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FAST SOLVERS FOR THE SYMMETRIC IPDG
DISCRETIZATION OF SECOND ORDER ELLIPTIC PROBLEMS

LIUQIANG ZHONG, ERIC T. CHUNG, AND CHUNMEI LIU

Abstract. In this paper, we develop and analyze a preconditioning technique and an iterative
solver for the linear systems resulting from the discretization of second order elliptic problems by
the symmetric interior penalty discontinuous Galerkin methods. The main ingredient of our ap-
proach is a stable decomposition of the piecewise polynomial discontinuous finite element space of
arbitrary order into a linear conforming space and a space containing high frequency components.
To derive such decomposition, we introduce a novel interpolation operator which projects piece-
wise polynomials of arbitrary order to continuous piecewise linear functions. We prove that this
operator is stable which allows us to derive the required space decomposition easily. Moreover,
we prove that both the condition number of the preconditioned system and the convergent rate
of the iterative method are independent of the mesh size. Numerical experiments are also shown
to confirm these theoretical results.
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1. Introduction

Discontinuous Galerkin (DG) methods are widely used numerical methodologies
for the numerical solutions of partial differential equations. They have traditionally
been used for the numerical solutions of hyperbolic equations [36, 29, 23, 24, 19].
There are many advantages in using DG methods compared with other types of fi-
nite element methods. For example, DG methods allow more flexibility in handling
equations whose types change within the computational domain and in designing
hp-refinement strategies. Besides, they have the ability to provide important con-
servation properties as well as give block diagonal mass matrices for time-dependent
problems [23, 24, 19]. Owing to these unique advantages, DG methods have also
been developed for second order elliptic problems [14, 18, 25] and many other prob-
lems. In addition, DG methods based on staggered grids are recently developed
and analyzed for a large class of problems [21, 22, 26, 27, 28]. On the other hand,
one main obstacle in the efficient implementation of DG methods is that the result-
ing linear systems contain a larger number of unknowns compared with conforming
methods. Thus, the construction of fast algorithms is crucial for the efficient im-
plementations of DG methods. In this paper, we will pay our attention to the
symmetric interior penalty discontinuous Galerkin (IPDG) for second order elliptic
equations.
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Fast solvers for DG methods have been widely studied in the literature. For ex-
ample, additive Schwarz methods [31, 1, 2, 6], multigrid methods [13, 11, 10, 5, 9, 4]
and preconditioning techniques [32, 30, 15, 16, 5, 4] are developed for the efficient
solution strategies for DG methods. The first work on preconditioning technique,
to the best of our knowledge, is given by Gopalakrishnan and Kanschat [32], in
which they studied the variable V-cycle multigrid operator as a preconditioner, but
assumed that the underlying hierarchy of meshes is quasi-uniform and the solution
exhibits a certain (weak) extra regularity. Dobrev et. al. presented a two-level
scheme in the framework of the auxiliary space method in [30]. However, they only
analyzed the case with discontinuous piecewise linear finite elements and their tech-
nique requires the exact solution of a coarse-grid problem. Brix et. al. constructed
a multilevel preconditioner and obtained uniformly bounded condition numbers
for the preconditioned linear system without the use of the weaker assumptions
presented in [15, 16]. Their scheme allows the use of triangulations with hanging
nodes or graded meshes. Recently, some iterative and preconditioning techniques
are presented and analyzed in [5]. The key idea is a splitting of the discontinuous
finite element space into the standard Crouziex-Raviart space and its complemen-
tary space with respect to the energy inner product induced by IPDG-0 methods.
Such decomposition has also been proposed and used in [17] for obtaining a pri-
ori error bounds for some DG methods. Moreover, the results in [5] are extended
in [4] to the design of multilevel preconditioners for linear systems resulting from
the DG discretization of elliptic problems with discontinuous coefficients. However,
the mathematical analysis of these methods is based on the discretization by using
discontinuous piecewise linear finite element spaces.

In this paper, we will develop and analyze a preconditioning technique and an
iterative method for solving the linear systems resulting from the discretization of
elliptic boundary value problems by symmetric IPDG methods. The key to the
constructions of these is a stable space decomposition of the discontinuous finite
element space V), containing piecewise polynomials. More precisely, we will prove
the following stable splitting

N
Vi, = ZVZ + Vgonf,
i=1
where V; = span{e;}, {pi}, is the set of all nodal basis functions in V}, having
dimension N and Vg'mf denotes the conforming finite element space with homo-
geneous Dirichlet boundary conditions. The above decomposition can be seen as
decomposing the finite element space V;, as the sum of conforming space, whose fast
solution techniques are well-known, and the space Zfil V;, which can be regarded
as a space containing high frequency components. We will prove that these high
frequency components can be handled by using Jacobi or Gauss-Seidel smoothers.
The use of this type of space decomposition can also be found in [30, 15, 16, 4]. In
this paper, we will introduce a new interpolation operator, which gives a simpler
approach for establishing the aforementioned stable space decomposition. We will
show that the condition number of the preconditioned linear system is uniformly
bounded and the iterative method is uniformly convergent with respect to the mesh
size. Compared with most of the existing works, our main contributions in this pa-
per are threefold. First, we give a construction of an interpolation operator of
Scott-Zhang type, which from V} into Vgonf . Secondly, our ideas can be applied
directly to the original discrete variational problems without the need of another
equivalent bilinear form. Last and more importantly, our preconditioning technique
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and iterative method can be applied to DG methods discretized by higher order
discontinuous finite element functions.

In order to avoid repeated use of generic but unspecified constants, we use the
notation o < 5 to mean that the constant « is bounded above by a constant
multiple of § uniformly with respect to any parameters on which « and S may
depend. Moreover, a = 3 means that « < 8 and 8 < a.

The rest of the paper is organized as follows. In Section 2, we will present a brief
review on the symmetric IPDG methods. Then in Section 3, we will construct the
required stable space decomposition and the corresponding interpolation operator.
Stability bounds for the space decomposition and the interpolation operator are
also proved. The design and the analysis of the preconditioner and the iterative
method are presented in Section 4 and Section 5 respectively. Finally, in Section 6,
we report some numerical results to confirm our theoretical estimates.

2. Discontinuous Galerkin Methods

In this section, we present an overview of the symmetric IPDG methods for
which preconditioners and fast iterative solvers are developed. For an extensive
review, see [37, 33]. To start, we consider the following model problem of finding
u € H}(Q) such that

(1) /QVu-Vvda::/vada:, Yo e HY(Q),

where 2 € R? is a bounded polygonal (for d = 2) or polyhedral (for d = 3) domains
with Lipschitz boundary 0f2.

Let T, be a shape-regular family of partitions of 2 into d—dimensional simplices
T (triangles if d = 2 and tetrahedra if d = 3). We assume that 7}, is conforming in
the sense that it does not contain hanging nodes. A face e in the triangulation 7Tj,
is a (d — 1)-dimensional simplex which belongs to the boundary of some T' € T,.
We denote by £ and 5,? the collection of all interior faces and boundary faces. The
set of all faces (the skeleton of the triangualation) is denoted by &£,. We remark
that our methods do not require that the mesh is quasi-uniform. Our numerical
experiments, presented in Section 6, show that the proposed schemes still work
for graded meshes. Nevertheless, we will prove our results under the assumption of
quasi-uniform meshes. The corresponding mathematical analysis for graded meshes
can be performed by following the method in [15, 16].

Let Vj, be the space of discontinuous finite element functions defined by

Vi, ={veL*Q):vr =v|r € B(T), YT € Th},

where P;(T') is the set of polynomials of degree at most { on T and [ > 1 is a fixed
integer. In addition, we let H*(Q2;Ts), s > 1, be the space of piecewise Sobolev
functions defined by

H* (% Tp) = {veL*T) :vr =vlpr € H¥(T), VT €T},

and L%(&p,) be the set of L? functions defined on &,. Moreover, we define the
following inner products

(v,w)y, = Z/vw dz Vv,we L*(Q),
TeT, ' T

<v,w>g, = Z vwds Y ou,w e L*(E).

ec&, V€
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Let e € £ be an interior face shared by two elements 7'+ € 7j,, and n4 be the
unit normals of e pointing towards the outside of 7. Then, on e, we define

\% Vou_
[o)=ving +oon,  {Voh =10 ee HNQTL),
fwl = % Vw € HY(Q: Tr) x HY(Th)
with v+ = v|r, and w+ = w|r, . For a boundary face e € £7, we define
W] = wvrn, Yve HY (Q;Th),
{wl = wp, Ywe H (T x HY(Q;Th),

where m is the unit normal of e pointing towards the outside of €.
For any face e, we define a lifting operator r. : L?(e) x L%(e) +— Vj x V}, by

/re(v)-wdﬂc:—/v~{{w}}ds7 w €V x V.

Q e

Then the global lifting 74, : L2(Ex) x L?(Er) — Vi, x V}, is defined by
ra(v) = > re(v).

ecéy,

For any given f € L2(£2), the symmetric IPDG method [3] for (1) is: find uj, € V),
such that

(2) ah(uhvv) = (f’U)Tm Vv e Vp,
where
ap(w,v) = (Vw,Vv)7,— <{Vu},[[v] >¢, — <{Vol, [w] >¢,
(3) +0 (rn ([w]) - ra ([v]) 7, + In(w,v),
d=1or0,and J, = J/ or J'. The jump terms J’ and J" are defined by
J(w,v) = n<h? [l [w] >e, Yo, w € Vp,
J(w,v) = nre([w)),re ([v])y, — Vo,w € Vy,

where h. denotes the length of e for d = 2 and the diameter of e for d = 3, and
n > 0 is a penalty parameter.

Four different IPDG methods can be obtained by using different choices of § and
Jn, and they are all symmetric, consistent and stable under suitable conditions
on the penalty parameter 1, which can be found in [3, 37] and also Table 1 in [9].
In this paper, we always assume that these conditions on 7 are satisfied. In the
following, we only list some properties of symmetric IPDG methods without proofs.
We refer the reader to [3, 9, 37] for the proofs of these relations.

For symmetric IPDG methods, the bilinear form ay(+,-) is continuous and coer-
cive, namely

(4) Continuity : ap(w,v) S w||pllvlln, w,v € Vy,

(5) Coercivity : ap(v,v) 2 |v||n, v € Vp,

where the mesh-dependent energy norm || - ||, is defined by

©6) lvlli = D IVollfeery +07" Y he VOB IF2ie) +1 D b Tl I72e)-
TeTh e€€p e€éy

Then by (4) and (5), we have

(7) ||/U||%L ~ ah(v,v), CAS Vh
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and ap(-,-) is an inner product on Vp,.

Furthermore, we introduce another mesh-dependent energy norm ||| - |||, defined
by
(8) ol = >~ IVolg, +n Y bt 110l 1,0)-

TeTh e€&p

It’s easy to prove that the two norms || - ||, and ||| - |||n are equivalent on Vy, that
is,
(9) [olln = [llvllln v € V.
Indeed, in view of (6) and (8), ||| - |/l < | - [|» holds. On the other hand, by using
the trace theorem for the average term in || - ||, we obtain || - ||, < C||| - ||| (which

is (10.5.16) of [12]).

3. A stable space decomposition

Our preconditioner and fast iterative solver are based on a stable space decom-
position of the DG space V},. In this section, we will prove the following overlapping
space decomposition of Vy:

(10) Vj, =V, + VoS,

where Vgonf denotes the conforming linear finite element space with homogeneous
Dirichlet boundary condition on 7. To do so, we need to construct a new inter-
polation operator IIj : V; @f‘mf , where @gonf denotes the conforming linear
finite element space, without zero boundary condition, defined on 7},

Let NV}, be the collection of all nodes in the triangulation, and {¢, : p € N} be
the set of nodal basis functions of @fonf . We denote by N2 and NV} the collection
of all interior nodes and boundary nodes. For a node p € N2, let e, € &7 be an
interior face with p € e,. The choice of e, is not unique. For a boundary node
p € NP, we take e, € E7. Let 1, € Pi(e,) be the unique function satisfying

/ prldS:(sllv l:17"'7d7

where ); is the barycentric coordinates of e,. It’s easy to see that

(11) / ¥y w ds ,Shl_d/ |w| ds,

and
(12) / Yp wds=w(p) if we Pi(ep).
The new interpolation operator IIj, : Vj, ifgmf is then defined by
(13) v = Z (ILyv) ¢ + Z (II,v) ¢y, v € Vy,
qeEN? PeENY,
where
+ —
(14) Iv = / vipg ds and Iv = / %wp ds,

vt =v|p, with Ty € T, and Ty NT- = e,,.



460 L. Q. ZHONG, E. T. CHUNG, AND C. M. LIU

Remark 3.1. If v is continuous on the interelement face ey, then Il is the same
as Scott-Zhang quasi-interpolation [38]. In this sense, we can view Il as a gen-
eralization of the Scott-Zhang interpolation to discontinuous piecewise polynomial
spaces. On the other hand, Briz et. al. [15] constructed a similar interpolation
by prescribing its nodal values at every interior reqular vertex. The proof for the
approximation properties (Lemma 3.1) of the operator I, considered in this pa-
per is relatively easier than the proof presented in [15]. In this paper, we present
an analysis of a preconditioning technique and a fast iterative solver by using the
Scott-Zhang interpolation.

Remark 3.2. The operator 11, may also be constructed through the use of the
composition of a special interpolation Iy, : Vi, +— V;, N HE(Q) (see [7, 16] and the
Scott-Zhang quasi-interpolation sz : Vi, N H Vgonf (see [38, 15]).

Remark 3.3. For linear discontinuous Galerkin finite element space
V) i={v e L*(Q) :vp =v|r € P(T), YT € Th},

Houston et. al. [35] (Section 5.2) introduces an operator A : V1 v VI N HE(Q),
which is defined by prescribing its nodal values.

In the following lemma, we will prove some approximation properties for the
operator IIj, defined in (13).

Lemma 3.1. For the interpolation operator defined in (13), we have

1/2
(15) N =)vllzzery Sh| D0 IVollZey +070 D 0 Il liee |
T eQr ec&(Qr)
1/2
(16)  IVIR)lzery S| Do IVOllZery #2700 D ] 2
T'eQr ec&(Qr)

for allv € Vy, and T € Ty, where Qp = Uper), and Qy, is the union of all cells
T €Ty withpeT.

Proof. The proof of this lemma consists of four steps.

Step 1:: We will prove that, for any v € V, and p € N},

(17) vl L2y < Z (lvll2(zry + ho Vol L2(ry) s, T € Q.
T7eq,

To do so, we let p € Nﬁ be an arbitrary interior node. By the definition of
IT,v in (14) and the triangle inequality, we have
/ v, ds| | .
€

vt 4o~ 1
/e Twp ds| < 3 /e vtep, ds )
Using the estimate (11),

IT,v| < A </ vt ds / v ds > .

P P
Then by using Cauchy-Schwarz inequality, the trace inequality together
with the scaling argument, we have

ol S B0 ST (R T2 ol + 17290 2 )

e, CT"

[yv| = +

+
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Since |T"| ~ h?, we obtain
|Hp’U| S Z (h_d/2H’U||L2(T/) + hl_d/2||vv||L2(T/)) .
epCT’

The desired estimate (17) is then obtained by combining the above inequal-
ity and the following result

d/2
L0l 22 ery < o] - [T1M? < B3P 0).

The proof of (17) for a boundary node p € N? is similar, and hence omitted.
Step 2:: We will prove that, for any v € V,
1/2
(18) I = p)ollraco,y Sh| Do IVolGery +270 > D Za

TeQ, ()

where pr = Urreq, S and 5((/2:,) is the union of all faces in (AZ;
To do so, for any node p, we let v, = [Q,|™* [, vdx be the mean value
of v over 2,. Then by using the triangle inequality, we have
(19) (I —p)vlr2(,) < lv=vpllr2,) + lvp — vl L2(q,)-

We can estimate the first term on the right hand side of (19) by using the
Friedrichs-Poincare inequality (see Lemma 3.1 of [2]), namely,

v — UpH%%Qp) S B Z ||VU||%2(T) +h! Z [ [v] ||2L2(e)
TeQ, ec&(Qp)

For the second term on the right hand side of (19), we use the fact that
II,v, = vy, the above inequality and (17) to obtain

lop = po[|Z2ry = [T, (vp — 0) |72
S Y (v = vl + BRIV @ = ) a2 )
TeQ,
S RN IVl + R D D g
TeQ, ec&(Qp)

Step 3:: We will prove (15).
By the definition of II,, in (13) and the property that >, ¢p(z) =1
for x € T', we have

(T =TT )vll 2y = v = > [Tp0) dpllrzery = 11D (0 = o) dpll2ry-
pEN} peT
Then, using the fact that |¢,| < 1 and the inequality (18), we get
(I = Tp)vl[2(r) < Z v —pvllLe(a,)

peT
1/2

Shl D IVolgen +070 > Tl lZe

T'EQr ecE(Qr)
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Step 4:: We will prove (16).
To do so, we let oy = |T|~! [, vde be the average of v on T. Then by
the inverse estimate, we have
Whol gy = IVIR0)| 2y = [V (Tav = 07) |22y S B HThw — 07l 22(7).-
Using (15) and the Poincare inequality, we obtain
nvl gy S A7 (IMav = vl 2ery + v = Ozl L2(1))
1/2
S Y Ivolliey+070 Y0 1] 72
T'€Qr ec&(Qr)
O
By using the above estimates for the interpolation operator II;, we will prove

that the space Vj can be decomposed in the way described in (10) and that it is
stable.

Lemma 3.2. For any vy, € Vy,, there exist v, € V, and p;, € Vg(mf such that

(20) Up = Up + Dh

and

(21) Do ol za ey + D 1VRllzaery S anlon,vn),
TETh TETh

which implies that the decomposition (20) is stable.
Proof. For any vy, € Vj,, by using (13), we have

Vv = (I — Hh)vh + II,vp
(I=Tvn+ Y (Mgvw) b + > (Lyvn) &pe
qENP PENY

Then the decomposition (20) is obtained by defining
pn=>_ (Mn)¢, and o, = —Ivy+ Y (gvp) g
pENY qENP

Next we will prove the stability bound (21). First, by the definitions of p,, U5, and
the triangle inequality, we have

> (I liZery + VPl )

TETh
<2 3 (Ih (T = T)wnll3e
TETh
AT YT (Tyon) balldery +1 Y o) Syl )-
qeOTNNY pENY

Next, we notice that

> (Tpon) ¢y = Y (Mpon) ép = Myvaly i 9T NI =0,

PENY T p€eAT

> (Tpvn) ép = (M- D (Mon) e, if 9T NoQ # 0.
PENY T pEATNON T



FAST SOLVERS FOR THE SIPDG DISCRETIZATION 463

Thus, we have

> (I ey + VPRl )

TeTh
< Z(”h_l(I_Hh)vhH%?(T)+||h_1 > (Mgvn) dgll7ecry + |(Mhvn) G
TETh qEOTNN?
+ Z (quh)(ﬁqﬁ{l(T))-
q€TNNY?

Using the inverse inequality, we get

(22)

> (I ey + VPl )

TETh
S (I =Tonleery + 1070 Y2 [aon) @l + 1Mo B er )
TETh qedTNN?

For the first and the third terms on the right-hand side of (22), we use Lemma
3.1 to obtain

> (1071 = Wayonl ey + 1(Tvn) s o))

TETh
S DN DD LA i S 1 [
TeTn \T'€Qr ec&(Qr)

Using (6) and (5), we have

> (107 = Wa)on ey + [(onnry ) < lonly S an(on,vi).
TeTh

For the second term in the right-hand side of (22), since |¢4| < 1, we have

! Z (quh)¢q‘|%2(T)§ Z ||h71(HqUh)¢qH%2(T)

qEITNNY qEITNNY
< Z h=2[Tgonl|72 ()
qEOTNN?
2
< 3wl v ds
qedTNNY Cq

Then, applying the results in (14) and (11), we have

2

=t D @Weon) Sllzery < Do AT

qedTNN? q€EITNNY

/ VRq ds
/ vy, ds

q

2

< Z h—2|T| . h2—2d

~

qEOTNNY
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Using the fact that |T'| < h¢ and the Cauchy-Schwarz inequality,

/vh ds

q

2

||h_1 Z (ILgvn) ¢q||2L?(T) S Z h=

qeETNN? qEITNN?

—d
< 3T el onlage,.
qedTNN?

Since the face e, lies on the domain boundary, we obtain
It > Mgon) Sllzzery S D B %leqlhe, bl [va] 72,
qe€TNN? qEITNNY
< llonlli < an(vn, vn)

where we have used the fact that h_d|ep|hEp < 1. Combining the above results, we
complete the proof. O

Let N be the dimension of Vj,, {p;}XY; be the set of all nodal basis functions
spanning V;, and V; = span{y;}. Then Lemma 3.2 implies that the space decom-
position (10) can be rewritten as follows:

N
(23) V= Vi+ Vo

i=1
Next lemma shows that the decomposition (23) is also stable.

Theorem 3.1. For any vy, € V},, there exist v; € V; and py, € Vgonf such that

N
(24) Vp = Z Vi + Dh
i=1
and
N
(25) > an(wi o)+ Y IIVeliaer) S anon,on),
i=1 TET,

which implies that the decomposition (24) is stable.

Proof. For any vj, € Vj, in view of Lemma 3.2, there exist 75, € V}, and py, € Vf(mf

such that vy = v + pp and

ST ol ey + D IVPRlFer) S an(vn,vn).
TeETh TeTh

Recall that {p;}~ | are the nodal basis functions spanning V;, and V; = span{e;},
thus there are v; = a;p; € V; such that v, = Zf\]:l v;. Therefore, it remains only
to verify that

N

(26) > an(vivi) 0 IBT 0nll7e -

i=1 TeTh
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Using the definition of v; and the inverse inequality, we have

N N N
Do Vel = Y0 dlVeili,m =), Y AlVailll,m

i=1TeTh i=1TeTh i=1 TNSUPPyp; #D

= Z Z O‘z‘2||v<Pi||2Lg(T)

TeTn SUPDyiNT#0
(27) S Z Z aZh? il 2, -
TeTn SUPPy;NT#0

For any v € Vj, and any interior face e € & shared by two triangles Ty € Tp,
combining the triangle inequality, the trace inequality and the inverse inequality,
we have

RNl e < Rt (ol + - 1)
S > (P + 19l )
T=Ty
S Z hp?[0ll2, (ry-
T=T4

Then using the above inequality, we have
N N

N
Dot il S DD htlvilliuey =D D hr’eflvilli,m

i=1 e€&, i=1 TET; i=1TET;

N
oY ANl

=1 TNSUPPw; #0

(28) = > > Al

TEThL SUPPp:NTH#D

We remark that a similar result holds if e is a boundary face.
Next, by the assumption that the mesh is quasi-uniform, for any T € T, we
have

(29) Y. afleilll,ey S el
SUPP: NT#0
Then from (7), (9) and (8), we have

N N
Zah(vi,vi) S Z ( Z HV%‘H%Q(T) +7 Z hgl || [s] ||2L2(e)> :

i=1 \T€ETh ecly
Consequently, by the conditions (27), (28) and (29), we get

N
Yoanlwiv) S Y Y hitafleilli e S Y kgl
i=1 TETh SUPPy; NT#D TeTh

which proves (26).

To complete the proof of the theorem, it remains to show (29). For a given ele-
ment 7', we let T' be a reference element. We note that ox|7 = Y quppy,nrzs O @i-
Then, by standard scaling arguments, we have

Y el s Y RIEE, .
SuUppy:NT#0 SuUppe;NT#0
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Since norms in finite dimensional spaces are equivalent, we have

d d ~
Z Oz?h /2||§DZHL (T) ~ < h /2H Z 0%2901'||ig(j~)
SUPPe:NTH#D SUPPe:NTH#D

Finally, using the above inequality and standard scaling argument again, we obtain

S AGleilli,m S hd/QHUhHLQ(T SAYPRT Y2613, oy S Nnl12, 0
SUPP@:NT#£0

which gives (29). O
4. An additive two-level preconditioner

In this section, we will develop an additive two-level preconditioner for the alge-
braic system resulting from (2). For this purpose, we first summarize the abstract
theoretical framework in Hiptmair and Xu [34]. Let V be a real Hilbert space with
inner product a(-,-) and (energy) norm || - ||4. Consider the following variational
problem: for any given f € V', find v € V such that

a(u,v) = f(v), veV.

Let the operator A : V — V’ be the isomorphism associated with a(-,-), namely
< Av,w >=a(v,w), VY v,w €V, where we denote dual spaces by ' and use angle
brackets for duahty pairings.

Let Vq,---,V;,J € N, be Hilbert spaces endowed with inner products a;(-,-) and
(energy) norms ||-[|4,,7 =1,---,J. The operators A; 1V V; are 1som0rphlsms
induced by a@;(-,-), namely < .Ajuj,vj >= a;(u;,v;), Vi, v; € V;. We assume
that, for each Vj, there exist a continuous transfer operator II; : Vj — V. Then we
can construct a preconditioner for the operator A as follows:

J
j=1

where Bj : V;- — Vj are given preconditioners for Aj, and II7 are adjoint operators
of HJ

The following theorem gives an estimate of the spectral condition number of the
preconditioner given by (30). This result is proved in Hiptmair and Xu [34].
Theorem 4.1. Assume that there exist constants c; such that
(31) Mailla <cillulla, Ya;eV;, 1<j<J

and for all w €'V, there exist u; € Vj such that u = ijl II;u; and

1/2

J
(32) > lasli, < collulla-
j=1

Then for the preconditioner B defined in (30) , we have the following estimate for
the spectral condition number

k(BA) < max k(BjA; COZC

1<5<J

We are now in a position to design a precondltloner for the discrete variational
problem (2). We will apply the above theory by letting V.=V, and a(-,-) = an(-,-)
given by (3). The auxiliary spaces and the corresponding transfer operators are
defined as follows:
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(1): Vi =V}, with inner product @, (-,-) defined by
N N
a1 (v,v) = Zah(vi,vi), Vo= Zvi, v; € V.
i=1 1=1
The corresponding transfer operator is II; = Id.
(2): Vo =V with inner product as(-,-) defined by

az(w,w) = (Vw, Vw),, Yw € V.

The transfer operator is Il = Id.

Let
A=D-L-L!

be the stiffness matrix whose (i, j)-th entry is an(@;, ¢;), where D and L are the
diagonal and the strict lower triangular part of A. Let A be the discrete Laplacian
matrix for the lincar Lagrangian finite element space V¢ /. Then the operator of
the resulting auxiliary space preconditioner for the discrete variational problem (2)
reads

(33) B =B + By,

where B;(j = 1,2) denote the preconditioners for the diagonal matrix D and the
discrete Laplacian matrix A.

In terms of implementations, we will take B; as the Jacobi (or Gauss-Seidel)
smoothing operator for A, For the discrete Laplacian matrix A, we will take the
preconditioner B, as the BPX preconditioner for structured grid and algebraic
multigrid method for unstructured grid.

In the following, we will give an estimate for the condition number of the pre-
coditioner B given by (33). First, we prove that the above transfer operators satisfy
the condition (31) of Theorem 4.1. Using the definitions of the inner product and
the transfer operator in space Vi, for any given v = Zszl a;p; with a; € R, we
have

2

N 2
Mol = [l =D e =D | 3
i=1 A TETh ||SUPPw:NT#0 AT
N
2
(34) < MY Y atleilir =Ml
TeT, i=1

where the constant M bounds the number of basis functions whose support overlaps
with a single element 7'.
For any given w € Vy, it’s easy to obain

(35) Mawl[a = [lwlla = [w] 4,

Combining (34) and (35), we conclude that (31) holds with the constants ¢; = M
and cy = 1.

Secondly, we prove that the above transfer operators satisfy the condition (32)
in Theorem 4.1. Indeed, this is true since Theorem 3.1 implies that: for any v € V,
there exist o = Zf\;l v; € Vi,v; € V; and p € V, such that v =9+ p and

(36) 191%, + lIpllE, < llvlli.

Finally, as a direct consequence of (34), (35) and (36), we have
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Theorem 4.2. For the preconditioner B given by (33), we have
k(BA) < 1.
5. A fast iterative method

In this section, we propose a two-level iterative method for solving (2). We will
then analyze the rate of convergence of this method. In the following, we first give
a detail description of the method.

Algorithm 5.1 (A two-level algorithm). Let u) = 0 be an initial guess. Assume
that the [-th iterate uﬁl € Vp, I > 0, has been obtained. Then the next iterate
ulh+1 € Vy, is obtained as follows:

Step 1: Let sh = u!. Then for each j =1,--- ,N, we find Sé € V; such that
ah(sévvj) = (f,v5) — ah(sé_p%‘), Yo; € Vj.
Step 2: Find €' € Vg‘mf such that
an(e, o) = (f, 0] ) = an(uf + sly, o), o e v

Step 3: Let
(37) ultt =l + el
Remark 5.1. Step 1 in Algorithm 5.1 corresponds to applying the Gauss-Seidel
smoother once for the discrete variational problem (2). It can also be replaced by
the Jacobi method and related results can be found in Proposition 6.12 of [39] or
Lemma 3.3 of [41]. One can also apply this smoother a few times before doing the
next step. Step 2 in Algorithm 5.1 corresponds to solving the Laplacian problem by

the piecewise linear conforming finite element method. In practice, we use the CG
method.

We are now in a position to analyze the above algorithm. Let Vi1 = V(hjonf .
We then define the energy projections P; : V, = V;(j=1,--- N +1) by
(38) ap(Pjv,w;) = ap(v,w;) for all v e Vi, w; € V;.

Let E be the error propagation operator for each iteration in Algorithm 5.1. We
have the following well-known identity [40, 20]

ufuZ'H :E(ufui)
where u is the solution of (1) and
E=(—-Pyy)I—Py) - (I—P).

Furthermore, by using the Xu-Zikatanov identity (see Corollary 4.3 in [40] or Corol-
lary 2.1 in [20]), we get

1
1B =1~ Tre
Co
where
N+1 N+1
(39) ¢ = sup _ inf SR Y vl
llwlla=13K2 ve=v j=k+1

The rest of the section is devoted to the proof for the result that the constant &g is
independent of mesh size.
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First Theorem 3.1 implies that: for any v € Vj, there exist vy € Vi, k =
, N 4+ 1 such that v = ZkNjol v and

N+1

(40) > an(ve, vr) < Kollol%.
k=0

Let ux = Py (Z;VTH 1@) € Vi. We then apply (38) to obtain

NA+1 N+1 N+1 N+1 N+1

S llueld =" an(ur, Pe Y v) = an(uk, Y vj)

k=1 k=1 j=k+1 k=1 j=k+1
N+1

= Z Z ah(uk,vj).

k=1 SUppv;NSUPPu#0
Using the Cauchy-Schwarz inequality, we have

N+1 N+1

Z lurllt <) > an(ug, ug) P ap (v, v;)

k=1 suppvj NSUPPu#D

h(uk Uk)1/2 Z Clh(Uj’Uj)l/2
Suppuv; NSUpPuy#h

N+1 12 [N+
ap uk,uk)> Z Z ap(vj,v;)

k=1 k=1 sSUpPPv; NSUPPux#0

N+1 1/2 N+1 1/2
( an (U, uk ) <M Z ah(”ka”k))
=1

k=1

INA
i Mf

1/2

which implies that

N+1 N+1 N+1 N+1
(41) DR D villh = luklla <MY an(v,v)-
k=1 j=k+1 k=1 k=1

Here, M bounds the number of basis functions whose support overlaps with the
support of the functions u, € Vi for all k =1,2,--- /N + 1.
As a direct consequence of (39), (40) and (41), we have

Theorem 5.1. Let u be the solution of (1),and let u} and ulh+1 be two consecutive
iterates obtained by Algorithm 5.1. Then exists a positive number p < 1, which is
independent of | and h, such that

l
llu = w4 < pllu = uh|a-
Thus, given a tolerance level, the algorithm 5.1 will terminate in finite steps.

6. Numerical Results

In this section, we will present numerical experiments showing the performance
of the proposed preconditioner and the convergence of our iterative method for
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solving the problem (1). We will use the symmetric IPDG method defined by

awe) = ¥ /T Vo Vedz— 3 / ({Vw} [o] + (Vo) [w]) ds

TeThH ec&, V€
+ ot [ [w] - [[v] ds.
7725: / o] - [v]

The space V}, is taken as the space of discontinuous piecewise linear functions.

In our first example, we choose domain Q = (—1,1)2, and test the performance
of our methods with the use of a structured grid as well as an unstructured grid.
For the convenience of computing errors, we solve a problem whose exact solution
is defined by

u = sin(7x) sin(my).

To test convergence, we use a sequence of structured grids and unstructured grids.
For the structured grids, Figure 1 shows an initial triangulation 7;, with h = 1/4.
We can then obtain the refined meshes by dividing each element uniformly into 4
sub-elements by connecting the midpoints of the edges of the triangles. For the
unstructured grids, a mesh generator is employed to get a sequence of increasingly
finer meshes, whose triangles all have about the same size with little distortion,
for example, Figure 2 shows a triangulation 7; with level [ = 2, which is a mesh
obtained by refining an initial mesh once.

Ficure 1. A struc- FIGURE 2. An un-
tured grid. structured grid.

o

FIGURE 3. Typ: The FIGURE 4. To:
initial mesh. Graded mesh  af-
ter 2 refinement.

In our second example, we consider a L-shaped domain Q = (—1,1)2\ [0,1] x
[—1,0] with the use of graded meshes. We take the exact solution to be

2 2
= r3sin(0).
u=r sm(3 )
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TABLE 1. Number of PCG iterations with preconditioner (33) for
structured grids, where tol = 1.0e — 8.

h 1/4 1/8 1/16 1/32 1/64 1/128

n=10 35 43 46 49 49 o1
n=20 35 43 46 48 49 50
n=2950 34 42 46 48 49 49
n=100 33 42 46 47 49 48

TABLE 2. Number of PCG iterations with preconditioner (33) for
unstructured grids, where tol = 1.0e — 8.

Level # Cells n=10 n=20 n=50 n=100

1 116 14 13 12 11
2 528 15 14 12 12
3 2118 15 14 13 12
4 8142 15 14 13 12
) 32670 15 14 13 12

In this case, we will use the graded refinement procedure. The construction of such
graded meshes can be found in Section 4 of [9]. Figure 3 shows the initial mesh 7y
and Figure 4 shows the graded mesh 75 after 2 refinements.

6.1. Results on using the preconditioner. In this subsection, we will consider
the solution of the discrete variational problem (2) by the Preconditioned Conjugate
Gradient (PCG) method. We will illustrate the effect on using our preconditioner
B given by (33), where for B, we use the Jacobi smoothing, while for B, we choose
the BPX preconditioner for Laplacian problems. We stop the iteration when the
relative residual is less than 1078,

TABLE 3. Number of PCG iterations with standard BPX precon-
ditioner (33) for graded meshes, where tol = 1.0e — 8.

Mesh n=10 n=20 n=50 n=100

Ti 33 28 20 21
Ts 33 35 39 40
Ts 53 o7 60 64
Ta 79 87 94 96

Ts 120 130 141 143
Ts 180 196 212 216

For the first example with a rectangular domain, the iteration counts required
for the method with various penalty parameters 17 and mesh sizes h are reported in
Tables 1 and 2, for the use of structured and unstructured grids respectively. From
these results, we see that, when the penalty parameter 7 is fixed, the number of
iterations required is essentially independent of the mesh sizes, even though we see
a very mild increase in the number of iterations. Furthermore, for fixed mesh sizes,
we see that the number of iterations is independent of the penalty parameter 7.
We also observe that there is actually a small reduction in the number of iterations
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when the penalty parameter is increased. Hence, we see that B given by (33)
provides a very effective precondioner for the discrete variational problem (2).

TABLE 4. Number of PCG iterations with modified BPX precon-
ditioner (33) for graded meshes, where tol = 1.0e — 8.

Mesh n=10 n=20 n=50 n=100

T 25 28 24 24
Ta 40 37 36 36
Ts 46 44 43 43
Ta 52 o1 50 50
Ts 55 95 54 54
Te 60 59 58 58

For the second example with L-shaped domain, we remark that the largest edge
may be much longer than the shortest edge in the same graded mesh. Therefore,
the standard BPX preconditioner with the same mesh size given by the largest edge
will not work, as we can see in the results reported in Tables 3.

To improve the iteration counts, we construct a modified BPX preconditioner
for graded mesh as follows:

N¢ N

By := Z Z hi (p1) Qs
k=0 1=1

where N¢ is the dimension of Vgonf , hi(pr) is the length of the shortest interior
edge in Q,,, QL denotes the L? projection from VS to V€ = span{pC}(i =

,NO), {%C}iv:l is the set of all nodal basis functions spanning Vgonf. The
corresponding results with the use of this new preconditioner By are reported in
Table 4. We observe improved results and the behavior is similar to that of the
first example.

6.2. Results on using Algorithm 5.1. In this section, we will present some
results on using Algorithm 5.1 for solving the discrete variational problem (2). We
will show the number of iterations required for various mesh sizes h and penalty
parameters 1. Moreover, we will test the behavior of our Algorithm 5.1 by using
the smoothing step (i.e. Step 1 of Algorithm 5.1) more than once before doing Step
2. In the following, we use m, (m > 1), to denote the number of smoothing steps
done before doing Step 2.

For the first example, we present the number of iterations required with fixed
penalty parameter n = 10 for various h and m in Table 5 and Table 6 respectively.

TABLE 5. Number of iteration for Algorithm 5.1 for structured
grids, where n = 10.

1/4 1/8 1/16 1/32 1/64 1/128

20 19 19 19 20 23
12 11 11 12 12 12
10 10 10 10 10 10
9 9 9 9 9 9
9 9 8 8 8 9

I3I33I3|T
I
U W N
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TABLE 6. Number of iteration for Algorithm 5.1 for unstructured
grids, where n = 10.
Level # Cells m=1 m=2 m=3 m=4 m=5
1 116 22 13 10 9 8
2 528 23 13 10 9 8
3 2118 25 14 10 9 8
4 8142 26 14 11 10 8
5 32670 27 15 11 10 8
TABLE 7. Number of iteration for Algorithm 5.1 for structured
grids, where n = 20.
h 1/4 1/8 1/16 1/32 1/64 1/128
m=1 20 20 21 23 27 27
m=2 12 11 12 12 12 15
m=3 9 9 10 10 10 13
m=4 9 9 9 10 10 10
m=>5 9 8 8 8 8 8
TABLE 8. Number of iteration for Algorithm 5.1 for unstructured
grids, where 1 = 20.
Level # Cells m=1 m=2 m=3 m=4 m=5
1 116 23 13 10 9 8
2 528 25 14 10 9 8
3 2118 26 14 11 9 8
4 8142 28 15 11 10 8
5 32670 31 15 12 10 8
TABLE 9. Number of iteration for Algorithm 5.1 for graded grids
with n = 10 (left) and n = 20 (right).
Mesh Ti To T3 Ta Ts To Mesh Ti Ta T3 Ta Ts To
m=1 18 20 20 20 20 20 m=1 17 20 20 20 20 20
m=2 13 12 12 12 11 11 m=2 12 11 11 11 11 11
m = 11 11 10 10 10 10 m=3 10 10 9 9 9 9
m = 10 10 9 9 9 9 m 0 9 9 9 8 8
m=5 10 9 9 8 8 8 m=5 9 9 &8 8§ 8 8

Numerical results with penalty parameters n = 20 are reported in Table 7 and Table
8. From these results, we see that the number of iterations required is essentially
independent of the mesh size h. Furthermore, we see that the number of iterations
can be reduced by increasing the number of smoothing steps used in Step 1 of
Algorithm 5.1. We also observe that the number of smoothing steps can be taken
as m = 4 as this is the smallest m giving iteration counts that are rather stable

with respect to mesh sizes.
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For the second example, the corresponding results are shown in Table 9. We see
that similar conclusions hold in this case.
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