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Abstract. We extend the construction and analysis of the non-overlapping Schwarz
preconditioners proposed in [2,3] to the (non-consistent) super penalty discontinuous
Galerkin methods introduced in [5] and [8]. We show that the resulting precondition-
ers are scalable, and we provide the convergence estimates. We also present numerical
experiments confirming the sharpness of the theoretical results.
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1 Introduction

Discontinuous Galerkin (DG) finite element methods have experienced a huge develop-
ment in recent years. Although they have proved to enjoy many advantages in a number
of circumstances, their practical utility is still limited by the much larger number of de-
grees of freedom they require compared to other classical discretization methods. To
handle this possible limitation, some domain decomposition preconditioners have been
proposed and analyzed in the past five years for strongly consistent and stable DG approx-
imations of second order elliptic problems (cf. [2,3,12]).

In this paper we turn our attention to the non-consistent super penalty DG methods,
namely the Babuska-Zldmal [5] and the Brezzi et al. [8] formulations. Although the idea of
over-penalizing goes back to the early stage of the development of DG methods, this idea,
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together with the design of efficient solvers for the resulting schemes, have recently re-
ceived a renewed interest (cf. [6,7]). Because of a non-consistency in the Babuska-Zlamal
and Brezzi et al. formulations, a super penalty procedure has to be applied in order to
achieve optimal approximation properties. The over-penalization has dramatic effects
on the condition number of the resulting linear system of equations. In fact, if on a given
quasi uniform mesh 7, with granularity h, polynomials of degrees ¢}, are used for the ap-
proximation, the condition number of the resulting stiffness matrix is of order O (h=2—2)
(cf. [10]). In[2], it was numerically observed that the proposed non-overlapping Schwarz
methods applied to the super penalty DG approximations result in a dramatic reduction
on the condition number of the preconditioned linear systems of equations. However,
the observed convergence rates differ considerably with respect to the ones exhibited
by consistent DG discretizations. In this paper, we present the theoretical analysis that
justifies those observed rates. We follow the theory developed in [2,12] but using the
natural norm for the super penalty schemes; i.e., the norm induced by the bilinear form
defining the scheme which does not scale as the energy norm of stable and consistent
DG methods. As a consequence, some auxiliary results required in our analysis need to
be reformulated and extended. The sharpness of our theoretical results is confirmed by
some numerical experiments.

2 Super penalty discontinuous Galerkin discretizations

In this section, we set up some notation, introduce the model problem we will consider,
and recall the variational formulation of super penalty DG methods. Throughout the
paper, we shall use standard notation for Sobolev spaces (cf. [1]), and x < y will mean
that there exists a generic constant C>0 (that may not be the same at different occurrences
but is always mesh independent) so that x <Cy.

Let O CRY, d=2,3, be a convex bounded Lipschitz polygonal or polyhedral domain
and f € L?(Q)). To ease the presentation, we consider the following model (toy) problem

—Au=finQ), u=0 ondQ). (2.1)

Meshes. Let 7}, be a shape-regular and quasi-uniform conforming partition of the domain ()
into disjoint open elements T, where each T is the affine image of a fixed master element
T,ie., T=Fr(T), and where T is either the open unit d-simplex or the d-hypercube in RY,
d=2,3. Letting hr be the diameter of the element T € 7}, we define the mesh size h by
h=maxre7, hr, and assume, for simplicity, that 7 <1. We denote by .7-'}{ and .7-"}? the sets
of all interior and boundary faces of 7, respectively, and set F, = F] UFP.

Remark 2.1. All the theory we present in this paper can be applied, with minor changes,
to the case of non-matching grids, under suitable additional assumptions on 7j,; cf. [3].

Trace operators. Let F € F] be an interior face shared by two elements T and T~ with
outward normal unit vectors n*. For piecewise smooth vector-valued and scalar func-
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tions T and v, respectively, we define the jump and average operators on F € | by

[t]=t"n "+t n", [[v]=v"n"+vn", onFeF,

{c}=("+77)/2, {o}=(w"+v7)/2, onFeF], @2

where T+ and v* denote the traces of T and v on 0T taken from within T, respectively.
On a boundary face F € 7P we set, analogously,

[t]=7tn, [v]=vn, f{t}=7, {{o}=v, onFecFP. (2.3)

DG finite element space. For a given (integer) ¢, > 1, the DG finite element space V}, is
defined by

—{vel?(Q) : v|roFre M™"(T) YTeT,},

where M (T) is either the space of polynomials of degree less or equal to £}, on T, if T is
the reference d-simplex, or the space of polynomials of degree at most £, in each variable
on T, if T is the reference d-hypercube.

The super penalty DG methods. For the discretization of the model problem (2.1), we
consider the Babuska-Zlamal (BZ) [5] and the Brezzi et al. (BMMPR) [8] super penalty
methods. More precisely, we consider the following class of DG methods:

Find ueV, st. Ap(uv)=(f,v) VoeV,. (2.4)

Here the DG bilinear form Aj: V), x V;, — R is given by

An(it,0) /w Vo dy+8,(1,0) Vi€V, 2.5)
TeTh

where the stabilization term Sy, (-,-) is defined by

(u,0) E/och 261 1)) - [[0]) ds,

FEF,

(o)=Y /th 2y p ul])-re([[v]) ds,

FeFy

for the BZ method and for the BMMPR method, respectively. In the above expressions,
hr denotes the diameter of F € F},, « >0 is a parameter (at our disposal) independent of
the mesh size, and rf:[L!(F)]? — [V},]? is defined by

/Qrp((p) Tdx= —/F(P.{{T}} ds Ve [Vh]d. (2.6)

For simplicity, we assume & > 1.
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3 Main properties and theoretical tools

We briefly review the basic tools we shall require in the analysis of our Schwarz methods.
We refer to [11] for a local inverse inequality that holds true for piecewise polynomials

of a given order, and to [4] for a trace inequality that holds true for (regular enough)

piecewise functions. We also recall the following equivalence (see [8] for details),

Cih [l e < B Ire(leDlfa < Cohz* " llellGs YV EE€Fy YoeV,, (1)

where C; and C; are positive constants.

For the analysis of our Schwarz methods we consider the (mesh dependent) norm
induced by the bilinear form Ay (-,-), i.e., |v]|5 = Ax(v,0) for all v € Vj, (recall that Ay (-,-)
is coercive provided that « > 0). The continuity of Aj(-,-) with respect to the norm |||/
easily follows from the Cauchy-Schwarz inequality, i.e.,

Ap(u,0)S|ullallol|la forall u,ve V.

For an open connected polyhedral domain D C () that can be covered by the union of
some elements in 7, we introduce the broken Sobolev space

H*(D,T;)={vel*(Q) : v|rcH(T) VT€T, TcD}, s>1.

An important tool in the analysis of Schwarz methods is represented by a Friedrichs-
Poincaré type inequality valid for broken Sobolev spaces. The next result is a small mod-
ification of the well-known result proved in [4,12].

Lemma 3.1 (Friedrichs-Poincaré inequality). Let D C QCIR?, d=2,3, be a convex polygonal
or polyhedral domain that can be covered by the union of some elements in Ij,. Then, there exists
a positive constant C, such that, for all u € H'(D,T},) with zero average over D, it holds:

[ullip <Ca <diam(D))2( Y lulir+ Y h?l\[[uﬂl\%,p> <Cy(diam(D))?||ull%, (3.2)
TeT, FeF,
TcD FcD

where Cy = C'Cp, with Cp the Poincaré constant, and C’ depending only on the shape reqularity
of T,.

The proof goes along the lines of that in [4]. For completeness we briefly sketch it.

Proof. It is sufficient to assume that D has unit diameter; the general case follows from a
standard scaling argument. Let u € H'(D,7;,) with [,u dx=0, we consider the auxiliary
Neumann problem

_ op _
—Ap=u in D, ﬁ_o on dD.
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The above problem has a unique solution (up to an additive constant) ¢ € H*(D) that
satisfies the elliptic regularity estimate ||¢||2,p S||u|/o,p. Integration by parts, the Cauchy-
Schwarz inequality and the trace inequality ¢ || V¢-n||§ » S||¢l5 1 give

/Vu chdx—Z/ |-V ds

Jul o=~ [ up dx| -

TeT, Fer]
TCD FcD
1 1
2 (20,4+1) 2
5(2|uriT> (Z!¢!1r) <Zh ) HOF) <Zh el )
TeT, TeT, FeF] TeT,
TCD TCD FCD TCD

Then, by using the elliptic regularity of the dual problem, inequality (3.2) follows. O

Proceeding similarly as in the proof of Lemma 3.1, it can be proved the following
variant of the trace inequality shown in [12]:

(20,+1)
IR, < H 1HuHOD+HD(2!urlT+Zh ) [ ]]H%,F) v ue H\(D,T;).
TeT, FeF,
TCcD FcD
(3.3)

Condition number estimate. We recall that, given a basis of V},, any function u €V}, is
uniquely determined by a set of degrees of freedom. Here and in the following, we use
the bold notation to denote the spaces of degrees of freedom (vectors in IR*) and discrete
linear operators (matrices in IR® x R®). If A is the stiffness matrix associated to the bilinear
form Ay (-,-) and the given basis, the problem (2.4) can be rewritten as the linear system
of equations Au=f, with A symmetric, positive definite and sparse. It is a simple matter
to check that the matrix A is ill-conditioned. In fact, in [10] it is shown that the spectral
condition number of the stiffness matrix A arising from the BZ discretization, x(A), can
be bounded by

K(A) S =

~ W . (3.4)

For the BMMPR method the proof can be easily adapted and we omit the details. In prac-
tical applications such a bad condition number implies an extremely slow convergence,
for example, of the conjugate gradient iterative solver.

4 Schwarz preconditioners for super penalty DG methods

In this section we present the non-overlapping Schwarz preconditioners for the super
penalty DG approximations introduced before.

Non-overlapping partitions. We consider three level of nested partitions of the domain
(), all satisfying the previous assumptions: a subdomain partition 7y made of N non-
overlapping subdomains, a coarse partition 7y (with mesh size H), and a fine partition
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7, (with mesh size h). For each subdomain €); € TN, we denote by Fy, ; the set of all faces
of F, belonging to ();, and set

Fl={FeF, : FCO;}, FP={FeF,; : FCaO;NIN}.

The set of all (internal) faces belonging to the skeleton of the subdomain partition will be
denoted by T, i.e.,, T=UN, I; with [;={F€ F},; : FCaQ;}.

Local spaces and prolongation operators. For each i=1,---,N, we define the local DG
spaces '

Vi={uel?(Qy) : v|poFr e M"(T) VTET, TCQ;},
and we denote by RZ-T : V;f — V), the classical inclusion operator from V;f to V}, and by R; its
transpose with respect to the L2-inner product. We observe that V,=RI V]! @---®R VN
Local solvers. We consider the super penalty DG approximation of the problem:

—Aui:f]Qi ian’, M,‘:O Onan’, i:1,-'-,N.

In view of (2.5), the local bilinear forms A;: V} x Vi — R are given by
Ai(u,‘,vi):/ﬂ'vhu,‘-vhv,‘ dx+Si(ui,vi). (41)
Here, the local stabilization forms S;(-,-) are defined as

Stmw= T fah® " [l [o] ds

Stuo)= T [ane b)) ds

for the BZ and the BMMPR methods, respectively, with ri.: [L! (F)]? — [V/]? defined as

/Qir}((pi)-ri dx:—/F(pi-{{Ti}} ds  Vrie[V]h 4.2)

Remark 4.1. The approximation properties of the local solvers enter directly into the
analysis of the Schwarz methods. From our definition of the local solvers, it can be easily
verified that, for the BZ method, A, (R u;, RTu;) = A;(u;,u;); that is, the local solvers are
exact. For the BMMPR method, the local solvers turn out to be approximate in the sense
that Aj,(RTu;, RTu;) # A;(ui,u;). Indeed, this follows by taking into account the definition
of the local and global lifting operators (4.2) and (2.6), respectively, and by noting that
F €T; is a boundary face for the local bilinear form, hence {v;}} =v; on F €T}, but an
interior face for the global bilinear form, hence {R!v;}} = 3v; on F€T; (cf. the definition
of the average operator on interior and boundary faces (2.2)-(2.3), respectively).
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Coarse solver. For a given integer /y, 0 </ </}, the coarse space is given by
Vy=V)={vg €L?(Q) : vy|roFre M (T) ¥ T€Ty}.
The coarse solver Ag: V) x V) — R is defined by
Ao(ug,v0) = Ay (RGuo,REvo) V¥ ug,00 €V,

where Rl : V) — V), is the classical injection operator from V! to V.

Schwarz methods: variational and algebraic formulation. We are now ready to define
the Schwarz operators. Fori=0,---,N, we set

Pi:Vy— Vi Ay(Pu,v) = Ap(,Rlv;) Vo€V, (4.3)

and define P; = RlTﬁ, : Vi — Vj,. The additive and multiplicative Schwarz operators are
defined by

N
Pug=)Y_ P, Puu=I—(I—=Py)(I—=Py_1)---(I-P1)(I-P),
i=0
respectively, where I:V;, — V}, is the identity operator. We also define the error propaga-
tion operator Ex = (I—Pyn)(I—Pn-1)--- (I—Py), and observe that P, =I—Ey.
The Schwarz methods can be written as the product of suitable preconditioners, namely
B,4, or B;,,, and A. In fact, the matrix representation of the operators P; is given by

P;=R/A;'RiA, i=0,---,N.
Then,

N N
P,=) Pi=Y RIA;'RIA=B,A, P, =I—(1-Py) - (I-Py)=B,,A.
i=0 i=0
The additive Schwarz operator P, is self adjoint with respect to the Aj(+,-) inner prod-
uct, whereas, the multiplicative operator Py, is non symmetric. Therefore, to solve the
resulting algebraic linear systems of equations, we use the conjugate gradient (CG) method
for the former, and the generalized minimal residual (GMRES) linear solver for the latter.

5 Convergence analysis

In this section we present the convergence analysis for the proposed two-level methods.
We follow the abstract convergence theory of Schwarz methods (see, e.g., [9,13]).
Since the additive operator P, is self-adjoint with respect to A (+,-), we can use the
Rayleigh quotient characterization of the extreme eigenvalues:
. Ay (Pyu,u Ay (P au,u
Amin(Pad) :mlnM/ /\max(Pad) :maXM'

uevy, Ap(u,u) ueV,  Ap(u,u)
u#0 u#0
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In Theorem 5.1 we provide a bound for the spectral condition number of P,; given by
€ (Pag) = Amax (Pag) / Amin(Pag)- For the multiplicative operator Py, following the abstract
theory [9], we prove that a simple Richardson iteration applied to the preconditioned
linear system of equations converges. This result also guarantees that our preconditioner
can indeed be accelerated with the GMRES iterative solver (cf. [13], for example). We
remark that, the convergence result stated in Theorem 5.2 applies only to the BZ method
(see, however, Remark 5.2 and the numerical experiments in Section 6).

A common step in the analysis of the additive and multiplicative Schwarz methods
consists in verifying the following set of assumptions:

(A1) stable decomposition: there exists Co>0 such that every u€ V), admits a decomposition
N N
u:ERiTui withu;€V;, i=0,---,N, s.t. EAi(ui,ui)gCg Ap(u,u);
i=0 i=0

(A2) local stability: there exists w >0 such that
Ah(RiTui,RiTui) <wA(uju;)) Yu€ V,ﬁ, i=1,---,N; (5.1)
(A3) strengthened Cauchy-Schwarz inequalities: there exist 0 < €;<1,1<i,j<N, such that
‘Ah(RiTui,R]-Tuj)‘ <e;iAn(RTu; RTui) V2 Ay(RTu;, RTup) V% Y ;€ Vi, Y uje v,

We start proving that the above assumptions hold for the proposed Schwarz precondi-
tioners arising from both the BZ and BMMPR super penalty discretizations.

(A1) Stable decomposition. The next result guarantees that a stable splitting can be found
for the family of subspaces and the corresponding bilinear forms of the super penalty DG
discretizations.

Proposition 5.1 (Stable decomposition). Let Aj(-,-) be the bilinear form of the BZ or the
BMMPR super penalty methods. For any u € Vj,, let

N .
u=Y Rlu;, wujeVj, i=0,--,N,
i=0
where 1 € Vf = Vy is defined by

1
uOb:W/DM dx, DeTy, (5.2)

and uy,---,uy are (uniquely) determined as u —Rguo = RlTul 4+ —I—RK]uN. Then,

N
. H
Z(:)Ai(“i/”i) <aCiAu(u,u), withC5=0 (h2€h+1_) :
=
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Proof. GivenueVy, letuge Vf be defined as in (5.2). Setting, for simplicity, 1o = Rg Uy, we
decompose u— il as Y.y Rl u;. Then,

N
Y Ai(uiui) = Ay (u—iio,u—1io) + Ao (1o, u0) — Ly (u— tig,u — il ), (5.3)
i=0

where, for the BZ method, Z;(-,-) is given by

Ih(u,v) = sz h;%‘*l/F(uini~vjnj—|—ujnj~vini) ds,
FeTl

and, for the BMMPR method, Z;(-,-) is defined as

)= Lo | [ re((ul)-re(fol) ds— [ vl 7 (o) s

Fer QO
(IR ENE
]
We start by providing a bound for the bilinear form Z,(+,). For the BZ method, the
Cauchy-Schwarz inequality and the arithmetic-geometric mean inequality yield

—26,—1
| Zi(ua)| < 3wy ([luillg p+ I3 )
Fer

Since the partitions are assumed to be nested, each subdomain (); is the union of some
elements D € 7y and so, by setting I';j={F €T : F Cd(2;n00;} and denoting by E the
faces of the elements D € Ty, we have

Y Y 2wl s Y Y A R (5.4)

I’,-]-GFFGFZ-/- DeTyECoD

where we have used the shape regularity and quasi-uniformity of the mesh 7;,. Therefore,

we get
Ta(ww)| S 3 Y ah 07 |uG .
DeTyECcoD

Analogously, for the BMMPR method, by using (3.1), recalling that on each F€T,

ulllor = lluillor, NIl I6 = NIRT ui+ R wl1IG o

we obtain

—20,—1
Tu(uw)] S 3wk (IR i R ] 3 5+ il e+ 113 )
Fel

—20,—1 _2¢, —
S Yk (uill§ e+ luillse) S Y Y ah 20 ul§e,
Fel DeTyECoD
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where we have also used that
IR uill 15, = l|winillg = ||uillGr oneach FeT,

and the inequality (5.4). Therefore, for both the DG discretizations, by using the trace
inequality (3.3) and the Friedrichs-Poincaré inequality (3.2), we find
1T (u—iio,u—ito)| S ah= PtV N lu—iio§op S & Ap(uu).

20,41
DeTy h "

We now estimate the term Ag(uo,10) (see (5.3)). Notice that, since 1 is piecewise constant
on 7y, all the terms in Ay, (ilp, ) vanish except for the stability term Sy, (i, o). Further-

more, in view of the equivalence (3.1), it is enough to bound the term appearing from the
BZ method. Proceeding as in [2, Lemma 4.3], we obtain

H
Ah(uo,uo) <1+h2£ +1)Ah(u,u).

Finally, the first term on the right-hand side in (5.3), Ay (1 —1iy,u—1ip), can be bounded by
using the Cauchy-Schwarz inequality and the above estimate

- - JU H
Ap(u—iig,u—1up) < 2 (Ap(u,u)+ Ay (i, up)) < (H_h” +1> Ap(u,u).

Summarizing, we get

M-

Ai(ujui) S T} Ap(u,u),

0
and so the proof is complete. O

1

(A2) Local stability. As mentioned in Remark 4.1, for the BZ method, the local solvers are
exact, hence inequality (5.1) is actually an identity with w=1. For the BMMPR method, we
next show the following result which provides a one-sided measure of the approximation
properties of the local bilinear forms.

Lemma 5.1 (Local stability). Let Ay(-,-) be the bilinear form of the BMMPR method, and let
Ai(-,-),i=1,---,N, be the corresponding local bilinear forms. Then, there exists w >0 such that

Ap(RIuy, RTu) <wAi(uiu;) Yu;eVi, i=1,---,N. (5.5)
Proof. The proof easily follows by writing A, (RIu;, RTu;) = Ai(uiui)+Giq (ui,u;)+
Gin(uj,u;) with
Gos (wiu)= 1 [ g™ {re(IR ) -ms s,

FeT;

2
Gip(uju) =Y /och " (uimy) -nju; ds.

Ferl;
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Equivalence (3.1) leads to
1Gia (i) = Y ahi > |re([R wal)) |15,
FeT;
<G Y a0 uim |§ < CoCyt Ay ().
FGF,‘

For the term G, », reasoning in the same way and taking into account that each F€T; is a
boundary face for the local bilinear form, we obtain

_2/ ;
|Gip(uiui)| =Y “hpz ! HT’IF(uz‘"i)H%,Q,-
Fel;
SCZ Z IthZthlHuiniH%’F < CQCflAi(ui,ui).
Fel;

The above bounds and standard triangle inequality give (5.5), with w=1+2C,C;*. O

Remark 5.1. From Lemma 5.1 it follows that, in general, we cannot guarantee w < 2.

(A3) Strengthened Cauchy-Schwarz inequalities. From our definition of the local solvers
and local subspaces, it is straightforward to see that ¢;;=1 for i=1,---,N. For i#], we note
that Ay, (RiTuZ-,RjTuj) #0 only if 90);N0Q; #D, so &;;=1 in those cases, and ¢;;=0 otherwise.
Then, by setting £ = {¢;; }1<;j<n, the spectral radius of £, p(£), can be bounded by
p(E) <max)lej| <1+N,
1 "
]
where N is the maximum number of adjacent subdomains that a given subdomain might
have.
We have now all ingredients to show the main results of this section.

Theorem 5.1. Let P,; be the additive Schwarz operator corresponding to the BZ or the BMMPR
super penalty DG methods. Then, its condition number x(P,y) satisfies

H

W, (5-6)

1(Pag) S a(1+w[1+Nc])

where w is the local stability constant in (A2) and N, denotes the maximum number of adjacent
subdomains a given subdomain can have.

Proof. Proposition 5.1 implies that Amin (P,y) is bounded from below by Cy ?=a~'H~1h2n+1,
In fact, the definition (4.3) of P; and Cauchy-Schwarz inequality yield

N N N 12 /N /2
Ah(u,u) :ZAh(u,RiTui) = ZAi(Piu,ui) < <EA1'(PZ'L[,PZ'L[)> (ZAi(ui,ui)>
i=0 i=0 i=0 i=0

1/2

N

< Co (ZAh(u,RiTPiu)> Ap(u,u)Y?=Co Ap(u, Pogu) V2 Apy(u,u) /2.
=0
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The local stability property and the strengthened Cauchy-Schwarz inequalities imply that
Amax (P,4) is bounded from above by wp(€)+1. In fact,

An(Pou,u) < Ap(Pou, Pou) V2 Ay (u,1) Y% < Ap (1, Pou) 2 Ap (u,u) /2,

Ah(ﬁPiu,u) <wp(E)An(u,u),
i—1

from which the desired upper bound for Amax(Pg) follows by definition. The proof is
complete by recalling that p(€) <1+ N, where N, is the maximum number of adjacent
subdomains that a given subdomain can have. O

The multiplicative operator is non-symmetric, and in Theorem 5.2, we show that the
energy norm of the error propagation operator Ey is strictly less than one. Hence, the
spectral radius of Ey is strictly less than one, and a simple Richardson iteration applied
to the preconditioned system converges.

Theorem 5.2. Let Ay (-,-) be the bilinear form of the BZ super penalty DG method, and let Py,
be its multiplicative Schwarz operator. Then,

Ap(Enu,Enu) 1 i
Evl2 = sup ZMENBAENE) 9 o <l
IExlla 5’35 Ap(wu) = Ca(142(Ne+1)?)

u70

For the sake of conciseness we omit the proof. We note however that, once the prop-
erties (A1), (A2) and (A3) are shown, the proof follows by proceeding as in [3].

Remark 5.2. The classical Schwarz theory for multiplicative methods relies upon the hy-
pothesis that the local stability constant w <2. In view of Remark 5.1 (see also Lemma 5.1),
for the BMMPR method our convergence analysis can not be applied to theoretically ex-
plain the optimal performance numerically observed.

Remark 5.3. Theorem 5.1 guarantees that the additive Schwarz preconditioner can be
successfully accelerated with the CG iterative solver. Analogously, thanks to Theorem 5.2
the multiplicative Schwarz method can indeed be accelerated with the GMRES linear
solver (see [9] for details).

6 Numerical results

We take d=2, 0= (0,1) x (0,1), and we choose f so that the exact solution of the Poisson
problem with non-homogeneous boundary conditions is given by u(x,y) =exp(xy). We
consider subdomain partitions made of N =4,16 squares. The initial coarse and fine re-
finements consist of 2* and 28 squares, respectively, with corresponding initial mesh sizes
givenby Hyp=1/ 22 and hy=1/2*. For n=1,2,3, we consider n successive global uniform
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Table 1: BZ method (x=1), {,=¢y=1.

K(BadA), N=4
H|h— ho ho/2 ho/4 ho/8
Hy 7.4360e+01 6.5867e+02 5.4275e+03 4.3961e+04
Hy/2 - 29770e+02 2.6825e+03 2.2254e+04
Hy/4 - - 1.1944e+03 1.0771e+04
Hy/8 - - - 4.7526e+03
K(A) | 1.7321e+03 2.6835e+04 4.2604e+05 6.8037¢+06

x(By4A), N=16
H|h— hg ho/2 ho/4 ho/8
Hy 8.1843e+01 7.4657e+02 6.1084e+03 4.8324e+04
Hy/2 - 29355e+02 2.6374e+03 2.1707e+04
Hy/4 - - 1.1828e+03 1.0770e+04
Hy/8 - - - 4.7833e+03
k(A) 1.7321e+03 2.6835e+04 4.2604e+05 6.8037e+06

refinements of these initial grids. For the sake of brevity we only report results obtained
on Cartesian grids; analogous experiments were run on structured and unstructured tri-
angular refinements, and the same orders have been observed. The preconditioned linear
systems of equations have been solved with the CG and GMRES iterative solvers for the
additive and multiplicative methods, respectively. The (relative) tolerance is set to 1012,

We first address the scalability of the additive Schwarz method, i.e., the independence
of the convergence rate of the number of subdomains. In Table 1, for the BZ method
(x =1), we compare the condition number estimates obtained with N =4,16, and ¢, =
¢y =1. The dashes mean that the coarse partition is not strictly included in the fine one,
and in those cases it is meaningless to build the preconditioner. The condition number
estimates for the non preconditioned systems are shown in the last row. As stated in
Theorem 5.1, our preconditioner seems to be insensitive on the number of subdomains,
and, as expected, a convergence rate of order O(H /h3) is clearly observed.

In Table 2, with N =16 and ¢), = {g =2, we show the condition number estimates and
the CG iteration counts (between parenthesis) of the additive Schwarz method for the BZ
discretization (¢« =1). The cross in the last row of Table 2 means that we were not able
to solve the non preconditioned system due to excessive computational requirements.
Observe that, in agreement with Theorem 5.1, the condition number grows as O(H /h°).

Next, we show the GMRES iteration counts computed by using the multiplicative
preconditioner (N =16, a=1 and ¢y =/ =1). For the BZ method (Table 3, left) the result
reported confirm the convergence result given in Theorem 5.2. For the BMMPR method
(Table 3, right) our numerical results indicate that the multiplicative preconditioner can
be indeed efficiently accelerated with the GMRES iterative solver. A theoretical justifica-
tion of this behavior is still an open question.
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Table 2: BZ method (x=1), N=16, ¢, =(y=2.
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x(B,4A) and CG iteration counts
H|h— ho ho/2 ho/4 ho/8
Ho | 1.2018¢+04 (88) 3.8554¢+05 (176) 1.1731e+07 (259) 4.7145¢+07 (339)
Ho/2 - 1.9072e+05 (110)  5.9690e+06 (193) 7.2780e+07 (264)
Ho/4 ; ~ 2.8401e+06 (133) 5.9919e+07 (198)
Ho/8 - ; - 3.4564e+07 (119
K(A) | 5.6358¢+05 (739) 3.5640e+07 (1922) 2.2742e+09 (4409) X

Table 3: BZ and BMMPR methods (¢ =1), By, A, GMRES iteration counts, N=16, {;, ={g=1.

BZ method BMMPR method
H|h— ho ho/2 ho/4 ho/8 ho ho/2 ho/4 ho/8
Hy 23 39 56 63 11 44 55 55
Hy/2 - 21 31 38 - 23 32 25
Hy/4 - - 17 22 - 16 17
Hy/8 - - - 11 - - 10
#iter(A) | 129 363 848 1841 129 363 848 1841
Table 4: BZ method, N=16, {,={y=1.
k(BygA), a=2

H|h— ho ho/2 ho/4 ho/8

Hy 1.6051e+02 1.4882e+03 1.2346e+04 9.6452e+04

Hy/2 - 5.8421e+02 5.2702e+03 4.3160e+04

Hy/4 - - 2.3627e+03  2.1537e+0

Hy/8 - - - 9.5636e+03

k(A) | 3.4334e+03 5.3555e+04 8.5163e+05 1.3606e+07

k(ByA), a=10

H|h— ho ho/2 hy/4 ho/8

H 7.8989¢+02 7.3904e+03 5.9308e+04 4.7884e+05

Hy/2 - 2.8889%+03 2.6060e+04 2.1566e+05

Hy/4 - - 1.1730e+04 1.0735e+05

Hy/8 - - - 4.6917e+04

k(A) 1.7045e+04 2.6731e+05 4.2564e+06 6.8022¢+07

Finally, always with N =16, we compare the condition number estimates of the ad-
ditive Schwarz operator obtained for the BZ method with ¢, =/ =1, and by choosing
« =2 (Table 4, top) and a =10 (Table 4, bottom). From the results in Table 4 (see also
Table 1 (bottom)) it is clear that, as predicted in Theorem 5.1, the condition number of the
preconditioned system linearly depends on the value of the penalty parameter.
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