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Abstract

In this paper, we formulate interface problem and Neumann elliptic boundary value
problem into a form of linear operator equations with self-adjoint positive definite op-
erators. We prove that in the discrete level the condition number of these operators is
independent of the mesh size. Therefore, given a prescribed error tolerance, the classical
conjugate gradient algorithm converges within a fixed number of iterations. The main
computation task at each iteration is to solve a Dirichlet Poisson boundary value problem
in a rectangular domain, which can be furnished with fast Poisson solver. The overall
computational complexity is essentially of linear scaling.
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1. Introduction

Self-adjoint elliptic problem can be reformulated as some Riesz representation in an ap-
propriate Hilbert space. To clarify this point, let us consider the Dirichlet boundary value
problem

— V- (B@)Vu) +c(x)u=f, VaeQ,
u=0, Vzed.

where Q is a bounded domain of dimension d, and B(x), ¢(z) and f are given functions in .
The associated variational problem is to find a distribution u € H}(2) such that

tvar.(u,v) < (B(2)Vu, Vo)a + (c(z)u,v)q = (f,0)0, Vv e HL(Q). (1.1)

Here (-, -)q denotes the standard L2-inner product in the domain Q. If the coefficient functions
B(z) and c(x) satisty

0<fBo<px)<pPr<o0, 0<c(r)<mar <00, VzeQ, (1.2)

where By, f1 and Cpqe are three constants, then the bilinear form a,qr (-, ) defines an inner
product in H}(Q2). The weak solution u is simply the Riesz representation of functional (f,v)q
with respect to the inner product ayaro(,-) in HE ().
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There might be different inner products in a same vector space. In some cases, it is possible
to choose an equivalent reference inner product, such that the Riesz representation with respect
to this reference inner product is simpler. For example, the bilinear form

ap,o(u,v) = (Vu, Vo)q

gives an equivalent inner product as ayera(-,-) in H}(Q), but the Riesz representation with
respect to ag q(-,-) is simpler since this corresponds to a Dirichlet Poisson problem. By intro-
ducing the representation operator 1" as

avar.0(u,v) = ag.o(Tu,v), Yu,v € Hy(Q),
the variational problem (1.1) can be rewritten into a form of operator equation
Tu = Ry. (1.3)

In the above, Ry denotes the Riesz representation of functional (f,v)q with respect to the
reference inner product ag (-, ). Since ag.o(-, -) is equivalent to ayer.a(+, ), T is both self-adjoint
and positive definite. Obviously, these properties are inherited automatically in the discrete
level, and the bounds of operator T are independent of the mesh size when a conforming
finite element method is used. This implies that the operator Eq. (1.3), thus the original
problem (1.1), can be solved by the Conjugate Gradient (CG) method within a fixed number of
iterations. At each iteration, one needs to determine a Riesz representation of some functional
with respect to the reference inner product. If this can be achieved with an essentially linear
scaling algorithm, such as the fast Poisson solver for the model problem when the domain is
rectangular, the overall scheme based on CG iterations is then essentially of linear scaling.

There are two ingredients involved in the above solution strategy. The first one is how to
formulate a self-adjoint elliptic problem into a Riesz representation problem. The second one is
how to determine an equivalent reference inner product such that the Riesz representation can
be derived with a linear scaling algorithm. Needless to say, these issues are coupled together
and problem dependent. We need to study them case by case.

Interface problem is ubiquitous in fluid dynamics and material science. It has been a hot
research subject for many years. The main difficulty for solving interface problem is due to
the fact that the solution is generally not smooth globally, thus the traditional finite difference
method (FDM) works poorly near the interface. As early as in 1977, Peskin [9] proposed the
immersed boundary (IB) method to handle the singular interface force in his blood flow model
for heart. His basic idea is to approximate the singular delta function with a smoother delta
series. In this way, the singular force is smeared out, and the standard FDM is then applicable.
The IB method has been extended in a great deal, and become very popular in the simulation
of interface-related problems. The readers are referred to [10] for more detailed information.

Despite the overwhelming success, the IB method is criticized due to the less satisfying
accuracy. This motivated Leveque and Li [5,6] to develop the immersed interface method (IIM).
The original version of IIM is formally second order accurate but results in a linear system with
non-symmetric coefficient matrix. This unpleasant fact has a subtle influence on the convergence
of their proposed iterative scheme [4]. Later, Li and Ito [7] proposed some maximum principle
preserving schemes to avoid this convergence problem. In more recent years, the finite element
version of IIM [2,3,13] has been studied more extensively. In comparison to the FDM, the finite
element method (FEM) has two remarkable features. First, the FEM can handle complicated
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geometries without too many additional efforts. Second, the FEM maintain the variational
structure of the original problem, so that the self-adjointness (if existing) is inherited naturally
after discretization and the error analysis is generally easier.

In some cases, the solution of interface problem is at least piecewise smooth, though not
globally. However, as pointed out and analyzed in [1], this is already sufficient to ensure a
numerical solution with nearly optimal accuracy if an interface-fitted mesh is used. Besides,
the coefficient matrix of the resulting linear system is maintained symmetric. Therefore, for
those satisfied with the approximating accuracy and the symmetric feature of the resulting
linear system, the interface problem is largely solved. In the authors’ opinion, the key issue
related to interface problem is the designing of fast algorithm based on a rigorous numerical
analysis.

This was our original motivation to initiate this research. Inspired by the abstract solution
strategy described at the beginning of this section, we develop a CG iteration algorithm based
on the fast Poisson solver for the elliptic interface problem. In the language of preconditioning,
we use constant coefficient Poisson equation to precondition the variable coefficient interface
problem. We stick to the fast Poisson solver because it is essentially of linear scaling, and
more importantly easy to be implemented. We prove that given a prescribed error tolerance,
the CG method terminate after a fixed number of iterations. This ensures that the overall
scheme is essentially of linear scaling. As an extension, the Neumann boundary value problem
is also considered in this paper. Following the analogous idea, we formulate the boundary value
problem into a variational problem such that the Poisson equation can be taken as a uniform
preconditioner.

The rest of this paper is organized as follows. In Section 2, we recall the CG method and
the fast Poisson algorithm with bilinear finite elements. In Section 3, we consider the interface
problem. In Section 4, we consider the Neumann boundary value problems. Numerical tests
are reported in Section 5, and Section 6 concludes this paper.

2. Conjugate Gradient Method and Fast Poisson Solver
We first recall some basic notions in functional analysis.

Definition 2.1. Suppose V is a (real) Hilbert space with inner product (-,-). The induced norm
is denoted by || - ||. A linear operator T : V — V is regarded bounded if there exists a constant
co > 0 such that

[To]| < ezlvf], YveV.

T is regarded coercive if there exists a constant ¢; > 0 such that
(Tw,v) > ci||v]|?, Yv e V.

T is regarded self-adjoint if
(Tu,v) = (u, Tv), Yu,v € V.

If the linear operator T is bounded, coercive and self-adjoint, we call it Self-adjoint Positive
Definite (SPD). The constants c1 and cz are regarded bounds of the SPD operator T

Obviously, the concept of SPD is an extension of that for a symmetric positive definite
matrix. If T is SPD, then its spectrum o(T') C [c1, c2] where ¢; and ¢y are bounds of T'. Define
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the condition number as
supo(T)
K(T) = ——=,
inf o(T)
and it follows that k(T") < ca/c;.
Given a Hilbert space V' with inner product (-,-)s, we consider the Riesz representation of
a bounded linear functional [(v). More precisely, we seek u € V such that

(u,v)o =1(v), Yo € V.

Suppose (-, )res is another equivalent inner product in V. Define the representation operator
T by
(U, 0)a = (Tu, V)pes, Vu,v eV,

and let R; be the Riesz representation of I(v) under the reference inner product (-, -)ycs, i.e.,
l(v) = (R, v)pes, YV EV.

Then u solves the operator equation
Tu= Rl. (2.1)

Since (+,+)o and (-, -)res are equivalent, 7' is SPD. The operator Eq. (2.1) can be solved with
the standard CG method:

1. Given a relative residual error tolerance e and initial guess u(%).
2. Set 10 = R; — Tu(®, p© = (),
3. for k=0,1,---

(r®,r®)), o5
(p™), p*)y 7
uFHD) = B 4 ™).
D) — () _ o, ).
Br = (T(k+1)ar(k+1))ref
SN CONC) PR
pEHD) = p (1) 4 g (k)

aE =

4. Iterations terminate when Hr(’“)|\ref/||r(0)||ref <e

The error bound at the k-th iteration is given by (see for example [11])

k
o= u®lle _, (/5O -1
lu—u®]|, — VE(T)+1 ’
where k(T') is the condition number of T'.
Fast Poisson solver is an efficient numerical algorithm to solve Dirichlet Poisson problems

defined in a rectangular domain. There are several versions in the literature, but all of them
share the same spirit. We recall this algorithm for the bilinear rectangular elements.
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Given a rectangular domain 2 = ;1 X -+ x Q4 of dimension d, let us consider the discrete
variational problem: Find u € V;#(Q2) such that u|sq = g € OV,F(Q) and

az.0(u,v) Y (Vu, Vo) + 2(u,0)0 = I(v), Vo€ VE(Q). (2.2)
Here and hereafter, V,'(Q) denotes the bilinear Rectangular finite element space in €2, VhI?O(Q)
the maximal subspace of V;(Q) with trace zero, V,(Q) the trace space, | a bounded linear
functional on H'(Q), and (-,-)q the standard L? inner product. This variational problem
arises when one discretizes the Poisson operator —A + zI equipped with Dirichlet boundary
condition. If z € R is not a Dirichlet eigenvalue of the discrete Laplace operator, the problem
(2.2) is uniquely solvable.
Let us denote the hat basis functions in the i-th direction as v; x(z;), k = 0,1,--- , M,
i =1,---,d. Introducing the vectorial index k = (ki, k2, -, kq), we can label finite element
basis functions as

de(@) = J[ dinl@), o= (21, 2a)".
i=1

yoeend

By expanding v under this set of basis functions as
w=2
k

the variational problem (2.2) can be reformulated as a linear system
Tu=Db, u= (uk), (2.3)
where T = (tx k) is the reduced total stiffness matrix defined as

ticw = az,0(Yk, Yir)
= D (Voir, Vi), [k Vin)o, +2 [T Wik i)

i=1,,d J#i i=1,,d

and b = (bk) is the reduced load vector defined as

bk = (¢x) — Z tkwuk, Vk¢Blnd
k’eBInd

Here BInd denotes the set of boundary indices, and uys for k/ € BInd is given by the Dirichlet
boundary condition. It is easy to verify that the reduced stiffness and mass matrices in the i-th
direction are of the form

M2 —1 LE I
RS A
T;:h— 5 Uz:hz 5
’ —1 21 ;1 i % é
6 3

where h; denotes the mesh size in the i-th direction. The key point is that these two matrices
are simultaneously diagonalizable by the discrete sine transform

Tr = (xh" . aIMi—l)T — Y= (y17" . 7yM7,—1)T = V;.ﬁ
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defined by

ot kjm
yk= > sin<]\‘74i):cj.

j=1

The diagonal elements of diagonal matrices ViTi‘/;*l and ViUinl are, for 1 <k < M; — 1:
km

B 2 — 2cos (M)

2
Top=—— Up=h | 24—
ok hs o 3 3

Since T is a summation of some tensor products of T; and Uj, i.e.,

T = Z Tz® ®UJ +Zl_i®dUi,

=1, d J#i

the coefficient matrix T of linear system (2.3) can be diagonalized by the multi-dimensional
discrete sine transform, and the diagonal element at (k, k)-position is

E Ti,kiHUj,kj +z H Ui ;-
i=1,,d J#i i=1,-,d

Thanks to the fast algorithm for the discrete sine transform, the linear system (2.3) can be
solved within O(N In N) operations with N = Hle M;.

3. Interface Problem

We consider the following general interface problem

def

Aparu = =V - (B(z)Vu) + c(z)u=f, VaeQUQ,,

(Dpygi - Dpyge)u =, Va e F, (3.1)
Nru =m, Ve el,

Daqu = g, Ve o,

where T' = 9€; N 09, is a Lipschitz interface, Nt = Nr.q, + Mrq,, and Q = Q; U Q. is a
rectangular domain. See the schematic map in the left of Fig. 3.1. Here and hereafter, given
any domain Q and a part of its boundary [ c 99, we denote by Df,ﬁ the Dirichlet operator
limiting from the interior of Q to its boundary. In the same spirit, we denote the Neumann
operator by

Nigu=n-p(x)Vu, Vre L,

where n denotes the unit normal directed to the exterior of domain Q. In some cases, we do
not specify the domain when no ambiguity occurs. The coefficient functions 5(z) and ¢(x) are
presumed continuous on each disjoint subdomain, but may be discontinuous across the interface
I'. Furthermore, we suppose f(x) and c¢(x) satisfy the conditions specified in (1.2).

The weak formulation associated with the interface problem (3.1) is to find a distribution
u € L?(Q) such that

ul, € HY (), u|, € H'(Q), (Pra, — Dro,)u=r¢€ H*(T), Dogu =g € H(Q),

def

(3.2)
Ayar.0(u,v) = (B(x)Vu, Vv)a + (c(z)u,v)q = (f,v)a+ < m,Drv >r, Vv € Hi(Q).
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If f € L%(Q) and m € Hz (D), this problem is uniquely solvable (see [1]).

We resort to the conforming finite element method to solve this interface problem numeri-
cally. First we generate a uniform rectangular mesh in 2, and then form an interface domain
by collecting all rectangular elements intersecting with I', and make a local body-fitted shape-
reqular triangular mesh. See the schematic map in the right of Fig. 3.1.

Fig. 3.1. Domain decomposition based on a uniform rectangular mesh.

The whole domain {2 is divided into three parts: €7 in ;, Q5 in . and the residual crack
domain Q. = Interior(Q2\(2; U Q2)). Note that ; and s are composed only of rectangular
elements. Set Q; . = ;N and Q¢ . = Q.NQ.. The discrete variational problem corresponding
to (3.2) is to find a function u such that

uloue, € VI UQ), ulo,. € Vi (Qe), ulo.. € V) (Qee),
(DI‘7QLC — 'DF’Q&C)U = IhT, Dagu = Ihg,

(3.3)
(Doaq..0. — Doq..0,u0,)u =0,

Aypar,0(U,v) = (f,v)o+ < m,Drv >p, Vv e V().

Here V4,0(Q2) denotes the conforming finite element space with trace zero, which relates to the
composite mesh consisting of rectangular elements in €2 U 2, and triangular elements in 2.
VhT denotes the triangular finite element space and I, a suitable interpolating operator. We
should remark that in the discrete level, the interface I' is actually approximated with a polygon
or a polytope, and the domains 2; and §2. are modified correspondingly. We hope this wilful
neglect will not present any confusion to understand the main idea.

We take two steps to compute the numerical solution.

3.1. Step A: local solution

Using local triangular elements, we compute the solution of the local interface problem

Aypartto = fXch S QC\F,
(IDRQi,c - DF,Qe,c)uo =T, Vo e T,
Nrug = m, Ve el,

DBQC,QC'U/O =0, Ve of,.
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Numerically, we determine ug such that

Q. €V (Qie), wola.. € Vi (Qe.e),
(Dr.,q,. — Dr.a..)uo = Inr, Dag, a.uo =0,

avar.0. (U0, v) = (fxa.,v)a.+ <m,Drv >p, Yove V,SO(QC).

Uo

Here V;[) denotes the maximal subspace of V;I" with trace zero on 9.
The above problem can be decomposed into three subproblems. First, using triangular
elements we solve

AvaruOI,i = fXQ%YC, Ve Qi,c;
Dr,g; w01, =1, VzeT,
Daﬂlyﬂi,cuOIgi =0, Ve ana

which is equivalent to determine wug1,; € VhT (€Q4,¢) such that

Dr,; uo1,i = Inm, Dog, 0 U0t =0,

. (3.4)
avar,inc(UOI,i; U) = (fXQi,cav)Qi,ca Vv e Vh,O(Qi,C)'
Second, using triangular elements we solve
AvarUOI,e = fXQe,c; Ve Qe,c;
Drq, . uo1,e = 0, Vzel,
Doa,\00,0.  Uote =0, V€ 0Q\09,
which is equivalent to determine wug; . € V,ZO(Q&C) such that
Avar,Q, . (Uo1,e,v) = (fXQ. . V)., YvE VhT,o(Qe,C)- (3.5)
Let us define
oL = { Uolis T E€ Qe
UQl,e, T E Qe,c;
and set uge = ug — ugp1. Then ugs solves
AvarUO2 = 0; Ve QC\F,
(Dr,. —Dra. Jue =0, Vzel,
Nrugz = m — Nruoy, Vzel,
Doagq. 0. uo2 = 0, V€ 09,
which is equivalent to determine gy € VhT,O(QC) such that
avar.q, (W02, v) =< m — Nrugr,v >p, Vv € Vfo(ﬂc). (3.6)

In the case that all interior vertices of €. are located in the interface I', there is no need to
solve (3.4)-(3.5), since the solutions are simply the piecewise linear interpolants. The subprob-
lem (3.6) can be solved efficiently, since the resulting linear system only involves the degrees
of freedom on the interface I', and the coefficient matrix is sparse and symmetric positive defi-
nite. Especially in two dimensions, if the interface is topologically isomorphic to a circle, this
coefficient matrix can be made cyclic tridiagonal, and the linear system can be solved directly
within the linear scaling complexity.
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3.2. Step B: global solution

Let us extend the function ug to the whole domain 2 by zero and put v = ug + u. It is easy
to verify that @ solves the following interface problem

Avartt = fX0100, Vae QU U,
(Dog..0. — Doq. 0iu0,)t =0, Ve i,
Nogq, @ = —Nagq, uo, Ve o,
Doqti = g, V€ oQ.

Numerically, @ € V3, (£2) satisfies Dot = Ig and
Avar,0 (U, V) = (FXQ100 V)00, — < Nog, U0, v >a0., Vv € Vi o(Q). (3.7)

Let us denote by ST(R)

oo 1t — uy the solution operator of the local Dirichlet variational problem

with Triangular (Rectangular) elements, i.e.,
ur € VTP (), wloa, =t, avara, (ur,v) =0, Yve V! (@), (3.8)
and ICga(fi ) the corresponding discrete Dirichlet-to-Neumann map

< KT(R) (t),'DaQC’U >90.= Quar,Q. (ut,v), Vv e VhT(R) (Qc)

var

Recalling (3.7) we have
Ayar,Q. (ﬂ; U) - 0, Yo e thjo(ﬂc)

Therefore, for any v € Vj, o(£2) it holds
avar,ﬂ(ﬂa 1}) = Qpar,Q1UQ, (ﬁ; U) + Ayar,Q. (ﬁa ’U)
= Gyar,0,00, (T, V)+ < Kl Daq.ii, Doa.v >a0. -

Thus then, the variational problem (3.7) is equivalent to find @ € V;F(€; U Q2), such that
Dot = Ipg and

Apar,000; (T, V) + < KL Doq, @, Daq,v >aq,
= (f X200, V)2 00, — < Nog,uo, v >a0., Vv € Vi (Q1UQy), (3.9)

where VhI?*(Ql U ) is the maximal subspace of V,Z(Q; U s) with zero trace on 9.

Lemma 3.1. There exist two positive constants c1 and co, independent of h, such that

c < < Kfa'r'(t)at > 09,

= £ 3 Q) = R Q).
b < Icgar(t)at >BQC =2 VO 7& € avh ( ) th ( )

This lemma is a direct consequence of the discrete harmonic extension theorem, see Theorem
11.4.3 in [12].

Theorem 3.1. For any z > 0, let KE be the discrete Dirichlet-to-Neumann operator of Poisson
operator —A + zI in Q. with rectangular elements. Then the bilinear form

R
az,0,00, (U, v)+ < K;'Daq, u, Doa, v >a0.
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defines a uniformly equivalent inner product as
T
avar,Ql UQs (u7 U) + < Kyarpanu’) DBQCU >BQc

mn Vhl?* (1 UQ2). Precisely, there exist two positive constants cs and cq, independent of h, such
that

T
< Gvar, 2,00, (u,u)+ < KL, Daa.u, Dag.u >aq.

c3 < cy4, VO#UEVhI?*(Ql UQQ).

Az 01U (u, u)+ < /Cg'Danu, Dagcu >0,
Proof. Since
Az Q1UQ, (U,U)Jr < ’CEDQQCU,DQQCU >00.
< max(l, Z) (aLQlUQQ (u, u)Jr < ’C{%DQQCU, 'Dagcu >80, ) ,
and

R
az,0,00, (U, u)+ < K Do, u, Daa,u >sa.

>a0,0,u0, (U, u)+ < /C(})?’Daszcw Doaq,u >aq.,

it suffices to show that there exist two positive constants c5 and cg, independent of h, such that

Aar, 00, (U, )+ < KT Dag.u, Dag.u >aq, <o (3.10)
<cs :
a0,0,00, (U, u)+ < KfDoq,u, Dag.u >sq. ’
T
Avar,0,00, (U, u)+ < KL, Doa,u, Dog,u >a0, > co. (3.11)

—~

a1,0,00, (U, u)+ < KiDoq, u, Dag.u >sq.

Let Slzg? be the discrete solution operator of Poisson operator —A + zI with Triangular and

Rectangular elements respectively. By the Dirichlet principle, we have
< K3 arDoo,u, Do, u >00, < Guar, (Sﬂc,opaﬂcu, Sﬁc,opaﬂcu)-
Thus then, there exists a positive constant c;7 such that

T
Avar,0,00, (U, u)+ < KLy Doa,u, Doa,u >a0,

T T
< Gvar,0,00, (U, 4) + Gvar.9. (Sihe 0 Doa.t, Siye o Dog. )

<cy (aoﬂlug2 (u, u) + ap,0. (517;670,1)6ch7 SIZ;C’ODBQCUJ)) . (3.12)

The last inequality holds since agn is an equivalent bilinear form as ayqr,0 in H}(Q). By
Lemma 3.1, there exists a positive constant cg such that

T T R R
a0,9. (Sioe,0 Do Uy Sjoe,0Do0 1) < 8a0,0.(Sioc,0Po0. Uy Sjpe 0 Do 1) (3.13)

Combining (3.12)-(3.13) then yields (3.10). The proof of (3.11) is analogous. By the Dirichlet
principle, we have

R R R
< Ki"Daa,u, Daa,u >o0.< a1,0, (S Pon.u, Sjp. Doa,u).
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Thus then, there exists a positive constant cg such that

R
a1,0,u0, (U, u)+ < Ki"Daq,u, Do, u >aq.
R R
< a1,0,u0, (4, u) + a1,0, (S5 Do, U, Sip. Pog. )

< 9 (@par,000, (U, w) + var0, (S, Do, u, SfE.Doq,u)) . (3.14)

The last inequality holds since a;q is an equivalent bilinear form as ayqr0 in HY(Q). By
Lemma 3.1, there exists a positive constant c;g such that

R R T T
Avar,9, (SipeDoa, U, Sjpe Do, 1) < c10var.0, (Sjpe Do, s Sjpc Do, 1) (3.15)

Combining (3.14)-(3.15) then yields (3.11). O

The solution of (3.9) is the Riesz representation of the right hand functional with respect
to the inner product

T
Avar,0,00, (U, V)+ < Kpu Do, u, Doo,v >aq, -

Theorem 3.1 implies that we can precondition (3.9) by the Poisson equation with rectangular
elements. A CG algorithm can be developed as described in Section 2. The convergence speed
is independent of the mesh size and the interface geometry. At each iteration, one needs to solve
a local Dirichlet boundary value problem and a Dirichlet Poisson problem. The computational
complexity is essentially of linear scaling with respect to the total number of degrees of freedom.

4. Neumann Boundary Value Problem

In this section, we consider the following Neumann boundary value problem

Apartt def V- (B@)Vu) +c(x)u=f, Vae,

(4.1)
Nrgu=m, Vzel,

where T' = 9Q; is a Lipschitz boundary. The variational problem associated with (4.1) is to
find u € H'(Q;) such that

Avar.0; (U, 0) = (f,v)0,+ <m,Drv >p, Yv e HY(Q). (4.2)

Suppose S(x) and c(z) are specified such that ayer0,(+,-) defines an equivalent inner product
as ai,0;(+,-) in H(€2;), the variational problem (4.2) is uniquely solvable for any f € L2(£);)
and m € H™2(T).

We first embed the domain 2; into a large rectangular domain 2. See the schematic map
in the left of Fig. 3.1. Applying the method described in Section 3, we derive a composite
shape-regular mesh in ;. The discrete variational problem is then to find u € V3, (£2;) such that

Apar,0, (U, 0) = (f,v)o,+ <m,Drv >pr, Vv e V,(Q;). (4.3)

We take two steps to compute the solution of (4.3).



Poisson Preconditioning for Self-Adjoint Elliptic Problems 571

Algorithm 4.1.
1. Solve the following local boundary value problem

Avaru() = fa Va e Qi,c;
DQQIU() = 0, Vo e 891, (44)
Nrq, uo=m, Yxel.

Set
Vs (Qie) = {U € Vil Qi) : Doa,v = 0}-

The variational form of (4.4) is to find ug € V,f* (€4,¢) such that
Avar,0; . (v0,v) = (f,v)a, .+ <m,Drv >r, Vv € VhT’*(QZ-VC).

This problem can be solved efficiently, since only a few degrees of freedom around the
boundary I' get involved.

2. Set u = u — ug, and determine u by solving the following interface problem

Avarﬂ:f; Ve,

Avarﬂ = 07 Vo e Qi,c;

(Dan,Ql — Dan,th)ﬂ =0, Vo e 891, (45)

Nanﬂ/ = —Naﬂl,ﬂq,,cuo, Vx e th

Nrq, .1 =0, Vo el.

Let SZ,, : 7 — u, be the discrete solution operator of the boundary value problem

Avarur =0, Va e Qi,m
Mro, . ur =0, Vzel, (4.6)

Daglygi&ur =r, Vzei,
and let K denote the discrete Dirichlet-to-Neumann map, i.e.,
< Kga7'(r)vpaﬂlv >80 = Auar,, (UT,U), Vv € VhT(Qz,c)

Then confined to €1, @ solves the variational problem: find @ € V;F(£2;) such that

- T -
Avar,0, (U, 0)+ < Ky Daq, @, Do, v >s0,

=< f,v>q, — < Naq, ., 0, Do, v >o0,, YvE ViE(Qy). (4.7)

Let SF:r € OV.E(Q1) — u, € V(Q. U Q2) be the discrete solution operator with rectan-
gular elements of the following problem

u, € ViE(Q.UQ), urlaq =0,
az.Q,UQ, (’U,T, ’U) =0, Vove V;lR(QC U Qg) with ’U|3Q =0, (4.8)
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and K the corresponding discrete Dirichlet-to-Neumann map defined by
< KE(r), Dog,v >o00,= az,0.00, (Ur,v), Vv € V;F(Q:UQs) with v|gq = 0.
Theorem 4.1. The bilinear form
az.0, (u,v)+ < KEDaq, u, Doa,v >0,
defines a uniformly equivalent inner product as
Avar.0y (4, 0)+ < KL Daa, u, Daa, v >a0,
in V,E(Q).

Proof. Let S, : r € 8VhR(Ql) — u, € V(e U Q2) be the discrete solution operator with
rectangular elements of the following problem

Uy € V(e UQg), urlon =0,
Az 0,00 (UT,U) =0, Vwve Vh(QC U Qg) with U|aQ =0, (4-9)

and IC, the corresponding discrete Dirichlet-to-Neumann map defined by
< K.(r), Daa, v >o0,= az,0,u0, (Ur,v), Vv e Vi (QUQ) with v|gg = 0.
By the Dirichlet principle, we have

T
Daq, Uy Syar Do, 1)

< Gyar,0:n, (S2 Do, u, S Daa, u).

T T
< Ko Poa, t, Dog, U >80, = Guar,0;n0. (Sear

Thus then,

Avar.0, (0, u)+ < KL Daog,u, Doa,u >a0,
< Ayar,0, (U, U) + Gpar,0,n0. (S2 Do, 4, S: Do, 1)
< max(f1, Cmax) (amzl (u,u) + a1,0,n0. (S:Daq, u, SzDaﬂlu))
< max(f1, Cmaz) ((11,91 (u,u) + a1,0,00,(S:Doq, U, SzDaszlu))
< c1 max(B, Cmaz)<az,ﬂl(u; u) + az,0,00, (SzD(?QlU,SzD(?QlU))

= ¢1 max(f, Cma;c)(az,ﬂl(ua u)+ < K. Do, u, Daa, v >a0, )
The last second inequality holds since ayar (-, ) is equivalent to aj o(-,-) in Hg(£2). Recalling
Lemma 3.1 we know there exists ¢o > 0 such that

< K.Daq, u, Daq,u >a0, <.
< ICED@QIU,DQQIU >o0,

Therefore,

T
Avar,0, (U, u)+ < K., Do, u, Doa, u >s0,

<1 max(1, c2) max(B1, Cmaz) (azﬁgl(u,u)Jr < KEDyq,u, Doa,u >3Q1) .
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On the other hand, since 99 is uniformly Lipschitzian and SF is a discrete Poisson extension
operator, there exists a constant ¢z > 0 independent of h, such that

2

R R R
< K" Daq, u, Dag, u >o0, = a1,0.u0, (S5 Paa, u, S; Dan, u) < CsllpanlullH%(ml)-

By the trace theorem, there exists a constant c4 > 0 independent of h such that

||D891U||§{ 401,04 (u,u)

1 <
2(001)

Thus then,
az.0, (U, u)+ < ICfDaglu, Doq,u >0, < (czca + max(l, z))ar o, (u,u).

By the assumption that ayqer.0, (¢, -) defines an equivalent inner product as a1 o, (-, ), there exist
a constant ¢; > 0 such that

Az .0 (u, u)Jr < /CfDanu, Danu >0,
<ecs (0304 + max(1, z))am,«,gl (u, u)
<cs (0304 + max(1, z)) (amng1 (u,u)+ < ICZMDgglu, Daq, v >o0, )

This ends the proof. O

Theorem 4.1 implies that one can precondition (4.7) with the inner product
az,0, (u,v)+ < KFDaq,u, Doa,v >a0, -

The Riesz representation with respect to this inner product corresponds to resolving a Dirichlet
Poisson problem in the rectangular domain 2. The CG method described in Section 2 can then
be applied to solve (4.7) efficiently.

5. Numerical Experiments

We have chosen four simple problems to validate the performance of the proposed algorithms.
In particular, we are interested in the convergence speed of CG method under different mesh
sizes. In all numerical examples, we set the relative residual error tolerance as 10~%, and the
preconditioning Poisson operator as —A, that is to say, we set z = 0.

All examples are two-dimensional and computed on some square domain with equally spaced
nodes. In the following, Node Number stands for the degrees of freedom in one direction. Thus
a numerical test with a node number of 1024 implies that the total number of grid points is
around one million.

5.1. Example 1

We consider an interface problem of Laplace equation in the rectangular domain [—5, 5]%.
The interface is a circle with radius R = w. The exact solution is set as

1 ,|z] < R,
u(z) = { |z

l—log% ,lz]>R.
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It is easy to verify that the Dirichlet jump at the interface is r = 0, and the Neumann jump is

m =1/R, see (3.1).

The left of Fig. 5.1 plots the numerical solution when the node number is equal to 64, while
the right shows the convergence rates in both L., and Lo norm. Second order accuracy can be
observed. Besides, the CG iteration number remains stable when the mesh size gets smaller.
This coincides with our theoretical analysis given in Section 3 that the convergence speed of
CG method is uniform with respect to the mesh size.

15

77

77 SN
1z AW
K X TR
KGR XNIBXIER SNSRI

TR
% R

N

Error

0.5

7
v %
ok

Rl ep s
Leefteolteitolts
e

55

&

&

uo

Fig. 5.1.
iteration number vs the node number.

5.2. Example 2

T 14
-¢-L_Error
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128 256
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0
1024

Iteration Number

Example 1. Left: numerical solution with a node number of 64. Right: errors and CG

In this example, we consider an interface problem with variable coefficients. The computa-
tional domain is [—7/3,7/3]%, and the interface is a circle with radius 0.5. We set the exact

solution as

e*! cos xa,
u(z) =
0,
and the diffusion coefficient as
|z* + 1,
Bx) =
1,

A direct computation shows that the source term is

2€%1 (xg sin xs — x1 COS T2),

fla) =
07

and the jump conditions are

|z] < 0.5,
|z| > 0.5,

|z| < 0.5,
|z| > 0.5.

|z] < 0.5,
|z| > 0.5,

1 5 1 :
r = e"! cos wa, mzie (1 coswy — zosinxs).

Fig. 5.2 shows the numerical solution and the errors. Nearly second order can be observed.
The CG iteration number also remains stable when the mesh gets refined.
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Fig. 5.2. Example 2. Left: numerical solution with a node number of 64. Right: errors and CG
iteration number vs the node number.

5.3. Example 3

In this example, we check the performance of the proposed algorithm on the interface ge-
ometry and the diffusion coefficient function. As in the last example, we set the computational
domain as [—7/3,7/3]%. The interface T' is parameterized and given by

x1 =7r(0)cosb, xo =7r(0)sind, r(f) =0.5+0.2sin(wh), 0<6 < 27.

The diffusion coefficient is piecewise constant, i.e.,

B—a T e Q'a
s = { :
B-i-a T e Q€7
and we set the exact solution as
2
—, x €y,
u(z) = EZ '
E, x € Qe.

Fig. 5.3 shows the numerical solutions under different coefficient settings. In Fig. 5.4, we plot
the numerical errors and CG iteration numbers for 5 = 2,10, 100 respectively. The parameter
B_ is fixed as 1. We could still observe that the errors degenerate with second order rate
when the mesh size is sufficiently small. For f; = 2,10, the iteration numbers do not change
much, but increase as [ increases. For ;. = 100, the iteration number becomes as large as
100. This indicates that the condition number of preconditioned problem is still large, though

Fig. 5.3. Numerical solution u of Example 3. w = 5. Left: — =1, g4 = 2. Middle: - =1, 84+ = 10.
Right: B_ =1, B4 = 100.
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Table 5.1: Example 3. Node number is set as 1024.

w=1 w=25 w =10
Lo Ite. Num. Lo Ite. Num. Lo Ite. Num.
By =2 1.80E-6 14 3.52E-6 14 6.58E-6 14
B+ =10 | 9.95E-7 33 1.37E-6 32 2.08E-6 33
B+ =100 | 1.20E-6 96 1.21E-6 100 1.19E-6 101

independent of the mesh size. On the other hand, if we fix the coefficient function but change
the interface geometry by varying w (see Table 5.1), we see that the iteration numbers almost

remain constant.

These imply that our algorithm is sensitive to the contrast of coefficient

functions, but not to the interface geometry. Actually, the latter point has been shown by our

theoretical investigation, see Theorem 3.1.

5.4. Example 4

In this example, we consider a Neumann boundary value problem with variable coefficients

-V - (B(x)Vu) + c(z)u = f,

n-fx)Vu=m, Vzel,

where

B(x) =2+ sin(zq + z2),

VaeeQ, ={z:|x] <0.5},

c(z) = 2?2 + 22.

The exact solution is set as u(x) = € cosze. Other data functions are set correspondingly.
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Fig. 5.4. Errors and iteration numbers of Example 3. w = 5. Left: - =1, 4 = 2. Middle: - =
B4 = 10. Right: B_ =1, B4 = 100.
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Fig. 5.5. Example 4. Left: numerical solution
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. Right: errors and CG iteration numbers.
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We embed the circular domain into the square [—7/3,7/3]? and apply the algorithm de-
scribed in Section 4. The left of Fig. 5.5 shows the numerical solution when the node number
is 64. The right plot the numerical errors and the CG iteration numbers. A second order
convergence rate is clearly observed in both L., and Ls norms. The CG iteration number also
remains very stable as the mesh size becomes smaller.

6. Conclusion

We have developed fast algorithms for the self-adjoint interface problem and the Neumann
boundary value problem. The basic idea is to precondition the PDE problem with the Poisson
equation in a rectangular domain. Since the interface and the physical boundary may not be
aligned with the uniform rectangular mesh, we need to reformulate the PDE problem into a
suitable form such that the Poisson preconditioning is applicable. We have shown how this can
be achieved and proved the associated operators of the preconditioned operator equations are
self-adjoint and uniformly positive definite. This implies that the condition numbers of these
operators are independent of the mesh size. Numerical examples have validated this result.

There are two important issues which are left open in this paper. First, when the fluctuation
of coefficient functions is large, the condition number of preconditioned system is still relatively
large, though independent of the mesh size. More efficient preconditioners are still wanting.
Second, the algorithm for the Neumann boundary value problem cannot be straightforwardly
adapted to the Dirichlet boundary value problem. The new difficulty lies in the fact that unlike
the Neumann boundary value problem, the Dirichlet energy in the local region for the Dirichlet
boundary value problem cannot be uniformly bounded by the Dirichlet energy in the interior
region composed of rectangular elements. We have succeeded in developing a two-stage CG
algorithm for the Dirichlet boundary value problem. However, since this algorithm involves a
nested loop, the efficiency of this algorithm is inferior to the algorithm developed in this paper
for the Neumann boundary value problem.
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