BEST ROBIN PARAMETERS FOR OPTIMIZED SCHWARZ METHODS AT
CROSS POINTS

MARTIN J. GANDER AND FELIX KWOK

ABSTRACT. Optimized Schwarz methods are domain decomposition methods in which a large-
scale PDE problem is solved by subdividing it into smaller subdomain problems, solving the
subproblems in parallel, and iterating until one obtains a global solution that is consistent
across subdomain boundaries. Fast convergence can be obtained if Robin conditions are used
along subdomain boundaries, provided that the Robin parameters p are chosen correctly. In
the case of second order elliptic problems such as the Poisson equation, it is well known for
two-subdomain problems without overlap that the optimal choice is p = O(h’1/2) (where h
is the mesh size), with the resulting method having a convergence factor of p = 1 — O(h1/2).
However, when cross points are present, i.e., when several subdomains meet at a single point,
this choice leads to a divergent method. In this article, we show for a model problem that
convergence can only occur if p = O(h~1) at the cross point; thus, a different scaling of the
Robin parameter is needed to ensure convergence. In addition, this choice of p allows us to
recover the 1 — O(h'/2) convergence factor in the resulting method.

1. INTRODUCTION

When solving large-scale elliptic problems that arise from physical or engineering applications,
an attractive way to parallelize their solution is to use optimized Schwarz methods (OSM, [14]).
In such methods, one subdivides the physical domain into many subdomains, and then solves
the subdomain problems in parallel. One then iterates this process until one finds a global
solution that is consistent across subdomain boundaries. For such an algorithm to be well-
defined, one must impose boundary conditions along physical as well as artificial boundaries,
i.e., interfaces between subdomains which were not part of the boundary of the whole domain.
A judicious choice of artificial boundary conditions (or transmission conditions) can accelerate
the convergence of the overall algorithm substantially; see [22] for Laplace’s equation, [6] for
the Helmholtz equation, [16] for nonlinear elliptic problems, [15] for the time-dependent wave
equation, [3, 4] for problems with corners; see also [12] and references therein. In two dimensions
or higher, the optimal choice of interface conditions involves nonlocal operators [1, 25, 24], which
render the subdomain problems expensive to solve and hard to implement in practice. Various
easier-to-implement local approximations of the optimal operators have been developed for the
Laplace equation [10], the Helmholtz equation [2] and for the convection-diffusion equation, based
on Taylor expansions [1], absorbing boundary conditions [26, 17], approximate factorization [24]
and equioscillation properties [18, 20, 19]. In the case of non-overlapping decompositions with
Robin transmission conditions for (n — A)u = f, n > 0, [22] shows, using energy estimates, that
the continuous optimized Schwarz iteration converges for any Robin parameter p > 0; similar
arguments appear in [5] for linear second-order elliptic PDEs and in [7] for the harmonic Maxwell
equations.

Optimized Schwarz methods can also be formulated algebraically in the discrete setting [29,
27], with properties similar to the continuous case when the mesh is fine enough and no cross
points are present, i.e., no grid points are adjacent to three or more subdomains. However,
the correct formulation of OSMs in the presence of cross points is a delicate problem, since it
is difficult to discretize the PDE and boundary conditions while maintaining continuity of the
solution [11]. In [23], Loisel presents a general formulation for OSM and the closely related
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2-Lagrange multiplier method (2LM) that handles cross points systematically. In addition, the
author shows that for a linear self-adjoint coercive 2nd order elliptic PDE, if the Robin parameter
scales like p = O(h~'/?), then the condition number of the 2LM-preconditioned system also
scales like O(h_l/ 2), which is asymptotically optimal. Even so, the 2LM-preconditioned matrix
contains eigenvalues outside the unit disc centered at 1, meaning that the method would diverge
unless it is used with a Krylov method. This is in apparent contradiction with the convergence
results in [22] and [5], where cross points do not play a role in the convergence of the continuous
method. In addition, this divergence prevents OSMs from being used in certain contexts, e.g.,
as smoothers within a multigrid/multilevel algorithm.

The goal of the current paper is to further understand the spectral properties of OSM/2LM-
preconditioned matrices. In particular, we show that when p = O(h_l/ 2) and when cross points
are present, the spectrum of the preconditioned system contains large eigenvalues that lead to
divergence when the method is used as a stationary iteration; a similar behaviour has been
observed in Additive Schwarz with overlap, where the overlap causes stagnation or divergence of
the iterative method [9, 13]. However, our analysis shows that if we modify the Robin parameter
at the corner to scale like O(1/h), then a convergence factor of 1 — O(v/h) can be restored in
the iterative method.

Our paper is organized as follows. In Section 2, we describe the continuous formulation of the
optimized Schwarz method, from which we derive the discrete version, which is intimately related
to the 2LM method. We also describe symmetry assumptions that will be used for analysis. We
then present in Section 3 a fully discrete analysis of the spectral radius of the iteration and show
that OSM diverges unless the parameter at the corner scales like O(1/h). In Section 4, we give
the asymptotic behavior of the Robin parameters in order for OSM to converge with a factor
of 1 — O(v/h). We finally present in Section 5 numerical results confirming the analysis. In
addition, we show how choosing a different scaling for the cross point parameters can accelerate
the convergence of Krylov methods, especially for three-dimensional problems.

2. CONTINUOUS AND DISCRETE FORMULATIONS OF OSM

2.1. Continuous Formulation. Suppose we want to solve for d =2 or 3
(1) Lu=f onQcR? u=g on0f,

with an optimized Schwarz method, where £ =n — A, n > 0 is the positive definite Helmholtz
operator. (Our results also hold, after trivial modifications, for more general coercive second-
order elliptic operators.) Assume we have a conformal non-overlapping decomposition {2; }évzl
i.e., for any i,j, the intersection of the closures of {2; and €2;, if non-empty, must be either
a common vertex or a common edge. When this common edge is non-trivial, we denote its
interior (relative to 9€2;) by I';;, so that the end points of the edge are excluded from I';;. Then
the optimized Schwarz method with Robin transmission conditions is defined as follows: for
k=1,2,...,solvefori=1,..., N,

ﬁuf = f on uf =g on 00N,

(2) oub ol

8ni R 611,1
The Robin parameter p;; in (2) is assumed to be strictly positive, but is allowed to vary along
I';;. We further assume that p;; = pj;, i.e., the same Robin parameter is used for communication
in both directions. Lions showed in [22], using an energy estimate argument, that for any choice
of pi; > 0, (2) converges to the unique solution of (1) in L?(£2;) and weakly in L?(9€2;). However,
as noted in [11], the discretization of (2) is delicate when cross points are present, since one must
weakly impose two different sets of Robin conditions for each piece of the interface at the cross
point. A similar difficulty has been observed in [28] in the optimized Schwarz preconditioner in
the context of solving the magnetohydrodynamics equations.

—I—piju?_l on Fij for all Fij }é @
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2.2. Discrete Formulation. We now consider the discrete formulation of the optimized Schwarz
method when cross points are present that is a special case of the 2LM method described in [23].
Suppose we have a finite element mesh for €2 such that each finite element lies within exactly
one subdomain €2;, i.e., each interface I';; must consist of a union of element boundaries. Let R;
be the restriction operator onto the set of degrees of freedom in €;, and R is the corresponding
extension operator from §2; into the set of all degrees of freedom in €2. Then a finite-element
discretization of (1) leads to a linear system of the form

Au =1,

where 21 = 377, RT A;R; is the global stiffness matrix and 4; = Y-, RI AcR. is the subdo-
main stiffness matrix for ;, with A, being the element stiffness matrix for element e, R, the
restriction operator onto the element e, and the sum running over all elements e that lie within
Q;. Note that A; does not yet contain Robin transmission conditions. To incorporate the inter-
face conditions, we need to consider fli = A; + hL;, where L; contains the Robin contributions
along the interface (and is thus zero at internal nodes). The discrete optimized Schwarz method
is then defined as follows: for k = 1,2, ..., solve

(3) Aiui‘c:fi‘i'ZBijU?_l, i=1,...,n,
J#i
where f; = R;f. The B;;, which extract data from neighboring subdomains, can be calculated

as follows. At convergence, each subdomain solution u; must satisfy u; = R;u, where u is the
global solution. So 2u = f implies

le = Ri Z R?AiRjU.
j=1
= R;RT A;R;u+ Z RiR;‘-FAjRiu
—— —
e} J#i
= (Ai + hLi)Riu — hL;Riu+ Y _ RiR] A;R;u
Ji
J#i
where Rj is chosen to be identical to R; except at cross points, where it has a weight of 1/(d—1),
with d being the number of subdomains meeting at that cross point. This ensures the weights
sum to 1 at any interface or cross point, so that
> LiRiR]R; = L;R;  foralli..
J#i
This gives the definition
4) B;j = —RiR]TAj + hLiRiRJT.

We further assume that L; is a diagonal matrix with support along artificial interfaces only; in
addition to simplifying our analysis below, this choice arises naturally as part of the discrete
integration by parts formula, cf. [11].

2.3. Equivalence with the 2LM method. We now show the equivalence of (3) with the 2LM
method introduced by Loisel [23]. Suppose each subdomain stiffness matrix A; is partitioned
into internal and interface nodes. Then the subdomain systems (3) can be written as

Arri A uf o\ fri
(5) . . T K - e k=1
Arri  Arryi+hLi| \ur; T+ A
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where ff; is the unassembled right-hand side corresponding to integration over €2; only; to
obtain the total right-hand side, we need to sum up the contributions from all the neighbouring
subdomains. (In other words, the contributions from other subdomains have been absorbed into
the unknown )\f ~1.) When the interior variables are eliminated, we obtain

(6) (Si +hLi)uf; = gi+ A",

where S; = Arr,; — AF[)iA;I{,L-A]F)i is the Schur complement and g; = flfl - Ap;)iA;I{ifI,i is the
condensed right-hand side. The 2LM method requires solving a system of the form

AgrmA = ¢
for the unknown Robin traces A = [\T, ... AT1T where
(7) Agiv = h(LM — GL)(S+hL) ™ + G,  c¢= (G~ Aarm)g.
Here, g = [¢,...,9%])T, L = diag(f)l, .. .,f)n), S = diag(S1,...,S,); M is a matrix with ones
on the diagonal and M;; = —ﬁ whenever i is a point adjacent to d; subdomains and j # i

corresponds to the same physical point as i, and G has the same non-zero pattern as M, except
all entries are +1. We claim that the discrete formulation (3) is equivalent to the stationary
iteration

(8) )\k = (I — AQLM))\kil +c,

which is none other than the Richardson iteration applied to the 2LM system. Indeed, using the
definition of Aap in (7), we can write

I— Aot = [(I - G)S +hL(I—M)|(S+hL)™",
from which we can use the definition of S and (6) to infer that
(I — o) (g + A1) = [(I = G)S + hL(I — M)]uf.
The second equation in (7) then implies
(I —G)S +hL(I — M)uk = (I —G)g+ ¢+ (I — Aspa) N1

But I — M is a matrix with zeros on the diagonal and 1/(d; — 1) at the (4, j) position whenever
j is at the same physical point as i. So the term hL(I — M)uf, when restricted to I';, is equal to
hf)iRpi > ki RJTuf, where Rr, is the restriction onto the set of interface points in €2;. Similarly,
I — G has zeros on the diagonal and —1 at the same positions where I — M is non-zero. This
implies that the restriction of (I — G)(Suf — g) onto I'; is —Rr, Z#i(R;fFAjuf - Rffjfﬁj).
Combining the two terms, we get

[(I — AQLM)/\k_l]i +c = hZilRFIRIf ? - ZRFI (R;‘FAJuf - R%ﬂjfﬁj)

j#i j#i
=R, R (hL;R;R] — RiR] A;)uf + Rr, > R{ ff;
J#i jFi
= Re, (RT'Y. Byul + Y RE ) (by (4))
j#i J#i
= B, (RT Al = BT fi+ Y RE £ ) (by (3))

i
= Rr, R} A ™ — ff = A,
where we have used the second row of (5) together with the fact that R, RY f; = Rr, > y RIT]_ It -

Thus, we have shown that the subdomain iteration (3) produces the same iterates as the Richard-
son iteration (8), (5) as long as the initial guesses are compatible, e.g. when uY = 0 and
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FIGURE 1. (a), (b): two decompositions of the unit square into four subdomains
that satisfy the symmetry conditions; (c¢) a generic wedge with its interior (I),
left edge (L), right edge (R) and center (C) nodes identified.

N =Rr; Y ot RIT]_ Jt ;- Thus, even though the analysis in the remainder of this paper is on the
subdomain iteration (3), the results also apply to the 2LM method.

Remark. No definition made in the above subsection will be reused in the remainder of this
paper. In fact, certain letters (e.g., M, G, L, and g) will be redefined to denote other quantities.

2.4. Model Problem. For analysis purposes, let us consider the problem of solving (1) in two
dimensions on a regular n-gon Q C R? using the optimized Schwarz method (3). We decompose
the domain into n identical wedges 1,...,Q,, and each €; is discretized identically using a
finite element method on a triangular mesh, see Figure 1(a), (b) for two possibilities. Note that
there is exactly one cross point of degree n in the center of the polygon. Since the wedges are
identical, we can assume that there exists a local ordering of the nodes such that their stiffness
matrices are also identical, i.e.

A= =A, = A
In particular, we use the ordering below for the rows and columns of A:

(1) interior nodes,

(2) nodes on the left boundary (excluding the center),
(3) nodes on the right boundary (excluding the center),
(4) the center node.

This gives the following block representation for A:

Arr A AR Arc
Arr Arr Arr Arc
Arr Arr Arr Arc|’
Acr Acr Acr Acc

(9) A=

where the subscripts I, L, R and C denote the interior, left edge, right edge and center nodes
respectively, cf. Figure 1(c). Note that A is symmetric positive definite, since 9Q N 9Q; # O for
each i. If we eliminate the internal nodes, we obtain the Schur complement matrix Sy, which is
also symmetric positive definite. In block form, we have

St Str Sic
(10) So= |Srr Srr Src|
Scr Scr Scc
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where Sp, = App — ALIAI_}AIL, etc. By symmetry, we assume that the left and right edges
are identical in the sense that

TSy = SoT, where T :=

(11)

O ~N O

I
0
0

_= o O

Finally, because of rotational symmetry, we know that the operator RiR;fFA — hLRi]:Z;*-F is
constant whenever j —i = ¢ mod n for a fixed £. This means we can write the method in terms
of the following augmented system:

A ) uflf-l-l 0 B1 B Bn_1 ullc fi
A 0 ust! Bni 0 B uj fo
(12) = +
0 3 k. ) .. .. Bl :k .
A unJr L Bl Bg Bn—l 0 Un, f"

where B; := By ; in the definition of (4), and A= A+ hL with

0

D

bc

Here D > 0 is a diagonal matrix and pc > 0, both representing Robin transmission conditions,
which are assumed to be the same for all subdomains and for both left and right edges.

3. SPECTRAL ANALYSIS

To analyze the asymptotic convergence rate of the method, we need to calculate the spectral

radius of
0 By B B, 1] TA -1
B..1 0 B A 0
(13) N = ,
B : By 0 .
| Bi B B,1 0 A

which has the same eigenvalues as the iteration matrix in (12). Since N is a block circulant
matrix, it can be block diagonalized as follows. Let w be any n-th root of unity, i.e., w™ = 1.

Then we get
r -1 -1 A—17
0 ) B A BA B,_1A 7 7
Bn_lA_l 0 BlA_l wl ne1 wl
Wi | ZwiB,A—l w2l
. . : =1 :
) E - B A =y w1
L BlA_l B2A_1 Bn_lA_l 0 1
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Thus, the spectral radius of N is the largest of the spectral radii of the matrices
n—1
Cr =Y w*BA™',  k=01,..,n-1,
i=1
where we assume w is a primitive n-th root of unity.

3.1. Spectral Radius of Cj, k # 0. Let us first consider the case where k # 0, so that Cj is
complex. Each of the B;A~! is of the form

B;A™!' = (hLRyRL , — RiRL  A)A~!

= (hLR1R?+1 + thR?+1L - RlR,ﬁrl"i)A_l
= W(LR R, + RiRT, \L)A™' — R\RY, .
This means
n—1 n—1

L(Z wilefzﬁl) + (ZwileRiTH)L

i=1 =1

Cr=nh

n—1
A1—1 E ik T
A - w RlRH—l-
i=1

Using the same nodal ordering described in Section 2.4, we can then write R R;*»F in block matrix
form for each j:

0 0
. 0]0 : 0]0
RiRY = 0 . RiRT = (RyR]T = 0
0 T 0 0
0 0 0 T
L 1 - L 1 -~
and
o ]
0]0
RlR;‘-Fz 0 for3<j<n-1.
0 0
0 0
L 1 .

Similarly, Ry R;f have exactly the same structure, except the 1 in the bottom right-hand corner
is replaced by 1/(n — 1). Since w® # 1 for k # 0 (mod n), we see that

0 0

n—1 o n—1 .
Z wileRg:rl _ 0 7 Z wileéﬁrl _ 0

i=1 wkI i=1 0 wkl

o

-1
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where we have used the fact that w*™= 1 = w=% and 1 + w* + w2 + ... + W=Dk = . We can
now rewrite C, as follows:

0 [0 T
010 0 0
Cr=h 0 0 +
0 D 0 wFI
0 D 0 w "I
pe 1| =
0 0 0
0 0 010 0 0
0 0 i 0
0 wFT 0 D 0 wFI
0 w "I 0 D 0 w "I
—1 pc —1
This allows us to conclude that
0 0 [0 ]
0 0 0olo 0 0
0 i1
Cp = — 0 0 —h A
0 W T 0 ] 0 2D
0 w T 0 T 0 2D —
—1 1 L n—1 4
If S is the Schur complement of A after eliminating the interior nodes, we can show that
0 wkI 2D
_ —k _ 2D a—1
(14) p(Cr) =p w "I 0 I-h npo
| -1
n—1
The following lemma gives an upper bound for p(Cy) when k # 0.
Lemma 1. Suppose D > 0, pc > 0 and Sy is symmetric positive definite. Then for k =

1,...,n—1, we have p(Cy) < p(W) < 1, where
2D

W=1I-h 2D

(15) npe

n—1

Proof. The matrix on the right-hand side of (14) has the same eigenvalues as

1/2 1/2

2D 2D

2D 2D

I—-h

npc
n—1

npc
n—1

Now the spectral radius is bounded above by the 2-norm. The first matrix is unitary and hence
has norm 1, whereas the second matrix is real and symmetric, so its 2-norm is equal to its
spectral radius. Thus, we have

2D

p(C)<p|I—h 2D
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Let Sy denote the Schur complement of A (without the Robin boundary contributions, as defined
in (10)) after the interior nodes have been eliminated. Then we can write
S = Sy + hdiag(D, D, pc).
It is now possible to rewrite W as
W =I — hdiag(2D, 2D, npc/(n —1))(So + hdiag(D, D, pc)) "
=(So — hdiag(D, D, p./(n — 1)))(So + hdiag(D, D, pc)) ™

: npc . (n —2)pc
=((So + hdiag(0,0, —/———)) —hd D,D,i}
[( o+ hdiag(0,0, 57=75)) —h diag( =1
s
X [(So + hdiag(0,0 ﬂ)) +h diag(D, D w)} o
" 2(n—1) T 2(n—1)
s
=I-2)I+2)",
where
(16)
D D 0 -
D ] D 0
(n—2pc | ° (n=2pc | [T nhpc
2(n—1) 2(n—1) 2(n—1)
Since D > 0, pc > 0 and Sy is symmetric positive definite, Z is a similarity transformation away
from a symmetric positive definite matrix, so it only has positive eigenvalues. Thus, if A1,..., A,
are the eigenvalues of Z, then the eigenvalues of W have the form
1=
Hi= 1%—Aj,
which have absolute value less than 1, since A; > 0. Hence p(W) < 1, as required. O

3.2. Spectral radius of Cj. The situation is completely different when & = 0. Here we have

0 0
n—1 : 010 n—1 : 010
RiRf,, = 0 : RiRf,, = 0 :
; o 0 T ; i 0 T
0 I 0 I
L n—1 | L 1 ]
which implies
0 I 0 I 2D ~
p(Co)=p| [T O I —h 2D S7H) | = p(TM),
0 0 1 n—1 npc
with T from (11) and
I 2D }
(17) M= I —h 2D St
n—1 npc

Lemma 2. Let D > 0 be a diagonal matriz, pc > 0 and Sy symmetric positive definite. Then
p(Co) = p(M).
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Proof. First, we observe that T and M commute since TS = ST, which follows from the fact
that T'Sy = SoT'. Thus, it is possible to diagonalize T' and M simultaneously with the same
eigenbasis, i.e.
T=XApX 1, M=XAyX"1,
so that
TM = X(ApApy)X 1,

i.e., the eigenvalues of the product are the products of the eigenvalues. But the eigenvalues of T’
are +1; thus, we have

[ACo) = [MTM)| = [A(M)],
which implies p(Cp) = p(M). O
We now mimic the case k # 0 and express M as (I — G)(I + G)~! for some G:
M = diag(I, I,n — 1) — hdiag(2D, 2D, npc)(So + hdiag(D, D, pc)) ™
= (dla‘g(I7 Ia n— 1)(50 + hdlag(D7 D7PC)) - hdla‘g(2D7 2D7 an)) SO + hdlag(D7 DupC))71
= (diag(1,1,n — 1)Sy — hdiag(D, D, pc))(So + hdiag(D, D, pc))
-2
— [aing(1,7,5)S0 — (ndiag(D, D, pc) — diag(0,0, ") S0)]

. n . . n—2 -1
x [diag(1,1, 5)S0 + (hding(D, D, pc) — diag(0,0, ") So)]
=I-G)(I+G)™"

where

D I 0

G=h D Syt I — 0 :
jZe; 2 1-2
which has the same eigenvalues as
3 D 0
(18) G=h D - 0
2pc/n 1-2

Again we want to find out what conditions D and pc should satisfy in order f0r~(~¥ to have
only positive eigenvalues. Since Sy s difficult to compute, we will instead look at G, which
we compute using the Sherman—Morrison—Woodbury formula:

1
T™N—1 _ (7 -1, Tyy-—1
X4+uw' )" = 1+vTX*1uX wot )X,
where we let
-2
X = hdiag(D,D,2pc/n)Sal, u= -2 e, v =e,
n
with e = (0,...,0,1). Since X' = h=1Sydiag(D~, D™, n/2pc), we have
_9 —2)eT's,
v Xy = _nnh el'Sydiag(D™!, D71, n/2pc)e = —%.
So
1 _ 2hpc _ . _ _ n—2
- X tuw? =1~ h~1Sydiag(D™, D™, n/2pc)(—
14+0TX 1y w 2hpc — (n —2)eT Spe o diag( ’ 1/ 2pe)( e)e
-2
=1+ i Soee
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This means
1
_ X71 T X71
14+0TX -1y uv”)
(hD)~!

n-2 SoeeTSo) (hD)~!

2hpe — (n — 2)eT Spe

(19) = (S0 +
n/(2hpc)

We are now ready to show our first main result.

Theorem 3. Let Sy be symmetric positive definite, D > 0 and pc > 0. Then the optimized
Schwarz method (12) converges if and only if the corner parameter pc satisfies

— el
o (n—2)e Soe.
2h
Proof. Since D > 0 and pc > 0 by assumption, Lemma 1 shows that p(Cy) < 1fork =1,...n—1,
so the method converges if and only if p(Cy) < 1. We start by showing that p(Co) = p(M) < 1 if

and only if G (or equivalently é’l) has only positive eigenvalues. Indeed, since the eigenvalues
Aj of G are related to those of M (denoted by ;) by

1=
_1-1-/\3‘7

(20)

2%}

we see that ;| <1 <= \; > 0.

We now show that G has positive eigenvalues if and only if (20) holds. We first observe that
G~! has the same eigenvalues as the symmetric matrix

(hD)~? (hD)~2
1 1
hD) 2 n—2 T hD)~ 2
(hD) L\ 3 (S(H_thc —(n— 2)eTSoeSOee SO) (hD) .
(s#5) (w52)

2hpc

=

so it has positive eigenvalues if and only if the middle matrix,
n—2
2hpc — (n — 2)eT'Spe

K =5+ SoeeTSQ,

is positive definite. If (20) holds, then the denominator in the scalar factor multiplying Spee® Sy
is positive, which implies K is positive definite. On the other hand, if K is positive definite,
then e’ Ke > 0, which implies

n—2

Ta 32
2hpc — (n —2)eT Spe (e7Soe)” > 0

el'Sope +

or
2hpcel Spe

2hpe — (n —2)eT Spe

from which we deduce 2hpc — (n — 2)eT'Spe > 0, using the fact that e?Spe > 0 (since Sy is

positive definite). O

>0,

In other words, the optimal scaling for pc is necessarily different from the straight interface
case, where p = O(h_l/ 2). This result has the following intuitive interpretation. By elimi-
nating the interior unknowns from (12), we obtain an equivalent iteration that is essentially a
block-Jacobi method applied to the substructured problem; for such methods, one only expects
convergence when the augmented system is diagonally dominant. At the cross point, the im-

eT'Spe

plicit part S has weight + hpc,whereas the explicit parts (B;; with most of the zero rows
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(n —1)eT Spe

removed) have a combined weight of — hpc; thus, the augmented matrix would

not be diagonally dominant unless p¢ is large enough. For diagonal dominance, we need

g —1eT's, —2)eT' s,
£ e Oe+hpc>(n 73,6 Oe_hpc:pc>(n 2); =

Remark. If we consider a three-dimensional problem  C R? decomposed into many subdomains,
then there will be two types of cross points, corresponding to points on edges and corners
respectively. For such problems, the preceding analysis is no longer directly applicable, since
the subdomains are not all in the same plane. However, we can still expect the generalization
of Cy =), B;A™! to play a crucial role in determining the spectral radius of the iteration
matrix. In particular, we expect that one should choose different parameters for edge and corner
points, and both parameters should be large enough to make the augmented system diagonally
dominant. As we will see from the numerical experiments in Section 5.3, this choice will be
sufficient to make the stationary iteration converge, and will also accelerate the convergence of
the associated Krylov method.

4. ASYMPTOTIC BEHAVIOR OF OPTIMAL ROBIN PARAMETERS

4.1. Optimality conditions. While Theorem 3 gives us necessary and sufficient conditions for
convergence, it does not tell us how to choose D and pc optimally and what convergence rate
to expect. For optimal asymptotic convergence, we must minimize the spectral radius of NV as
defined in (13), or equivalently

pN) = max  p(Cr).

Since Cj is the one that could potentially cause the method to diverge, we will start by choosing
D and pe to minimize p(Cp), which is equivalent to solving the min-max problem

1-—XN;
21 i
(21) D>%§)ré>omfbx 14+ N

)

where \; > 0 are the eigenvalues of G defined in (18). This is in general a difficult problem,
since there are as many parameters to choose as there are points along one edge of the interface.
As a simplification, we will make the (possibly suboptimal) choice to use the same parameter
p = f(h) for all points on the regular interface, i.e., we will assume that D = f(h)-I. This
is not an unreasonable choice, since for a straight edge with no cross points, it can be shown
that the optimal parameter is constant along the interface [21]. Note however that we reserve
the right to choose a different parameter pc # f(h) at the cross point. We will show that there
exists a choice of f(h) and pc = pc(h) that gives p(Cp) = 1 — ch'/? + O(h), a contraction factor
that matches the two-subdomain case. We will then show that for this choice of f(h) and pc,
we also have p(Cy) =1 — £h'/2 4+ O(h) for k # 0. Thus, not only does the method converge at
the same asymptotic rate as the two-subdomain case, but we do not lose more than a constant
by minimizing p(Cp) instead of over all the p(Cj). Thus, our results show that it is possible
to obtain a method that converges with p = 1 — O(h!/?) simply by using a different Robin
parameter at the cross point, leaving the parameters on the other interface points unchanged.

For the remainder of this section, we will use the following partition of Sy and S L into
conforming blocks:

SEE SEC -1 Yer Yec
22 So = Sy = .
(22) 0 [SCE SCC} ’ 0 {YCE ch]

The labels E and C' correspond to degrees of freedom for the edges and the cross point re-
spectively, so that Sgp and Ygg is symmetric positive definite, Scp = Sgc, Yor = YETC, and
Sco, Yoo > 0 are scalar values.
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10

FIGURE 2. A plot of L(\) (the straight line) and R(A) (the function containing
vertical asymptotes at 61 ¢ = 1,2,...,6), for v = 1.5, hYoc = 3. The point
(2 —1,—hYcc) is indicated by the solid square, and the solutions to (29) occur
at the intersections marked by circles.

Lemma 4. Let D = f- I, f = f(h) > 0 in the definition ofé in (18). Let Amax and Amin,
which are functions of f and pc, denote the largest and smallest eigenvalues of G. If f* and D&
are solutions to the min-maz problem (21) and X .. = Amax(f*,D&), Abin = Amin(f*, p5) are
the optimal values, then the following two properties must hold:

(1) A inAiax = 1 (equioscillation),
)\max(fu pC)
)\min(fu pC)

If both conditions are satisfied, then p(Co) =1 — O(k~1/?).

(i) (f*,p&) is a minimizer of k(f,pc) = (condition number minimization).

Proof. To show the equioscillation property, we will follow the classical argument in Wilkinson
[31, p.94] to show that for any fixed pc, the A; are continuous, strictly increasing functions of f,
and that there exist fuin, fmax > 0 such that

(23) /\min(fmin;pC) : Amax(fminvPC) < 17

(24) )\max(fmaX7pC) . /\max(fmax;pC) > 1.

Then the equioscillation result follows from the generic argument below: suppose for some f we
have

1-— )\min . 1-— )\max

1+ Amin 1+ Amax

(25)

that p — L Jmin
so that p = ————
1+)\min

f slightly larger than f, we can obtain ;\min > Amin, ;\max > Amax SO that

. Since Apin and Apmax are strictly increasing functions of f, by choosing an

t

— Amax 1- S\min 1- )\min
<
+ Am

1
— = < .
1 ax 1+ Amin 1+ Amin

>
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Hence p < p, which means f cannot be optimal. A similar argument shows non-optimality when
the inequality sign is reversed in (25), so a necessary condition for optimality is

1_/\min o _1 _)\max

I+ Amin I+ Amax

or, after some manipulation,
(26) AminAmax = 17

which, in light of (23), (24) and a continuity argument, must be satisfied for some fiin < f <
fmax. We now show that the A; are strictly increasing functions of f. Suppose S ! has the block
form (22). Then G has the same eigenvalues as the symmetric matrix

. f-Yee Vfv-Yec 0 0

27 G=h — ,
27) L/f”Y'YCE Yoo 0 1-2
where v = 2pc/n. Now let Ygg have the spectral decomposition Ygg = UOUT, where © =
diag(f,...,0,,) and UTU = I. Applying the orthogonal transformation U = diag(U, 1) to G
gives

AT AT _ e VIv-UTYee]l [0 0

v GU_hL/f”Y'YCEU vYeo 0 1-2]"

To analyze the eigenvalues of G, we form the characteristic equation of UTGU:

_ 20T 20 12
(28) 0_(A—h~yYCC+(1—E))HA hfo;) Zh FAE TN = ht6;),
i=1 Ve
where the b; are the components of UT Ygc. To locate the ith eigenvalue )\;, we need to consider
two cases. If b; = 0, then the corresponding eigenvalue is

\i = hfo;.

On the other hand, if b; # 0, then we can divide (28) by v[[;~,(A — hf6;) and rearrange to
obtain the secular equation

A+1-2/n N R
(29) —— —hYee = ; TR

L(\) = R(\).

Note that L()) is a straight line through the point (2 — 1, —hYcc) with slope 1/v, and R())
has poles at 61, ...,0,,. Furthermore, L(\) is independent of f and R(A) of 4. In Figure 2, we
show the roots A; of (29) as the intersections between L(A) and R(\).

Regardless of whether b; is zero, each A; (and in particular A\; and A, ) is a strictly increasing
function of f. It remains to argue that (23) and (24) hold for some fmin and fumax. For fiin,
it suffices to choose f small enough so that either Apin(f,v) = 0 (when by # 0), or Apax < 1
(when b; = 0, since A\; = f6; > 0 in this case). For fi,.x, we can choose f large enough so that
Amin > 1/2 and Apax > f0m > 2 (see Figure 2).

Now for the condition number criterion, we see that when (26) holds, we have

)\m' X 1 }n/zfx }n/a2x }n/a2x 1/2 172 _ 1
plCo) = = L =1-0(),
Amax + 1 )\}n/zfx/\}n/z?x + /\}n/aQX)\:n/i K1/ +1

so p(Cp) is minimized when x = (f, pc) is minimized. O
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4.2. Spectral estimates for G. Lemma 4 gives us two properties that must be satisfied by
Amax (f; pc) and Amin(f, po) when the parameters f and po are chosen optimally; we now use
these two criteria to determine the asymptotic behavior of f and pc as h — 0. This requires
us to estimate Apin and Apax, the extremal eigenvalues of é, which are identical to those of
its symmetrized counterpart G, as defined in (27). Since G is symmetric positive definite for
pe > %, we have Amax = ||G]|2; similarly, we have 1/Amin = [|G||2. In other words,
we need to estimate the 2-norms of G and its inverse. Inspecting (18), we see that the various
subblocks of Sy 1 are multiplied by different parameters (f and 2pc/n), which means we will
need estimates for individual subblocks. Thus, our approach is to first estimate the norms of
the different subblocks of Sy and Sy!, and then estimate the norms of G and G~! based on the
subblock estimates. The latter task will require the following lemma.

My Mo
Moy Moo

max{||Mi1||z, [[Mazll2} < [[M|l2 < 2([M11ll2 + || Maz][2)-

Lemma 5. Let M = [ } be a symmetric positive definite matrixz. Then

Proof. For the lower bound, suppose z is a vector of unit length such that ||M712]|2 = || Mi1]|2-
Then by setting X = (27,0)7, we have

1MX| = /I Mus]3 + [ Maazllf > [|Murz]2 = [ M|z,

so that ||M]|2 > ||Mi1||2- Using the same argument on Mas completes the proof for the lower

bound. For the upper bound, let (z7,y?)T be the unit eigenvector of M such that

T T
(=) < o 7).

Y Y
In this case, we have

IM]l2 = (2T yT) M (y>

= 2(z" M1z + y" Magy) < 2(||Ma1ll2 + || Maz]|2),

since x and y each have norm less than or equal to 1. 0

Thus, to estimate ||G||z and |G~z in terms of f and v, we only need to estimate the norms
of the principal subblocks of G and G~! and apply Lemma 5. From Theorem 3, we know we

must have pc > % for convergence, so let us write
n —2)8
pe = L=25cC 1 4 gy
2h
for some g(h) > 0. Then from (22), (27) and (19), we can calculate
(30)
hfYEE * Sep + LECS;SC
G = n—2 ., Gl'=|hf hfgScc
* (SccYee(l+g) —1) %

g(n—2)
It remains to estimate the norms of Sgg, Sgc, Scc, Yer and Yoe, as defined in (22). To do
so, we must resort to well-known finite element Sobolev estimates and trace inequalities, which
can be found in [30] and are valid for the problem £ = n — A. In particular, we will use the
following results:
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Lemma 6. [30, Lemma B.5] Let ¢ be a nodal basis function associated with a node of an element
K in the triangulation of Q@ C R™. Then there exist constants independent of hy, the diameter
of K, such that

Clh?( < ||¢H%2(K) < Clh}l(, C2h7;(71 < |¢|§{1/2(K) < C2h7;(71'

Lemma 7. [30, Lemma 4.10] Let ur be a finite element trace along the interface T' of a subdomain
Q;, and let S be the Schur complement of the subdomain stiffness matriz with respect to the
interface. Then there exists constants ¢ and C' such that

clurf3pa @y < w'Su < Clur|}e ),
where u is the vector of degrees of freedom corresponding to the finite element trace ur.

We are now ready to provide estimates of the individual subblocks of the Schur complement
So and those of its inverse.

Lemma 8. For a piecewise linear finite element discretization on a shape-regular, quasi-uniform
triangulation, the following estimates hold for the block decomposition (22) of Sy as h — 0:

|SeEl2 = ©(1), Scc=0(1), |[Secl2=0(1),

where we write p(h) = O(¢(h)) whenever there exist constants ¢1 and co independent of h such
that c1tp(h) < |p(h)| < ctp(h). In addition, we have

|Yeel2 =O(h™"), Yec = O(]loghl).

Proof. For the first three estimates, let u be a vector corresponding to ur, a finite element trace
along the interface. Then by Lemmas 6 and 7, there exist constants C; and Cs independent of

h such that
C,C
u® Sou < Crlur[3 sy < %HUFHQL%F)'

However, there also exists C'5 independent of h such that

C3
u'u > THUFH%%F)a

yielding
UTSOU Cl 02
< —.
wTuy — Cs
By choosing u to span various subblocks of Sy, we obtain
(31) [Soll2 = O(1), [SEEl2 = O(1), Scc =0(1).

To obtain lower bounds for ||Sggl|l2 and Sce, let ¢ be a nodal basis function associated with
a node on I', and let ¢ be the corresponding vector representation. Then by Lemma 7 and by
letting n = 1 in Lemma 6 (interfaces are one-dimensional), we get

(32) SDTSOSD > |¢|§{1/2(p) > C,
where C is a constant independent of h. But the 2-norm of a matrix must be larger than any
one of its entries, since the (i, j)th entry m;; of M satisfies |m;| = |el Me;| < ||[M|2, where e;
and e; are unit basis vectors. Thus, (31) and (32) together show that
[Soll2 = ©(1), [SeEl2=0O(1), Scc = 06(1).
Finally, we have
uT Sgcov 0,uT)So(vT, )T
1Szl = max L5ECt _ 0 [0S0 O g oy,

u,v#0 HUHQH'UHQ B u,v#£0 ||U||2||UH2



BEST PARAMETERS FOR OPTIMIZED SCHWARZ AT CROSS POINTS 17

For estimates on |Ygg|l2 and Yoo, we know by [30, Lemma 4.11] that the condition number of
the Schur complement Sy is bounded by
c
K2(S0) < 7’
for some constant ¢ which, together with the fact that || Spls = ©(1), gives ||Sy |2 = O(h™).
To further obtain estimates for the subblocks, consider the vector u defined by

u=2Syle <= Sou=e,

where e = (0,...,0, 1)T. In addition, let U : ©; — R be the finite element extension obtained
by harmonically extending u into €; with respect to 7 — A. Then [30, Lemma 4.15] states that

1U = allfwq,) < C(1L+log(H/h))|ulin q,),

where « is any convex combination of values of U(x) on €;, H is the diameter of the subdomain
Q; and C' is a constant independent of H and h. Thus, by letting o — 0, we conclude that

Yoo = "u < ||U|l 10, < C(A+ [log h)*|U w10y,

where C' is a constant independent of h. On the other hand, we have
T = uT Spu = / VU + (U P de > U2,
Q

Thus,
U0 < CO+ [log h)?|U i1 0,
which implies
Ul ) < C(1+ |loghl)'/2,
which in turn gives
Yoo < C*(1 4+ [logh|) = O(|log h)).
Finally, by Lemma 5, we have
max{|[Yegll2, Yoo} < (1S5 2 < 2(|[Yesll2 + Yoo

But since ||Sy !l = O(h™!) and Yoo = O(|log h|), we must have ||Ygg|l2 = O(h™1), as claimed.
0

Using the estimates in Lemma 8, we can put the different subblocks of G and G~! in (30)

together using Lemma 5 to obtain the following estimates for A\pax(G) and )\min(é):
Lemma 9. The following estimates hold for h — 0:
Amax = [|Glla = O(f) + O((L + g)|Togh]),  Ahy = Gl = O((1 +g)/ fgh) + O(1/9).

4.3. Optimal choice of f(h) and g(h). Since the expressions for Apax and Apin involve terms
that scale differently in f and in g, we see that the relative sizes of f and g will lead to different
cases in the analysis. It will be convenient to distinguish the cases based on the size of f/(1+g).
We distinguish three cases:

(i) f/(1+ g) is asymptotically smaller than |log h.

(ii) f/(1+ g) is between |logh| and 1/h.

(iii) f/(14 g) is larger than 1/h.
In order to formalize the notion of smaller, between and larger, we will use the little-o notation:
for two positive functions f; and fo, we write f; = o(f2) if limp_0 f1/f2 = 0; this formalizes
the notion of f; being “smaller” than f. If we exclude borderline cases where f1/f2 oscillates
between two asymptotics, i.e., cases where 0 = liminf f1/fy # limsup f1/fo = C, then the
opposite statement is “f1/fs is bounded away from zero”, i.e., fi > Cfs for some constant C.
Thus, the above three cases translate to
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(i) f=o((1+g)|loghl),
(ii) f > c1(l+g)lloghl, f=o((1+g)/h),
(it)) f > ca(1+g)/h.
Since we expect f and g to be monotonic functions of h, we will not consider the borderline
cases; the three cases above cover all the remaining possibilities.

Case (i): f =o0((1+ g)|logh|). Then Apax = O((1 + g)|log h|). In addition, since
l+g  (I+g)[logh| 1 1

> -,
fgh f gh|logh| ~ g

we have )\;ﬁln = O((1 + g)/fgh). Now, the first optimality condition says AmaxAmin = 1; thus,
we get

14+g 1
1+g)|logh| =2 —= :>f:0(7).
(L olllostl = Ty JATlog
But by assumption, f = o((1 + g)|logh|), which implies
14 g)|logh 1
Utglloshl 4 ot ghlloghl? 51 — g ——
f h3|loghl

This gives
)\max —
K= = O((1 +g)?|logh|?) > O(h™1).

Case (ii): f > ci(1+g)|loghl, f = o((1+g)/h). Then Apax = O(f) and AL = O((1+g)/fgh).
The first optimality condition gives f2 = O((1 + g)/gh), which implies

(1+9)*[logh” < O((L + g)/gh) = g(1+g)h|loghl> < O(1) = g < O(m)'

Thus, if g = o(1), then Kk = O((1+g)/gh) > 1/h, whereas if g > const., we would get Kk = O(1/h)
provided g < O(h™2 /| log hl).

Case (iii): f > ca(1 4 g)/h. Then Apax = O(f), At = O(1/g), so that f = O(1/g). This
implies

>O0((1+g)/h) = g(1+g)=0(h) = g=O0(h).

Q|+~

Hence k = O(f/g) = O(h™2), which is worse than the first two cases.

Thus, to minimize p(Cp), we must choose f = O(h~'/?) and g < O(h~'/2/|logh|), which yields
p(Co) = 1 — O(v/h) by Lemma 4. We now show that for this choice of f and g, we also have
p(Cr) =1 —0(Vh) for 1 < k <n — 1, so that the method (12) itself converges with a factor of
1 — O(V/h), just like the two-subdomain case.

—2)8,
Lemma 10. Let f = ¢;/vVh and po = %(1 + g(h)) with ¢; < g(h) < ca/h*?|logh|,

s0 that p(Co) <1 —c3vVh+O(h). Then fork=1,...,n— 1, we have

p(Cr) <1 - Cg\/m O(h).

Proof. By Lemma 1, we have p(Cy) < p(W), where W is defined in (15). Let p; be an eigenvalue

1 — .
of W. Then we have p1; = H—;\\J, where \; is the corresponding eigenvalue of Z defined in (16),
J
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or equivalently, that of its symmetrized version

hD 1/2 0 -1 nD 1/2

7 = hD So + 0 hD ,

where
_ _nhpc _ (n=2)hpc
Tom-1 T 2m-1
A calculation similar to the one in section 4.2 shows that

o 1
hf(Yep — ————YgcYi, * =
5 f(YeR T+ oYoo EC fote)) P hfSEE *
- * 7Yoo ’ - Scc +o
1+oYce * T
o n .
Note that — = is a constant and that
T n—2
(n — 2)hpc (n — 2)250(;
= = 1 > t.
T om0 In—1) (L F9)=const,
since g > 0 and Sce = ©(1). Thus, the (2,2) blocks of both Z and Z~! read
- 7Y 7Y A Scc+o S o
Dy = —-2 C—0(1), [Z7Vn=220T7=2C % —0o@).

1+ oYee = oYeco T T T
On the other hand, the norms of the (1,1) blocks satisfy

121l = ||V - YicYho|, < hfIVerle = 1Gulla,

T+ o¥ec
2"l = S22, < | 322 + S205Ee |~ G-l

Using Lemma 5 to combine the two blocks, we get
1Z]l2 < 2(|| Z11]l2 + Z22) < 2||Gl2 + O(1),
1Z7 2 < 20112 Tallz + (27 Ya2) < 21 G7Hl2 + O(1).

Thus,
1= Amin(2) Amax(2) — 1 Z Yo =1 |Z]]2 -1
(W) = max { (2) Amax(Z) }:maX{IIA 2 =1 11212 L
1 )‘min(Z) )‘maX(Z)"’l ||Z_1H2+1 ||Z||2+1
Since the function @ — = _T_ is increasing for = > 1, we deduce that
x
2|G 2 — 1 o2y 201Gz —1 A —
p(W) < max { S B + O(|G)7%), S B+ 0(I G52 }
2[|G7 M2 + 1 2|Gll2 +1

— 11—k 2@+ 0 (@) =1— %3\/% O(h).

Combining the above lemmas, we have finally proved the second main result of this paper.
Theorem 11. Suppose the optimized Robin parameter is chosen to be constant for the edges,
i.e., we have D = f(h) - 1. Then the optimal parameters f and pc satisfy
_1 _ Co (n —2)Scc
=O0O(h™?2), cth™ < < w7, > —7 ",
f ( ) 1 Spc = 13/2[log | 1 B)

and the method (12) converges at a rate of p=1— O(v/h).
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FIGURE 3. Spectrum of the iteration matrix for the four-subdomain problem
with h = 1/16, f(h) = 1.65/vh and (a) g(h) = f(h), (b) g(h) = 0.7/h.
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FIGURE 4. Contraction factor p(Cy) for £L = —A for four subdomains, using

different scalings for f(h) and g(h)
fixed f(h) = 1.65/v/h, varying g(h)

5. NUMERICAL EXPERIMENTS

5.1. Four subdomains. For the first set of experiments, we consider the problem of solving
—Au = f on the unit square when it is subdivided into four subdomains, as shown in Figure
1(a). When P! finite elements are used, the four subdomains have identical stiffness matrices,
and there is a single cross point at the center of the domain. We first verify the analysis of
section 4.3 by choosing different scalings for f(h) and g(h). In Figure 4(a), we show the spectral
radius of Cy when we fix g(h) to be equal to 0.7/h and vary the scaling of f(h) from O(1) to
O(1/h). We see that the best contraction rate is achieved when f(h) = O(1/v/h), as predicted
by the analysis; in this case, p(Cp) scales like 1 — O(\/ﬁ) In the two other cases, it appears to
scale like 1 — O(h). This happens when f(h) = O(1), i.e., when we are in case (i) of the analysis;
here, the condition number s behaves as

k= O((1 +g)*|log h*) = O(|log h|*/1?),

(a) g(h) = 0.7/h fixed, varying f(h), (b)
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FIGURE 5. (a) Convergence of Dirichlet vs. Robin transmission conditions for
h =1/128, (b) Contraction factor (1 — p) vs. grid parameter (h).

so that p(Cp) ~ 1 — k=2 = 1 — O(h/|logh|). This is slightly worse than 1 — O(h), but
hardly discernable from the plot. When f(h) = O(1/h), we are in case (ii), which tells us that
k= O(f?) = O(1/h?); thus, we have p(Cy) = 1 — O(h), which is confirmed by the plot.

Next, in Figure 4(b), we fix f = 1.65/v/h (i.e., the optimal scaling), and vary g(h) from O(h)
to O(1/h). When g = O(1/h), this puts us in case (i) of the analysis, where we have

k= O0((1+9)*loghl*) = p(Cy) =1~ O(h/|loghl).

The other choices correspond to case (ii): when g = O(h) (i.e., when g is too small), we get
k= O((1+ g)/gh) = O(1/h?), which matches the 1 — O(h) behavior shown in Figure 4(b). On
the other hand, when g is between O(1) and O(h='/2/|logh|), we get the expected 1 — O(v/h)
scaling for p(Cp); in fact, the curves for g = O(1) and g = O(h~'/3) have the same slope and
differ by at most a (rather small) constant. This is why we are unable to deduce the precise
optimal scaling for g(h) using asymptotic analysis alone.

To illustrate Theorem 11, we run the optimized Schwarz method with the optimized parame-
ters f(h) = 1.65/vh, g(h) = 0.7/h and compare its convergence rate with the classical Schwarz
method (with Dirichlet transmission conditions). Since classical Schwarz does not converge
without overlap, we have used one layer of overlap to generate the classical Schwarz curve (even
though the optimized Schwarz method still uses non-overlapping subdomains). The results in
Figure 5 clearly show that convergence is faster when optimized Robin conditions are used, and
the contraction factor behaves as expected under refinement, i.e., 1 — O(h) for Dirichlet and
1 — O(v/h) for Robin transmission conditions. We also see from the spectral plots in Figure 3
that if we had used the same parameter for the cross point as for the regular interface, we would
get exactly one eigenvalue outside the unit circle (near -1.7 for h = 1/16), which means the
iteration diverges. This behavior will persist for more general decompositions with cross points,
see the next section.

5.2. Multiple subdomains and cross points. To show that our choice of parameters also
leads to convergent algorithms for more general decompositions, let us consider the problem
of defrosting a frozen chicken in room temperature water shown in Figure 6. The rectangular
domain is divided into 12 subdomains, with the chicken occupying four subdomains and the
water occupying the remaining eight. This leads to a total of 10 cross points of degree 3 or 4.
We then refine this grid several times by splitting each triangular element into four smaller ones.
The number of elements and degrees of freedom for each refinement level is shown in Table 1.
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FIGURE 6. (a) Initial grid and decomposition into subdomains for the chicken
defrosting problem. (b) Temperature for the chicken and the surrounding water
after 10 minutes. The computational grid is obtained by refining the initial grid

once.
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FIGURE 7. (a) Convergence of the optimized Schwarz method for different re-
finement levels for the chicken defrosting problem, (b) Contraction factor as a
function of the number of refinements.

On each of these grids, we solve the heat equation using backward Euler in time

WFL ok

Z " —_D-A k+1
5t v

where dt is the time step (always equal to 1 minute for any grid size) and D is the thermal
diffusivity, which is 1.2 x 107m?/s for the chicken and 1.4 x 10~7"m? /s for the surrounding

TABLE 1. Number of elements and degrees of freedom for each refinement level.

Level +# elements  # dofs
0 252 142
1 1008 535
2 4032 2077
3 16128 8185
4 64512 32497




BEST PARAMETERS FOR OPTIMIZED SCHWARZ AT CROSS POINTS

TABLE 2. Comparison between the relative residuals of the classical and opti-
mized Schwarz methods for the chicken problem. The cross point fix is used for
optimized Schwarz to ensure convegence. “Conv.” indicates that the relative
residual is below 1073.

Level 0 Level 1 Level 2 Level 3 Level 4

Its. | Opt. Clas. Opt. Clas. Opt. Clas. Opt. Clas. Opt. Clas.
5 | 4.77e-2 2.75e-2 | 2.45e-2 1.60e-1 | 9.87e-2 4.48e-1 | 2.03e-1 6.64e-1 | 3.04e-1 7.65e-1
10 | 1.02e-3 4.15e-4 | 2.13e-3 1.62e-2 | 1.55e-2 1.57e-1 | 5.18¢e-2 4.09e-1 | 1.10e-1  6.04e-1
15 | 8.03e-5 4.62e-6 | 2.62e-4 1.44e-3 | 3.15e-3 5.44e-2 | 1.58e-2 2.48e-1 | 4.49e-2 4.71e-1
20 | 4.49e-6 1.04e-7 | 3.64e-5 1.38e-4 | 7.31e-4 1.93e-2 | 5.19e¢-3 1.57e-1 | 1.94e-2 3.73e-1
25 | 3.53e-7 conv. | 5.0le-6 1.20e-5 | 1.77e-4 6.58e-3 | 1.82e-3 9.55e-2 | 8.71le-3 2.91e-1
30 | 2.72e-8 6.90e-7 1.13e-6 | 4.36e-5 2.32e-3 | 6.58¢-4 6.12e-2 | 4.04e-3 2.35e-1
35 conv. 9.49e-8 9.86e-8 | 1.10e-5 7.82e-4 | 2.44e-4 3.69e-2 | 1.91e-3 1.84e-1
40 1.31e-8  conv. | 2.80e-6 2.74e-4 | 9.16e-5 2.35e-2 | 9.23e-4 1.49e-1
45 conv. 7.15e-7 9.20e-5 | 3.51le-5 1.41e-2 | 4.52e-4 1.17e-1
50 1.82e-7 3.21e-5 | 1.35e-5 8.96e-3 | 2.23e-4 9.51e-2
55 4.64e-8 1.08e-5 | 5.20e-6 5.36e-3 | 1.11e-4 7.45e-2
60 1.18e-8 3.75e-6 | 2.03e-6 3.39e-3 | 5.57e-5 6.04e-2
65 conv. 1.25e-6 | 7.92e-7 2.02e-3 | 2.81e-5 4.72e-2
70 4.36e-7 | 3.09e-7 1.28e-3 | 1.42e-5 3.82e-2
75 1.46e-7 | 1.21e-7 7.59e-4 | 7.25e-6 2.99e-2
80 5.06e-8 | 4.72e-8 4.79e-4 | 3.70e-6 2.41e-2

water. At each time step, we need to solve a linear system of the form (n— Ap)u**T! = u*, where
n = ﬁ. We know from [12] that for the homogeneous Poisson equation, the optimal Robin
parameter for the two subdomain case is given by

(33) P = ((Riin + 1) (R + 1),

where kpin and kpax are the minimum and maximum frequencies that can be resolved by the
spatial grid. For the sake of easy implementation, we have used (33) as a guideline for choosing
our parameter p* away from cross points, even though better choices are available for problems
with jumps in the coefficients [8]. We calculate the optimal parameter p* for different levels of
refinement from the coarse mesh using (33); since kmin = C and kmax = C’/h for some constants
C and C’, we have p* = O(1/v/h) for 1 fixed and h small enough. For cross points, the remark
after Theorem 3 tells us that we need to choose p so that the implicit part dominates; furthermore,
by Theorem 11, we can choose the Robin parameter to scale like C'/h, i.e., the additional weight
is h - p = C, a constant. Thus, for this experiment, we have chosen p so that the diagonal
element of A; corresponding to the cross point is at least 3/4 of the corresponding element in
the global stiffness matrix. The results shown in Figure 7 and Table 2 confirm that this indeed
gives a convergent method for any refinement level, and the contraction factor indeed scales like
1-— O(\/E), as expected; thus, optimized Schwarz outperforms classical Schwarz, especially for
higher refinement levels. We conclude that even though the analysis required fairly stringent
symmetry conditions, we see that the same conclusions hold in much more general settings.

We now examine what would happen if we had used the same Robin parameter everywhere
(including cross points). Figure 8(a) and Table 3 show that the method indeed diverges; more-
over, the method diverges at the same rate for all refinement levels. In Figure 8(b), we plot
the solution after 10 iterations. We see that the solution diverges most quickly at cross points,
and that cross points of degree 4 cause faster divergence than cross points of lower degree. All
this indicates that the culprit for divergence is indeed the presence of large eigenvalues in the
iteration matrix N associated with cross points.

We finally consider what happens when optimized Schwarz is used as a preconditioner within
a Krylov subspace method. Figure 9 and Table 4 show the convergence of GMRES both with
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TABLE 3. Relative error of optimized Schwarz without the cross point fix.

Its. | Level 0 Level 1 Level 2
5 7.14e+01 | 5.46e+4-01 | 6.82e+01
10 | 1.73e4+04 | 1.33e+04 | 1.66e+04
15 | 4.21e4+06 | 3.22e+06 | 4.03e+06
20 | 1.02e+09 | 7.83e408 | 9.78e+408
25 | 2.49e+11 | 1.90e+11 | 2.38e+11
30 | 6.04e+13 | 4.62e+13 | 5.78e+13
1015
log, o(L+/u)
3
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10107 1 25 5
- 15 3
24
10° ¢ ] 1 2
—e—Level 0 05 !
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0 ——Level 2 0 1 2 3 4 5
1073 5 10 15 20 25 30
Iterations
(b)
(a)
FI1GURE 8. Divergence of the optimized Schwarz method without the cross point
fix. The map shows the solution after 10 iterations. The colors are shown in
logarithmic scale; darker colors indicate larger values.
TABLE 4. Comparison between optimized Schwarz preconditioned GMRES for
the chicken problem, with and without the cross point fix.
Level 0 Level 1 Level 2 Level 3 Level 4
Its. | with fix no fix | with fix no fix | with fix no fix | with fix no fix | with fix no fix
5 6.05e-3  9.32e-3 | 3.96e-3 7.5le-3 | 1.0le-2 9.60e-3 | 1.59e-2 1.45e-2 | 1.94e-2 1.91e-2
10 | 3.28e-5 7.07e-5 | 5.04e-5 6.62e-5 | 1.63e-4 1.72e-4 | 3.18e-4 3.14e-4 | 6.17e-4  6.80e-4
15 | 1.22e-7 6.09e-7 | 7.49e-7 8.96e-7 | 5.96e-6 6.50e-6 | 2.18e-5 1.91e-5 | 6.39e-5  7.05e-5
20 conv. conv. 6.00e-9  9.95e-9 | 1.15e-7 1.44e-7 | 1.67e-6 1.34e-6 | 6.87e-6 7.31le-6
25 conv. 6.83e-9 | 6.83e-9 7.7le-9 | 7.97e-8 6.40e-8 | 7.21e-7 7.03e-7
30 conv. conv. conv. conv. conv. 7.93e-8  6.26e-8

and without the cross point fix. Both versions benefit from Krylov acceleration to the same
degree, and the similarity of the two plots shows that the cross point fix simply moves the large
eigenvalues back into the unit circle, without adversely affecting the rest of the spectrum. One
also sees that for 2D problems, the cross point fix is only important for the stationary case; it
is not necessary when GMRES is used, since the Krylov method takes care of these outlying
eigenvalues automatically. As we will see in the next section, this is not the case for 3D problems,
where there will be cross points corresponding to edges, and their corresponding eigenvalues will
form non-trivial clusters in the spectrum.

5.3. 3D Example. We now consider a three-dimensional example in which the cube [—1,1]3 C
R3 is decomposed into 8 smaller cubes meeting at a single cross point at the origin. As mentioned
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FIGURE 9. (a) Convergence of GMRES with the optimized Schwarz precondi-
tioner for the chicken problem: (a) with the cross point fix, (b) without the
cross point fix.

FI1GURE 10. A decomposition of a cube into 8 equal subdomains.

in the remark at the end of section 3, we expect to choose different Robin parameters for the
faces, edges and corners. For faces, we choose the usual scaling p = 1/ V'h, whereas for edges
and faces, we use the same heuristic as the chicken problem, meaning we will choose p = O(1/h)
in such a way that the diagonal element of A; corresponding to the cross point is at least 3 /4
of the corresponding element in the global stiffness matrix. Since the diagonal element in the
standard 7-point discretization is 6 for the interior, 3 for the faces, 3/2 for the edges and 3/4
for the corner, it suffices to choose p = 3/h for edges and p = 4/h for the corner. We plot the
spectrum of the iteration matrix for h = 1/6 in Figure 11(b). As a comparison, we also plot
the spectrum we would have obtained if we had used p = 1/ Vh for the edges and the corner.
We see that if we had used p =1/ V'h everywhere, we would obtain three clusters of eigenvalues
corresponding to the faces (inside the unit circle), the edges (the cluster around —2) and the
single corner at -4. The presence of the cluster around -2 is especially problematic for GMRES,
since it must now spend several iterations removing these components. As we see in Figure 12
and Table 5, GMRES is indeed slowed down by this cluster; it takes about 10 more iterations
than the version with the cross point fix to achieve the same relative residual, especially for finer
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FIGURE 11. Spectrum of the Optimized Schwarz iteration matrix for a 2 X 2 x 2
decomposition of the cube. Top: p = v/h for all interface points, including cross
points. Bottom: p = v/A for the regular interface and p = O(1/h) for cross
points.

TABLE 5. Comparison between GMRES with the optimized Schwarz precondi-
tioner for the 3D problem: (a) with the cross point fix, (b) without the cross

point fix.
h=1/8 h=1/16 h=1/32

Its. | with fix no fix with fix no fix with fix no fix

5 13.96e-002 3.71e-002 | 3.46e-002 6.14e-002 | 2.62e-002 3.35e-002
10 | 4.63e-005 2.44e-004 | 4.84e-005 1.21e-004 | 1.70e-004 1.82e-004
15 | 2.92e-006 2.98e-005 | 2.30e-006 1.69e-005 | 1.06e-006 5.80e-006
20 | 1.98e-007 4.43e-006 | 2.36e-007 2.84e-006 | 1.69e-007 1.18e-006
25 | 1.32e-008 5.39e-007 | 2.19e-008 5.44e-007 | 2.45e-008 3.02e-007
30 conv. 5.48e-008 conv. 9.17e-008 conv. 8.68e-008
35 conv. 1.75e-008 2.13e-008

grids. This example shows the cross point fix is not only of theoretical interest, but can really
accelerate convergence of Krylov methods at no extra cost, especially for 3D problem.
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