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A Full Multigrid Method for Eigenvalue Problems®

Hehu Xief

Abstract

In this paper, a full (nested) multigrid scheme is proposed to solve eigen-
value problems. The idea here is to use the multilevel correction method to
transform the solution of eigenvalue problem to a series of solutions of the
corresponding boundary value problems and eigenvalue problems defined on
the coarsest finite element space. The boundary value problems which are
define on a sequence of multilevel finite element space can be solved by some
multigrid iteration steps. Besides the multigrid iteration, all other efficient
iteration methods for solving boundary value problems can serve as linear
problem solver. The computational work of this new scheme can reach opti-
mal order the same as solving the corresponding source problem. Therefore,
this type of iteration scheme improves the efficiency of eigenvalue problem
solving.
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1 Introduction

It is well known there have existed many efficient algorithms, such as multigrid
method and many other precondition techniques [8, 17, 2], for solving boundary
value problems. The error bounds of the approximate solution obtained from these
efficient numerical algorithms are comparable to the theoretical bounds determined
by the finite element discretization. But the amount of computational work involved
is only proportional to the number of unknowns in the discretized equations. For
more details of the multigrid and multilevel methods, please refer to [4, 5] 6] [7, [8]
1), [12], 15 16, 17, 21], 22] and the references cited therein.
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But there is no many efficient numerical methods for solving eigenvalue problems
with optimal complexity. Solving large scale eigenvalue problems is one of funda-
mental problems in modern science and engineering society. However, it is always a
very difficult task to solve high-dimensional eigenvalue problems which come from
physical and chemistry sciences. Recently, a type of multilevel correction method is
proposed for solving eigenvalue problems in [13, [19] 20]. In this multilevel correction
scheme, the solution of eigenvalue problem on the final level mesh can be reduced
to a series of solutions of boundary value problems on the multilevel meshes and a
series of solutions of the eigenvalue problem on the coarsest mesh. The multilevel
correction method gives a way to construct the multigrid method for eigenvalue
problems [19, 20].

The aim of this paper is to present a full multigrid method for solving eigenvalue
problems based on the combination of the multilevel correction method [19, 20] and
the multigrid iteration for boundary value problems. Comparing with the method
in [13, 19, 20], the difference is that we do not solve the linear boundary value
problem exactly in each correction step with the multigrid method. We only get
an approximate solution with some multigrid iteration steps. In this new version
of multigrid method, solving eigenvalue problem will not be much more difficult
than the multigrid scheme for the corresponding boundary value problems. It is
worth to noting that besides the multigrid method here, other types of numerical
algorithms such as BPX multilevel preconditioners [21], algebraic multigrid method
and domain decomposition preconditioners (cf. [8 [I8]) can also act as the linear
algebraic solvers for boundary value problems.

An outline of the paper goes as follows. In Section 2, we introduce the finite
element method for eigenvalue problem and the corresponding basic error estimates.
A type of full multigrid algorithm for solving eigenvalue problem by finite element
method is given in Section 3. Two numerical examples are presented to validate
our theoretical analysis in section 4. Some concluding remarks are given in the last
section.

2 Finite element method for eigenvalue problem

This section is devoted to introducing some notation and the finite element method
for eigenvalue problem. In this paper, we shall use the standard notation for Sobolev
spaces W*P(Q) and their associated norms and semi-norms (cf. [1}). For p = 2, we
denote H*(Q) = W*%(Q) and H}(Q) = {v € H'(Q) : v|spq = 0}, where v|qg = 0 is
in the sense of trace, || - [[so = || - |ls2.0- The letter C' (with or without subscripts)
denotes a generic positive constant which may be different at its different occurrences
through the paper.

For simplicity, we consider the following model problem to illustrate the main



idea: Find (A, u) such that

{ —V - (AVu) +ou = AIu, in €,

u = 0, on 0f), (2.1)

where A is a symmetric and positive definite matrix with suitable regularity, ¢ is
a nonnegative function, Q@ C R¢ (d = 2,3) is a bounded domain with Lipschitz
boundary 0f) and V, V- denote the gradient, divergence operators, respectively.

In order to use the finite element method to solve the eigenvalue problem (2.1]),

we need to define the corresponding variational form as follows: Find (A, u) € R xV
such that b(u,u) =1 and

a(u,v) = Ab(u,v), Yv eV, (2.2)
where V := H}(Q) and
a(u,v) = / (Vu - AVv + ¢uv)dq, b(u,v) = / uvdS). (2.3)
Q Q
The norms || - ||, and || - ||, are defined by
|v]la = a(v,v)?  and  ||v|ls = b(v,v)"2

It is well known that the eigenvalue problem (2.2) has an eigenvalue sequence {\;}
(cf. [3,19)]):
O< A< <o <A<+, lim A, = o0,

k—00

and associated eigenfunctions
u17u27-.- ’uk’.-. s

where b(u;, u;) = d;; (0;; denotes the Kronecker function). In the sequence {\;}, the
A; are repeated according to their geometric multiplicity.

Now, let us define the finite element approximations of the problem (2.2)). First we
generate a shape-regular decomposition of the computing domain Q C R¢ (d = 2, 3)
into triangles or rectangles for d = 2 (tetrahedrons or hexahedrons for d = 3) (cf.
[8, 10]). The diameter of a cell K € 7, is denoted by hx and the mesh size h
describes the maximum diameter of all cells K € 7;,. Based on the mesh 7, we can
construct a finite element space denoted by V}, C V. For simplicity, we set V}, as the
linear finite element space which is defined as follows

Vi, = {Uh € C(Q) } Uh|K € P1, VK € 771}, (24)

where P; denotes the linear function space.

The standard finite element scheme for eigenvalue problem (Z.2) is: Find (A, us) €
R x V}, such that b(up, up) =1 and

a(ﬂh,vh) = th(ﬁh,vh), Yo, € V). (25)
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From [2, [3, 9], the discrete eigenvalue problem (2.5) has eigenvalues:

0< < An< < n << Ay

and corresponding eigenfunctions

aLh) ﬂ?,ha e 7ﬂk,h7 e aaNh,ha

where b(t; p, ;) = 05,1 < 1,7 < Nj (N, is the dimension of the finite element
space Vj,).

Let M(A;) denote the eigenspace corresponding to the eigenvalue \; which is

defined by

M(X\;) = {we Hj(Q):wis an eigenvalue of (2.2)
corresponding to A; and b(w,w) = 1}, (2.6)
and define

on(A;) = sup inf [Jw—vplla- (2.7)

weM()\;) Yh€Vh
Let us define the following quantity:

na(h) = sup inf |Tf = vplla, (2.8)
FEL2(Q),]|fllp=1VnEVh

where T : L*(2) — V is defined as
a(Tf,v) =b(f,v), VfeL*Q) and VYveV. (2.9)

Then the error estimates for the eigenpair approximations by the finite element
method can be described as follows.

Lemma 2.1. ([2, Lemma 3.6, Theorem 4.4] and [9]) For any eigenpair approxima-

tion (Nip,Uip) (i =1,2,---,Ny) of (20), there exists an exact eigenpair (\;,u;) of
(2:3) such that b(u;,u;) =1 and

Hul - ai,h”a S (1 + Czna<h))5h()\z)7 (21())
Jwi = @inlly < Cima(h)[lw; — winlla, (2.11)
‘)\Z - j\i,h‘ S CZHUZ - ’lj@hHi. (212)

Here and hereafter C; is some constant depending on i but independent of the mesh
size h.



3 Full multigrid algorithm for eigenvalue problem

Recently, a multilevel correction scheme is introduced in [13, 19, 20] for solving
eigenvalue problems. Based on the idea of multilevel correction scheme, we propose
a type of full multigrid method for eigenvalue problems here. The main idea in this
method is to approximate the underlying boundary value problems on each level by
some multigrid smoothing iteration steps. In order to describe the full multigrid
method, we first introduce the sequence of finite element spaces. We generate a
coarse mesh Ty with the mesh size H and the coarse linear finite element space Vy
is defined on the mesh 7. Then we define a sequence of triangulations 7y, of Q C R?
determined as follows. Suppose Ty, (produced from Ty by regular refinements) is
given and let 7, be obtained from 7,, , via one regular refinement step (produce
3¢ subelements) such that

1
hk: Bhk_l, ]{3:2, , N, (31)

where the positive number 5 denotes the refinement index and larger than 1 (always
equals 2). Based on this sequence of meshes, we construct the corresponding nested
linear finite element spaces such that

VH - Vh1 C Vh2 Cc---C th. (32)

The sequence of finite element spaces Vj,, C Vj, C --- C V4, and the finite element
space Vy have the following relations of approximation accuracy
1

na(H) 2 5h1()‘i)7 5hk()\l) 3

S (X)), k=2, . (3.3)

3.1 One correction step

In order to design the full multigrid method, we introduce an one correction step in
this subsection.

Assume we have obtained an eigenpair approximation (Agp,,urn,) € R X Vi, .
Now we introduce a type of iteration step to improve the accuracy of the current
eigenpair approximation (Mg, , tsp, )-

Algorithm 3.1. One Correction Step
1. Define the following auziliary source problem: Find ey p, € Vi, such that
a(ﬂgﬂ,hk,vhk) = )\g,hkb(Ug,hk,Uhk), vyhk € th. (34)

Perform m multigrid iteration steps with the initial value ugp, to obtain a new
eigenfunction approximation Upiy p, € Vi, by

Upi1hy, = MG Vi, Nepy ey s U hy, M), (3.5)
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where Vi, denotes the working space for the multigrid iteration, \pp, ep, @S
the right hand side term of the linear equation, uyp, denotes the initial guess
and m 1s the number of multigrid iteration times.

2. Define a new finite element space Vi p, = Vi + span{tq1,p,} and solve the
following eigenvalue problem: Find (Apt1p,, Ues1,n,) € R X Vip, such that

b(Wes1,ny> Uer1n,) = 1 and

a(Ues1,hy, Vinhy) = Netthe0(Wesths Vg )y Yin, € Vip,.  (3.6)

In order to simplify the notation and summarize the above two steps, we define
(Aes1hy eri ) = Bigen MG (Vir, N ny e s Vi, M)

Theorem 3.1. Assume the multigrid iteration tesq p, = MG Vi, , AoppWe s Uo by, M)
has the following error reduction rate

[te1my, = Uesrmlla < Olftersn, — wenglla, (3.7)
and (Ao p,, Uep,,) has the following properties

[an, —wenlle < Cina(H)ln, = e lo; (3.8)
A = Aol < Cilltin, — e,z (3.9

After performing the one correction step defined in Algorithm [31], the resultant
eigenpair approxrimation (Xes1 p,, Wit1,h,) € RX Vi, has the following error estimates

U, — werimlla < Alltn, — wenlla; (3.10)
tn, — werin e < Cina(H)|[Un, — weringlla; (3.11)
A — Aesrn] < Cillin, — wesrn,|l3- (3.12)
where
v =0+ (1+20)Cma(H) + (1 4+ 0)C2n2(H). (3.13)
Proof. From (2.5) and (34), we have
a(ﬂhk — angl,hk, Uhk) = b(thﬁhk — )\&hkUg,hk, Uhk), vyhk ~ th. (314)

It leads to the following estimates

[ Xn Thye — Aespy Ut ||
|Abe = Ay |+ [y, — wen, |l
Cina(H)|[tn, — wen,||a- (3.15)

”ﬂhk - aerl,hk Ha

IA A IA



Combining (3.7) and (B.15) leads to the following linear solving error estimate for
aﬁ-ﬁ-l,hk

9||a€+17hk - uf,hk”d
O (o1, — g lla + [, — wen,lla)
9(1 +Cl’f]a(H))||thk —u&tha. (316)

||af+1,hk - ﬁ€+17hk||a

IA A IA

Then from (B.15) and (3.I6]), we have the following inequalities

”ﬂhk - aerLhk Ha + ”aerLhk - aﬂl,hk”a

(0 + (1+0)Cina(H)) ||tn, — twenlla- (3.17)

an, = Gerrpella <
<

The eigenvalue problem (3.6) can be regarded as a finite dimensional subspace
approximation of the eigenvalue problem (2. Similarly to Lemma 211 (see [2|
Theorem 4.4]), from the second step in Algorithm B.J] and (B.I7), the following
estimates hold

lan, = weinlle < (L4 Cilu(H)) — inf i, = viglo
VH,hy, €VH by,
< (1 + Clna(H)) Hahk - aﬂl,hk ”a
< Allwn, —wenlla (3.18)
and
[, — verrnelle < Cinla(H)||tn, — terin,la
< Cina(H)|tn, = vwer1nglla, (3.19)
A = Aane] < Cilltn, — ueringllas (3.20)
where
n.(H) = sup inf ||Tf —vl|la <nu(H). (3.21)
FEVilIfllo=1vEVH ny,
Then we obtained the desired results (3.10)-(3.12)) and complete the proof. O

3.2 Full multigrid method for eigenvalue problem

In this subsection, we introduce a full multigrid scheme based on the One Correction
Step defined in Algorithm B.Il This type of full multigrid method can obtain the
optimal error estimate with the optimal computational work.

Since the multigrid method for the boundary value problem has the uniform error
reduction rate, we can choose suitable m such that 6 < 1 in (3.7). From (B.13), we
have v < 1 if H is small enough. From this observation, we can build the following
full multigrid method for solving eigenvalue problems.
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Algorithm 3.2. Full Multigrid Scheme

1. Solve the following eigenvalue problem in Vi, : Find (An,,up,) € R X Vi, such
that
a(uhl, Uh1> = )\hlb(uhl, Uh1>7 Vvhl S Vhl-

Solve this eigenvalue problem to get an eigenpair approximation (A, up,) €
R x Vh1 .

2. Fork=2,---,n, do the following iteration

o Set ugp, = Up,_,-

e Do the following multigrid iteration
(Aot hys Wir1,ny,) = Eigen MGV, Aoy oy, Vi, m), for£=0,---,p—1.
o set \p, = A\pp,, and up, = Upp, -
end Do

Finally, we obtain an eigenpair approximation (A, ,upn,) € R X Vj,, .

Theorem 3.2. After implementing Algorithm [3.2, the resultant eigenpair approwi-
mation (Ap,, up,) has the following error estimate

p
ln, —un,lle < 01_757p5hn(A)’ (3.22)
A, = Al <08 (M), (3.23)

under the condition fyP < 1.

Proof. Define ey, := ty, — up,. Then from step 1 in Algorithm B.2] it is obvious
er =0. For k =2,--- ,n, we have

lexlla < APllun, — unislla
< ’Yp(Hﬂhk - ﬂhk—l”‘l + ||ahk—1 — Uhy_, Ha)
< AP(Con(N) + llex-1lla)- (3.24)

By iterating inequality (3:24]) and S+? < 1, the following inequalities hold
lenlla < CYPOm, (A) + O3, (A) + - -+ CA" VPG, (N)

n

< CY AT, () =C (Z (W’)"_k> 70n, (M)
k=2

k=2

< Cs _mep S (\). (3.25)

For such choice of p, we arrive the desired result (8.22)) and (3.23]) can be obtained
by (ZI2) and (322). O



Remark 3.1. The good convergence rate of the multigrid method for boundary value
problems leads to that we do not need to choose large m and p [8, [12, [17, [21).

Now we turn our attention to the estimate of computational work for Full Multi-
grid Schemel3. 2. We will show that Algorithm .2l makes solving eigenvalue problem
need almost the same work as solving the corresponding boundary value problem.

First, we define the dimension of each level finite element space as N}, := dimV},, .
Then we have

1 dn—k)
) N, k=1,2---n. (3.26)

Nk:<g

Theorem 3.3. Assume the eigenvalue problem solved in the coarse spaces Vi and
Vi, need work O(Mpy) and O(My,), respectively, and the work of the multigrid solver
MG Vi, MoppWe s Ueny,, m) in each level space Vi, is O(Ny) for k = 2,3,--- ,n.
Then the work involved in the Full Multigrid Scheme[3.2 is O(N,, + My log(N,) +
My,). Furthermore, the complexity will be O(N,,) provided My < Ny and My, <
Ny.

Proof. Let W), denote the work in the correction step in the k-th finite element space
Vh,.- Then with the correction definition in Algorithm [3.1] we have

[terating (3.27) and using the fact ([B.26]), we obtain

Total work = z": Wy = O(Mhl + Zn: (Nk + MH))
k=1

k=2
n 1 .
— O(Mhl +(n—1)My+ Z (B)d( k)Nn)
k=2

This is the desired result O(N,, + Mylog N,, + M;,) and the one O(N,,) can be
obtained by the conditions My < N,, and My, < N,,. O

4 Numerical results

In this section, two numerical examples are presented to illustrate the efficiency of
the full multigrid scheme proposed in this paper.



4.1 Model eigenvalue problem

Here we give the numerical results of the full multigrid scheme for the model eigen-
value problem: Find (A, u) such that

—Au = Au, in (),
u = 0, on 04, (4.1)
fQ wldQ = 1,

where 2 = (0,1) x (0,1).

The sequence of finite element spaces are constructed by using linear element on
the series of meshes which are produced by regular refinement with 5 = 2 (connecting
the midpoints of each edge). In this example, we use two meshes which are generated
by Delaunay method as the initial mesh 7,, and set Ty = 7Tj, to investigate the
convergence behaviors. Figure [Il shows the corresponding initial meshes: one is
coarse and the other is fine.

Algorithm is applied to solve the eigenvalue problem. In this subsection, we
choose m = 2 and 2 conjugate gradient smoothing steps for the presmoothing and
postsmoothing in each multigrid iteration step in Algorithm Bl In each level of
the full multigrid scheme defined in Algorithm [3.2] we only do 2 multigrid iteration
steps (p = 2) defined in Algorithm B.Jl For comparison, we also solve the eigenvalue
problem by the direct method. Figure 2 gives the corresponding numerical results

1 T T T T 1

0.9p ] 09r

08f 1 08p

07t 1 o7k

06 1 osf

05 051

04p 1 04t

0.3 1 03

0.2t 1 0af

01r 1 01y

0 . . h . 0 h ) .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Figure 1: The coarse and fine initial meshes for the unit square

for the first eigenvalue \; = 272 and the corresponding eigenfunction on the two
initial meshes illustrated in Figure Il

From Figure 2| we find the full multigrid scheme can obtain the optimal error
estimates as same as the direct eigenvalue problem solving for the eigenvalue and
the corresponding eigenfunction approximations.

We also check the convergence behavior for multi eigenvalue approximations with
Algorithm Here the first six eigenvalues A\ = 272, 572, 572, 872, 1072, 107? are
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Errors by full multigrid method Errors by full multigrid method

10 10

—*—|)\h—)\| —*—|)\h—)\|
O NN O NN
ol e T A B lu-u),
-e-lu—u:ﬂ e Iu—u:"l
‘== slope=-1 ‘== slope=-1
” ='--slope-0.5 ” ='--slope-0.5
S107% {1 8107
w w
107 4 107
_4 -4
10 . . . 10 . . .
10° 10° 10* 10° 10° 10° 10° 10* 10° 10°
Number of elements Number of elements

Figure 2: The errors of the full multigrid algorithm for the first six eigenvalues on the
unit square, where up and A, denote the eigenfunction and eigenvalue approximations by
Algorithm B2] and u%ir and )\;ilir denote the eigenfunction and eigenvalue approximation
by direct eigenvalue solving (The left figure corresponds to the left mesh in Figure [T and
the right figure corresponds to the right mesh in Figure [)

investigated. We adopt the meshes in Figure [I] as the initial meshes and the cor-
responding numerical results are shown in Figure [3] which also exhibits the optimal
convergence of the full multigrid scheme.

4.2 More general eigenvalue problem

Here we give numerical results of the full multigrid method for solving a more general
eigenvalue problem on the unit square domain €2 = (0,1) x (0,1): Find (A, u) such
that
~V-AVu+¢u = Apu, in €,
u = 0, on 02, (4.2)
fQ puldQl = 1,

where
A= ( L (21— 3)7 (21— 5)(x2 — 3) )

(21 =)@ —3) 1+ (w2—3)7° )7
6= e =DE and p= 14 (01~ )2 — )
In this example, we also use two coarse meshes which are shown in Figure [
as the initial meshes to investigate the convergence behaviors. Since the exact
solution is not known, we choose an adequately accurate eigenvalue approximations
with the extrapolation method (see, e.g., [14]) as the exact eigenvalues to measure
errors. Figure[l gives the corresponding numerical results for the first six eigenvalue
approximations. In this example, we also choose m = 2, p = 2 and 2 conjugate
gradient smoothing step in the presmoothing and postsmoothing procedure. Here

11



Errors by full multigrid method Errors by full multigrid method

6 6
_*_Z|=1|)\|,h_)\|| _*_Z|=1|)\|,h_)\||
6 |y dir 6 |y dir
©-Z A O3y
ot == slope=-1 || 10t == slope=-1 | |
12 12
© 10° g 10°
I ]
10 07
-2 -2
10 . . . 10 . . .
10° 10° 10* 10° 10° 10° 10° 10* 10° 10°
Number of elements Number of elements

Figure 3: The errors of the full multigrid algorithm for the first six eigenvalues on the
unit square, A, denotes the eigenvalue approximation by Algorithm [B.2] )\flir denotes the
eigenvalue approximation by direct eigenvalue solving (The left figure corresponds to the
left mesh in Figure [Tl and the right figure corresponds to the right mesh in Figure [I))

we also compare the numerical results with the direct algorithm. The corresponding
results are shown in Figure (] which also exhibits the optimality of the error and
complexity for Algorithm

5 Concluding remarks

In this paper, we give a full multigrid scheme to solve eigenvalue problems. The
idea here is to use the multilevel correction method to transform the solution of
the eigenvalue problem to a series of solutions of the corresponding boundary value
problems, which can be solved by some multigrid iteration steps, and solutions of
eigenvalue problems defined on the coarsest finite element space.

We can replace the multigrid iteration by other types of efficient iteration schemes
such as algebraic multigrid method, the type of preconditioned schemes based on
the subspace decomposition and subspace corrections (see, e.g., [8 21]), and the
domain decomposition method (see, e.g., [I8, 23]). The ideas can be extended to
other types of linear and nonlinear eigenvalue problems and other types problems.
These will be investigated in our future work.
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