

) 40 (ONOREING)
S(l) T AFF - AI"IAII AIF
and
() _ o ONORI0!
gr = Jfr —AriAp; J

we have that § = S + 5@ and gr = glg) + gl@ We recall the elementary fact that

the Schur complement of an invertible block w.r.t. a positive definite matrix is also
positive definite.

Let us define the discrete version of the Neumann-Neumann iteration. Starting from
a cheap initial guess u(%, in an iteration first we solve the Dirichlet problems

k
D A ARk = 10, =12,

then using the approximation rr for the flux residual (see the third row of (9)) we
solve the Neumann problems

@) @) (i),k+1
o | A A =10 =12
! A(l) A(l) (i),k+1 r s 5 L
I/ rr | | %r r

Finally, we update the interface values as

Wkl =k — g (DA 4y @Y

Eliminating the variables interior to the subdomains of both Dirichlet and Neumann
problems shows that

-1 -1
ulffl — ulli = 9(5(1) + 5@ )(gr — Su’li);
that is, the Neumann-Neumann algorithm is a preconditioned Richardson iteration for
(10) using S ! + S @2 as a preconditioner. Often an improved convergence rate

can be reached if a further diagonal scaling is used based on the degrees of the vertices
on I" leading to a preconditioner of the form

i (s 4527 prt,

where the diagonal elements of Dr are dy for v € I'. We note that we formulate this
Richardson iteration mainly for historical reasons and to avoid the inconvenience of
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expressing the update of ur in the case of a more sophisticated iteration. However, in
practice, one should instead use a preconditioned conjugate gradient (PCG) or minimal
residual method. Furthermore, the S®) matrices and especially their inverses should
usually not be formed, unless the solver is to be reused multiples times, since we only
need to know their effect when applied to a vector. Indeed, instead of multiplying
with §@ (and in particular with the inverse of A?l) ) we solve a Dirichlet problem and

instead of multiplying with S ™" we solve a Neumann problem. The complexity of
each iteration is O(mng), where ng = maXecg He.

Other well-known iterative substructuring methods can similarly be character-
ized by finding a preconditioner for (10). For example, the Dirichlet-Neumann (or
Neumann-Dirichlet) corresponds to multiplying the equation with S@ " (or SO 1.
Then the preconditioned operator S @~ S=1+S (2)_1S () corresponds to solving a
Dirichlet problem on one subgraph and then solving a Neumann problem on the other.

If we partition G into many subgraphs a region is called floating if 9G; N G = ¢.
On floating subgraphs Neumann problems of certain elliptic equations, for example if
there is no potential, are not uniquely solvable. A possible solution is to use balancing
Neumann-Neumann methods, in which we choose a unique solution according to
some compatibility condition. In this case the subsequent proof have to be slightly
modified, see [34] for more details.

Finally, the use of domain decomposition was proposed in [10], where the Schur
complement system was solved with conjugate gradient method equipped with diag-
onal or polynomial preconditioner. These preconditioners are obtained by truncating
the Neumann series expansion of

s~ = (1 - Dg'(Ds—$)) 'D5! = > (Dg'(Ds — ) Dy’
k=0

to zeroth and first order, respectively, where Dy is a diagonal matrix containing the
diagonal elements of S. While the assembly of S can be avoided, the diagonal Dg needs
to be extracted, for example via probing techniques or approximated with randomized
methods [45, 46]. This means that preparing a diagonal or polynomial preconditioner
can be more expensive than the Neumann-Neumann preconditioner, but the complexity
of a single iteration is the same for all of them. Alternatively, diagonal preconditioning
can be performed with D2 !instead of D;l. This diminishes the cost of preparing the
preconditioner but yields similar results, as in certain cases the Schur complement is
equal to the graph Laplacian of G, see [10, Theorem 4.3].

While usually the condition number of the stiffness matrix A is O(ﬁ’z) and that

of the Schur complement S is O(fz_l), the authors in [10] observed that for scale-free

graphs the condition number of § seems to be independent of h and proportional to
the maximum degree. Furthermore, the dependence on the degree could be rectified
with diagonal or polynomial preconditioning. However, these are purely algebraic
preconditioners without the formalism of subdomains and without rigorous analysis.
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3.2.2 Discrete harmonic functions

The space of discrete harmonic functions is an important subspace of finite element
functions and are directly related to the Schur complements and to the interface values
ur.

Let us define for u,v € V,(G) the bilinear forms corresponding to the global
stiffness matrix A and local stiffness matrices A; as

N N

. T X .

a(u,v)=u' Av = Za(’)(u, V) = E ugl) A(’)vy).
i=1 i=1

A function u® defined on G; is said to be discrete harmonic on G; if
AU + A =o. (11)

Clearly such a function is completely defined by its values on V; N\I" and it is orthogonal,
in the g; (-, -)-inner product, to the space V},(G) N HO1 (G;, V;NT"), where H(} (G,Vp) C
H'(G) is the Sobolev space of functions that vanish on Vp C V. We denote the discrete
harmonic extension as u? =: H; (uff))

We denote the space of global, piecewise discrete harmonic functions by Vj(I") C
Vi (G), which consists of functions that are discrete harmonic on each subgraph. Based
on subassembly arguments a function u is in V(") ifand only if Ajju; + Ajrur =0
and such a function is completely determined by its values on the interface I". The space
Vi (I) is orthogonal, in the a(-, -)-inner product, to each space Vj, N H(} (G;,V;NT).
We denote the piecewise discrete harmonic extension as u =: H(ur).

In the subsequent analysis we will also rely on the bilinear form defined by the
Schur complement given by

s(u,v) = u;:Svr.

We recall that s(-, -) is symmetric and coercive.

The preceding argument shows that Neumann-Neumann methods can be regarded
as computing the global, piecewise discrete harmonic part of the solution of (4) by
defining an appropriate preconditioner for the Schur complement S. Before we inves-
tigate the convergence we must show the equivalence of the interface space, the Schur
complement energy and the space of piecewise discrete harmonic functions in H'!. The
following Lemma shows the energy equivalence of the Schur complement systems and
piecewise discrete harmonic functions.

Lemma2 Let ufj) be the restriction of a finite element function toV; NI'. The discrete

harmonic extension u') = H; (uff)) satisfies

Si (u(i), u(i)) =aq; (u(i), um) = min g (v(i), v(i)).
U(i)lvimr=14§-l)
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Similarly, ifur is the restriction of a finite element function to I', the piecewise discrete
harmonic extension u = H(ur) satisfies

s(u,u) =a(u,u) = ‘min a(v, v). (12)

Proof The statement follows directly from the definition of (piecewise) discrete har-

monic functions in (11). ]
We define d; = ]Vi N I'| to be the number of vertices of G; on the interface
and the norm ||-|ly,nr = [Illpe; - Let Aj max : H?*(G;) — L*(G;) be the operator

corresponding to G; inherited from G with D(A; max) = H 2(G,') and define B[ :
D(Ai,max) — Vi by

3. = (IVU(V))VEV,' 2.) — .
B’”_[(CWWU’(v))vev,.\r . DB = D(Aima).

where J; =~ R2%~4 _Finally, we define the continuous operator A; : H2(G;)
L%(G;) as

Ai = Aimax,  D(A) = {u € D(Aj max) : Biu = 054}-

That is, a function u € D(A,-) is continuous and satisfies the Neumann-Kirchhoff
condition at the vertices but not necessarily on the interface I'. A function u € D(f{,')
is said to be harmonic on G; ifu € Ker(ﬂ,) A functionu € H*(G)NC(G) is said to be
piecewise harmonic if u |G € D(A; )N Ker(A; ). Similarly to the discrete case, such a
function is expected to be completely determined by the values at V; NT". The following
lemma establishes the existence of the harmonic extension and the equivalence of the
interface space and the space of piecewise harmonic functions in H?(G;).

Lemma 3 For given boundary data ur there exists a unique harmonic extension into
G;, and consequently a unique piecewise harmonic extension u into G. Moreover, there
exist positive constants ¢ and C such that

2 2 2
cllurl,nr <l < C lurlar -

Proof Let us define the L : H*(G;) — R trace operator. Then for any v € H 2(G))
we have that

||LU||vimr =< ||U||L°°(G,~) =c ||U||H1(G) <c ||U||H2(G) (13)

Clearly Ay: =A; |Ker( L is the generator of a strongly continuous semigroup [42], see
also [47, Section 6.5.1]. We have that 0 is in the resolvent set of A since Ay is invert-

ible, and thus [48, Lemma 1.2] shows that L Ker(A;) is an isomorphism of Ker(fi,-)
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onto R%; that is, the following inequality holds

lullg2,) = C I Lullv,ar

and the proof is finished. O

Finally, the following lemma shows that a similar statement holds for discrete
harmonic functions.

Lemma4 Let u be a piecewise discrete harmonic function on G. Then there exist
positive constants ¢ and C independent of h such that

2 2 2
e lurl o < Ml < C llurld,ar -

Consequently, for some positive constants ¢ and C independent of h, we have that

N
2
cZuurnm < s(u,u) < Z e 19, - (14)

i=1 i=1

Proof Let u be piecewise discrete harmonic on G with boundary data ur. The first
inequality follows from (13). For the second inequality, let us consider the harmonic
extension v € H*(G;) of ur into G;, which uniquely exists in light of Lemma 3.
Furthermore, the function v is continuous and the standard linear interpolation operator
I, can be used resulting in the finite element function I,v € H'(G;). Then by (12)
we have that

lull g,y < Cailu, u) < Cai(Ipv, Ihv) < C [ Ipvllgig,)
since the H'(G;) norm is equivalent with the g; (-, -)-norm. Furthermore,

1Thvll 1 Gy < v = vl + 19l < (Ch+ D vl < C lurllvar-

The third inequality is shown in the proof of [ 10, Theorem 3.2] and in the last inequality

we used Lemma 3. O
Let us define d = |T'|, the norm ||| = ||*||ge and diax = maxyer |{j : v € V;}|.
Then (14) implies that

2 2
cllurlige < s, u) < Cdmax lurllga -

The following statement is an immediate consequence.

Corollary 5 The condition number «(S) of the Schur complement S is uniformly
bounded in h and satisfies the explicit bound k (S) < Cdmax, for some C > 0 that is
independent of h.

We note that this phenomenon was already observed, although not rigorously inves-
tigated, for scale-free graphs in [10].
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3.3 Schwarz iteration

With the above auxiliary results we can reformulate the Neumann-Neumann method
as an abstract additive Schwarz iteration. We choose V = V;,(I') and V; = V;(I'),
where V; (I') C V;,(I") denotes the subspace of discrete harmonic functions that vanish
on I'\V;. For the bilinear forms we set b(u, v) = s(u, v) on V x V and

bi(u, v) = si (In(iu), IH(v;v)) = a; (Hi(viu), Hi(v;v))

on V; x V;. The counting functions v; are defined on I" U 9G by

vi(v) = {Hj eVl vednv)y LG,

0, vel\V.
The pseudoinverses vj of the v; functions, given as

Vv = vl (v), ve(NV)UaG,
' 0, verl\V,

define a partition of unity on I' U 9G; that is,
N
Ywiw=1 veruvac
i=1

Finally, the operators 7; : V > V; are defined by
bi(Tiu,v) =b(u,v), wveV,
and the operator T by
T=T1+T+ - -+1Ty. (15)

Proposition 6 The operator T defined by (15) is invertible and for all u € V the
following inequality holds

vos(u,u) < s(Tu,u) < y1p(E)su,u),

where yog and y) are constants independent of h, where & = € j lN j=1 is defined ele-
mentwise by

novinv; #£0.

€j = .
0, otherwise.
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Proof We have to establish the three estimates of Theqrem 1.
Assumption (i): For u € V we choose u; = Iy(v;u),i = 1,2,..., N. Clearly,
u; € Viandu = Zthl u; holds, and
bi(ui, u;) = ai(Hiu, Hiu) = a;(u, u).

By subassembly, this shows that

N
> biui w) = a(u,u) = s(u, u) = b(u, u).

i=1

Assumption (ii): For u; € V; we have that

s(ui,ui) = si(ui, u;) + Z sj(ui, ui).

jIV_]'ﬂV,';ﬁ@
Using Lemma 4 shows that s; (u;, u;) < C ||u;|ly,~r and that
sj @iy ui) < Cluilg o < C lluilly
JA\T B — ! V_,-ﬁl“ — tiiv;Nr »

since u; € V;, and thus u; (x) = 0 for x € (V; N T")\V;. Using Sobolev’s embedding
we can further bound ||u; ||\2/l.m~ as

i G, < C luill ooy < C luillp g, < Cailui, ui)
= Csi(ui, uj) < Csi(In(iui), In(viu;)) = Cb;(u;, u;).

Combining the above yields b(u;, u;) < Cb;(u;, u;) for u; € V; as required.
Assumption (iii): It is easy to see that

I, VinV; #9,
€ =
Y 0, otherwise,
asV;NV; #@ifand only if V; NV; # . O

This shows that the condition number of the preconditioned system is independent
of h. We note that p(€) < dmax via Gershgorin’s theorem. Finally, we state our main
theorem.

Theorem 7 The Neumann-Neumann algorithm converges to the solution of (6) with
a geometric rate that is independent of h.

Proof The statement follows from Proposition 6 and Lemma 4. O
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Remark 8 We note that in a multidimensional setting one usually assumes that the
substructures and the elements are shape regular, meaning that the number of neigh-
bours of any subdomain, and thus p (&), is bounded by a constant. Furthermore, the
verification of assumption (i) and (ii) is more challenging, and accordingly the esti-
mates on %% are more complicated. In particular, usually polylogarithmic bounds

s(u,u)
- -\ 2 ~

of the form h~2 (1 +log %) appear, where /1 denotes the size of a typical subdomain,

see [34, 43]. The main technical difficulty is the fact that the boundary spaces of the

domains are equipped with the H > Sobolev-Slobodeckij seminorm, which cannot be
so straightforwardly estimated as in our case.

4 Numerical experiments

In this section we introduce and discuss some numerical experiments. The C++ imple-
mentation mainly relies on Eigen 3.4.0 and is compiled with GCC 13.2.1. The graphs
are generated with NetworkX 3.1 in Python 3.11.6. The experiments have been per-
formed on a computer with Intel(R) Core(TM) 17-8565U CPU @ 1.80GHz and 16 GB
of RAM. The Schur complement problems are solved respectively without precondi-
tioning, with degree preconditioning, with diagonal preconditioning, with first-degree
polynomial preconditioning and finally, with Neumann-Neumann preconditioning.
While our convergence theory holds for arbitrary (nonoverlapping) decomposition, in
all experiments, we completely decompose the quantum graph so that each subgraph
consists of a single edge. Despite this, to anticipate more general decompositions,
we solve the subproblems with Cholesky decomposition without assembling the S
matrices or their inverses. The Dg diagonal is extracted in a naive way by solving n
equations where the right-hand sides are set to unit vectors of R”. We set the length of
each edge to 1. Furthermore, the ce conductances are set to sigmoid functions, the pe
potentials are set to double-well functions and the f. forcing is set as a short shock at
the start of the edges; that is, we have

1
1 4 exp ( —25(x —0.5)

ce(x) = +1,
)

0.05
Pex) = 523 (1x = 0.5 = 0.2)" +0.05,
fe(x) = exp(—1000x2).

The initial guess is set to the zero vector and the iteration is stopped after the relative
residual norm reduces below the square root of the machine precision ¢ ~ 2.2204 -
10716

While Corollary 5 shows that condition number of the Schur complement is inde-
pendent of fz, it might still increase as the number of vertices, and thus the maximum
degree grows, as indicated by the results below. Interestingly, this dependence is
already somewhat mitigated with a diagonal preconditioner and seemingly elimi-
nated with a polynomial or Neumann-Neumann preconditioner. Instead, the condition
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Fig.1 The graphs DGM(1), DGM(2) and DGM(3)

Table T Number of PCG iterations for the Schur complement systems of Dorogovtsev-Goltsev-Mendes
graphs of increasing size with log, (h_l) =6

Graph No prec. Degree Diagonal Polynomial Neumann-Neumann
DGM(5) 26 14 13 9 10
DGM(6) 35 14 13 11 11
DGM(7) 53 15 15 12 12
DGM(8) 73 19 16 13 14
DGM(9) 90 20 19 13 14

number of these preconditioners seem to only scale with the average degree. In fact,
we found that for small graphs with |V| <« 1000 solving the Schur complement sys-
tem without preconditioning is the fastest independently of h, but for larger graphs
preconditioning is more and more crucial as log, (fz_l) increases.

4.1 Dorogovtsev-Goltsev-Mendes graphs

The first set of test graphs are a family of scale-free planar graphs introduced in [49],
defined iteratively as follows. The graph DGM(0) is the path graph with two ver-
tices. The graph DGM(k + 1) is generated from DGM(k) by adding a new vertex for
each edge and connecting it with the endpoint of the edge. The graph DGM(k) has
IV] = 3(3F + 1) and |E| = 3. Figure 1 shows the first few graphs of this iteration.
First we set log, (ﬁ_l) = 6 and apply PCG to the Schur complement system of DGM
graphs of increasing size. Table 1 shows the number of necessary iterations with-
out preconditioning and with degree, diagonal, polynomial and Neumann-Neumann
preconditioning. Table 2 shows the same for DGM(7) with increasing log, (fz’] )

4.2 Barabasi-Albert model

Next, we test our method on scale-free graphs with |E| ~ 2|V| generated using the
Barabasi-Albert model [50]. Unlike the DGM graphs, which are generated determin-
istically, the Barabdsi-Albert model has randomness involved, and thus the following
results have to be understood in a probabilistic sense.
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Table 2 Number of PCG iterations for the Schur complement system of DGM(7) with increasingly finer
meshes

log, (ffl) No prec. Degree Diagonal Polynomial Neumann-Neumann
53 15 15 12 12
53 15 15 12 12

8 53 15 15 12 12

10 53 15 15 12 12

12 59 15 15 12 12

Table 3 Number of PCG iterations for the Schur complement systems of scale-free graphs of increasing
size with logy (h™!) = 6

Graph No prec. Degree Diagonal Polynomial Neumann-Neumann
SF(100) 39 25 25 13 13
SF(500) 63 28 28 15 15
SF(1000) 74 29 29 15 15
SF(2000) 90 28 28 15 15
SF(5000) 106 28 28 14 14

Table 4 Number of PCG iterations for the Schur complement system of SF(100) with increasingly finer
meshes

logy (ﬁ_ 1 ) No prec. Degree Diagonal Polynomial Neumann-Neumann
73 29 29 15 15
74 29 29 15 15

8 74 29 29 15 15

10 75 29 29 15 15

12 74 29 29 15 15

5 Conclusion

Again, we setlog, (fz‘ ! ) = 6 and apply PCG to the Schur complement system of scale-
free graphs of increasing size. Table 3 shows the number of necessary iterations without
preconditioning and with degree, diagonal, polynomial and Neumann-Neumann pre-
conditioning. Table 4 shows the same for SF(1000) with increasing log, (ﬁ_l).
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