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Abstract

In this paper, we are concerned with the weighted plane wave least-squares (PWLS) method for three-
dimensional Helmholtz equations, and develop the multi-level adaptive BDDC algorithms for solving
the resulting discrete system. In order to form the adaptive coarse components, the local generalized
eigenvalue problems for each common face and each common edge are carefully designed. The
condition number of the two-level adaptive BDDC preconditioned system is proved to be bounded
above by a user-defined tolerance and a constant which is dependent on the maximum number
of faces and edges per subdomain and the number of subdomains sharing a common edge. The
efficiency of these algorithms is illustrated on a benchmark problem. The numerical results show the
robustness of our two-level adaptive BDDC algorithms with respect to the wave number, the number
of subdomains and the mesh size, and illustrate that our multi-level adaptive BDDC algorithm
can reduce the scale of the coarse problem and can be used to solve large wave number problems
efficiently.
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1. Introduction

The plane wave method is an important class of Trefftz method @] for solving the Helmholtz
equations with high wave numbers. Compared with the traditional finite element methods (FEMs),
the plane wave methods attract people’s attention mainly for two reasons: (i) they need fewer degrees
of freedom (dofs) with the same precision requirements; (ii) their basis functions naturally satisfy
the unconstrained homogenous Helmholtz equations without considering boundary conditions. In
addition, compared with boundary element methods (BEMs), an advantage of the plane wave meth-
ods is that they do not require the evaluation of singular integrals. Examples of this method include
ultra weak variational formulation (UWVF)[2, 3], variational theory of complex rays (VICR)H, 5],
weighted plane wave least squares (PWLS) method ﬂa, 1, ], plane wave discontinuous Galerkin
method (PWDG) [9,10] and so on.

*These authors contributed equally to this work and should be considered co-first authors
**Corresponding author
Email addresses: pengjiel8@m.scnu.edu.cn (Jie Peng), shushi@xtu.edu.cn (Shi Shu),
wangjunxian@xtu.edu.cn (Junxian Wang), zhong@scnu.edu.cn (Liugiang Zhong)

Preprint submitted to J. Comput. Appl. Math. February 4, 2020


http://arxiv.org/abs/1909.04426v2

The variational problem of the PWLS method is derived from a quadratic functional minimiza-
tion problem. Compared with other plane wave methods, the advantage is that the coefficient
matrix of the corresponding discrete system is Hermitian and positive definite and can be solved
by the preconditioned conjugate gradient (PCG) method. As early as 1999, Monk and Wang first
proposed the PWLS method for solving Helmholtz equations [6]. After that, inspired by VTCR
method, Hu and Yuan proposed a weighted PWLS method and established the corresponding error
estimation theory. But it should be pointed out that this work is only applied to the case of ho-
mogeneous equation. Recently, Hu and Yuan extended the PWLS method to the non-homogeneous
case by combining local spectral element method in [8]. Although the PWLS discrete system of
the Helmholtz equation with high wave numbers is Hermitian positive definite, its coefficient matrix
is still highly ill-conditioned [1]. Specifically, the condition number of the coefficient matrix will
deteriorate sharply with the decrease of the mesh size or the increase of the number of plane wave
basis functions in each element. In addition, compared with the traditional FEMs, the plane wave
basis function is defined on the element rather than on the nodes or edges, which results in failure
of the existing fast algorithms applied to such systems directly. Therefore, it is very challenging to
design a preconditioned algorithm for it.

Domain decomposition method (DDM) is a popular method to construct efficient preconditioners
[11]. With the development of modern computer parallel architecture, this method has become a
powerful tool for numerical simulation of complex practical problems. How to construct efficient
parallel DDM has become one of the hot research fields of the current scientific computing. The
traditional DDMs for solving the Helmholtz equations with high wave numbers face the problem
that the well-posedness of local problem can not be guaranteed, which results in that the tradi-
tional algorithms for positive definite problems, such as the traditional Schwarz method, Neumann-
Neumann method, Finite Element Tearing and Interconnecting (FETI) and Dual-Primal Finite
Element Tearing and Interconnecting (FETI-DP) method, can not be directly applied to solve this
kind of indefinite problem.

In order to overcome this difficulty, some improved methods have been proposed. For example,
Farhat et al. proposed the FETI-H and FETI-DPH methods by using regularization technique and
combining with the coarse space constructed by plane wave functions [12, [13]; Gander, Magoules
and Nataf proposed the optimal Schwarz algorithm by improving the transmission boundary condi-
tions and the selection of the optimal parameters [14], and based on this work, Gander, Halpern and
Magoules also proposed an optimized Schwarz method with two-sided Robin transmission conditions
n [15]; Chen, Liu and Xu proposed a kind of two-parameter relaxed Robin DDM by choosing ap-
propriate Robin parameters and relaxation parameters in [16]; In addition, inspired by the sweeping
preconditioner (an approximation preconditioner) with optimal computational complexity which is
proposed by Engquist and Ying [17], Chen and Xiang designed a source transfer DDM [18§].

BDDC (Balancing Domain Decomposition by Constraints) method which was first proposed by
Dohrmann for structural mechanics problems [19] is an important non-overlapping DDM. Based on
the principle of energy minimization by constraints, Mandel first derived the convergence theory of
the BDDC method in [20], and proved that the condition number of its preconditioned system is
C(1 + log?(H/h)), where h and H represent the size of mesh and subdomain respectively. Later,
this method has been widely used to solve various PDE(s) models, such as scalar diffusion problem
[20], linear elasticity problem |21], almost incompressible elasticity problem [22], Helmholtz problem
[23,124], Stokes flow problem |25], porous media flow problem |26, 27], isogeometric analysis [28], etc..
In particular, a robust BDDC method is designed by adding plane wave continuity constraints for
solving the FEM discrete system of the Helmholtz equation with constant wave numbers in [23, [24].
However, when the PDE(s) model contains strongly discontinuous or highly oscillating coefficients,
the BDDC method with the standard coarse space may not converge any more [29]. Therefore, it



is particularly important to select coarse space adaptively according to the characteristics of the
problem.

The adaptive BDDC method is an advanced BDDC method, for which the primal unknowns
are always selected by solving some local generalized eigenvalue problems [30]. Since the condi-
tion number of the corresponding preconditioned system is controlled by a user defined tolerence,
it has attracted extensive attention of many scholars and has been successfully extended to FEMs
[29, 31, 132, 133, 134], mortar methods [35], staggered discontinuous Galerkin methods [36] and iso-
geometric analysis [37] and so on. However, most of the available literatures on adaptive BDDC
algorithms aimed at some real symmetric positive definite systems and were presented in algebraic
form (i.e. matrices and vectors), and adaptive BDDC algorithms for PWLS discrete systems (Hermi-
tian positive definite and highly ill-conditioned) of three-dimensional Helmholtz equation with high
wave numbers in variational form have not previously been discussed in the literature. It is worth
pointing out that the variational form is as popular as the matrix representation for describing and
analyzing BDDC and adaptive BDDC methods |38, 132]. Therefore, how to construct scalable and
efficient adaptive BDDC preconditioners in variational form for such discrete systems and establish
relevant theories is still a work worthy of further study.

Based on our earlier work on adaptive BDDC algorithms in variational form for the PWLS
discretization of the Helmholtz problem in two-dimension |39], we extend these algorithms to three-
dimensional problems and establish the corresponding condition number estimation theory. For the
three-dimensional PWLS Helmholtz system studied in this paper, the local generalized eigenvalue
problems are formed for each common face and each common edge respectively. To be more specific,
the common face is an equivalence class shared by two subdomains and thus the generalized eigen-
value problem is identical to that considered for two-dimensional problems in [39], and the common
edge is an equivalence class shared by more than two subdomains and thus a different idea is re-
quired to form an appropriate generalized eigenvalue problem. Inspired by the estimate of condition
numbers of the preconditioned matrix, the local generalized eigenvalue problem on each common
edge is designed carefully. In addition, though the condition numbers can be controlled by a user-
defined tolerance, the cost for forming the generalized eigenvalue problems is quite considerable [40)],
especially for three-dimensional problems. Thus similar to [41], we use economic-version to enhance
the efficiency of the proposed method. Further, we extend the applicability of these methods to the
case of high wave numbers with a specific focus on the multilevel extension. Since the number of
primal unknowns increases as the wave number or the number of subdomains increases, we attempt
to construct a multilevel adaptive BDDC algorithm to resolve the bottleneck in solving large-scale
coarse problem. Finally, we perform numerical experiments for a benchmark problem. These re-
sults verify the correctness of theoretical results and show the efficiency of our two-level adaptive
BDDC algorithms with respect to the angular frequency, the number of subdomains, and mesh size.
And the numerical results also show that the multi-level adaptive BDDC algorithm is effective for
reducing the number of dofs in the coarse problem, and can be used to solving large wave number
problems efficiently.

This paper is organized as follows. In Section 2, a brief introduction to the PWLS method for
three-dimensional Helmholtz equations is presented. In Section 3, a two-level BDDC preconditioner
with adaptive coarse space is proposed, and then the multilevel extension of these methods is carried
out. The condition number analysis is provided in Section 4 and various numerical experiments are
presented in Section 5. Conclusions will be given in section 6.



2. Problem formulation

In this section, we briefly review the weighted plane wave least squares formulation for the
Helmholtz equation.

2.1. Model problem
Let © € R? be a bounded and connected Lipschitz domain, the boundary of € is given as

90 =T,UTl, Ul,,

where I'y,I'y, and I, are disjoint sets. Consider the following Helmholtz equation with general
boundary condition

—Au—r*u = 0 inQ,
u = gq only,
Opt = gn on Iy, (2.1)
(On +ick)u = g onT,,

where i = v/—1 is the imaginary unit, the operator d, is the outer normal derivative, and k = w/c > 0
is the wave number. Here w is called the angular frequency and c is the wave speed.

2.2. Weighted plane wave least squares discretization

Let © be divided into a partition as follows
Ny,
a=Jo,
k=1

where the hexahedron elements {Q} satisfy that Q,, N Q; = 0,m # [, hy is the size of Q} and
h = max hy. Define

1<k<Np
Yij = O NOQ;, for k,j=1,--- Nj and k # j,
e =0 NN, fork=1,---, Ny,
and let
Ny,
Fo=UJw Fr=w (2.2)
k=1 k]

In this paper, we assume that each kj := kl|q, is a constant. V' (€) is denoted as the space of
the functions which satisfies the homogeneous Helmholtz’s equation ([21) on the cavity Q:

V(Qk) = {vk S Hl(Qk) : Avg —I—/@ivk = 0}, k=1,---,Np.

Define
Np,
V(Ta) = | V().
k=1
The problem (Z]) to be solved consists in finding uy = ulo, € {v e H' () : Vo € H(div; Qx)}
such that

—Auy, — miuk = 0 in Q,
U = gd on o NTy, .
Outis = gn on 0 NT,, F= 1% Ne (2.3)
(On+ik)uy = g on Q. NT,,



and

up,—u; = 0 over vy, L .
{ankuk+anjuj = 0 over vy kj=1- Npandk #j. (2.4)

The variational problem associated with the plane wave least squared approximation of problem
23) and (24) can be expressed as: find u € V(7) such that

a(u,v) = L(v), Yv € V(Tr), (2.5)

where

a(u,v) = z (40 /

+9k3/ ((Ony, + iik)ug) - (Ony, + mk)vkds>
YNy

+Z (akj/ (uk _Uj) 'mds

Uy - Upds + okz/ 8nkuk . 8nkvkd5

kMNTq YN

Jj#k
+ﬁkj/ (Ony, Uk + On,uj) - (Ony vk + 8njvj)ds> , Yu,v e V(Th) (2.6)
Ykj
Nh
L(v) = Z <9k1 / 94 - Vkds + 9k2/ Gn * On, vids
k=1 YeMTa YNy
+9k3/ Gr - (On, + mk)vkd8> , Yo e V(Th), (2.7)
YNy

here & denotes the complex conjugate of the complex quantity ¢, the Lagrange multipliers
Qpj = Rt 4 |kkjl, Bri = h_1|l<ékj|_2 + |I€kj|_1 with ki = (kK + K4)/2,
and
01 = h 1+ [Kkl, Oro = Okz = b rp| 72 + |rs| 7"

It is clear that a(-,-) is sesquilinear, and similar to the proof of Theorem 3.1 in [7], we can see
that a(-,-) is Hermitian positive definite on V(73).

2.8. Discretization of the variational formulation

In this subsection, we derive a discretization of the variational formulation (2.1]).
Let p > 1 be a given positive integer, ym, (I = 1,--- ,p) be the wave shape functions on §,,(m =
1,--+, Np), which satisfy

ym,l(w) = ein(m-al)7 LS Qma
|al| = 1
o # ag, forl #s,
where o (I = 1,---,p) are unit wave propagation directions. In particular, during numerical

simulations, we set

cos(2m(r — 1)/nqy) cos(m(j — 1)/n2)
a:=a, ;= | cos@2r(r—1)/ni)sin(r(j —1)/n2) |, r=1,--+-,n1,j=1,---,ng,
sin(27(r — 1)/ny)



where | = (j — 1)ny + r, n1,ng are two positive integers, and we choose n; according to the rules in
ﬂﬂ] that when ns is odd, we set n; = 2ns — 1 or 2ns or 2ns + 1; when ny is even, we set n; = 2no —1
or 2ns + 1.

Thus we can define a finite dimensional subspace of V(7;) as

Vo(Th) = span{@m,: 1 <1 <p,1 <m < Ny},

where (@) q
_ Ym L S ms
Pmi(@) = { 0 z € O\Qp.

For ease of notations, we denote {y,} briefly by {¢s}, where s = (m — 1)p +I. Define S, =
{1,-++,dim(V,(Ty))} as the number set of dofs.

Let V,,(71) be the plane wave finite dimensional space defined above. Then the discrete variational
problem associated with ([25) can be described as follows: find u € V,,(7) such that

a(u,v) = L), Yv € V,,(Th), (2.8)

where a(-,-) and L(-) are separately defined in (2Z8) and 21).
Note that the above system is large and highly ill-conditioned when the wave number is large,
therefore, a fast solver for (2.8]) will be discussed in the rest of this paper.

3. Adaptive BDDC algorithms
3.1. Globs

Globs (or Equivalence classes) ﬂﬁ] of all dofs play a very important role in design, analysis and
parallel implementation of the BDDC methods. An important step in designing a non-overlapping
domain decomposition method is to classify all dofs. Different from the discretizations which dofs
are defined on the vertices or edges of the mesh, the dofs in the PWLS discretization are defined
on the elements; therefore, to classify all the dofs, we need to introduce a non-overlapping domain
decomposition and special interface which is similar to the fat interface in @]

Let Tg = ~{DT}7{V:‘11 be a non-overlapping subdomain partition of €, where each D, consists of
several complete elements and part of the elements in 75, (Fig. [ shows the cross-section of the
elements and subdomains).

Figure 1: The cross-section of the elements: the small square with dotted line boundary; the cross-section of the
subdomains: the square with solid line boundary.



Denote Sq := {1,---,Ny}. For each global dof indice k € Sj,, we define the set of subdomain
indices sharing the dof k as

N ={re8y: u,(:) =1},

where

(n _ J 1, supp(px) N Dy # 0,
Hi 0, others,

here supp(pr) denotes the support of the basis function ¢y.

Using {N}}, we can decompose S}, into some globs. Specifically, the global dof indices k and &'’
belong to the same glob when Ny, = N/ (k # k’). Denote G as the set of all globs, and N as the set
of subdomain indices associated with glob G, then the globs associated with D,. can be expressed as

G = {GeG: reNa}, =1, Na.

Let | ¢ | denote the size of the set . If [Ng| = 1 and Ng := {r}, we call G the set of global
dof indices in D, (specified as Z.), and denote the set of global dof indices in the interior of all
subdomains by Z := UN* 7,.. Tf [Ng| = 2 and Ng := {r,j}, we call G the set of global dof indices in
the common face of D, and D, (specified as Fi, ng, = |Fi|, and k is the common face indice), and
denote the set of global dof indices in all the common faces by F := Ugj 1Fk, where N is the number
of the common faces. If |Ng| = 4 and Ng := {r,l,m,n}, we call G the set of global dof indices in
the common edge of D,., D;, D,, and D,, (specified as &, ng, := ||, and k is the common edge
indice), and denote the set of global dof indices in all the common edges by £ := UkN " &k, where Ng
is the number of the common edges. Further, if [Ng| > 4, then we call G the set of global dof indices
in the common vertex (specified as Vi, ny, := |Vi|, and k is the common vertex indice), and denote
the set of global dof indices in all the common vertices by V := Uivz"l Vi, where Ny is the number of
the common vertices. In addition, let the set of global dof indices on the interface be F U& U V.

From the above description, we can see that Nr,, Ng, and Ny, denote the set of the subdomain
indices sharing by the k-th common face, the k-th common edge and the k-th common vertex,
respectively. For simplicity, we denote the k-th (k = 1,--- , Np) common face as Fy, the k-th
(k=1,---,Ng) common edge as Fy, and the k-th (k =1,--- , Ny) common vertex as Vj.

For each subdomain D,., define

MY ={k: X, CG,, for 1<k<Nx}, X=FE,V. (3.1)

It must be pointed out that the notation Xj(X = F,E,V) is the glob which is associated with
Xi(X = F,E,V) in BJ) and the remainder of this paper. From this definition, we can see that

M?(M(Ef), M%: )) denotes the set of common face (edge, vertex) indices associated with subdomain
D,. See Fig. [ for a two-dimensional example, where ./\/lg;l) ={1,7}, Mgg) = {3,4,8,11}, Mﬁ}’ =
{1}, MY ={1,2,3,4}.
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Figure 2: The global indices of the common faces and common vertexes for a 2D example.

The following descriptions are based on the above notations.

3.2. Schur complement problem
In this subsection, the Schur complement system of the discrete variational problem (2.8)) with
respect to the dofs on the interface are introduced. For this purpose, we need to introduce some
spaces firstly.
Using the bases {¢;} of V,(T},), we can define some subspaces of V,(7},) as
VI = @7]‘\21‘/[(7")’ VI(T) = Span{SOl cle IT}v r= 1) e 7Nd7
Vx, =span{p;: l€ X}, k=1,--- ,Nx, X =F,E,V.

Moreover, some local function spaces in each subdomain D, are introduced as
Vi) =span{p” : 1€ X}, X = FE,V,

where {(pl(r)} are the truncated functions of the basis {¢;} whose support is completely contained
in D,, ic.

(" | wl@) TED 1
Spl (CL’)—{ 0 :BEQ\DT aT_lv aNd' (32)

In what follows, we will denote ¢(") as the truncated function of ¢ in D, when non confusion can
arise.

Let
v =V e (@ Vilye (@ Vilye (@ Vi, r=1,---,N,
1 keM{D VFy, keMD VE), kemD VYV, ) 2 Y
and for any r = 1,--- , Ny, define

F = g Ang = Vil b, s Vs € Frl,s FY ={: = Ylp,> Yk € FB},

where Fr and Fp are defined in (2.2)).
We can introduce a sesquilinear form a,(-,-) by

ar(u,v) = Z akj[.(uk—uj)-(vk—vj)ds

Yk j EJ:I(T)



+ Z Bkg/ (On, Uk + On,uj) - (On, Uk + On,vj)ds

Vkj
Yrj € -7'-( ")
+ E <9k1 / U - Ugds + 9k2/ 8nkuk . 8nk’deS
AeFD FNTq 1Al
k B

-H9k3/ ((On,, + ikk)ug) + (On, + mk)vkds> L u,v eV, (3.3)
AN

Noting that auj, Bkj, Ok1, Ok2, Oks > 0, it is easy to verify that a,(-,-) is Hermitian and semi-positive
definite in V(). Therefore, we can define a semi-norm

| : iT = ar('v ) (3.4)
Combining (2.6) with B3], we know that a,(-,-) satisfies

Zar ) M), Yu,v € V,(Th), (3.5)

where u(™,v(") are the corresponding truncated functions of u,v in D,, and from B3), (335) and
the support property of these functions, it is easy to know that

ar(u™, 0™y = a(u™, 0™, v u o) e V( CVp(Th), m=1,---,Na.

Therefore, since a(-,-) is Hermitian positive definite in V,,(75) and VI(T) C Vo (Th), we know that

ar(-,-) is Hermitian positive definite in V",

Based on the above preparation, we can introduce an important space of discrete harmonic
functions which is directly related to the Schur complement.
For any X (X = F, E,V), define

= n Y G =1, nx,, (3.6)
UENXk

where (ﬁlx’“y V(U (v € Nx,) satisfies the following orthogonality
a’V(quXk)Vu ’U) = _aV(SDI(:)u U)u Vo € ‘/[(V)u (37)

here k; denotes the global number of the I-th dof in X, 901(;) is the truncated function of the basis
vk, in Dy, and a,(-,-) is defined in B3)).

Using the above functions, the function space associated with the Schur complement system of
the discrete variational problem (28] can be defined as

W = (&5 Wk,) @ (@35, We,) @ (83 Wy, ), (3.8)
where
Wx, = span{¢i*,--- ,dpk }, X = FE,V, (3.9)
and the corresponding basis function vectors can be denoted as

(I)Xk:( i{k;"'v(bf;k)Ta X:FaEv‘/v (310)



respectively. o A
Define the Schur complement operator S : W — W as

(Sa,9) = a(d, ), Va,oe W. (3.11)

Noting that a(-,-) is Hermitian positive definite in W C Vp(Tr), thus S is also Hermitian positive
definite. A

Using (B.I1]), we can derive the corresponding Schur complement problem of (2.8)) as: find @ € W
such that

(Sw,0) = L(d), VoeW. (3.12)

In the next subsection, we will propose a two-level adaptive BDDC algorithm in variational form

for solving ([B12)).

3.3. Two-level methods

In order to construct the two-level adaptive BDDC preconditioner, we need to describe another
basis functions of W, and carry out an equivalent system of ([B.12]).

3.3.1. Primal and dual spaces
For any X}, and v € Ny, (X = F, E, V), we introduce the basis functions

SEY = o G 1=, nx,, (3.13)

where &% is defined by (B1).
From 6], 313) and (B.2)), and using the support property of cp,(ﬂ and QSX’“ we have

¢f{k|D XkV|D ) :17"'anXka VGNXk,X:F,E,V (314)
Using the above basis functions, the function spaces associated with Fj, Fj and Vj are defined
as
W) = span{¢i ™", -+, 638"}, v € N, X = F,B,V, (3.15)
and set

O = (67, 2™, X = F,B,V. (3.16)
For any subdomain D, let

Wt = (%emp Wf(«“: )@ (@keMgp Wgc)) @ (@ke/\/{i,” W\(/: ); (3.17)

and we denote the corresponding basis function vector as ®(").

Then, we will define two transformation operators that change the basis functions {¢>X’c ;U(l’“ (X =
F,E) and {¢Xk’ ok F(ve ka,X F, E) into their correspondmg dual-primal basis functions.
For X = F|E, set nx, = nA + nH , where the integers nA ,nﬂ(’“ > 0. Let the nonsingular

matrix T, € C"¥*"X. look like

Tx, = (TX*, T, (3.18)

10



PX g nx, Xnak X5 nx, Xnak
where ThA* € C"*x*"a” and Ty* € C*Xe X",
For any given v € Ny, (X = F,E), by using Tx, (or Tfk and T})I(k), we can introduce the
linear transformation operator T, (or Tx* and T;X*) which transform the basis vector ®y, and
@g;’z (v € Ny, ) associated with Wy, and W)({l;) into

Ok = Ty, By, = ( gﬁ: ) PR = Ty, DY) = ( i%:: ) (3.19)
where

O = (O o) = T O = (T Oy, (= AL (3.20)

Ol = (o1, ,quk’ T =150 = (TX) T, ¢ = AL (3.21)

Corresponding to (3:20), (321 and B14), it follows that
oXFp, =651 b,y L=1,--,ni*, (=ATl, veNx, X =FE. (3.22)

For an adaptive BDDC algorithm, the transformation operators are constructed by solving a gen-
eralized eigenvalue problem on each glob (or Xy, k=1,--- ,Nx,X = F, E). The idea is originated
from the upper bound estimate of BDDC preconditioned operator.

In the following, we present the generalized eigenvalue problems for the adaptive BDDC algorithm
on each glob X, (k=1,---,Nx, X = F, E). For that we introduce the scaling operators firstly.

For any given v € N, , we present the scaling operator Dggz U —->U (U = WX,C,W)((‘;) (b e

Nx,)) or the scaling matrix ﬁggz € C™Xx*™Xy;  which satisfies that, for any given function w =
T e U, weC™, U ==y, & (ue Ny,), we have

DY)w=aT (D)7, (3.23)
where ﬁggz is nonsingular, and

> oY) = (3.24)

VENXk

here I is an identify operator in U.
Using the transformation operators and the scaling operators, a new set of basis functions of

W)((l;)(u € Nx, ) can be defined as

X,V (I)gkAV#
TXk(I)Dky s — (I)Xk,VM , (325)
DI
where
q))gk,lau _ D(H)(I)(V) — (D( ))Tq)g?z, (3.26)
(I))g,zu,u TXk@XImVH (TXk)T@X/mVH’ C=A,IL (3.27)

Then, we introduce some auxiliary basis functions for each equivalence class and derive some
related properties.

11



For any given X, and v € Ny, , we introduce

_ZX;C,V: ZXkU‘F(kaU =1 S LNX,, (3.28)
where 55%” € W(”)\W)({';) satisfies
au(:f(k’yvv) = _av( le)Uv’U)v Vv e W(V)\Wéfyk)' (3'29)

Similar to Lemma 1 in [39], we can prove that a, (-, ) is positive definite in W(’“)\W)((l;), therefore,

the basis functions {¢X"’ } are existent and unique.

By using B7), BI3), B:28) and (B3:29), we can obtain
S — o e VOV I =1,- - iy, (3.30)
ay (G v) =0, Yo eV ”)\V)((l; Jl=1, ny,. (3.31)

Using the basis functions {ng’“ v nXk T (v € N, ), we can define the corresponding function spaces

W)((';) = span{d_){(’“"/, e X’“”} v e Nx,, (3.32)
and set
gl(/;z - ( B Va ' d)Xk) )Ta ve NXk' (333)

Similar to the proof of Lemma 2 in [39], it can be proved that the following lemma holds.

Lemma 3.1. For any given subdomain D, and vectors {ﬁgg)n € C"*m, m € ./\/lg;)}(X =FE), we
have

’LU < X w , r=1,--+,INg, .

X M( ) (T) ir 1 N 3 34
mEM(;,)

where

w™ = Z w Z wEm Z w

meM) memp) mem()
w\) = @)Y w() = @())Te)  vm e m{
here/\/l ./\/l M (") are defined in BJ)), and if X = F (or X = E), then w((xm (e« e {F,E, V}\{X})
is any given function in Wo(f)

Then, we introduce matrices

gggk) = (bl(:jn)l)nxk Xnx, b(u) = av((kal'Va ZXkl’V)a l,m: 17"' yNXyy V ENXk7 (335)
S = (") Vg, xns, s € = (G G, Lim =1, nx,, v € N, (3.36)

Since a, (- ,~) is Hermitian semi-positive definite in W®*) and (5Xk’” € W™, we can see that the
matrices S (V € Ny, ) is Hermitian semi-positive definite. Therefore, we can define the parallel

S

sum matrix (see [44] for more detials) [[, 5%,
k

12



From the properties of the parallel sum matrix, we know that Hue Nx g;'k) is Hermitian semi-
k
positive definite and satisfies the following spectrum estimations

[T 5S¢ <S¢ e (3.37)
VEka

Using S’ggg and §§?)3 (v € Nx,), we can introduce a generalized eigenvalue problem

AR ¥ = \Bx, ¥, 7€ Cxx, (3.38)
where
AR =% Y BYSDY), By, = [ S (3.39)
VvENx, peNx, \{v} veNx,

here the eigenvalue A € C, D&'Z(V € Ny,) are the scaling matrices, o denotes the conjugate
transpose of ©.

For a given real number ©x > 1, we assume that the eigenvalues A\x(k =1, -+ ,nx,) in (33])
satisty
|)\1| S |)\2| S T S |)\n§k| S ®X S |)\n§k+1| S e S |)\"Xk|’ (340)
where ni{" is a nonnegative integer.
We assume that the eigenvectors ¢ associated with A\(I = 1,---,nx,) have the orthogonal
relation
T AR Oy = 0 Bx, 0 =0, if m # L. (3.41)

and let the submatrices of T, defined in (IR) be
TR = (T, - - T, Tk = (T, x4y Do, )- (3.42)

By the definitions (3I8) and B42) of the transform matrix T, , the transformation operator
T, can be obtained from ([BI9]) and the following lemma holds.

Lemma 3.2. For the given real number ©x > 1(X = F, E) in B40), and assume that the transfor-
mation operator Tx, is given by BI8), BI9) and B42), then we can obtain the following estimate

Z (|w)D{:cAr,s ir + |’U~J)D{ZCAS7T|§5) < ®X|w§Z,A + wggzﬂﬁr, Vr e ka, (3.43)
seNx \{7}
where
WA = (@) ORI T = ()T ) = ()T (= AL (344)

b X .
here ®RF7" and " are defined in (3.27),

(i)g(k,r _ (J)é;lc,r, L ,d_)Xk,r )T _ Tg(k(i)g?) — (TE’%)T(I)A(;(Z’ C=AT, (3.45)

x :
<7nxk k

N X Xk .
and Wx, A € C"a" | Wx, nm € C'"n" are any given vectors.
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Proof. By using ([B:41l), we can obtain
(TZ(IC)HC_:TKQ = diag{ﬁ{{é'ﬁlv T 5ﬁf§k C_:ﬁnik }7 6 = A}%k ) éXk’ (346)
(T Bx, TX* = 0, (TA*)7 Bx, Ti* = 0. (3.47)
From ([B.38), it is easily seen that
T AR @ = |N|GF Bx, 6, 1=1,--- ,n}k. (3.48)
Combining (3:45) with [B.27), we can separately rewrite the functions in (844 as

wit = (@A) T(IX)T (DT @), apha” = (wa) (T (DY) T, (3.49)
@gig = (wc)T@?’“)Téﬁ?,f, ¢=AIL (3.50)

According to (84), (849) and ([B35]), we have
s [z, = X (TR (DY) ar (@), ()T DY) TA dia
= @B (T (DS D) Tk (3.51)
Similarly, we can obtain

[@p 7, = WA (TR (D) S§) DY) TR dia. (3:52)

as

Using (35210, B52), 339), (3406) and noting that S’gfk) (1 € Nx,) are semi-positive definite, we
have
D (il + 1opis R < ildiag (o AR B, 0T AR, biia,
seNm (T}

From this, using 348), (340), [46), B47), (3:37), 30), B50) and 34), and noting By, is

Hermitian semi-positive definite, it follows that

S0 (R + i TN2,) < WR diag{| M |5 Bx, @, I\, % [0, Bx, T, x, biia
A UIN A

sENXk\{r}

< Ox @l diag{s{' Bx, 1, -+ , %, Bx, ¥ x, }ia

A A

= OxWH (T By, TX i

< Ox(TA*dia + Ty “iin) ™ B, (TR bia + Ty * i)

< Ox (TX* i + T i) ! S (TR s + T i)

- exar(wgg At w&ﬁ H,w&ﬁ A+ 3 )

then (B:43) holds. O

Remark 3.1. Although the condition number of the preconditioned operator can be controlled by
the user-defined tolerances, the cost for forming the two classes of generalized eigenvalue problems
is quite expensive. Therefore, similar to [@], we use economic-version to enhance the efficiency of
the proposed method.
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From this, we can decompose the function spaces W, and W)((Vk (X =F,FE) as
Wy, =Wx,a®Wx,n, W¢ =W yaw (3.53)
where

X X v X v Xk, o
WX}C#C :Span{(bg)]]fa"' a¢< ZX/C}’ W)({k),C :spa’n{(bq,]]f )T ¢< Z)l(/k}’ C_ A’H7 v ENXk
e e

For any given subdomain D,, we define the function spaces

WX) = (@keM;i“) WI(PZ),A) & (@keMgg WJ(ET;C),A)’ (3.54)
Wy = (e WI(«“Z)H) D (Ppemip ng),n) ® (Bremyy W) (3.55)

and let
W =wew(. (3.56)

Using the function spaces Wx, ¢(k=1,--- ,Nx,( = AII, X = F,E) and Wy, (k=1,---,Ny),

we can define
J— NF NE _ NF NE NV
Wa = (®k:lWFk;A) D (@k:1WEk7A)7 Wn = (®k:1WFk7H) D (@k:1WEk7H) D (@k:1WVk)a (3-57)

where the function space Wy is the so-called primal space, and the corresponding basis functions
{(bﬂ(’j (X =F,F) and {(blv’“} are the primal basis functions.

Similarly, by using the function spaces WX)(T =1,---,Ny), we can define the so-called dual
space

Wa =@M wi., (3.58)

From (B), 53) and [57), we can decompose the function space W which the Schur comple-
ment system depends on into

W =Wa @ Wi (3.59)

By using the function spaces Wi and Wa defined by B57) and ([B358), respectively, we can
define a partial coupling function space which the adaptive BDDC preconditioner is based on

W =Wa @ Wi. (3.60)

We can see that the functions belonging to W are continuous at the primal level and discontinuous
elsewhere on the Fj.

For convenience, we call the process of generating the required function spaces by using the
function space V,,(75) as Setup algorithm.

From now on, the function space W defined by (B59) will be adopted, and we denote the
corresponding Schur complement variational problem as (we still use the same notation as (B12)
when no confusion can arise): find @ € W such that

(S, 0) = L(D), YoeW. (3.61)

In the following subsections we will design and analysis the adaptive BDDC preconditioner for
solving the Schur complement system (B.61).

15



3.8.2. BDDC preconditioner

In order to derive an adaptive BDDC algorithm in variational form for solving the Schur com-
plement system (B.61]), some operators are introduced firstly.

We recall that ¢ € W) is the truncated function of the basis ¢ € W in D,. For any given
") € W(T)(T =1,---,Ny), we introduce a basis transformation operator T, : W) — W, which is
a linear operator and satisfies

T, =¢, ¥Yr=1,---,Ng. (3.62)

Conversely, for any given basis function ¢ € W, a basis transformation operator T : W — W is
defined as

T'¢=¢"), ¥Yr=1,---, Ny (3.63)
According to the decomposition (3:60), (357) and B58) of W, it follows that

Np Ng Nvy
(= Z Soodtat Y Y an+ Y Can+ Y v, (3.64)
k=1 k=1 k=1

=1 rem) keM)

where CX N W)(( A Cxom € W, (X = F, E), évk € Wy, for any given function ¢ € W.

Using ‘the above decomposition and a,(-,-)(r = 1,-- - , N4) defined in (33), we can obtain that for
any given u, v € W, we can define a semilinear form a( -) and the corresponding partially assembled
Schur complement operator S : W — W satisfing

Na
(Sa,0) = a(i, 0) = »_ap(@™,50), Vi,5 €W, (3.65)
r=1
where
5(7‘) = Z (C JA +7" CFk, ) Z (C A +T" CEk; Z TréVku 5: ﬂ/aﬁ (366)
kem) kem) kem()

From the property that the semilinear form a(-, ) is Hermitian positive definite in W, we can see
the operator S is also Hermitian positive definite.
Let It : W — W be a linear operator which satisfies

IFQZ)XICV: i(kl’lzla"'7n§kaV€NXk7k:17"'7NX,X:F’E7 (367)
gy = énly, L=1,-++ ,np* k=1, Nx,X =F.E, (3.68)
IF¢Vk_ leu lzlu"'uank:lu"'aNV' (369)

Using the scaling operators defined in (8:23)), a linear operator DX) : WX) — WX) for any given
subdomain D, can be defined as

p{’ = > DYRY  + S DYRY L. (3.70)
kem() kemy

where RE;ZVA(X = F, E) are the restriction operators from W(T) to W)((T,C),A-
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According to (B10), it is easy to verify that
D w = D{w, Ywe W) . (3.71)

for any given k € ./\/lg;)(X =FFE).
By using the operators D(AT)(T = 1,---,Ng) defined in B70), we can introduce the scaling
operator D from W to W which satisfies

Ng
D= "DYRY + Rn, (3.72)
r=1

where R(AT) is the restriction operator from W to WX) and Ry is the restriction operator from W
to WH.

With the above preparations, using the sesquilinear form a(,-), an adaptive BDDC operator
Mzhpe : W — W for solving the Schur complement system (3.6I) can then be given as the
following algorithm.

Algorithm 3.1. . .
For any given function g € W, uy = M];]%)ch € W can be obtained by the following two steps:

Step 1. Find w € W, such that
a(w,v) = (IrD)*g,v), YoeW,
where (o) denotes the complex conjugate transpose operator of <.
Step 2. Let
ug = Ir Dw.
From this, combining with the definition [B63]) of S and noting that S is Hermitian positive
definite, the preconditioner operator M5 15 pc can be showed as
Mgipe = (IrD)S™ (I D)". (3.73)

In order to facilitate parallel programming, we want to give an equivalent description of Algorithm
Bl To this end, we need to introduce some other operators firstly.

Let f(AT) (r =1,---,Ng) be the prolongation operators from WX) to W, we introduce a linear
operator from W to Wa as
Ng Na
Sat= D80T = XTI (KN A,
r=1 r=1

where
SO = AHSIY), r=1,-- , Na.
Using S’;l, a linear operator from Wy to W can be defined as
O = In — Sx*SIn = (I — Sx*S)In, (3.74)

where I : W — W is an identity operator, and In:Wip — Wis a prolongation operator.
Therefore, by using the expression ([B.73) of the preconditioner operator Mg 15 po» after detailed
deduction, we can arrived at the equivalent description of Algorithm [3I] as follows:
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Algorithm 3.2. A .
For any given function g € W, ug = Mg}Dch € W can be obtained by the following steps:

Step 1. Find u®" € WX)(T =1,--+,Ny) in parallel such that
ar(ug”" v) = (T.DX)"g,0), Vo e WL,

and compute

Ng
UA Q= ZTTD(AT)uaA’T ew,
r=1

where the operators T, and D(AT) are defined in (3.62) and (B.70).

Step 2. Find urgp € Wi such that
a(Ogum, Ofv) = —a ZUAT v), Vv e W,

where the operator Op is defined in ([B.74).
Step 3. Compute ubA W(T)( =1,---,Ng) in parallel by
ar(ubA’T,v) = —a,(um,v), Yv € WX),

and set

uAb_ZTD” AT e,

Step 4. Let

Ug = UA,q T UL + UA b-

Since Algorithm is a two-level algorithm, we will call Algorithm [B2or its equivalent algorithm
(Algorithm B1]) as two-level adaptive BDDC algorithm.

Furthermore, from Algorithm 3] or Algorithm B.2] an algorithm for solving the original varia-
tional problem (Z8) can be obtained.

Algorithm 3.3.

Step 1. By using the Krylov subspace iteration method based on preconditioner Mngc, we can
find ur € W such that

a(ur,v) = L(v), Yo € W.

Step 2. Compute u( M e V(T)( =1,---,Ny) in parallel by

ar(uy), v) = L(v) — ar(ur,v), Yv € VI(T).
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Step 3. Set

Ng
U = Zu(lr) —+ ur.
r=1

For the sake of description convenience, we call the above algorithm as two-level adaptive
BDDC solver algorithm.

8.4. Multilevel extensions

It is well known that the number of primal dofs in a nonoverlapping domain decomposition
method will increase significantly as the number of subdomain increases. The direct method is very
expensive to solve the corresponding coarse problem. In particular, for the Helmholtz problem with
high-wave number, this phenomenon becomes more obvious with the increase of wave number. The
form of the coarse problem naturally leads to a multilevel extension of the BDDC algorithm [19],
this can be used to overcome this difficulty efficiently.

In the following, based on Algorithm [3.3] a rough description of the multi-level adaptive BDDC
algorithm for solving the original variational problem ([2.6]) is given.

Firstly, we generate the mesh information for each level. Let L be the total number of levels,
and set the finest level by s = 0. We denote by 7;7(s = 0,--- ,L — 1) the mesh generation in the
s-th level, respectively. Let 7;7(s = 0,---,L — 2) be the subdomain generation in the s-th level,
and satisfy 7,0 = Ty, TP = Ta, T = T7(s > 0), T3 and T,°(s > 1) are nested. Secondly, we
generate the function spaces required by each level. Take the function space V(7;}) as the coarse
space W (defined in (B51)) of the 0-th level, and regard V(7,') as V(75) in the setup algorithm,
we can obtain the corresponding coarse space Wi and other function spaces required in the 1-th
level; In general, take the function spaces V(ﬁfﬂ)(s > 0) as the coarse space W} of the s-th level,
and regard V(ﬁfﬂ) as V(Tp) in the setup algorithm, we can reach the corresponding coarse space
Wﬁ“ and the other function spaces in the s+ 1-th level; This process is executed sequentially until
s <= L — 2, we obtain the required function spaces on each level. Based on the above preparations,
and regard Algorithm B3] as an iterative algorithm from s-th level to s+1-th (s = 0) level, a
multi-level adaptive BDDC algorithm with the total number L is obtained by calling the algorithm
recursively until s < L — 1.

Such an approach requires less memory than a two-level method with a direct coarse solver, and
it can lead to highly scalable algorithms. Theoretically, the condition number of multilevel BDDC
method depends multiplicatively on the condition number of each level problems [45].

In the next section, we will derive the condition number estimation of the two-level adaptive
BDDC preconditioned operator.

4. Theoretical estimates

In this section, we will provide the condition number estimate for the BDDC preconditioned

operator with adaptive coarse space. . ~
Let Rp : W — W be the natural injection from W to W. It follows from BI1]) and [B.63]) that

S = (Rp)? SRy. (4.1)

Using (@) and B3), we can obtain the preconditioned operator associated with the Schur
complement system ([B.61]) as

G := MghpeS = (IrD)S~H(Ir D) (Rr)® SRy. (4.2)
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In the following, we will derive the estimation of the minimum eigenvalue of the preconditioned
operator (G. For this purpose, the following lemma is given firstly.

Iiemma 4.1. Let Rr : W — W be the natural injection from W to W, the linear operator It : W —
W is given by BB7)-B89), D: W — W is defined as 312), then we have

IrDRr = I, (4.3)

where I : W — W is an identity operator.

Proof. For any given function @ € W, we can decompose @ by using (359) as

NF NE
=) (Up,A+Up, )+ Z(ﬁEk,A +ip,n) + Z ty,, (4.4)
k=1 k=1

where aFk7A S WFk,A7 aFk,H S WFk,Hu ’IALE,C)A S WEk,AJ aEk,H S WEk,H and ’&Vk S WVk.

From this, and combining with the definitions of Rr and T"(r = 1,---, Ny), we can see
R Z > Tlims+ Z > Tlim.a+ Zmn + Zwk,n + Zuvk (4.5)
r= 1k€M(T) r= 1k€M(T)

Using the definitions (3.67), (3.68), B69) and B72) of the operator Iy and D, the definitions

of the restriction operators R(AT) (r =1,---,Ng) and Ry, and combining with (@3] and @), it
follows

o Ny Ng Nf Ng Nv
IDRra=Y" Y T.DPT apa+Y. Y. TDY T g, A+ kz ip, o+ kz g, + kz v,
=1 =1 =1

r=1 kGM(T) r=1 kGM(T)
_Z S 1,0y T"quA+Z > 1D )TVuEkA—I—ZUFkH—I—ZUEkH—I—Zqu
k=1veNF, k=1veNg,
Nr Ng Nr Ng Nv
=D Amat) Gpat ) dnat Y it v =,
k=1 k=1 k=1 k=1 k=1
Noting that @ is any given function of W, then (@3) holds. O

From lemma [£.I] and denote erpb as the average operator Fp, we can see
(Ep)* = Ep. (4.6)

Using LemmaF-J and noting that S is Hermitian positive definite, similar to the proof of Lemma
3.4 in |38], we can get

Lemma 4.2. The minimum eigenvalue of the preconditioned operator G satisfies

Amin(G) > 1. (4.7)



Next, we will derive the estimation of the maximum eigenvalue of G.
We firstly introduce a jump operator Pp : W — W, which is a complementary projector of Ep
and satisfies

Pp=1-Ep, (4.8)

where I : W — W is an identity operator. .
Using (6] and (3], similar to the estimation of the maximum eigenvalue of G in the algebraic
framework of [29], it follows

Amax(CATY) S Amax(Gd); (49)

where G4 := (PD)HSYPQSPI.
For any given w € W, using (3.64]), we have

Ny Np Ng Nv
W= Z( Z w%c),A"' Z w(ETk),A)"i'wH, wyy = Zka,n-i-ZwEk,n—i—Zka, (4.10)
=1 kem() keMD k=1 k=1 k=1
where
r —(r X, T
wi) =) )TOA e W)\, X = F B, (4.11)

Wx, 11 = (’LUX,CI[)T(I)%’c S WXk,Hu X = F,E, Wy, = (u_ka )T(I)V,c < va, (412)

here wg;z,A € (C"ik, Wy, m € crn* (X = F,E), and Wy, € C"Ve.
By using ([@3), noting that G4 and S~ PH S Pp have the same eigenvalue except 0, and S~ PH SPp
is symmetry associated with a(-,-), we have

Amax(G) < max d(S’*ng,gPDﬁ;,ﬁ;).
T weW\{0} a(w,w)

Further, using the definition (66) of S, the following lemma holds.

Lemma 4.3. The mazimum eigenvalue of the preconditioned operator G satisfies

Nae(() < max LD, Pod)

——— 413
wew\{o}  a(w,w) (4.13)

In order to estimate the right hand of ([@I3)), we derive the expression of Ppw for any w € W
firstly.

Lemma 4.4. For any w € W defined in @&I0), we have

PP=Y Y Y

Ng
WA =AY YT Y (W —apa), (4.14)

—~

r=1 keM}” seENF \{r} r=1 Iqe./\/lg) s€ENg, \{r}
where
Xi,rs . (02(r) \NT&Xu,ms  ~Xi,rs . (,=2(8) T gXk,rs _
Wp A = (ka,A) ‘I’D,A » Wp A = (ka,A) (I)DA , X=FFE, (4.15)

here @g’fg’s(X = F, E) are given by (327).
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Proof. By using &8), Ep = RrIrD and [B12), we can rewrite Ppi as
Epw

w —
=w— RI‘IFD’U}
Ng

—Z Z w A—l—z Z wEkA—i-wn

Ppw =

=1 gem{D =l remy
T
—RFIFZD’ (2 wila+ X0 whla)—wn
kemD kem(y
B S DRSSl S
=1 e pm(D =1 e
—RFIFZD” (> Wi o+ > W (4.16)
kem) kem)

From (@I0), B7I) and the definition of Rp, we can see that the third term of the right hand of
[{16) satisfies

RI’IFZDT) Z wdr A+ Z w'r

kem() ke/vt“)
=1 el =1 em
( (
B SO VR 000 3 S S Iy
r= lkeM(FT) seNF, r= lkeMg) s€Neg,

()
where wai’f (r,s € Nx,, X = F, F) are the basis transformation operators from W)((Tk) to W)({sk) which

Xk

satisty

(T)¢X”— Xes =1, nx,, r,s € Ny, X = F,E. (4.18)

Combining (£I6) with (@IT), and using (24, (EII), (EI]), B2I) and B26), we obtain
W
RIS S I IES S RTINS S o e N

r=1 kemD r=1 keMg) r=1 keMD) HENF,
(
(r)
- Z Z D Ww WA
kel neNe,
Ny (k)
_ (1) 7 ()
= Z Z Z D, ka, Z Z D Wp WE,,A
r=1 kGM(FT) HENF, r=1 keMg) “GNFk *
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Ng (1)
53 DD DR IEIINS b ST DR Ty, 50

r=1 kGMg) HENE, r=1 kGM(T) ,LLGNgk

Ng
B (wagj —D%)Twﬁ’iw%),A>

k=1 TE/\/]:k HEN}_k \{r}

Ng W
IDIDY <D%i)w§£Z,A—D§£ZTWﬁ'§ W) )

k=1r€eNe, neNe, \{r}

< W, (1) ) WE ()
= Z Z Z (DF;c wp A~ Dp, ngg ka,A>
k

k=1 TGN]—-k ,ue,/\/]:k \{r}

Ng
DY (ngng A D(“)Twi’gwﬁ))A)

k=17€Ng, peNe \{r}
Ng Ng
Fy,r,s ~Fy.r,s FE,r,s ~F,r,s
=Y X X (wpAt-epk) X X X (epd-epd).
r=1 e m(D) sENF\{r} =1 pem()) s€Ne, \r}
The proof of (£I4) has been completed. O
Combing Lemma 4.3 and Lemma [£4], the following lemma holds.

Lemma 4.5. For any given thresholds © g, Op > 1, the mazimum eigenvalue of the adaptive BDDC
preconditioned operator G satisfies

Amax(G) < €O, (4.19)

where © = max{Og,Or}, C = 2C%,, here Crg is a constant depending only on the number of
common faces and edges per subdomain and the number of subdomains sharing an edge.

Proof. In fact, if we can prove

max w <C®e.
sew\{o}  a(D, D)
then (@I9) holds.
Using (3.60), (@I0), (EI4) and B4) , we can see the above inequality is equivalent to
d Na _
d_I(Po) 7 <00 [, v e W\{0}, (4.20)
= r=1
where
" = Z (ng 4 w(r) o)+ Z (wgg At w Z w (4.21)
keMD keMS) keMS)
@)= 30 Y (wpXt-apR)+ Y, D (wpt-apiRt). (422)
keM(F"') SGN}'k\{T} keM(ET) SGNgk\{’I"}
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here wy) 1 = (@x, )" On*" € W) (X = F,E), wi) = (@y,)T@" " € W, and w3, i
(X = F,E) are defined in (@I3).

J J
By using (£22), (3:43), B:34) and the inequality | > ay|2 < J > |ay|2 , we obtain
=1 =1

Z‘PDw (T |2 <20FEZ Z Z (| gki‘sir |~Fkrs|2>

r=1 keM}” seENF, \{r}

LD IRED DI (T e AR Vel

kGMg) seNeg, \{r}

Ny Ny
=2CrE [Z Z Z |ka,rslzlr+Z Z Z |~Fk,sr25]

"=l kem () sENF T} r=lkem() sENF AT}
Ng Ng
Ey, ~E N
S0 DID DD DI U - D DD DI SN (v el A
r=1 kGMg) seNg, \{r} r=1 kGMg) seNeg, \{r}

Na
=20re Y. Y. Y (PR lapsT )

r=1 keM;") SGN]—'k\{’r’}
2
)

N,
S I DD N (1% * G e
Ng
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r=1
where
TR = () )TN, @) = (@) )T e W) (=AT, X =FE.
Finally, ([{20) follows from (23] O
By Lemma and Lemma 5] the main result of this section holds.

Theorem 4.1. For any given thresholds O, O > 1, the condition number of the adaptive BDDC
preconditioned operator G satisfies

K(G) < €O,

where © = max{Og,Or}, C is a constant depending only on the number of common faces and
common edges per subdomain and the number of subdomains sharing a common edge.
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5. Numerical experiments

In this section, numerical experiments are presented for solving Helmholtz equations in three
dimensions. Since the stiffness matrix of the PWLS system (3.61]) is Hermitian and positive definite,
we will apply preconditioned conjugate gradient (PCG) algorithm to solve ([B.G1]), and the iteration
is stopped either the relative residual is less than 1075 or the iteration counts are greater than 100.
These algorithms are tested in a machine with Intel(R) Xeon(R) CPU E5-2650 v2 2.60 GHz and
96-GB memory.

In the following experiments, we select a benchmark problem to study the properties of the
adaptive BDDC method. We choose €2 as a unit cube, and adopt a uniform partition 7, for the
domain as follows: (2 is divided into some cubic elements with the same size h, where h denotes
the length of the longest edge of the elements. In the following tables, n denotes the number of
subdomains in each direction, m denotes the number of complete elements in each direction of one
subdomain, p is the number of plane waves used in each element, Iter is the number of iterations
needed in the PCG algorithm, Ay and Apax separately denote the minimum and maximum eigen-
values of the preconditioned system, cond is the condition number of the preconditioned system,
pnum is the number of total primal unknowns, pnumF and pnumE are separately the number of
primal unknowns on faces and edges, the average number of primal unknowns in each face or each
edge are given in the parentheses. M1 and M2 separately denote the adaptive BDDC algorithm with
deluxe scaling matrices [46] and multiplicity scaling matrices [47).

Example 5.1.

_ k2 = ;
{ Au—r*u=0, in§, (5.1)

% +iku = g, on 012,

where Q = (0,1) x (0,1) x (0,1), and g = ik(1 + v - net*voX),
The analytic solution of the problem can be obtained in the close form as

uem(x) _ eiKVQ'X,

where vi = (tan(—7/10),0, tan(7/5))T, vo = v1/||v1]|2-

In Table [ and Table 2] we study the convergence behavior and the changes in the scale of the
coarse spaces with respect to the condition number indicators O and O .

We set k = 8w, p = 18, n(m) = 3(3), Table [l summarizes the results of the two-level adaptive
BDDC method with economic (see [41], where 7 = h) and noneconomic generalized eigenvalue
problems for different choice of O and Of.

Table 1: The results for different choice of the tolerances ©  and © g with economic-version and noneconomic-version
two-level adaptive BDDC method.

noneconomic-version economic-version(n = h)
method Tter pnum pnumF pnumE Tter pnum pnumF pnumE
O =1+ log(m) M1 7 3626 1538 1944 7 3646 1558 1944
Op =1+ log(m) M2 9 8534 6446 1944 9 8530 6442 1944
Or =1+ log(m) M1 7 3526 1538 1844 7 3542 1558 1840
Op =4m M2 11 8406 6446 1816 11 8398 6442 1812
O =1+ log(m) M1 16 2086 1538 404 15 1986 1558 284
Op =103 M2 80 7070 6446 480 89 6930 6442 344
Or =1+ log(m) M1 16 2074 1538 392 16 1946 1558 244
Or = 103log(m) M2 102 7042 6446 452 111 6890 6442 304
OF =4m M1 24 1090 542 404 24 974 546 284
Op =103 M2 87 3264 2640 480 97 3138 2650 344

25



From this table, we can see that for © g = 1+1log(m), the dofs on edges are totally selected as the
primal unknows, and as © i increase from 1+ log(m) to 103, the number of primal unknows on edges
significantly reduced. Similarly, the number of primal unknows on faces reduced as O increases.
We also note that, compared with M2, the iteration counts of M1 are not large and increase slowly
when the condition number indicators (or tolerances) increase. It worth pointing out that, when
we use the economic-version BDDC algorithm, not only the iteration counts of the PCG algorithm
dose not increases, but in most cases the number of the primal unknowns has slightly decreased.

We set p = 18, n(m) = 3(3) and adopt deluxe scaling in our proposed adaptive BDDC algorithm
with economic generalized eigenvalue problems, Table [2] shows the numerical results for different
wave numbers and different condition number indicators @ and Og.

Table 2: The results for different © p, © g and different wave numbers.

0.0 8T 167
R pnumF | pnumE cond Iter | pnumF | pnumE cond Iter
1 7662 1944 1.03 3 7976 1944 1.03 3
10 772 1888 4.12 13 440 1836 2.39 12
102 292 1248 7.06 18 260 640 14.70 23
103 260 284 24.09 33 260 224 22.60 26

As we can see in Table 2] the number of primal unknowns on faces and edges decreases as the
condition number indicators O, O increase, the condition number of the preconditioned system
and the total number of PCG iterations increase as the condition number indicators © g, © g increase.

In the following experiments, we choose O p = 4m, O = 1000 and adopt the economic-version.

To measure the accuracy of the numerical solution, we introduce a relative L?-error as:

ter — uh”L?(Q)

Huew”L2(Q)

and as the PWLS method has the “wave number polution” phenomenon, we keep p = 28 and
decrease h to control the relative error less than 1072 in the next experiments.

Table 3: The efficiency of the two-level adaptive BDDC algorithm with variable wave number

K Ny, err method Amin Amax pnum pnumF pnumE Tter
s | 1t 00 | N | oo | oo | i | tosiran) | ssokason) | o
ton | 15 | 829803 | \p | oo | avaee | e | soei(smen | sie(irss | 73
o [ [owees | M| T | W0 | | Mo [ |

The results listed in Table Bl show that the iteration counts are not large and increase slowly as
the wave number increases, i.e., the growth rates of the iteration numbers are much smaller than the
growth rates of the scales of the discrete systems. But the cost of keeping the number of iterations
is that the size of the coarse space increases sharply with the increase of wave number. Especially,
when k = 167, due to the limitation of the computer’s memory, the program of the two-level
adaptive BDDC algorithm with multiplicity scaling matrices can not be calculated properly. From
this point of view, it is better to adopt deluxe scaling matrices in the adaptive BDDC algorithm for
the Helmholtz problem with large wave numbers.
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Further, we also show the efficiency of the two-level adaptive BDDC algorithm with deluxe
scaling matrices for a fixed number of subdomains and a fixed number of complete elements in each

direction of one subdomain respectively.

Table 4: The efficiency of the two-level adaptive BDDC algorithm with variable number of complete elements m in

each direction of one subdomain.

m pnum pnumF pnumk Amin Amax Iter
2 7644 3873(26.89) | 3015(27.92) 1.00 6.07 16
3 10812 | 5682(39.46) | 4374(40.50) 1.00 8.72 19
4 14156 | 7694(53.43) | 5706(52.83) 1.00 8.80 19

Table 5: The efficiency of the two-level adaptive BDDC algorithm with variable number of subdomains n in each
direction.

n | pnum pnumF pnumE Amin Amax Tter

1 | 3030 | 1680(11.67) | 864(8.00) | 1.00 | 8.78 | 20

5 7732 4228(14.09) 2352(9.80) 1.00 10.77 22

6 16010 8460(15.67) 5300(11.78) 1.00 11.95 22

7 28470 15114(17.14) 9468(12.52) 1.00 15.46 24

In Table @, we set the wave number x = 87, p = 28 and the number of subdomains in each
direction n = 4. The results show that the iteration numbers are mildly dependent on the mesh
size, the minimum eigenvalues of the preconditioned systems are larger than 1, and the maximum
eigenvalues are mildly dependent on the mesh size. In Table Bl we set the wave number £ = 8,
p = 18 and the number of complete elements m = 2 in each direction of one subdomain, and we have
the same experiment results, but it is worth pointing out that the number of the primal unknowns
have significantly increased as the number of subdomains increase. Since the coarse matrix in this
algorithm is complex and dense, and the direct solver is applied to the coarse problem, it brings
great challenges to the computer hardware, and needs more time and memory cost.

In the next experiments, we would like to test the efficiency of our multi-level adaptive BDDC
algorithm with deluxe scaling and economic generalized eigenvalue problems, where the wave number
Kk = 8w, m = 2, the PCG algorithm stopped either the iteration counts are greater than 100 or the
relative residual is reduced by the factor of 107> at level 0 and 1072 at other levels, and four
subdomains at the finer level are treated as a coarser subdomain.

Table 6: The efficiency of the multi-level adaptive BDDC algorithm with variable number of subdomains

n pnum pnumF pnumE Amin Amax Tter

3 level(p = 18)
4/2 3030/138 1680/96 864/24 1.00 8.78 20
6/3 16010/1574 8460/1002 5300/428 1.00 11.95 22
8/4 46746/5389 24696/3354 15876/1549 1.00 17.08 26
10/5 104418/13280 54036/8176 37260/3952 1.00 14.70 25

4 level(p = 15)
8/4/2 34888/4411/309 19110/2871/273 10633/1135/21 1.00 25.92 33
12/6/3 139282/19525/2324 75757/12070/1836 43560/5580/368 1.00 17.93 28

The results are listed in Table 6] especially, we list the number of subdomains in each direction
(n), the total number of primal unknows (pnum), the total number of primal unknows on faces
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(pnumF), the total number of primal unknows on edges (pnumE) at each level. From this table,
we can see that the PCG iteration number (or the condition number) slightly increases when using
more levels (see the results of n = 8 in the finest level) or increasing the number of subdomains
in the finest level. And in addition, it is worth point out that compared with the finest level, the
number of dofs at the coarsest level is reduced significantly, i.e., the multilevel algorithm is effective
for reducing the number of dofs at the coarse problem, and can be used to solve large wave number
problems efficiently.

6. Conclusions

In this paper, by introducing some auxiliary spaces, dual-primal basis functions, and operators
with essential properties, BDDC algorithms with adaptive primal unknowns are developed and ana-
lyzed for the PWLS discretizations of the three-dimensional Helmholtz equations. Since the dofs of
the PWLS discretization are defined on elements rather than vertices or edges, we introduce a special
“interface” and the corresponding sesquilinear form for each subdomain. The coarse components are
obtained by solving two types of local generalized eigenvalue problems for each common face and
each common edge. We prove that the condition number of the two-level adaptive BDDC precon-
ditioned system is bounded above by CO, where C' is a constant depending only on the number of
common faces and common edges per subdomain and the number of subdomains sharing a common
edge, O is the maximum of Op and ©p. Some technical approaches are proposed to improve the
computing efficiency, such as choosing the appropriate threshold and adopting the economic gener-
alized eigenvalue problems, and multilevel algorithm is designed to resolve the bottleneck of large
scale coarse problem. Numerical results are presented to verify the robustness and efficiency of the
proposed approaches. Further, we will devote to the parallel implementation of our multi-level adap-
tive BDDC algorithms, and extend this algorithms to the non-homogeneous Helmholtz equations
with constant or variable wave numbers.
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