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Keywords: domain decomposition method, elliptic partial differential equations,
additive Schwarz preconditioner

1ii



Contents

Introductionl 2
[List of used notationl 3
(1__Discontinuous Galerkin Method| 4
(L1 Model Probleml| . . . . ... ... .. 4
(.2 Discontinuous Galerkin discretizationl . . . . . ... .. ... ... +
[1.2.1 Partitioning of domain £ . . . . . . . . ... .. ... ... 4

(1.2.2  Discontinuous Galerkin method based on primal |

[ formulationl . . . .. ... ... oo 7
[1.2.3  Basic properties of DGM| . . . . . ... .. ... ... ... 8

[1.2.4 Equivalence with the system of linear algebraic [

[ equations| . . . . . ... 13
(1.3 Ap - condition number estimates| . . . . . . . ... ... ... ... 13

2 Domain decomposition method| 17
[2.1 Subdomain partitioning, Local and Coarse solvers| . . . . . . . .. 17
RIT1 TocalSolvers . . ... ... ... .. ... ... ..... 17

RI12 Coarsesolver] . . ... ... ... .. ... ... . ... . 18

2.1.3  Variational formulation. . . . . . . . ... ... ... ... 18

[2.2  Convergence analysis| . . . . . . . .. .. ... ... .. ...... 19
[2.3  Implementation| . . . . . . .. ... 25

[3 Numerical experiments| 28
[3.1 Laplace equation] . . . . . .. ... .. ... ... .. 28
[3.2  Symmetric linear elliptic equation| . . . . . . . ... ... .. ... 31
[3.3  Symmetric nonlinear elliptic equation| . . . . . . . . ... ... .. 35
Conclusionl 39
(Bibliography| 40




Introduction

Discontinuous Galerkin method is method developed for solving the partial dif-
ferential equations. The principle of the method is to use partitioning (mesh) of
the computational domain into finite number of elements, where we approximate
the solution using polynomials of some degree. The standard conforming finite
element method approximates the solution by functions, that are piecewise poly-
nomial on the mesh and that are continuous in the whole domain. This is not the
case of the DGM, which is based on a piecewise polynomial but discontinuous
approximation. In order to guarantee the well-posedness of the numerical scheme,
we have to introduce some term, which mimics the continuity on the boundaries
of the elements. This term is called the interior penalty.

The discretization of the partial differential equation leads to a large sparse
algebraic system, which is usually solved by a suitable iterative solver. The
solution of algebraic systems exhibits usually the most time consuming part of
the whole computational process.

The domain decomposition method was developed in the end of 19th century
for the computation of partial differential equations, see the article Schwarz|[1870].
Nowadays it is being studied again to use with modern numerical methods, where
we must deal with large problems and the use of the supercomputers need the
parallelization of the computations to be efficient. The DDM decomposes the
computational domain into smaller subdomains, where the problem is computed
separately and then it is put back together. There are also many versions of
DDM, so we will only focus on the Additive Schwarz (AS) method. In particular,
we analyze and numerically verify the AS preconditioners, which significantly
reduce the computational costs of iterative solvers.

In the first chapter we introduce the DGM on a model problem. The analysis
can be extended to more complicated problems with different boundary condi-
tions. We prove the continuity and coercivity of the billinear form from DGM,
since these two properties are necessary for the condition number bounds. In
the second chapter, we formulate the Additive Schwarz method and using three
assumptions on the local solvers we obtain the condition bounds for the precon-
ditioned system arising from DGM. In the final chapter we introduce the results
of numerical experiments performed to back up the analysis.



List

of used notation

N natural numbers
R real numbers
\Y% gradient
0N boundary of domain €2
Q closure of domain €2
A) eigenvalue of bilinear form 4
A) eigenvalue of matrix A
A) condition number of billinear form A
A) condition number of matrix A

x-y scalar product of two vectors x, y



1. Discontinuous Galerkin
Method

In this chapter, we introduce Discontinuous Galerkin method for the numerical
solution of a model problem. We slightly extend the results from the monograph
(Dolejsi and Feistauer| [2015]) which will be used later in the analysis of the
domain decomposition method.

1.1 Model Problem

By Q© C R% d = 2,3, we denote a bounded domain with polygonal, Lipschitz
boundary 9€2. We use the notation L?(Q) for the space of square integrable
Lebesgue functions and W*P(Q), 1 < p < oo, s € N for the Sobolev spaces. In
particular we set H*(Q) := W*2(Q),s > 0. We denote by |- |so and || - ||so the
standard Sobolev seminorm and norm, respectively, defined on H*(Q2). Moreover,
we denote by H} () the space of functions from H'(Q) that have zero trace on
the boundary 0f2. Finally, we denote by (-, )q the standard inner product in
L2 (),

We consider the following problem. Let f = f(z) € L*(2) be given, we seek
u = u(zx) such that

—div(KVu) = f in
u=0 on 0f,

where K = K (z) is a symmetric positive definite matrix in R%*¢. We assume
that Jkg, k1 > 0 such that,

kolé] < K¢l < kil¢|  VE€R? (1.3)

For simplicity, we consider homogeneous Dirichlet boundary condition on 02,
but the results can by simply extended to a more general case. For the complete-
ness we state the definition of the weak solution.

Definition 1 (Weak solution). A weak solution of problem (1.1)) is function u €
HJ(Q), that satisfies the following identity

. — 1
/QKVU Vo dz /qu de e HLQ). (1.4)

The existence of the weak solution can be proven by the Lax-Milgram lemma.

1.2 Discontinuous Galerkin discretization

1.2.1 Partitioning of domain ¢

Let 75, h > 0 be a partition of Q into a finite number of closed d-dimensional
non-overlapping simplexes K, such that

U K=a. (1.5)

KeTy,



Every element K € 7, is an image of fixed master element K, and K is the
open unit d-simplex in R?. In d = 3, K is a tetrahedron, but we call it triangle.
The partition 7}, is called a triangulation of €, we do not assume the standard
conforming properties, so we are allowing hanging nodes in the triangulation.
Further we will use following notation. We denote by 0K the boundary of element
K and hg as its diameter. We set h = maxger;, hi.

Let K,K' € T,. We say that K and K’ are neighboring elements of the
triangulation 7, if 0K N 0K’ has a positive d — 1 dimensional measure. We say
that v C 0K is a face of element K, if v is maximal connected subset of either
OKNOK', for K’ neighboring element of K, or 0K NOS2. The (d—1) dimensional
Lebesgue measure of v we denote as |y| and the same notation will also be used
for the d dimensional Lebesgue measure of the simplex K.

Further, let Fj, denote the union of all faces (d = 3) or edges (d = 2) of all
triangles in the triangulation 7,. We will use the term "face” even for d = 2 in
the following text for simplicity. Furthermore we will distinguish between interior
and boundary faces as

o the set of boundary faces denoted by
FP={yeFun:vCoQ}, (1.6)

o and the set of inner faces denoted by
Fir = Fu\ Fy. (1.7)

Let p := {px : K € T,} be a set of integers that assigns to each element
of triangulation its polynomial degree of approximation. We also assume that
the polynomial order has local bounded variant. Which means that there exists

constant Cy > 0, such that
PK,y

Pk,
for any pair of elements K; and K, sharing a face.
In some theorems we will use the broken Sobolev space defined by the following
for s e N

< CV7 (18>

H¥(Q,Ty) = {v e L*Q) :v|g € HS(K)VK € Ty} (1.9)
For v € H*(S2,Tp,), we define the the norm
lWllz@my = 22 vk (1.10)
KeTy
and the seminorm
Wlts@m) = 2 Ivlik (1.11)
KeTy,
We define the space of discontinuous piecewise polynomial functions as
Spp = {v € L*(Q) : v|g € P, (K)VK € Ty}, (1.12)

where P, (K) denotes the space of polynomials of degree less than px on K.
Furthermore we have that

S C HY (U, Th),  seN. (1.13)

For the sake of simplicity we will use in text the generic constant C' > 0, that
does not depend on h and p. The constants that are somewhat important, will
have assigned index.



Jump notation

Let v € H*(Q,T;) and q € [H*(Q,T3)]% s € N, be a vector and scalar valued
functions smooth in the interior of K € T;,. We denote by v* and q* the trace of
functions v and q on two neighboring elements K, K~ € T, sharing interior face
7. Using this notation we will introduce definition of jump [-] and mean value (-)
of function on faces as

W=vin,+vn., [gd=q -n,+q -n, .
)=t ), la)=5(a e, Y

where n4 denotes unit outward normal for an element K. respectively. On a
boundary face v € F? we define jump and mean value in the following way

[v] =vn,[q] =q-n,{(v)=v,(q) =q

Asumption on meshes

We consider a system of triangulation {7} ,e 0.5, h > 0. The following assump-
tion are used for the continuity of bilinear form, that we will get from DGM
discretization.

o The system of triangulation {75}, (o), h > 0 is shape - regular if there
exist constant C'r such that
hi

o < Cr VK €T,Vhe (0,h). (1.15)
K

Moreover we need to introduce the quantity h. for v € Fj,, which is a counterpart
to hg on the faces. For this quantity we will assume the equivalence condition.

o The system of triangulations {75 },¢(o n) satisfy the equivalence condition, if
there exists constants Cy > 0 and Cr, > 0 such that

Crhx < h, < Cphgx VK € T,Vy € Fr,y COKVYh € (0,h).  (1.16)

The equivalency condition (1.16) can be fulfilled by the suitable choice of h,
based on additional assumption on the family of triangulations {74 }e( ). For
example:

o Iffaces v C 0K do not degenerate with respect to the diameter of K, h — 0,
we can rewrite it as:

h
diK <Cy VK eTpVye FnyCOK, (1.17)

3C,; > 0 such that —
fam(7)

then
h, = diam(7). (1.18)

o The family of triangulations {75 },e (o) is locally quasi — uniform

0o >0 VK, K' €Ty, K, K'neighbors, Vh € (0,h) :  hx < Cohgr.
(1.19)



o The family of triangulations {75 },¢( ) is called quasi-uniform if:

We can set the parameter h, as follows.

o If 7, is conforming (no hanging nodes are allowed), then we can set
h., := diam(7). (1.21)
o If 7, is local quasi-uniform, then we can set

hy = hic, hi 1.22
= max (ki hic) (1.22)
YCOKNOK'

Finally for an edge v we can define the polynomial degree p, by:

{max{pK/,pK} if v C 0K’ NIOK,
by =

1.23
P if v C OK N o9, (1.23)

In our experiments, we will use the quasi-uniform mesh with same polynomial
degree on every element K.

1.2.2 Discontinuous Galerkin method based on primal
formulation
Now we are ready to introduce the symmetric interior penalty variant of DGM.

Multiplying the probem (1.1]) with function v € H?*(£2, T3), summing over K and
using Green’s theorem, we obtain the identity

Ah(“? U) = (fv U)Q Vv € HQ(Q> 771)7 (124)
where Ay : H*(Q,Tp) x H*(Q, Tn) — R is bilinear form given by
Ap(u,v) := ap(u,v) + J7 (u,v), u,v € H*(Q, Tp), (1.25)
where
ap(u,v) == > / KVu-Vvdx— > /((KVU) ]+ (K'Vv) - [u]) dS (1.26)
KeT, 'K verl 7
and
mwmzz/ﬂmm&vem@ny (1.27)
~eFL

The form J7 is called the interior and boundary penalty bilinear form, that
we introduced in order to mimic the continuity of conforming FEM. The pa-
rameter ¢ > 0 is chosen arbitrary. For our analysis we will use the following
representation. For o : U, ez — R we use

k 2
U|7207=Ozﬂ, v € Fi, (1.28)
hy
where ko is from (1.3)) and « > 0 is some positive constant. In the analysis, we
will show some bound for it.

Finally, we can formulate the definition of the approximate solution wuy,.
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Definition 2. The function uj, € Sy, is called an approximate solution of ([1.4))
if
Ap(up,v) = (f,v)a Vv € Sy (1.29)

This scheme is called the symmetric interior penalty Galerkin (SUPG) method.

Now that we have formulated the form A; we discuss its properties.

1.2.3 Basic properties of DGM

We introduce a few inequalities that will be useful in the numerical analysis.
First, we prove some properties of the norms in the space Sy, and form A,. We
define the DG-norm by the following

lull7, = (k’o|uﬁ{1(977h) + J7(u, u))?, where ko is from ([1.3), (1.30)

In the following text we will shall omit the subscript 7;, and write just || - [|.

Inverse inequality and multiplicative trace inequality

For the analysis, it is important to show the relations between the norms that
we use. The following results are taken from Dolejsi and Feistauer [2015] and
Antonietti and Houston [2011]. We will need them to prove the continuity and
coercivity of the bilinear form Aj,.

Lemma 1 (Inverse inequality). Let the shape-reqularity assumption (1.15)) be
satisfied. Then there exists a constant Cy > 0 independent of v, h, p and K such
that

4 ~
02 5 < cﬁgnvngﬂ Yo € Py, (K),YK € Ty, ¥h € (0, h). (1.31)

Lemma 2 (Multiplicative trace inequality 1). Let the shape-regqularity assumption
(1.15) hold. Then there exists a constant Cy; > 0 independent of v, h and K such
that

I3 ok < Cr (Ivllo.x vl + R 05 ) . VK €T,
Vv € HY(K), Yh € (0, h).
Proof can be found in (Dolejsi and Feistauer| [2015]).

Lemma 3 (Multiplicative trace inequality 2). Let the shape-reqularity assumption
(1.15) hold. Then there exists a constant Cyy > 0, that is independent of v, h and
K

(1.32)

2 ~
ol oxc < oy llvl Vo € Poc(K), VK € T Wh € (0,F). (133)

Proof. The proof easily follows from (1.32) and (1.31)). Let v € P, (K) for some
K € 7}, we have that

lo18.0x < Cir (0llo.se ol + R 0l )
2
Pk 2 1 2
< Cur (VO IR + 7l (130
< Cy(l+4/C PEC |2
< 14 O PE ol i
K
Setting Cyy = Cjy (1 + +/CY) is the proof completed. O

8



For the norm of the jump we will need the following result, which follows from
the definition of the mean value (1.14]) and the equivalence condition (1.16)). For
v e HY(Q,T;,) we have

> b, < Co > hrcllvll ox (1.35)

yeF] KeTy

Continuity of bilinear form for SIPG

First in our analysis we will show the continuity of the form A,. For this we
adopt the analysis done in (Dolejsi and Feistauer| [2015]). The proofs of the
theorems that we mention, are modification of the proofs mentioned in the book.
We formulate auxillary lemmas that we change to fit our model problem and that
will help us prove the continuity in DG-norm.

First we will use the Corollary 1.33. from (Dolejsi and Feistauer| [2015]).

Lemma 4. Let the system of triangulation {Tp}peon be shape-regular (L.15)

and let the quantity h., v € F, h € (0,}_1), satisfy the equivalence condition
(1.16). Let the parameter o be defined by (1.28)). Then the form A, defined

above, satisfies the estimate

k
|Ap(u,v)| < 2E1||u||1,0||v||1,0 Yu,v € H*(Q,T), (1.36)
0
where
oo = 1ol + 3 [ Ko (n - (Vu))?ds. (1.37)
ef’

Proof. We will prove the bounds for the specific parts of the billinear form Ay.
First

lan(u,v)| < > / |[KVu - V| dx

KeTy
" (1.38)
+ Z/ (KVu, Vv|dS+Z/ (K'Y, V)| dS.
yeF! v veF! v
(52 53

We will start with bound to d; using a Cauchy-Schwarz inequality for integral
and then for series and using (1.3)).

k1 kq
(51 < Z 7]60 |U’1 Kko ‘U’l K S < fko ]u\fp (Q,77) kO ’U|H1 (,73) (139)
KeTh ko

For the §; we will again use the Cauchy-Schwarz ineguality and the (1.3)
: 3
( / Ko (n - (Vu))? dS) (/ olu]? dS)
veF! v

< ky > /k’g(f—l(n- (Vu))? dS T > /a[v]2 ds| ,

ol



and we will do the same manipulation for d3. From that we get

A

I I
YEF;, YEF,

5y < (Zg 3 Akga_l(n- (Vo))? dS) (:; 3 /ﬂﬂ? dS) L (141)

Now putting (1.38)) - ([1.41]) together and using the discrete Cauchy-Schwarz in-
equlity we obtain,

ky 1 1
an(u, v) < kj;koz [uli@7ike [0 . 7)
> 3
ks 2 _—1 2 k1 2
+ . ko™ (n - (Vu))* dS o olv]* dS
Ovefé v Ovefé v
1 1
k “k 2
+ //gga%(n. (voyas| | /a[uf ds
0 Jerr 7 0 Jerr 7
T T  (1.42)
2
k
< 2 RoluBiam + X [ Ko - (Tu))? S+ Jg (u,w)
ko ’ JeFl Y
h
3
x| KolvBinam + X [ Ko (n- (T0))? dS + Ji(v,0)
~eFL
k
< E;||u||1,a||v||l,a-
Now for the term J; (u,v) we have from Cauchy-Schwarz, that
7 (s 0)| < I (s w) 27 (0, 0)7 (1.43)

Putting ([1.38)) - (1.43)) together and using the definition of || - || norm, we get

D=

g k g 1 g
[ An(u, 0)] < lan(u, v)] + [J5(w, v)] < k*;IIUIh,aIIvIIl,a + Jh(u,u)2 J5 (v, 0)

ky

L (1.44)
1
< —lulliollvllie + lulliollvliie = 2 llulliollvllie

ko ko

[]

The next lemma will be dealing with bounding of the jump term Jg (u,u)z.
We will also get the bound for the norm ||-||1 ,, that we will need for the continuity
of the bilinear form in the DG-norm.

Lemma 5. Under the assumption as in Lemma[f], there exists constant C, > 0
such that

Juw)? < Jull < flullie Yu€ HX(Q,Ta), h € (0,h), (1.45)
and

T nvn)? < Joall < llonllie < Collonll  Von € Sny, b€ (0,h). (1.46)

10



Proof. All of the inequalities are trivial except for the last inequality ||vyl/1, <
Cy||vn]|. For this inequality we need the following bound, using estimate (|1.35))

and ((1.8) we get

Ck h
3 /kga—l( (V))2dS < 22 3 K||Vv||03K
veFL KeTy
Ck
< 20 —CMiK\th (1.47)
@ keT,
OCMk:O

> ol

KeTy

Hence we can add this term into the DG-norm and we get the inequality with
constant C, independent of pg. ]

Now for the we have the auxillary estimates prepared for proving the conti-
nuity of form A, in the DG-norm.

Theorem 6 (Continuity of the billinear form). Let the system of triangulation
{Th}nen be shape regular and let the quantity h,, v € Fn, h € (0, h), satisfy
the equwalence condition. Let the parameter o be defined by (|1.28] - Then there
exists a positive constant C, > 0 such that

k
[An(u, v)] < 2(/”fr/,\?;IIIUIII loll Vu, v € Shp. (1.48)

Proof. The proof of this theorem follows from the auxillary lemmas, that we
stated before. More precisely Lemma [4] and Lemma [f] O

Coercivity of bilinear form for SIPG
The following result will be needed in the proof of Theorems [§ and [I1]

Theorem 7 (Coercivity). Let the system of triangulation {T}he(o ) be shape reg-

ular and let the quantity h., v € Fy, h € (0, i_l), satisfy the equivalence condition.

Let
k? 14Cy CyCy

a > = T,
where Cy, Cyr and Cy are constant from (1.16)), (1.33) and (1.8]), respectively,
and let the penalty parameter be given by (1.28)) for all v € Fy,. Then

(1.49)

Ap (v, vn) > 7H|vhm2 oy, € Sy, Vh € (0, 1). (1.50)

Proof. Let 0 > 0 be a constant that we will specify later. Then from definition of
the form ay(-, -), boundedness of eigenvalues of K and from Cauchy and Young’s

11



inequality it follows that

ah(vh,vh) Z k‘0|’l)h|§{1(977-h -2 Z / KVvh>[vh] ds

yeF] v
k : 1 :
2 k0|vh|§{1(ﬂ’7-h) -2 KI Z /hfy(n <V’Uh>)2 dS k15 Z /F[Uh]2 dS
E]—',{ v 'ye]:}{ vy
k1o
> l{:0|vh|§{1(97¢h) —w— ﬁ{]"(vh,vh)
(1.51)
where
o= My /hww )2 dS (1.52)
= 5 2 h . .
’YE]'-I 'Yp'y

Now we use the multiplicative trace inequality, equivalence condition for hyx and

h, , bound ([1.35)) , assumption (1.8)) and we get

CUCVk hK
w< T S I Vunl o
KeTy
C’ CyCyvk
< MYUVVR] Z | h‘lK (153)
5 KeTy,
CuCuCyky
< f’“hml(g,ny
Now, we choose
6= W (1.54)
ko
Then it follows
1 4Cy CyCyk?
an(vp, vp) > 3 <k0’Uh|%11(Q,Th) %J (v haUh)>
1.55
| 2 ) (1.55)
> B (k0|vh|H1(Q,Th) - Jh(foUh))
Now if we use this in the form A, we get
Ap (v, vn) = ap(vn, va) + I3 (Un, vr)
1 o
2 5 (kg]vh]fql(gﬂ) -+ Jh(vh, Uh)> (156)
> ol
O

For the completeness of the analysis, we introduce the theorems about the
existence and uniqueness of the approximate solution and about the bounds of
the error. We refer to (Dolejsi and Feistauer| [2015]) for the Lax-Milgram lemma
and for the proofs of the following theorems.

Theorem 8. There exists only one approzimate solution of problem ((1.29)).

12



Proof. By the Lax-Milgram lemma, the coercivity and boundedness of the bilinear
form A;, implies the existence and uniqueness of the solution of the discrete
problem ({1.29)). O]

Theorem 9. Let Q) be bounded, convex polygonal domain and let u € H*(2) is
the solution of (1.1). Let Ty, be the triangulation of Q with all the assumptions in
Section [1.2.1. Let s and p be the vectors defined in|Dolejsi and Feistauer| [2015],
such that sk > 2 and px > 1, VK € T,. Moreover, let all the assumptions for
the boundedness and coercivity of the bilinear form Aj, be satisfied then

h%uK—l)
flun —ull <C{ > =g ullswex | » (1.57)

KeTy, Pk

where g = min{pgx + 1, sk }.

1.2.4 Equivalence with the system of linear algebraic
equations

Choosing a suitable basis of a function space Sj,, we can get the equivalence of
the problem (|1.29)), with the system of linear algebraic equations

Au=F. (1.58)

This system can be solved using a numerous numerical methods, for example
GMRE, MINRES, Conjugate Gradients, etc.. Usually the system is very large
and the traditional methods are very slow. Hence we use the preconditioning to
increase the speed of the method. One of the things that can be done to increase
the speed of convergence is to decrease the condition number. This doesn’t mean
that, if we lower the condition number that we get faster convergence all the time,
but it is the usually true.

1.3 hp - condition number estimates

Now that we have proven essential properties of the form Ay (u,v) we will look
at the estimates for the form. First we will define the spectrum of bilinear form
Ay We will use the definition presented in Rynne and Youngson| [2007].

Definition 3. Let A, be a bilinear form defined on the space Sy, dim(Sh,) = N
and w; be a nonzero function from Sy, such that

Ah(wj,v) = )‘j (wj,v)g Yu € Shp7 j=1,...,N. (159)

The functions w; are called eigenfunctions and the scalars \; are called eigenval-
ues.

For the condition numbers are important the largest and smallest eigenvalues
given by the following definitions

)\max(Ah) = max ———— )\mzn(Ah) ‘= min M

, . 1.60
v£0 (v, 0)q v£0  (V,0)q ( )

Now we can formulate the definition of the condition number of bilinear form Aj,.

13



Definition 4. The condition number k(. Ap,) of the bilinear form A, is defined by
the following

>

k(Ap) = (1.61)

>\min

For the completeness of the analysis we, also state the definitions for matrices.

Definition 5. Let A € R™"™ be a real valued matriz and let there be a vector
veR", ||lv|| =1 such, that
Av = \v. (1.62)

The A € R is called eigenvalue of matriz A and the vector v is called a eigen-
vector. The condition number of symmetric matriz B € R"™"™ is defined by the
following

[ Amaz(B)]
|)‘mzn(B)| ’
where Apaz(B) and Apin(B) are mazimal and minimal (by moduli) eigenvalues
of B respectively.

k(B) = (1.63)

Now let the functions {¢;}}_; be the basis functions of the space Sy,

dim(Sp,) = N. Then

Shp = span{p1, ..., o}, (1.64)
and for all functions v € S, we have the following representation
N
v=3 vy, (1.65)
j=1
where v; =R, 1 =1,..., N. We use this representation to define stiffness matrix

A € RN and mass matrix M € RV*¥ that corresponds to the bilinear form
A, and scalar product in L?(Q) respectively. The entries of those matrices are
given by

Using these matrices we can rewrite the action of bilinear form and scalar product
on two functions u, v by the following identities

An(u,v) =u’Av  (u,v)q = u’ My, (1.67)

where u = (uy,...,uy)? and v = (vy,...,vy) are vectors of coefficients from the
representation of the functions in the basis of Sj,, cf. . Then we deduce
the relations between x(M), x(A) and x(Aj). These relations are the following
inequalities:

)\maz(A) S )\ma:r(Ah>)\maa:(M); Amm(Ah))\mzn<M) S Amm(A) (168>
The proof of the first inequality can be as follows
ul Au,,
"ul Mu,,
< sup (u! Mu) A pas(An) (1.69)

lu|=1

S Amam (M))\max (Ah)a

Amaz(A) = ul Au,, = ul Mu
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where wu,, is the eigenvector of A corresponding to \,,... The other inequalities
can be proven the same way.
Moreover we state auxillary lemma.

Lemma 10 (Friedrich-Poincare inequality). Let M C €2 be an open connected
polyhedral domain such that M is an union of elements from Ty. Let the diameter
of M be Hy. Then for any function v € H(Q,Ty) the following holds

_1 _1
Wlga < CHY | D0 Wi+ 32 lIba? R, + D2 b 20l | (1.70)

KeTy 'ye]-'}{ 76]—‘}{
KcM yCM ~COM

where C' > 0. Moreover if v has a zero average over M, then we have

lolBar < CHY | 2 o+ 3 1057 ] I3, (1.71)
KeTy veF]
KCcM ’YCM

The proof can be found in |Antonietti and Houston| [2011]. There is also the
Broken Poincare inequality introduced in Dolejsi and Feistauer| [2015], that can
be also used in the analysis. Now the hAp-bounds of the condition number x(.Ay,)
are given in next theorem.

Theorem 11. For any v € Sy, we get
4
p
Cho Y Ilvllg x < An(v,v) < Chy Y hTKHUH(Q),K (1.72)
KeTy KeT, ""K

Proof. For the lower bound we can use the Lemma [10] with M = € and the
coercivity of the form Ay:

KollolB < KoCHR | 3 lold s+ 3 11 | V165

KeTy, yeF]
< CHé Z ko’U|1K+ Z 7“ 2 HO,’Y (1.73)
KETy, ’YE]:I
2 1 2
< CHgmax {1, —————— ¢ [[v]
QIin, e 71 3

< 20HE An(v,0).

For the upper bound of the first term in the DG-norm we can use the inverse
inequality (1.31)) and we get:
P
ko D IVUllsx =ko D [vlix < kCr ). hfllvllg,K- (1.74)
KeTn KeTn KeTy

For the jump term J7(u,u) we use the definition of o (1.28) and the inverse

inequality (1.31)):

2
o aps ko
Fuu)y =3 o2 ] I3, = > a1 AR, <kC Y 7 7 H 6, (1.75)
7y

T T
YEF, VEF, KeTh
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Now if we use the continuity of the form A, cf. (1.48)). we get the result we
needed. [

Corollary 12. The condition number of A can be estimated using the inequality
(1.68) and previous theorem to get the result:

k1 maxger, p}l(
A< h ) 1.
(4) < O (1.76)

Hence in order to bound the condition number of A it is sufficient to bound
the condition number of M, in other words bound the eigenvalues of M. This
problem depends on the choice of basis. We will suppose that the basis {goj}jyzo
is orthogonal, which is easy for DGM to construct in practice. Then we get the
diagonal matrix, and then the following result from (Quarteroni and Valli [2008]
can be proven

Lemma 13. Let {¢;}, be the orthogonal basis of the space Sy,. Then for any
u € Sy, let u be the vector of coefficients of u in the basis {¢;}Y ,, then

C’Ir<n€i7r; hu'u < u' Mu < Clr?g_c hfuu. (1.77)
h h

Hence we get the following corollary combining the two previous results.

Corollary 14. For a set of orthogonal functions {@;}x.,, which form the basis
of the space Sy, we have the following bound on the condition number k(A) of a
system matriz A

4 d
H(A) < k1 maxper, P MaxXger;, hY%
= ko minger, h3 minger, hY

(1.78)

Therefore, if the triangulation Ty, has a globally quasi-uniform polynomial approz-

imation, then

k(A) < C]]zlp4h_2. (1.79)
0

Therefore, for h — 0 and p — oo we have that x(A,) — oo. Hence the
computation cost is increasing with the usage of finer mesh and higher polynomial
approximation. This leads us to using the preconditions to increase the speed of
the computation. As we already said, this is not the most reliable way, since in
some cases this does not have to lead to increased speed of computation, but it
is all we can do.
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2. Domain decomposition
method

Domain decomposition method is a method for solving partial differential equa-
tions by partitioning of the domain €2 into subdomains €2; and solving the problem
there. We will be mostly interested in the non-overlapping Schwarz precondition-
ers. The preconditioning is important for solving large systems with a lot of
unknowns where the traditional methods will be slow and inefficient. More de-
tails on the domain decomposition method can be found in |Dolean et al.| [2015]
or Toselli and Widlund| [2004].

2.1 Subdomain partitioning, Local and Coarse
solvers

We consider an non-overlapping domain partitioning of {2 onto the finite set of
open domains €2; such that

a-=Jo, 2.1)

-

1

]

and
QimQj:@ t,j=1,...,N,i#j. (2.2)

We assume that the domains €2; are unions of elements of triangulation 7,. In
addition, we consider the coarse partitioning of 2. We will use the notation 7y,
for the fine partitioning and the 7y for the coarse partitioning. We will assume
that these partitioning are nested i.e. the element of a coarse mesh is union of
elements of the fine mesh. By I';; we denote the set of all faces v € F} such that
vy C o NOQ,, 1,5 =1,...,N.

Next, we will introduce the local solvers in €2; and the coarse solver on the
coarse mesh.

2.1.1 Local Solvers

The local solvers on €2;, i« = 1,..., N are defined using a space of piecewise
polynomial functions. We will introduce the spaces Szp, that are the restriction
of space Sp, on the domains 2;. More precisely,

Sip=1{u € L*(Q) 1 ulx € P, VK € T K C Q;}. (2.3)

The space is generally discontinuous, and the functions generally do not vanish
on 9€;. Then the bilinear from Ay (u, v) will reduce to Aj, : S} x S}, — R using
the extension operators

Rl Sy, — Sy i=1,...,N, (2.4)

where the transpose of the restriction operator R; is with respect to L?(;) inner
product. The extension operators give us the representation of the space Sy, as
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the sum of spaces S,ilp,
Sip= RISL @@ RLSY, (2.5)

The sum here is interpreted as a linear combination of extended function from
i,p by zero on Q\ Q;. Now we can finally write the definition of the local solvers

as
Al (ug, v;) := Ap (R ug, R ;) Vu;,v; € Shy, i =1,...N. (2.6)

2.1.2 Coarse solver

With the coarse solver we will first need to deal with the inconsistency of the
polynomial degree. We will denote by ¢p the polynomial degree of the coarse
element D € Ty. We set ¢p such that

0 <gp < min py. (2.7)
Then we define the finite dimensional space for coarse solver as
Spp ={v e L*(Q) :v|p € P, (D), D € Ty} (2.8)

We can define the the extension operator RJ : S§, — Sp, as the classical
injection of S%p in Spp. Then we can use this extension to define the coarse
solver as

.A(,)l(uo, Uo) = Ah(RgUO, Rgvo) VUQ, Vo € S?{p (29)

The coarse solver is used to speed up the transition of information among
the subdomains. In general, if we use a higher polynomial degree, then more
information will travel, but the computation will be more costly. In general, it is
chosen to balance the cost and efficiency of the computation. For our analysis,
we will assume that the coarse solver is piecewise constant approximation.

2.1.3 Variational formulation

Now we will define the local projection operators P;, which we use for projection
of u to the space S}Lp, t=1,...,N. The operators are defined as

Pi : Shp — S,ip, AZ(Plu, Ui) = Ah(u, R?Ui), Vvi < S;lp (2.10)
Moreover, we define the projection operators on the space Sy,
P:=RI'P; : Spy— Sy Vi=1,...,N. (2.11)

The same definition of projection operators can be formulated for the coarse space
SY . 1. e.
p’ Y

Py : Spy — S?{p, Ao(Pou,vo) := Ap(u, RTvg), Vo, € S?{p. (2.12)

and )
PO = RE;PO : Shp — Shp (213)

Then we can formulate the operator of additive Schwarz method by
N
Py :=>_P. (2.14)
i=0
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2.2 Convergence analysis

The convergence analysis is based on the general framework of [Toselli and Wid-
lund| [2004]. Three assumptions on the local solvers are needed for the formal
analysis. We will follow the analysis done in |Antonietti and Houston| [2011] , but
the proof of the auxillary lemma is new and the proof of the last theorem is a
modification of the proof done in the article.

Assumption 1 (Stable decomposition) Let Cy > 0 be a constant such that for
every u € S, we have the decomposition

N
u="> Rlu, (2.15)
=0

with ug € S¥,, u; € S}, i =1,..., N, such that

N
> A (ug, u;) < CoAR(u, ). (2.16)

i=0
Assumption 2 (Local stability) There exist a constant 0 < w < 2, such that

An(RTw;, RYwy) < wAl (ug,u) Yy € Sppi=1,...,N,

(2.17)
Ap(REug, Riug) < wAp (ug,ug)  Vug € Sy,

Assumption 3 (Strengthened Cauchy-Schwarz inequalities) There exist con-
stant 0 < ¢; <1,4,7=1,..., N, such that

|.Ah(RZTU1, Rfuj)] S Eij.Ah<RlTUZ’, RZTU%)%.A}L<Rfuj, RJTUJ)%, Z,j = 1, . N,
. (2.18)
for all u; € S}, u; € Sj,. By p(€) we denote the spectral radius of € = {e;;}};_,

The spectral bounds for the Schwarz operator, follows from Assumptions [I]
and [3] The result is taken from [Toselli and Widlund| [2004] is formulated the
following theorem.

Theorem 15. Let the Assumptions[d] -[3 be satisfied. Then the condition number
of the additive Schwarz operator can be bounded as

k(Pag) < Cow (p(e) +1). (2.19)
Proof. The proof can be found in [Toselli and Widlund, [2004]. O

The aim of the remaining part of the section is to show that for the operators
defined in Section [2.1] satisfies Assumptions [I]-[3] Then we obtain the bounds of
condition number of the preconditioned system.

First we can see that Assumption 2| is trivially satisfied, from the definition
of the local projections and local solvers. In fact, it is an identity with w = 1.
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Moreover, for the assumption [3] it can be seen that ¢; =1 fori =1,--- | N.
Since the form A;, defines a symmetric and positive definite matrix, the Cauchy-
Schwarz inequality implies

An(u,v) < Ap(u,w) 2 Ap(v,0)2,  Yu,v € HY(Q,Th). (2.20)
Moreover, if 9; N 9, = 0, then
An(Rlui, Rl uy) = 0. (2.21)

Therefore, we have ¢;; = 1, when 0€2; N 0§, # () and ¢;; = 0 otherwise. Then we
can bound the spectral radius p(e) as

N
< < .
ple) < ir%aj?fszl leij] <1+ Ne, (2.22)
where N¢ is the maximum number of the adjacent subdomains that a given
subdomain can have and is typically independent of h.

Before verifying Assumption (1, we prove the following result. Obviously any
u € Sp, can be uniquely represented as

N
u=>» Rlw, weS, i=1...,N. (2.23)

i=1

Hence the following identity holds

N N
An(u,u) = A (ug,ui) + Y An(R] ws, R wy). (2.24)
i=1 ij=1
i#]

The following result deals with the upper bound of the second term of the identity
(12.24])).

Lemma 16. Let u € Sp, we have the following upper bound

N N
ky 1 1
> An(RT i, Bfw)| < O |l + 32 30 (lowills, + louill, ) |

i,j=1 i,j=1 ’YEFij
1#] 1#]
(2.25)
where u; € S,ilp, i=1,...,N are given by (2.23)) and C > 0 independent of h, H,

Pk, ko; kl-

Proof. Let u € Sp,. From the definition of the form A, we have that for 0€2; N
0Q; =0, Ap(R]u;, RTuj) = 0. Also, we have the triangle inequality for the sum

N N
i,j=1 i,j=1
iJ#J‘ ijij

For simplicity we will use the notation %; and @; for R} u; and Rfuj respectively.
Let €; and ; be neighbouring subdomains. We have

Ah(sz, ’I~LJ> = ah(ﬁi, fLJ) -+ JZ(&Z, 'EL]) (227)
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We bound every term on the right-hand side of (2.27)). First, we deal with the
form

an(iis, i) = ) / KV, Vi, dx— Y / (KVa) - [a] + (KVa,) - [a]) dS.

KeTy, = }-i Y

(2.28)
The first term on the right is easy to deal with, since [ KV#,;-V; dx = 0. This
is due to the fact that the functions #,; and %, are zero on all subdomains except
on €2; and €2; respectively. For the next bound, we need to use the notation K fy for
the element K € 7T, such that v C 0K and K C ;. Using the Cauchy-Schwarz
inequality, the multiplicative trace inequality and the bound and
the assumption ([1.8)), we estimate the middle term in as

3 / (KVi) - [i;] dS < Cky S0 / (V) - [a,] dS

yeF] ’YEFij v
Z / ko(Viis) - [ii;] dS
76F
<C l? S k17 ok Nl o
0 yery;
k:
<0 > koHVuzlloaKz/foll[ illloq
lf() ’YEF”
1
]{1 204 2
<0l S WVl (152) el
\/—,YEF” hfy J Y
1 3
2
k1 1
<C koll Vi[5 lo= [3;]Ig
Ko/ K;Th 0.5 ,YEZ]_-I 70
KcQy ~CS;
kq ~ 12 L~ 112
< Ck; Z kOHVUz‘Ho,K‘f’ Z ||‘72[Uj]||0,7
oV | £ NeF]
KcQ; ~CQ,
(2.29)
The same can be done for the third term, and we get
e ki - 1.
S [ V) as <O S RolValc+ 3 ol
~eFl T 0 KeT, VeF]
KCQj ’YCQi
(2.30)
Now for the term J} we use the Cauchy-Schwarz inequality and we get
In (@i, @) < C ) llo2ailloqllo2 oy
Y€l
(2.31)
1. 1
C ( Z Ho-zui||(2),'y+ Z ||O-2uj||3,'y) .
’YEFij ’YEFZ']'
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Now adding the previous formulas together, we get

An (i, 4;) <Ck0(z kol Vaals  + 3 llo @il +

K€7~h ’YE]'—I

KCcQ; 'VCQ]'

~ 1.
+ > kollVallo ke + > lloz[alls, (2.32)

KeTh 'yE]-'}{
KCQ]' ’YCQZ'

1. 1
+ 2 el + > IIUZUjIIS,V)

’YGFU ’YEF”‘

Finally, using the fact that u|o, = @; and on each v € I';;, [&;] = w;n; we get

o k 1
Ah(ui,uj)SCk;( > kolVulge+ >0 llozlulllg,

RS Q, ¥
v (2.33)
1 1
+ ( > oz, + HmujHﬁ,y))
v€EL;;
Hence, summing over all subdomains €2; we get the result. O]

The key point in the analysis of the domain decomposition preconditioners is
the stable splitting, that can be found for a family of subspaces and the corre-
sponding bilinear form.

Theorem 17 (Stable decomposition). For any uw € Sy,, there exists a decompo-

sition of the form u = Y1 o Rl u;, with ug € Sy, and u; € Sp,, i =1,..., N, such
that
N ks maxge7, Pi
> Ai(ui,wi) < CCAR(u,u), Cf = a— max Hp——E<2—— (2.34)
= ko DETH mlnge% hx
c

where C' s independent of h, H, px, ko, k1.

Proof. Given u € Spp, let ug € S, be defined by
1
uo|p = —/ udx, VD € Ty. (2.35)
D] Jp

Next, we decompose uniquely u — R{uy = N RTw;. From the unique decom-
position and from identity (2.24]), we have

N N
An(u— Rgug, u — Rgug) = D An(Ry s, R wi) + > An(Rj ui, Rjuy).  (2.36)
i=1 ig=1
i#]

Now if we add to both sides Ag(ug, ug) = An(REug, R up), putting the second
term on the right-hand side on the other side, taking the absolute value of the
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equality and using the triangle inequality we get

N

1=0

<C (|Ah(u — R ug, u — Ry ug)| + [An(REwo, RS uo)|

N
+ > An(Rui, R} uy) )

1,5=1
i#
(2.37)

Now will will try to bound every term on the right-hand side. For the first term,
we have for C' > 0 using (2.20) and Young inequality

|Ap(u — R ug, u — Riug)| < ClAL(u, u)| + | AR (RS uo, R uo)l. (2.38)
We then get
N
> AR (R wg, R w)| <O\ | An(u, w)| + [Aw (R uo, R uo)|
i=0

(2.39)

ij=1

N
i#]

First term in (2.39) is estimated by the continuity of the form A; (1.48)). Now
we focus on the bounding of the second term in ([2.39). We show the following
bound

[ An(Rg uo, Ry uo)| < C (IIIUIII2 + > upllu— Rgﬂoll%,ag) : (2.40)

DeTy

where constant 7p is defined by

max e, Pa
np = a—=XL (2.41)
minge7;, hi
KCD
Now, for the bound, we use the continuity of the form Ay, the we add and subtract
u and use the triangle inequality. Due to (2.35)), ug is a piecewise constant, so we
have

VRIug=0 VK €T, (2.42)
Using ((1.25)), triangle inequality and the definition of the norm (|1.30]), we get

k 1
[ An(Bguo, Byuo)| < 72 3 o [Rgual I3,

0 '\/E]:i
k (2.43)
1 1
<O | X ot u— Rfuo] 5, + el

T
YEF,

23



We estimate the first term on the right-hand side. We use the fact that the jump
of ug is zero on the edges in D. Hence, we get

S ot fu—Riu] I3, =3 3 lot R+ > X llo® [u— Riuol |3,

yeF] DeTu veFt DeTu veF}
WED €8D
<l + 3 > llo? [u— Ryuo| 112,
DeTy ’YE]:I
’yeaD
< Jull® + ko > ol [u— Ry uo) I3 50
DeTy

(2.44)

If we add together ([2.43] - and - we get the bound -

Now we will use Lemma [16] for the bound of the third term in (2.39). Since
each €2; is a union of elements of Ty we get that

N
1 1
S (llorwl, + lo2wll,) < Che > npllu— RiuolBp.  (2:45)
7.;1'761—‘2] DETH
1#]

We note that u;, i = 1,..., N in (2.45) come from the unique decomposition
u— RTug = SN, RTu;. Using Lemma |16, we get

N Ky
> A(RTu, Rl u)| < C lu — R§uoll®> + ko Y mpllu— Riuoll3p | -
i,‘j;} DeTy

17

(2.46)
We simplify equation (2.39). We will use all these bounds, which we just did now,
and we will use the triangle inequality and the continuity of the form A; and we
get

=

N

=0

k
<cp (|||uu|2+|uu—R§uo|||2+ko > nDllu—R%“UOH%D)

DeTy

k
< Ck*; (HIUHI2 +ko > npllu— Rgﬂo\lgp) :

DeTy

(2.47)

Now we will need the trace inequality shown in [Feng and Karashian, 2002,
Lemma 3.1], which is for v € H*(Q,7,) and D € Ty as follows:

[vll5.0p < C |Hp'IWllop +Hp | >0 ik + D2 htlvlg, (2.48)
KeTy 'ye]:}ll
KCcD yCD

Now we can use this inequality for the last term in our bound and we also use
the fact that R ug is a constant on D and we get

lu— Rg < C |Hp'llu—Ryuollop+ Hp | > Julix+ Z hy g,
KeT,
KCD ch

(2.49)
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Hence, using and - we get

N

> An(R i, R w;)| < C ("W”2 +ko Y npllu—R UOHaD)
i=0 DeTy

<C- {WUN +

tho Y [HD1\|u—R§uoH§,D+HD( > ufx+ X hfnuu%ﬁ)] }
KeTy ~eF]

DeTy

KcD ’YCD

(2.50)

Now, using the Friedrich-Poincare inequality (L.71]) on the term [[u — Rfuol|g p.
we get

N
k1 _
> An(Riui, Rfw;)| < Cl? lull*+ 32 Co | > lulix+ > hrtllulls, | |-
i=0 DETH KETy veF!
KcD yCD
(2.51)
where Cp = konpHp. Now using the coercivity ((1.50) of Ay, we get the desired
result. O]
If we now use assumptions ((1.8) and ([1.16]), we get the estimate
N
HE
ZAMMmng 1%() (2.52)
Finally, Theorem [15] gives
HEk
K(Po) < Cal 0L, (2.53)
hkq

This shows us the dependence of the condition number on the coarse mesh size
and its elements. However, we do not see the role of the coarse mesh polynomial
degree. This aspect was analysed in |Antonietti et al. [2016].

2.3 Implementation

In this section, we briefly describe the implementation of the two-level additive
Schwarz method defined in Section [2.1]- 2.2 The implementation is inspired by
the method done in Antonietti et al| [2014]. Let n € N be the dimension of
the space Sp,. The DG discretization (1.29)) is equivalent to the following linear
algebraic problem. Find uw € R" such that

Au=F, (2.54)

where F' € R" is the vector of right hand side and matrix A € R"*" is repre-
sentation of the bilinear form A; in a suitable basis. Now we use the matrix
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representation R} i = 0,..., N of operator and P;i =0,...,N of an op-
erator (2.11]), for the restriction and prolongation operators, respectively. Using
the notation n; = dim(S},) we know that R{ € R™" i =1,...,N and from
the construction of the operators it is clear that P; = (RT)”.

Now we can see that the local billinear form A; will have

A; = RAR!] c R"*™ (2.55)

Now if we want to write the projection operators P; in the matrix representa-
tion we have for ¢ = 0,...n that

P, =R/ A 'RA. (2.56)

Then we can rewrite the operator P4p as follows

N N
Pip=) P =) RIAT'RA=M,A (2.57)
i=0 i=0

Hence in computation we will use the matrix M p as a preconditioner. The
computation of the system (12.54)) will be done using the preconditioned GMRES.
The algorithm we present is taken from |Golub and Van Loan| [2013)].

Preconditioned m-step GMRES If A € R™" and M € R™" are nonsin-
gular, b € R™ and x; € R” is an initial vector and m is an positive integer
setting the maximum number of steps. Then we obtain the approximate solution
of Ax = b using the algorithm:

Algorithm 1 Preconditioned m-step GMRES
k=0,1ro=b— Az, Solve Mzy =1y, 5o = ||20]|2
while £, > 0 and k£ < m do
qk+1 = izk
E=k+1
Solve Mz, = Aq;
for:=1:kdo
hiy, = qiTZk
zp = 2z — hiq;
end for
B = ||Z1<;||2, Pit1r = B 4
Apply G, ..., Gi_; matrices of Givens rotation to Hy1 5 = {hy; f:ll,]j“,
and determine Gy, Ry, py, and py, = | M1 (b — Axy)|s.
end while
Solve Ryyi = pi. and set & = xy + Qryx, where Qi = [qu, - - -, Q).

In our implementation the Solve step can be done using direct solvers, since
we have a special structure of the matrix M sp. The action of the matrix Myp
on some vector z is described in Algorithm 1 in |Antonietti et al.| [2014]. For the
completeness of the implementation method we will also mention it.

We build the coarse mesh using the partition of the elements €2; into k
macroelements, that are union of elements of the fine mesh. Subdomains €2;
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Algorithm 2 Action of the precondition matrix M ap
set z =0
for i = 1:N do
r; = RZ'Z
Solve A,u; = x;
zZ=2z+z;
end for
g — Roz
Solve Agug = xg
zZy = RE";'U,O
zZ=2z+ 2

are generated from the fine mesh using the library METIS. For the direct solvers
used in the preconditioning we use the Multifrontal Massively Parallel Solver
(MUMPS).

From the implementation may arise numerical errors that can have an impact
on our results. We state few numerical difficulties, that can lead to errors.

o The assembling of matrix A in the code is done by multiplication by a
canoniacal vector.

o The performance of the preconditioning can also be problematic. We use
MUMPS to compute the solution using A;*, i =0,...,N.

o The partition of the triangulation into subdomains €2;, « = 1,..., N can
also have an impact.

o The precision of the function used in MATLAB can also lead to numerical
eITors.
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3. Numerical experiments

We present several numerical experiments supporting the theoretical results from
Chapter 2. The first problem that we discuss is the Laplace equation with ho-
mogeneous Dirichlet boundary condition. It is the simplest version of problem
(L.1). In the following example we will use more nontrivial problem dealing with
the magnetic field in the alternator.

3.1 Laplace equation

We consider the problem

—Au=f inQQ
u=0 on 09,

—~
w w
N =

where © = (0,1)2. Since kg = k; = 1 all results depend only on h, H and p.
We use the ADGFEM code (Dolejsi [2020]) to generate the problem matrix (i3.1]).
The ADGFEM code assembles the preconditioned matrices which are exported
to MATLAB which estimate the condition number using codest function. The
assembling by ADGFEM is carried out by multiplying the generated matrix by
a canonical vector. The function codest is the recommended function for es-
timation of the condition number of large sparse matrices. We investigate the
dependence of the condition number x(A) and k(M ,;A) on the parameters h,
H and p as we have seen and (2.53).

First, we evaluate the condition number of a non-preconditioned system ([2.54))
and verify bound . We carried out computations using a sequence of uniform
meshes having (approximately) 125, 250, 500 and 1000 elements and a fixed
polynomial approximation p up to degree 5. Based on the result (L.79), we
expect that the condition number will increase with the polynomial degree and
also will increase with a finer partition of 2. This is also very natural for the

problem to be more costly, since we want a better approximation. The results
can be found in Figures [3.1] and [3.2] respectively.
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Figure 3.1: Dependecy of the condition number of the system matrix on the
polynomial approximation for different meshes.
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Figure 3.2: Dependecy of the condition number of the system matrix on the size
of elements for p = 2.

Moreover, we deal with the evaluation of the condition number of the precon-
ditioned system by the two-level additive Schwarz method. Figure |3.3|illustrates
the mesh partition with subdomains and the coarse mesh.
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Figure 3.3: Mesh of the square (0,1)? with highlighted subdomains (blue) and
coarse mesh (green).

We expect the results proven in We will now expect to have some kind
of dependence on the coarse mesh size. Hence from our method of discretization
subdomains into coarse elements we also have dependence on the number of
subdomains. From the implementation, we know that this will be a hard task
and we can expect different results using different implementation methods for
some subtask in our code. For example the method of choosing the prologation
operators can be tricky and also the definition of the coarse solver. We present
results with ¢ = p, since we are using the constant polynomial approximation on
all elements of the fine mesh.

The dependence of the preconditioned system on the polynomial degree can
be seen in Figure|3.4. where we can already see that we have some computational
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errors. However, we still see the increase of the condition number with increasing
polynomial approximation.
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Figure 3.4: Dependency of the condition number of the preconditioned system
matrix on the polynomial approximation.

Finally, the dependence of the condition number on the coarse mesh size can be
seen in Figure[3.5] We can see that the condition number has decreased compared
to the condition number without preconditioning, but we have behavior that we
did not expect. Still, for the mesh with 500 elements, we can see the increase of
the condition number, with respect to the increase of the coarse mesh elements.
As we already said, this is the more tricky part to implement, and one has more
options how to do some steps in the computation. Therefore, we can say that
this probably is due to some implementation inaccuracies, e.g., in the setting of
the coarse solver, performing on the solution of the local and coarse systems or
due to the fact that we are far from asymptotic regime. However, the application
of the additive Schwarz preconditionier reduces the condition number by several
orders.
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Figure 3.5: Dependency of the condition number of the preconditioned system
matrix on the coarse element size H.

3.2 Symmetric linear elliptic equation

The second example is a simplified variant of the example from |Dolejsi and Con-
greve| [2023]. It deals with the magneto-static field of an alternator. We consider
as domain €2 only the quarter of the alternator, this is due to the symmetry of the
problem. We also consider the partitioning 2 = Q,U,.US),, where ), represents
the stator, €2, represents the rotor, and 2, represents the gap that is filled by air,
see Figure 3.6

The problem is described by the Maxwell equations for the stationary mag-
netic field in the form

rotH = f in ()

3.3
divB =0 1in Q, (3:3)

where H = (Hy, Hs), is the magnetic intensity field, B = (By, By) is the magnetic
induction field and f is the current density. The operator rot is defined by the
following rot(H) = (22, 9H1) We consider the constitutive relation

Ox1 ) Ox2
H(z) = v(z, |B2)])B(z), z€Q, (3.4)
where v is given by
1 for x € Q,
v(z,r)=gH 35
(z,7) {#lo(a_;_(l_a)ﬁj;) for x € Q, UQ,. 3

The symbols g, a, 5 are taken from Glowinski and Marrocco [1974]. Conse-
quently, we get the problem

—div(pu(z, |[Vu(2)]*)Vu(r)) = f in Q. (3.6)
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Figure 3.6: Geometry of the alternator

In this section, we consider the linearized variant of ((3.5)

replace (3.5) by

(3.6]), namely we

1

-  forz e,
vz r) = {lfgo forx € Q, U0 (3.7)
NO S a’

where g = 1.256 - 1076,

We follow the steps done for the Laplace equation. First, we generate the
system matrix with the ADGFEM code and then we use MATLAB to compute
the condition number. The assembly is done again by the multiplication by a
canonical vector. We use the mesh seen in Figure where we have the fine mesh,
coarse mesh, and domain decomposition partitioning. We use 20 subdomains and
only look at the condition number of the system matrix, when we change the
coarse mesh partitionig (partitioning of the subdomains €2; into macroelements
H) and the polynomial degree of the approximation. The polynomial degree of
the coarse solver ¢ is taken as maximum of the polynomial degrees pg, where
K € Ty, K ¢ H. We look at the polynomial degrees p = 1,2,3,4,5 and set
p=rpk, VK € Tj.
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Figure 3.7: Triangular mesh of the alternator domain (red), with €2; partitioning
(blue) and coarse mesh (green).

We examine the dependence of the condition number on the parameters
h, H, p, ko and k;. First, we look at the matrix of the non-preconditioned system
A and its condition number. We see the results in Figure [3.8, where is the plot
of the dependence of the condition number on the polynomial degree. We see
that the results are in compliance with our analysis. The results are similar to
the results obtained for the Laplace problem.

107,
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p

Figure 3.8: Dependence of the condition number x(A) (non-preconditioned sys-
tem) on the polynomial approximation.

Figure |3.9 shows the dependence of the condition number of the precondi-
tioned system M}, A on the polynomial order p. Again we can see, that the
condition number is growing with the degree of the polynomial approximation as
we expected, but we can see the implmentation inaccuracies that we described
earlier.
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For the coarse mesh refinement we get the result that is expected by the
analysis. Here we see a better graph than what we have seen in the case of the
Laplace equation. This can be due to the mesh geometry and also due to the
implementation done in ADGFEM. The graph for the polynomial degree p = 2
can be seen in Figure [3.10]
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Figure 3.9: Dependence of the condition number of the preconditioned system
x(M ;) A) on the polynomial approximation for different coarse mesh partitioning
Q;.
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Figure 3.10: Dependence of the condition number of the preconditioned system
on the coarse element size H, for p = 2

Finally, we look at the results we get for different ratios of k; and ky. We use
the ratios 10, 100, 500 and 1000 and generate the matrix for p = 1,2,3,4. The
results for the non-preconditioned matrix A can be seen in Figure [3.11] and the
results for the preconditioned system can be seen in Figure [3.12] We see that
our results are in agreement with the results (1.79)) and (2.53). The results have
some errors, which might be due to the implementation, as we discussed in the
previous.
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Figure 3.11: Dependence of the condition number of matrix A on the bounds k;
and ko, for different polynomial approximations.
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Figure 3.12: Graph of condition number of the preconditioned system depending
on bounds k; and kg, for different p.

Generally we can say, that the condition number of the preconditioned system
is lower by few orders, than the condition number of the non-preconditioned
system, despite some inaccuracies in the implementation.

3.3 Symmetric nonlinear elliptic equation
For the non-linear case of the alternator problem (3.6) we have the equations
—div(v(z,|Vu|)Vu) = f, in Q, (3.8)

where v is given by the nonlinear formula (3.5). The nonlinear problem (3.8)) is
solved as a sequence of linear ones, namely

—div(v(x, |Vug_1|)Vug) = f, in Q, (3.9)

where k = 1,2, ... is the index of iteration.
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Moreover, we are not interested in the solution itself but in the value of the
quantity of interest, in our case the magnetic energy given by

() = % [ vl [9ute) P Tute) P (3.10)

The error of this quantity can be estimated by the goal-oriented techniques and
based on this estimates we performed several level of the anisotropic hp-mesh
adaptation. This approach optimizes the size and shape of mesh elements and
also the polynomial approximation degrees. For more details, we refer to
and Congreve| [2023], [Dolejsi and May, [2022].

The linearized problem for each k = 1,2,... is solved by GMRES method
with two-level additive Schwarz preconditioner. Figure [3.13] shows the generated
meshes for the first and last mesh adaptation level together with the correspond-
ing domain decomposition. The solution and hp-mesh are shown in Figure [3.14]
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Figure 3.13: Initial mesh of the alternator on left and the final adaptation of the
mesh on the right.
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Figure 3.14: Final hp-mesh on the left and the corresponding magnetic potential
on the right
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Moreover, Figure |3.15| shows the convergence of the error of the quantity of
interest e;, = |J(u) — J(up)| (cf. (3.10)) and its estimate. The "exact” value J(u)
has been calculated by an overkill using a sufficiently refined grid. In this figure,
we plot two types of error estimators: n'(uy,), which is the residual of the primal
problem tested by the interpolation error of the dusolution,on, and n'(uy,), which
is the bound of n'(uy) arising from the Cauchy inequality, for more details, we
refer to |Dolejst and Congreve, [2023], Dolejsi and May| [2022]. We note that the
mesh adaptation is carried out with respect to the estimate n'(uy,).
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Figure 3.15: Convergence of the non-linear alternator problem. (3.8]).

Finally, Figure demonstrates the convergence of the nonlinear solver, each
line corresponds to one mesh adaptation and each nodes corresponds to residual
of the linearized problem ({3.9) for one k.

37



100 F T T T T T T E
E Il F (un) 112 b

104+ 4

0.1 E —
0.001 ;— \ —
0.0001 - 1 1 1 1 1 1 -
0 10 20 30 40 50 60 70

Figure 3.16: Convergence of the iterative solvers for non-linear alternator prob-
lem.
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Conclusion

We dealt with the numerical solution of linear elliptic problem by the
symmetric interior penalty variant of the discontinuous Galerkin method (SIPG
scheme). We proved the coercivity and continuity properties of the bilinear form
arising from the SIPG discretization. These properties guarantee the existence
of the discrete solution and they are important for the analysis of the bounds of
the condition number of the equivalent system of algebraic equations.

In the second chapter we presented the two level non-overlapping Schwarz
method for the DGM. We formulated bounds on the condition number of the
preconditioned system using three assumption. We then presented new proof
of the auxiliary lemma and modified proof from Antonietti and Houston| [2011]
of the stable decomposition assumption of our form A;. Moreover, we shown
bounds of the condition number depending on the fine mesh size h, coarse mesh
size H, data bounds k; and kg and on the polynomial degree of the approximation
p. We briefly discussed the implementation of the method and presented some
algorithms used for the computation, as well as some implementation problems
that can arise.

In the third chapter, we presented the numerical study and verification of
the theoretical results. First we considered the Laplace equation on the unit
square. We observed a relative good agreement with the theoretical results, some
inconsitencies were discussed. Moreover, we dealt with the numerical simulation
of a linearized magneto-static field in the alternator, where the condition number
of the preconditioned operator was investigated. Finally, we dealt with
the original non-linear version of the alternator problem and demonstrated the
potential of the two-level additive Schwarz preconditioning.

For further research, an interesting question is the investigation of the de-
pendence of the condition number on the number of subdomains. This aspect
was investigated in [Krzyzanowski [2016] but for a different setting where the
subdomains are smaller than the elements of the coarse mesh.
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