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Abstract In this paper we prove the uniform convergence of the standard multigrid
V-cycle algorithm with Gauss-Seidel relaxation performed only on new nodes and their
“immediate” neighbors for discrete elliptic problems on adaptively refined finite element
meshes using the newest vertex bisection algorithm. The proof depends on sharp esti-
mates on the relationship of local mesh sizes and a new stability estimate for the space
decomposition based on Scott-Zhang interpolation operator. Extensive numerical results
are reported which confirm the theoretical analysis.
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1 Introduction

Let 2 be a bounded polygonal domain in R? with possibly reentrant corners. Consider
the variational problem of finding u € H(} () such that

A(u,v) = F(v) Yv e Hy(Q), (1.1)
where F' € H~1(Q), the dual space of H}(£2), and

Au,v) = /Q [p(x)Vu - Vo + r(z)uv] dz Yu,v € Hy(Q).

We assume that p € C*(Q),r € C°(Q),p(x) > 0on , and 7(x) > 0 on Q.

In this paper we study the V-cycle multigrid methods for discretized elliptic problems on
adaptively refined finite element meshes. The adaptive finite element method based on a
posteriori error estimates initiated in [1] provides a systematic way to refine or coarsen the
mesh according to the local a posteriori error estimator on the elements. Recent studies (cf.
e.g. [2], [3]) indicate that for appropriately designed adaptive finite element procedures,
the meshes and the associated numerical complexity are quasi-optimal in the sense that the

1/2

finite element discretization error is proportional to N~/ in terms of the energy norm and
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proportional to N ™! in terms of the maximum norm, where N is the number of degrees
of freedom of the underlying mesh. Therefore, in order to achieve an optimal solution
method for elliptic problems, it is imperative to study efficient algorithms for solving the
linear system of equations arising from the adaptive finite element discretization of elliptic
problems.

Let M;, 0 < j < J, be a sequence of nested finite element meshes of §2, N/; the set
of interior nodes of M, and X; C H; () the piecewise linear finite element space over
M with dimension 7. The distinct feature of applying multigrid methods on adaptively
refined finite element meshes is that the number of nodes of the mesh M ; may not grow
exponentially with respect to the number of the mesh refinements j. Thus the number
of operations used for the multigrid method in which the relaxation is performed on all
nodes can be as bad as O(n?) [4]. To reduce the computational cost, various local re-
laxation schemes are proposed in applying multigrid methods on adaptively refined finite
element meshes. Numerical experiments in [4] strongly suggest that the “local” multi-
grid algorithm which, at each level j, performs relaxation only at new nodes (i.e. the
nodes in A;\V;_1) and their neighboring nodes can guarantee uniform convergence of
the multigrid methods for discrete elliptic problems with smooth coefficients. Here the set
of neighboring nodes is defined conventionally as all those nodes, whose basis functions
have a support that intersects with the support of basis functions of the new nodes.

The purpose of this paper is to show that the multigrid V-cycle algorithm which per-
forms Gauss-Seidel relaxation at new nodes and the old nodes whose support of nodal
basis function have changed can already guarantee uniform convergence of the multigrid
V-cycle algorithm. Note that the set of nodes where relaxation is performed in our multi-
grid V-cycle algorithm is smaller than the set of nodes where the relaxation is performed in
the “local” multigrid V-cycle algorithm [4]. Similarly, we also obtain the uniform conver-
gence of the “local” multigrid V-cycle algorithm in [4] with Gauss-Seidel relaxations. We
recall that performing relaxation only at new nodes can not lead to uniform convergence

[5].

The proof of uniform convergence of our V-cycle algorithm is based on the practical
condition that the adaptive mesh refinements are carried out by the “newest vertex bisec-
tion” algorithm developed in [6], [7], [4] and [8]. This refinement algorithm has been
widely used in the adaptive finite element community (see e.g. [2], [3], [9]-[12]) and has
been implemented in the package ALBERT [13]. Our result is quite general and can apply
to any adaptive finite element strategy that use the newest vertex bisection algorithm for
mesh refinements. In each local refinement step of the adaptive finite element method, the
elements marked for refinements can be anywhere in the whole domain. As long as the
local relaxation at each level (step) is performed at new nodes and the old nodes whose
support of nodal basis function have changed, our V-cycle algorithm converges uniformly.
In this paper, the old nodes whose support of nodal basis function have changed are also
called the “immediate” neighboring nodes of new nodes, since they are endpoints of some
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old edges that are bisected.

To the best of our knowledge, the uniform convergence result of our V-cycle algorithm
as well as that of the “local” multigrid V-cycle algorithm on the newest vertex bisection
does not fall under previous results. In particular, it is not assumed that the subdomains
where the refinements take place at different levels are nested. The analysis in the paper
contains substantial differences from the analysis developed for the fast adaptive compos-
ite grid (FAC) methods studied in [14], [15], [16], [17] or the multilevel adaptive technique
(MLAT) studied in [18], [19], [20], [21], [22]. For example, the extension operators ();
introduced in [20, Section 5] for the analysis cannot be defined for the meshes generated
by the “newest vertex bisection” algorithm. We also remark that the multigrid conver-
gence analyses for locally refined finite element meshes in [23], [24], [25], [26] are under
more restrictive conditions on the meshes which are not satisfied by the “newest vertex
bisection” algorithm. Other references on the convergence analysis for multigrid methods
can be found in [27], [28], [29], [30], [31], [32], [33], [34].

Our convergence proof depends on a powerful identity of Xu and Zikatanov [35] for
estimating the norm of the product of non-expansive operators and the following property
of a properly defined Scott-Zhang interpolation operator II; : X ; — X (see Lemma 3.3
below)

J
SN @y - Iow)(2)]” < CA(v,0) Yo € Xy,
Jj=1 ZGJVJ'

Here X/} is the set of new nodes (i.e. the nodes in /\/}\./\/}_1) and their “immediate”
neighboring nodes. This estimate is proved based on establishing appropriate connection
between the adaptive meshes and uniformly refined meshes which extends similar idea in
the analysis in [36], [20], and [22] but contains essential differences.

Throughout the paper, we use the notation A; < B to represent the inequality 4; <
constant x By, where the constant is positive and independent of all the variables in the
inequality, and it is always assumed to be mesh-independent. The notation A; = Bj is

equivalent to the statement A; < Bj and By < A;.

The rest of the paper is organized as follows. In §2 we recall the “newest vertex bi-
section” algorithm for mesh refinements, introduce the multigrid V-cycle algorthim with
Gauss-Seidel relaxation performed only on the new nodes and their “immediate” neigh-
bors, and present the main convergence theorems for our algorithm and the “local” multi-
grid algorithm in [4], respectively. In §3 we prove the uniform convergence theorems.
In §4 we discuss implementation details and present several numerical examples to con-
firm our theoretical analysis. We also compare the performance of our algorithm with the
“local” multigrid algorithm in [4]. In §5 we present some concluding remarks.



4 Science in China: Series A Mathematics

2 The main result

In this section we consider the uniform convergence of the multigrid V-cycle algorithm
with local Gauss-Seidel relaxation performed only on new nodes and their “immediate”
neighbors. This leads to an algorithm of optimal complexity for solving the linear system
of equations resulting from the discretization of (1.1) by adaptive finite element methods.
Here “optimal” means that one step of multigrid iteration can reduce the norm of the error
of the approximate solution of the linear system by a factor that is bounded away from
1 independent of N, the size of the linear system, while using only O(/N') operations.
We will first recall the “newest vertex bisection” algorithm for the mesh refinements in
§2.1, and then introduce our multigrid V-cycle with local relaxation and present the main
convergence theorems for our algorithm and the “local” multigrid algorithm respectively
in §2.2.

2.1 The newest vertex bisection algorithm

We now recall the “newest vertex bisection” algorithm for the mesh refinements. A de-
tailed description of the algorithm can be found in [6], [4] or [13]. The “newest vertex
bisection” algorithm consists of two steps:

1. The marked triangles for refinements are bisected by the edge opposite to the newest
vertex a fixed number of times (the newest vertex of an element in the initial mesh is the
vertex opposite to the longest edge). The resultant triangulation may have nodes that are
not the common vertices of two triangles. Such nodes are called hanging nodes.

2. All triangles with hanging nodes are bisected by the edge opposite to the newest
vertex, this process is repeated until there are no hanging nodes.

It is proved in [6] that the iteration in the second step to remove the hanging nodes can
be completed in finite number of steps. Let M;,j = 1,2, -, be a sequence of nested
meshes generated by the newest vertex bisection algorithm. It is clear that each element
K € M; is obtained by refining some element K’ € M;_; finite number of times so
that hgr < hyx, where h is the diameter of the element K. It is also proved in [6] that
there exists a constant § > 0 such that

Ok >0 VKeM;, j=12,---, (2.1)
where 0 is the minimum angle of the element K.
An important property of the newest vertex bisection algorithm is that the algorithm

generates a sequence of meshes that all the descendants of an original triangle fall into
four similarity classes indicated in Figure 1.

To conclude this subsection, we remark that the meshes considered in this paper are
determined through a posteriori error estimators. In each refinement step, the elements
marked for refinements can be anywhere in the whole domain, not necessarily confined
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(a) (b) () (d)

Figure 1: Four similarity classes of triangles generated by “newest vertex bisection”.
to some specific subdomain. Moreover, the mesh size of the elements refined in each

refinement step can vary largely. Depending on different refinement strategies based on a
posteriori error estimators, it is well possible that some element is refined again after many
refinement steps done in the other places of the domain. This a posteriori nature of doing
mesh refinements makes the multigrid convergence analysis difficult, but it provides the
great flexibility for applying the adaptive finite element methods based on a posteriori error
estimates also to nonlinear problems in which the singularities of the solutions are a priori
unknown. In Figure 2, we show two successional meshes generated by the newest vertex
bisection algorithm for solving the Laplace equation on a domain with a crack (Example

4.2 in §4) by using adaptive finite element method based on a posteriori error estimates.
J=7, DOFs =48 J=8, DOFs =63
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Figure 2: The adaptively refined mesh of 48 interior nodes after 7 adaptive iterations (left) and the mesh of 63
interior nodes after 8 adaptive iterations (right) for the Laplace equation on the domain with a crack.

2.2 The multigrid V-cycle algorithm

Let M;,0 < 7 < J, be a sequence of nested conforming finite element triangulations of
the domain 2 such that M is a refinement of M;_;. Let X; C H}(f2) be the standard
continuous piecewise linear finite element space over M. Denote by N the collection
of interior nodes of M. For any node z € N, we use the notation @7 to represent the
associated nodal finite element basis function of X; which takes the value 1 at the node z
and the value O at all other nodes. Let ./\7J be the set of nodes on which local Gauss-Seidel
relaxation are carried out:

J\~/}:{z€/\/j:zEJ\/j\J\/}_lorzej\fj_lbut¢§;éd)jfl}, (2.2)
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ie., /\N/'] is the set of new nodes and their “immediate” neighboring nodes — the old
nodes whose support of nodal basis function have changed. For convenience, we denote

k
;= {CL‘k k=1,--- ,ﬁj} and let gbf = gi)jzj be the nodal finite element basis function
correspondlng to z® - We remark that our set of nodes on which local relaxation are carried
out is smaller than the set of nodes for relaxation in the “local” multigrid algorithm in [4].

Forany 0 < j < J, wedefine 4; : X; — X by
(Ajw,v) = A(w,v), Yw,v e X,

where the pairing (-, -) is the inner product in L?(2). Then the j level finite element
discretization of (1.1) reads as: Find u; € X such that

Aju; = fj, 23)
where f; € X satisfying (f;,v) = F(v),Vv € X;. We also define the orthogonal
projections @;, P; : X; — X by

(Qjw,v) = (w,v), A(Pw,v)=A(w,v), YvelX; YweX,.
Fork =1,--- i, let P¥ : X; — X* := span {¢"} be defined by
k. ik k
A(Pjw, ¢;) = Alw, ¢}) Yw e X;.
Let ?; : X; — X be the operator defined by

i

Ry = (1-T[t-P)as.

k=1
We remark that I2; is the smoothing operator which performs Gauss-Seidel relaxation only
at new nodes and their “immediate” neighboring nodes.

The standard V-cycle multigrid algorithm solves the system (2.3) by the iterative method

m+1 m m
W =l By — Al
The operators B; : X; — X;,0 < j < J are recursively defined as follows:

Algorithm 2.1 (V-cycle). Let By = Ay'. Forj > 0and g € X j» we define B;g = ws.

(i) Pre-smoothing: w; = R;g,
(ii) Correction: wy = wy + Bj_1Q;-1(9 — Ajw1),
(iii) Post-smoothing: w3 = wy + Rj(g — Ajw,).

It is easy to see that the multigrid V-cycle operator B; in Algorithm 2.1 satisfies the
following relation (cf. e.g. [36, (3.4)])

I-ByA; = (I~ POHHI P [ [I—Po)ﬁﬁ(l—ﬂk)},

j=1 k=1
where L* denotes the adjoint operator of the linear operator L : Hy (2) — Hj () with
respect to A(-,-). Denote by ||| , = A(-, ). Then since I — B A is self-adjoint with
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respect to the inner product A(-, -), we have

J 7y
I —=ByAs|l4= sup AL=Brdony) H(I_ r)[T1I¢-P) H

0#veX s ||UHA j=1k=1

To proceed, we recall the following result of Xu and Zikatanov [35, Corollary 4.3].

Lemma 2.2. Let V be a Hilbert space and V; C V (i = 1,--- , M) a number of closed
subspaces satisfying V. = Ef\il ViiLet P, : V. — V, (i=1,---, M) be the orthogonal
projection with respect to the inner product of V. Then the following identity holds:

C
(I = Py) - (I = P2y = ﬁOCO’

where

cop = Ssup in]\g ) ZHP Z v;)°.

loll=1v=323 S

Note that [|(I — P1) -+ (I = Par)llcvivy = (I = Par) - -- (I = P1)|[£(v.v), and any
function v € X ; can be decomposed as

V=1 + ZZ’U?, where vy € X, Uf € XJ’?,
j=1 k=1
we deduce from Lemma 2.2 that
11— BsA;|, =

Co
1 + ¢o

(2.4)

with

co = sup inf <HPOZZ

vl a=1vo+327_, > vk=v

1
<

2

7oy )

A
1 (,1)>(4,k)

. The identity (2.4) is the

)

HMK
(]

=0

where (i,1) > (j, k) means eitheri > jori = jbut! >
starting point of our convergence analysis.

The following theorem whose proof will be given in the next section is the main result
of this paper.

Theorem 2.3. Let the meshes M, 1 < j < J, be a sequence of nested conforming finite
element triangulations of the domain §) such that M ; is a refinement of M ;_, obtained by
the “newest vertex bisection” algorithm. Then there exists a constant § < 1 independent
of the meshes M and J such that

Il — BjA;||a <.

Now we consider the uniform convergence of the “local” multigrid V-cycle algorithm
[4] when performing Gauss-Seidel relaxations on the set

N, = {z € N : support(¢;) m support(qb;,) # () for some new node 2’ in /\/j} )
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It is clear that K/} C N;. Without loss of generality, we denote N; = {azf k=
1,---,n;}, wheren; > ;. Denoteby B; : X; — X;,1 < j < J, the operators defined
as in Algorithm 2.1 with the smoothing operator [?; being replaced by the smoothing
operator Rj which performs Gauss-Seidel relaxations on ./\7] By Lemma 2.2, we have
_ C
1= Bos], = 1o
with

J nj
Co = sup inf <HPO g E vf
j=1 k=1

llvll s=1 U0+Z}]=1 Zkil U?:'U

31

J

2
s

j=1 k=1

2
k !

P; Z v; A).
(1,0)>(5:k)

We have the following theorem on the uniform convergence of the “local” multigrid
V-cycle algorithm with Gauss-Seidel relaxations [4].

Theorem 2.4. Let the meshes M, 1 < j < J, be a sequence of nested conforming finite
element triangulations of the domain §) such that M ; is a refinement of M ;_; obtained by
the “newest vertex bisection” algorithm. Then there exists a constant § < 1 independent
of the meshes M and J such that

Il — ByAj|a <.

This theorem can be proved by following the proof in the next section of Theorem 2.3
with merely ;s replaced by /\_/J ’s. We omit the details.

3 Convergence analysis

We start by introducing some notation. For any 2 € M, we denote by Qj the closure of
the support of the corresponding finite element basis function qﬁj Recall that elements K
in M are considered as closed. Define h;(z) the length of the shortest edge of M ; with
one vertex at z and introduce

In(;(2)/ho)

pi(z) = { In(1/2)

Here [a] stands for the largest integer less than or equal to a, hx is the diameter of the

}, ho = max hic. 3.1

element /. Roughly speaking, p,(z) characterizes the actual number of refinements made
for the elements inside Qj It is easy to see that

(1/2

~ e
For any 2% € Nj, for simplifying the notation, we also denote by Q% = Q;’ the closure
of the support of the basis function d)f, and hf the length of the shortest edge of M ; with
one vertex at xf

)pj(z)+lh0 <hi(z) < (1 /2)pj(z)h0. (3.2)

Lemma 3.1. Let the meshes M ;,1 < j < J, be a sequence of nested conforming finite
element triangulations of the domain §) such that M ; is a refinement of M ;_, obtained
by the “newest vertex bisection” algorithm. Then
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(i) Given an integer m > 0 and z € N, the cardinality of the set o1(m, z) = {j :
z €N, pi(z) =m, 0 < j < J} is bounded by some constant independent of
m, z and J.

(i) Given an integer m > 0 and z € N, the cardinality of the set oo(m,z) =
{(k,]) : mf € N, pj(x;?) =m,z € Q?, 0<j< J} is bounded by some
constant independent of m, z and J.

Recall that ./\7] is the set of new nodes and their “immediate” neighboring nodes in N,
it is well possible that z € J\~/j and z € /\N/}H for some [ > 1 such that p;(z) = p;4i(2).
o1(m, z) is defined as the number of such levels j that z € X/} and p;(z) = m. On the
other hand, for any z € NN;, z possibly belongs to many sets Qf corresponding to some

zh e /\N/j, 03(m, z) is defined as the number of such nodes that p;(z%) = m.

Proof. We first notice that the set o4 (m, z) or o3(m, z) may be empty, in which case, the
lemma is trivial. To prove (i), we first note that if 2z € /\7]-1 and z € /\~/j2 with j; < ja, then
at least one edge in 2% will be bisected to obtain the new mesh M,. Let j € oy(m, 2),
by (2.1) there exists an integer d; depending only on € in (2.1) such that each edge in Qj
will be bisected after d; bisections. Note that if h;,;(z) < h;(2)/2 for some k, then
pi+k(2z) = pj(z) +1 = m + 1. Thus the number of integers in the set oq(m, z) is
bounded by d;. This proves (i).

To show (ii), we first prove that the number of nodes in the set N'(m, z) = {y Ty €
/\7j, p;(y) = m, |y — z| < H;(y) forsome 0 < j < J} is bounded by some constant
independent of m, z and J. Here H;(y) is the length of the longest edge of M with
one vertex at y. Note that by (2.1) and (3.2), H;(y) < Bh;(y) < B(1/2)™hy for some
constant  depending only on 6 in (2.1). Now suppose that y; € /\N/j1 , P, (y1) = m and
Yo € ./\N/'jz,pj2 (y2) = m. Without loss of generality, we may assume j; > jo, thus ys is
also a node of M, . Therefore |y, — ya| = hj, (y1) > (1/2)™*hy. This implies that
the number of nodes in V' (m, z) is bounded by some constant independent of m, z and
J,ie. #N(m, z) < 1. Now

#oa(m,2) = #{(w.4) : y € NG, py(y) =m, 2 € Q0 <G < T}

SH#{(v,9); y EN(m, 2), j € a1(m,y)}
S #N(m, 2) x max oy (m, y) S 1.

This completes the proof of (ii). B

Denote by Ef the collection of edges of M that are included in Q§ The following
lemma whose proof may be of independent interest.

Lemma 3.2. Let the meshes M;,1 < j < J, be a sequence of nested conforming finite
element triangulations of the domain ) such that M is a refinement of M ;_, obtained
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by the “newest vertex bisection” algorithm. Then we have, for any :L‘;“ eN;,
J , J
/1 k\3/2 1/ k)3
Yoo > im0 Y (/) S (3-3)
i=j+1 méE./\?q,,xQGSJ’?’ i=j+1 xieﬁlmiEQf
and, for any x' € N,

i S (W) < Z S (W) S G

I=1 gheN; ateek I=1 gk eN; atek

Proof. By (2.1), as in the proof of (ii) of Lemma 3.1 we have there exists a constant 3 > 1
depending only on the minimum angle of the meshes such that H; (wf) < ﬂh?. Then for
any z! € ./Vl,xﬁ € Ef, we have h! < Hj(xf) < ﬁhf. Thus by the definition (3.1),
pi(xt) = pj(zh) — [InB/In2] — 1. Let ng = [In 3/ In 2] + 1 > 0. By (3.2) we have

> > <h§>3/2 w3 Y <\2)3pi(xé>

=i+l zleN; zleel =it gle N wlegk
oo
o h3/2 1 3m
AN 0 \/Q
m=p;(z¥)—no zeN; zeek
pi(z)=m, ]+1<z<.]

wr 3% (B

—ng zENj.z€EF
i€or (m.2)

m=

Since the distance of any two distinct nodes 21, z, € EF such that pj, (z1) = pj,(2) =
m for some ji,j, > 0 is greater than (1/2)"*'h, the number of the nodes z € &£
satisfying p;(z) = m for some i > 01is < h%/((1/2)"+'hy). Thus by (i) of Lemma 3.1,
we deduce that

J 1\ 3/2 5/ 3m h;?
oY T Y () mrw

i=j+1 2l e N alegk m=p;(z})=no

> 1 \m 15\ Pi(@h)/2
sh Y (gg) mEmt(E)”

m=p; (93?)—710

< (h)*2.

This proves the first estimate in (3.3). The second estimate in (3.3) can be proved similarly.
Here we omit the details.

Now we turn to (3.4) and again we only prove the first estimate. By (ii) of Lemma 3.1
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and (3.2), we have

Zz_i Z (h?>_1/2 < h01/2§ Z (\}i)m(z?)

I=1 gk eN; alesk I=1 gk eN; atech
pi(a})+no 1 \-m
< h71/2
~ 0 \/§
m=0  (k,j)€o2(m,z})

pi(zl)+no
She' YD (VDT S by Ry

m=0
< (hy) 2

This completes the proof. ®

Now we introduce the Scott-Zhang interpolation operator IT; : Hj(€2) — X ;. For any
z € N, let e, be an edge with one vertex at z, then the Scott-Zhang interpolation operator
is defined as [37]:

(TL0)(2) = / . (2)o()ds Yo € H(Q), (35)

where the linear function 1, (x) satisfies [ . (x)w(z)ds = w(z) for any linear func-
tion w(x) on e,. Itis easy to check that ¢, (z) = (4 — 6 |x — 2| /h..)/he., Where h,_ is
the length of the edge e, and

(IT;v)(2) = v(z) for any function v(x) that is linear on e, (3.6)

in particular, IT;v; = v; forany v; € X;. Forany z € \; \/\7], that is, z is also a node in
/\/j,l so that gi)j = ¢Z_,, we require in addition that the edge e, in the definition (3.5) is

-1
the same as the edge used in defining II;_,. This implies the following important property
(Lo —1I1;_40) (2) =0 Yz e N;\N,. (3.7)

Lemma 3.3. Let the meshes M;,1 < j < J, be a sequence of nested conforming finite
element triangulations of the domain §) such that M ; is a refinement of M ;_, obtained

by the “newest vertex bisection” algorithm. Then we have

SN My — 1) () < vl -

J=1 z€./\7j

Proof. The proof depends on a close relation between the adaptively refined meshes M,
0 < j < J, and a sequence of uniformly refined meshes //\/l\ ; which is obtained by
connecting the edge midpoints of M\ j—1 starting from M\o = M. Denote by /C/'J the set
of interior nodes of X/l\j and h; = (1/2)7hy.

We start by observing from the newest vertex bisection algorithm that each element
K € M, is included in some element K, € M, for example, K| is the triangle in
Figure 1(a), and K is similar to one of the four types of triangles K(()Z),z' =1,2,3,4,
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where K((,l) = K, and K(()i)(i = 2,3,4) is the triangle marked by ¢ in Figure 1(b)(c).
Moreover, there exists an integer n(K) such that hy = (1/2)"")h, ). Thus K is
0

included in some element & € M\n( k). Forany 2z € j\/}, we choose an element K’ €
M ;_1 which contains z and define

L;(2) :min{n(K): KGMj,l,KﬂK’#@},
sj(z):U{KeMj_l: KﬂK’;éQ)}.

Obviously, for each element K C S;(z) that is in M;_;, there exists some element
K € My, such that K C K. We make the following claims:

Claim 1°: p;(z) < L;(2) + d, for some constant d depending only on § in (2.1).

~

Claim 2°: z € /(\/pj(z) and hj(z) ~ hpj(z).

First, by (2.1) and the property that any element in M is obtained by refining some
element in M;_; a fixed number of times, we know that there exists a constant v > 0
such that h;(z) > ~hg for any K C S;(z), that is, h;(z) > 7(1/2)H(K)h1((§” >
7' (1/2)"¥) b for some constant v’ by the quasi-uniformity of the initial mesh M,. By
the definition of p;(2) we see that p,(z) < n(K) + [Inv’/In(1/2)] for any K C S;(2),
which implies Claim 1° with d = [In~’/In(1/2)].

Next, by the newest vertex bisection algorithm, there is an edge e, of M started at
z such that e, is an edge of M\,n for some m. Thus z € ./\A/'m and h;(z) < le,| <
B = (1/2)™hy. On the other hand, p;(z) > (1/2)%1)*1h, by (3.2), we conclude then
m < p;(z) + 1,ie. m < p;(2). Thus Claim 2° holds.

Let @j : LA(Q) — )?j be the standard L?—projection operator and @j = Quifj <0,
where X; C H () is the piecewise linear finite element space over M. From Claim
1°, ij(z)_dv S XLj(Z) is linear on each element in MLj(Z), and hence is linear on each

element X' C S;(z). Therefore from (3.6),

(1,Q0,0-0)(2) = (@ur-a) (2) = (1@ a0} (2). BH)

By the stability property of the Scott-Zhang interpolation operator [37] we have then that
forany o € (3,1),

(I, = T2 )o(2)| = (L = TL0) (0 = Q-0 (2)

i) o= Quea| TG o= Qe

’Ha(sxz)) '
(3.9)

By Claim 2°, S;(z) C B(z, cﬁpj(z)) = {y €eN: ly—2z| < cﬁpj(z)} for some constant
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¢ depending only on 6 in (2.1), summing up (3.9) we know that

J=1 zeN;

< ! ﬁ—z A 2 7200—2 A 2

N;;< S ‘U_ij(z)_dv sy T st ||V T Qest-a? Ha<sj<z>>>

Y (2fo-Gual, s o-Guaf )
=0 zeﬂ/j,pj(z):m L2(B(z,chm)) H>(B(z,chm))

0 R 2
S (h_2 V— Qum_
~ Z Z m @m—a L2(B(z,chm))
m=0 e N,,NN; J€a1(m,z)
R N 2
+ h272 v — Qu_qV )
m @m—a Ho(B(z,¢hm))

By (i) of Lemma 3.1 we have then

I=1 zeN;
S (o= Q| ol |
N hy v — Qma ) hi =2 v — Quu—av A )
—0. .o L2(B(z,chm)) He(B(z,chm))
m= ZE-/\/.'m
[e%) R R 9 . R 9
< Z (h;f v — Qm,dv‘ + h2e 2 |y — Qm,dv’ )
m=0 LQ(Q) H>(Q)
< [ 2 ) 2 720—2 A 2
h“lv— Qv + h2 7% v — Q0 )

To conclude the proof the lemma, it is enough to show that: For any s € [0, 1),

oo
Z E;Lzu—s)

m=0

~ 2 5
‘U - QmUHHS(Q) < HUHHl(Q) :

By [22, Theorem 4.32] we have

2

w — Qow ~ h2
H @o HHS'(Q) Z !

Qi — @lq)lvHQ Vw € Hy (), s € [0,1].

L2(Q)

(3.10)
Hence, by taking w = v — Q,,v in (3.10) and using Q;Q,,,v = Qmmin(,m)V, We obtain

2 oo

o = Z hl—25

l=m-+1

2

i

Hv_@\mv

(@l - @l—l)v

L2(Q)
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So
. ~ 2 s 2
h—2(1 s) "U _ va = h 2(1 s)h 2s Q Q
mz_o H>s(Q) z:: ;1 ( bl 1) L2(Q)
- (1— 2 2
:Z<Zh S))h 1@ = Qrur)v
L*(Q)
=1 m=0
— = = oy 2 < 2
~ Z (Qr—Qi1)v Ly ~ HvHHl(Q)

N
Il
_

We have used (3.10) and H@OU

completes the proof. R

< : : _ _
’ H@Q ~ ||| H1(q) to derive the last inequality. This

Now we are ready to prove Theorem 2.3.

Proof of Theorem 2.3. We only need to estimate cq in (2.4). For any v € X, we
consider the decomposition

J iy

_ _ _ kook _ ky 1k

v =TIHv + E v, v;=1Lv—1II v = E vi, vi =v;(z7)e;.
j=1 k=1

Then
co < sup c(v), (3.11)
lloll a=1
where
J 9 J 7y
c(v) = ( RY Y ok A+Z (( Pf z;; Z Z ) (3.12)
j=1 k=1 j=1 k=1 i=j+1 1=
By the stability estimate of Scott-Zhang interpolation operator, we have
J ’ﬁ
|7 D> = 1P~ T} £ ol (3.13)

Since there are only finite number of nodes xé € sz the closure of the support of the basis
function ¢*, we have

ZZHP’fZ R0 3 D 1159 ) SITICE R EATY

j=1 k=1 j=1 k=1 =1 k=1

Since for any w € H}(Q), Pfw = [A(w, d¥)/A(d%, ¢%)]¢h and A(dF, %) <1 we
have
)2

2

ﬂZZAM:ﬂZ S A e

i=j+1 =1 = J+1lleNxEQk

J g
PEY Yy

i=j+1 I=1
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Now, for z! € Qf we know that

A(¢), %) = Z / (2)VPiVe. + r(x )¢jﬁ¢§) dz

Kcszk KeM;
= Y[ pa)vervlds
Kch KeM,; oK
+ > / ) - Vok +r(a )¢§)¢§ dz.
KCQk KeM;

Note that for z} ¢ £F and K C 0}, ¢! = 0 on K, thus

S | X ([ e -vetds)uted

:vée./\wfi,wieﬂf KCQ;‘-’,KEM,-

- X | X (] seveves)uteh

zleN; slegl KCQf KeM;

Y (WD),

:L’f EN; ,Zé GSJI.C

A

where in the second inequality we have used |[V¢}| < (h¥)~". Therefore, we have

(XS )

i=i+1 gleN; ol eg?

T DI DI (75 RITCESI) IERE

=i+ 2l e Ny 2l €k

PkZZU

i=j+1 l=1

By (3.3) and Cauchy-Schwarz inequality, we have

J
(Y 2 o) < SO R P
i:j+1zéeﬁi,m§€£f i= J‘HziEN’ 1:1,65;?

J

=D D (h/R)Plui(a))Po(af, 20),

=it aled,
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where §(z¥, 2}) = 1if 2} € £F and § (2%, 2}) = 0 otherwise. Thus

SY(Y X we)

Jj=1 T?E/\Z i=j+1 m’:Gj\?i,ml.eg’?

J
> Z D (BB o) P8 (a
J=1 gkeN; =it 2leN;

2/\

(Z Z (Bl 1)1 1265 ) o) P

I
M“

12%61 =

lvs ()|, (3.16)
xiE/\?l

A

I|
)

7

where we have used the first inequality in (3.4). Similarly, we can show that

iZ(i > (W) vi(ad ) ZZW 2. (3.17)

=1 ke =it el ol ek i=2 yle

It follows then from (3.11)-(3.17) and Lemma 3.3 that

S 1+ SUPZZ’UJ <

=1
llv]l o j=1 kEN

This completes the proof of Theorem 2.3. ]

Remark 3.4. The Xu-Zikatanov identity in Lemma 2.2 is used in [35] to prove the uniform
convergence of multigrid methods on uniformly refined meshes. In [38] this identity is
used to prove the uniform convergence of MLAT on locally refined meshes. The current
work is inspired by the lecture notes of Xu in [38].

Remark 3.5. The assumption that the meshes M, 0 < j < J, are obtained by using the
“newest vertex bisection” algorithm can be weakened. Let /\/l be a sequence of meshes of
() obtained by uniform refinement: edge midpoints in M j—1 are connected by new edges
to form ./\//\l Then it is proved in [39] for the Poisson equation that || — By A ||4 < ¢ for
some constant § < 1 if the meshes M, 0 < j < J, satisfy that each element K € M is
obtained by refining some element K’ € M -1 ﬁnlte number of times so that hxr < hg,
(2.1), and that each element K € M is included in some element K € M\n for some
n so that hx = iLn, where h is the diameter of K € M, and iln is the mesh size of the
uniform mesh M\ n- The proof of Theorem 2.3 modifies and extends the ideas in [39].

4 Numerical Results

We make use of the so-called non-recursive implementation of multigrid method (cf. e.g.
[22]). Let g € R™ be the vector in R"/, then the matrix B; € R"7*"™ which corresponds
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to the operator B, : V; — Vj in Algorithm 2.1 is defined through the following algorithm.

Algorithm 4.1. (Non-recursive implementation)

rtmp = g btmp = Zglrtmp
for i=35:1 for i=1:j
V; = btmp « ¥; + I} btmp
V; — U; + fii(rtmp — gﬁjv) btmp « btmp + éf(ﬁ — gibtmp)
7; < rtmp(ns;) end for
rtmp « (I}_})*(rtmp — gﬂ}z)
end for Ejg = btmp

Here ﬁ € R™*™ jg the stiffness matrix of the discrete problem at the ¢-th level,
R; € R™*™i is the local Gauss-Seidel relaxation matrlx and I} , € R™>*"i-1 ig the
standard prolongation matrix. Let ./\/Z = {xl 2ty i "1 be the collection of new nodes
and their “immediate” neighboring nodes at level 7, and denote by ns; = {k1, -+, kz, },
then rtmp(ns;) € R™ stands for the collection of the k1, - - - , kj,-th components of the
vector rtmp. (I'_,)t and R! are the transpose matrix of I!_, and R;, respectively.

We remark that in Algorithm 4.1, all the computations at the ¢-th level involve only the
components correspondlng to the nodes in ./\/, all the other components correspondmg to
the nodes in \V; \./\/ remain unchanged. Therefore each iteration to compute B.j g € RY
for given g € R™ uses only O(n;) operations.

4.1 Numerical examples

In this subsection we present several numerical examples to illustrate the optimality of
the algorithm studied in the paper. In the computation we make use of the adaptive FEM
solver in MATLAB PDE toolbox to discretize the equations but replace the linear sys-
tem solver of MATLAB by our multigrid V-cycle solver whose implementation as shown
in Algorithm 4.1. The local error estimator for element K of the adaptive algorithm is
defined as follows

1 ) 1/2
= 0.15 x hKHRKHLQ(K) + (5 eCZKhe‘ Je HL2(€)> :|, (41)

where hx is the diameter of the element K, h, is the length of the side e, Ry and J,
are the element residual and jump residual respectively. Computations are performed on a
Pentium 3.4GHz computer with Linux operating system.

The stopping rule of the multigrid iteration is as follows. At the j-th level, let u( ) =

u;_1, the multigrid solution of the previous level, then the multigrid iteration is termmated
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when the following relation is satisfied

(m)
Hfi—'AjUim ”“15;10—@
I fi — Ajuy” [

Example 4.1. The Laplace equation on the L-shaped domain of Figure 3 with the Dirichlet
boundary condition so chosen that the true solution is v*/3 sin (20 /3) in polar coordinates.

Figure 3 shows a sample of adaptively refined mesh of 1165 interior nodes which is
obtained after 14 adaptive iterations. The area of the smallest element is 3.05 x 1077,
Table 1 shows the number of interior nodes, the energy error |u — uy |1 o between the true
solution u and the discrete solution u;, computed by the multigrid method, and the energy
error | Uy, — |1 between uy, and the exact discrete solution 4, computed by the direct
linear system solver on various adaptive levels. It clearly shows that the multigrid solution
uy, approximates the true solution well up to the discretization error.

L-shaped
1 p

_l "
-1 -0.5 0 0.5 1

Fi gure 3: The adaptively refined mesh of 1165 interior nodes after 14 adaptive iterations for the Laplace equation
on L-shaped domain

Table 1: The level of adaptive iterations J, the number of interior nodes DOFs, the error |u — up|1,0 between the

true solution w and the discrete solution up, computed by the multigrid method, and the error |Gy, — up|1 o between
up, and the exact discrete solution Uy, for the Laplace equation on the L-shaped domain.

J 14 20 26 32 38 44
DOFs 1165 4689 18688 74329 295989 1181007
|u — uh|1,Q 3.07e-2 | 1.53e-2 7.71e-3 3.88e-3 1.94e-3 9.74e-4
|Gy, — uh|17Q 1.70e-9 | 8.57e-10 | 3.32e-10 | 1.81e-10 | 4.56e-11 | 1.99e-11

On the finest mesh with 1,181,007 interior nodes at 44-th level, our multigrid solver
solves the discrete problem using CPU time 20.14 seconds. As a comparison, the direct
solver provided by MATLAB uses CPU time 138.66 seconds.

Figure 4 shows the reduction factor || I — B;A; ||a (left) and the CPU time of each
multigrid V-cycle iteration (right). Since I — B;A; is symmetric with respect to the
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bilinear form A(-,-),
which is computed by the power method in this paper. We observe ||I — B;A;|| , is

I — B;Aj| 4 is equal to the maximum eigenvalue of [ — B;A;

independent of the number of levels J as predicted by our theoretical analysis. We also
observe that the CPU time of each multigrid V-cycle iteration is linear in terms of the
number of interior nodes used. This clearly indicates the optimality of the algorithm: one
multigrid V-cycle iteration at the J-th level requires only O(n ) operations to reduce the
norm the error of the approximate solution of A yu; = f; by a factor independent of 7 ;.

L-shaped L-shaped

1 1.2

1
c
0.75 S
©

< E 0.8
< 5

o 05 3 0.6
< £

o S 04
o
0.25 O

0.2

0 0

0 11 22 33 44 0 563841 1181007
J Number of interior nodes

Figure 4: The reduction factors ||I — By Aj|| 4 (left) and the CPU time (seconds) of each multigrid V-cycle itera-
tion (right) for the Laplace equation on the L-shaped domain.

Example 4.2. Let Q0 = {(z1,22) @ |z1] + |22 < 1}\{(2z1,22) : 0 < 21 < 1} be the
domain with a crack. We consider the Poisson equation

—Au=1

with Dirichlet boundary condition so chosen that the true solution is v*/? sin(0/2) — +12
in polar coordinates.

Figure 5 shows a sample of adaptively refined mesh of 1060 interior nodes which is
obtained after 23 adaptive iterations. The area of the smallest element is 5.96 x 1075,
Table 2 shows the number of interior nodes, the energy error ]u — Uy \ 1,0 between the true
solution w and the discrete solution u; computed by the multigrid method, and the energy
error |y, — upl1,o between u, and the exact discrete solution 1, on various adaptive
levels.

On the finest mesh with 1,028, 747 interior nodes at 68-th level, our multigrid solver
uses CPU time 12.25 seconds, which is about 8 times faster than the direct solver provided
by MATLAB that needs CPU time 114.97 seconds.

Figure 6 shows the reduction factor || I — B; A ||a (left) and the CPU time of each
multigrid V-cycle iteration (right). Here again we observe ||I — B;A || , is independent
of the number of levels J and the optimality of the algorithm.
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Crack

-1
-1 -0.5 0 0.5 1

Figure 5: The adaptively refined mesh of 1060 interior nodes after 23 adaptive iterations for the Poisson equation
on the domain with a crack.

Crack Crack
1 1
- 0.8
0.75 S
o
=< £ 08
< 2
05 Py
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0
0 0 552688 1028747
0 17 3:]4 51 68 Number of interior nodes

Figure 6: The reduction factors ||I — By A || 4 (left) and the CPU time (seconds) of each multigrid V-cycle itera-
tion (right) for the Poisson equation on the domain with a crack.
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Table

2: The level of adaptive iterations J, the number of interior nodes DOFs, the error |u — up|1,0 between the
true solution u and the exact discrete solution wp, computed by the multigrid method, and the error |y, — up|1,0

between uy, and the exact discrete solution Uy, for the Poisson equation on the domain with a crack.

J 23 31 39 47 57 68
DOFs 1060 4299 17227 66780 259371 1028747
|lu—wupl, [5.87e-2 | 291e-2 | 1.46e-2 | 7.39e-3 3.75e-3 1.88e-3
|Gp, — up|; |2.12e-8 | 1.09¢e-8 | 4.14e-9 | 6.96e-10 | 2.30e-10 | 1.09e-10

Example 4.3. We consider the approximation of Green function on the unit circle

—Au = (1, x2).

Figure 7 shows a sample of adaptively refined mesh of 11, 158 interior nodes which is
obtained after 99 adaptive iterations. The area of the smallest element is about 3.38 X
10733,

Point force

g}A A\>
AV AV N AL
'«v MNVA
J&'ﬁ"ﬁg 4».;
“Ann«»z::uv,%,?«

w!»
o R

(

v :r X!
AVARVA
1)‘4&»‘1

-0.5

Figure 7. The adaptively refined mesh of 11,158 interior nodes after 99 adaptive iterations for the approximation
of Green function on the unit circle.

Figure 8 shows the reduction factor || I — B;A; ||a (left) and the CPU time of each
multigrid V-cycle iteration (right). Here again we observe ||I — B;A,|| , is independent
of the number of levels J and the optimality of the algorithm.

4.2 Influence of the number of smoothing iterations

It is well-known that, for a multigrid V-cycle method on uniformly refined meshes with
full relaxations, the reduction factor approaches zero when the number of smoothing iter-
ations goes to infinity. This property is usually not true for a multigrid V-cycle method on
adaptively refined meshes with local relaxations, because one usually can not obtain the
exact solution of the finite element linear systems in the smoothing procedure even if local
relaxations are performed infinite times. Recall that infinite times of full relaxations im-
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Figure 8: The reduction factors |I — By A, || 4 (left) and the CPU time (seconds) of each multigrid V-cycle itera-
tion (right) for the approximation of Green function on the unit circle.
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plies we get the exact solution after smoothing procedure and hence the multigrid method
converges in one step.

Figure 9 shows the reduction factors || I — B;A || , for our algorithm (left) and the re-
duction factors HI — BJAJHA
2, and 100 local relaxation sweeps are carried out for the discrete problem in Example 4.1,

for the “local” multigrid V-cycle algorithm (right) when 1,

respectively. Table 3 and 4 show the CPU times of our multigrid V-cycle solver and that

L-shaped L-shaped
1 1
0.8
0.75
_<
_'ﬁ
% 05
|
0.25

Fi gure 9: The comparison of the reduction factors for our algorithm (left) and that for the “local” multigrid V-cycle
algorithm (right) when 1, 2, and 100 local relaxation sweeps are performed for the Laplace equation on the L-shaped
domain, respectively. Here m is the number local relaxation sweeps.

of the “local” multigrid V-cycle solver on various adaptive levels with 1, 2, and 3 local re-
laxations sweeps for the discrete problem in Example 4.1 and Example 4.2, respectively.
Table 3: The level of adaptive iterations J, the number of interior nodes DOFs, The CPU time t"? of our algorithm

and the CPU time t§™ of the “local” multigrid V-cycle algorithm at level J with m times of relaxations for the Laplace
equation on the L-shaped domain.

J 14 20 26 32 38 44
DOFs 1165 | 4689 | 18688 | 74329 | 295989 | 1181007
tY (seconds) [0.02 | 0.06 0.22 0.95 4.78 20.14

t% (seconds) |0.02 | 0.07 0.25 1.11 5.61 23.68
t3 (seconds) [0.03 | 0.07 0.30 1.33 6.98 29.45
tjl (seconds) | 0.01 0.04 0.16 0.79 3.57 14.69
t%* (seconds) | 0.01 | 0.04 0.12 0.63 2.96 12.14
t%? (seconds) | 0.01 | 0.03 0.15 0.78 3.74 15.36

We observe that increasing the number of smoothing iterations helps little to improve the
efficiency of both algorithms. We remark that our algorithm is cheaper per cycle since it
restricts the smoothing to a smaller set of nodes. But the convergence rate of our algorithm
may be slower than that of the “local” multigrid V-cycle algorithm. For both examples,
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Table 4: The level of adaptive iterations J, the number of interior nodes DOFs, The CPU time " of our algorithm
and the CPU time t§™ of the “local” multigrid V-cycle algorithm at level J with m times of relaxations for the Poisson
equation on the domain with a crack.

J 23 31 39 47 57 68

DOFs  [1060 | 4299 | 17227 | 66780 | 259371 | 1028747
t} (seconds) [0.01 | 0.03 | 0.14 | 0.67 3.05 12.25
t2 (seconds) |0.01 | 0.04 | 0.17 | 0.73 3.45 14.91
t% (seconds) [0.01 | 0.05 | 021 | 0.88 4.24 18.49
t¢! (seconds) |0.00 | 0.02 | 0.13 | 0.54 2.52 1031
t<2 (seconds) [0.00 | 0.03 | 0.13 | 0.56 2.67 10.59
t¢3 (seconds) |0.01 | 0.03 | 0.15 | 0.60 2.89 13.42
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our algorithm is a little slower than the “local” multigrid one.

5 Concluding remarks

In this paper we have shown the uniform convergence of our multigrid V-cycle algorithm
(and the “local” multigrid V-cycle algorithm [4]) with local Gauss-Seidel relaxation per-
formed only on new nodes and their “immediate” neighbors (their “conventional” neigh-
bors) under the practical assumption that the adaptive meshes are generated by using the
“newest vertex bisection” algorithm. This leads to an algorithm of optimal complexity for
solving the linear system of equations resulting from the discretization of (1.1) by adap-
tive finite element methods at each level k. We remark that the analysis in the paper is
applicable to the two dimensional case only. The extension of the analysis to the three
dimensional case is an interesting open problem.

In practical applications, multigrid methods are often applied to solve partial differential
equations by the way of full multigrid (FMG) methods [40]. To conclude this paper, we
show that Theorem 2.3 implies that discretization error can be achieved in one FMG cycle
based on the argument in [36]. Recall that u;, € X}, is the k" level finite element solution
satisfying Apuy = fi. Itis proved in [2] that for properly designed adaptive finite element
procedures, there exist positive constants Cy and § < 1, depending only the given data
and the initial grid, such that

|u —up| , < CoB¥, k=0. (5.1)
The FMG method (cf. e.g. [18]) is based on the following two observations: (1) uy_; €
X1 C X, is closed to u,, € Xj and hence can be used as an initial guess for an

iterative scheme for solving uy; and (2) Each u; can be solved within its truncation error
by a multigrid iterative scheme.

Algorithm 5.1. (FMG method)

() Fork =0, 19 = Ay fo

(i) For k > 1, let Uy, = Uy_y, and iterate Uy, < Uy + Bi(fr — Axty) for 1 times,
where By, is defined in Algorithm 2.1.

Now let the integer [ so chosen that §' < (3, then by Theorem 2.3 we have
e —dlly <O fJuk —dpally < 0" [lug —wpally + 0" lup—r — x5
< 0 lu = wpa [y + 8 [Juy = @l
< Cod' B+ 0 gy — g ] 4 -
Since ||ug — @l 4 = 0, we conclude that
k

lur — il , < Co > (8)"B " <

n=1

5l
g—o

Co*.
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This estimate implies that the discretization error can be achieved with one FMG cycle on
adaptively refined finite element meshes. It is easy to see that the work involved in the
FMG is O(Z?ZO n;) which is optimal in the sense that the work is of the same order as
the work involved in computing a posteriori error estimators in an adaptive finite element
algorithm. However, the practical application of the FMG algorithm has the difficulty of
choosing the number of iterations [ in Algorithm 5.1 which depends on the unknown con-
stant 3 in (5.1). How to adaptively choose the integer [ in Algorithm 5.1 is an interesting
topic for future research. We refer to [18] for more discussion on FMG in the context of

MLAT methods.
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