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Abstract

We consider multigrid methods for symmetric positive definite linear sys-
tems. We develop an algebraic analysis of V-cycle schemes with Galerkin
coarse grid matrices. This analysis is based on the Successive Subspace Cor-
rection convergence theory which we revisit. We reformulate it in a purely
algebraic way, and extend its scope of application to, e.g., algebraic multigrid
methods. This reformulation also yields more accurate bounds. Considering
a model problem, we show that our results can give a satisfactorily sharp
prediction of actual multigrid convergence.
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1 Introduction

We consider multigrid methods for solving symmetric positive definite (SPD) nxn

linear systems
Az =b. (1.1)

Multigrid methods are based on the recursive use of a two-grid scheme. A basic
two-grid method combines the action of a smoother, often a simple iterative method
such as Gauss-Seidel, and a coarse grid correction, which involves solving a smaller
problem on a coarser grid. A V-cycle multigrid method is obtained when this coarse
problem is solved approximately with 1 iteration of the two-grid scheme on that
level, and so on, until the coarsest level on which an exact solve is performed.
Other cycles may be defined, for instance the W-cycle based on two stationary
iterations at each level, see, e.g., [22].

Multigrid methods have been analyzed in several ways. Optimal convergence
properties (with respect to the number of levels) can be proved via so-called
smoothing and approximation properties, or via the theory of Successive Sub-
space Correction (SSC) methods (using the multilevel splitting of finite element
spaces), see, e.g., [3, 5, 10, 11, 12, 13, 14, 18, 19, 26, 30]. However, bounds derived
in this way do not, in general, give satisfactorily sharp predictions of actual multi-
grid convergence [22, p. 96]. Of course, the latter comment does not apply to the
analysis in [27], which provides a sharp identity. However, to our knowledge, so
far attempts to apply this identity to V-cycle multigrid methods have only lead to
qualitative results.

On the other hand, accurate bounds may be obtained for two-grid methods,
either by means of Fourier analysis [21, 22, 25], or using some appropriate algebraic
tools [6, 8, 9, 16, 20]. In particular, the latter approach may be applied to algebraic
multigrid (AMG) methods. This focus on two-grid schemes is motivated by the
fact that, “if the two-grid method converges sufficiently well, then the multigrid
method with W-cycle will have similar convergence properties” [22, p. 77] (see also
[4, pp. 226-228] and [17]). However, V-cycle multigrid schemes are often preferred
to W-cycle in practice, although, so far, no theoretical result seems sufficiently
sharp to prove their actual potentialities. Moreover, there are known examples
where the two-grid method converges relatively well, whereas the V-cycle multigrid
scheme scales poorly with the number of levels [15]. Hence V-cycle analysis has to
be, to some point, essentially different from two-grid analysis.

In this paper, we develop an algebraic analysis of V-cycle multigrid inspired
from the SSC convergence theory as stated in [26, 30]. Whereas the original for-
mulation seems only applicable to finite elements discretizations resulting from the
refinement of a given coarse problem, our algebraic reformulation is applicable to
any linear system (1.1) solved with a multigrid method satisfying the basic assump-



tions stated in the next section. Moreover, our approach also results in sharper
bounds. Applied to the model Poisson problem with damped Jacobi smoothing,
we show that the convergence factor is below 0.625 for the multigrid method with
V-cycle, which is not far from the two-grid rate, approximately equal to 0.391.
To our knowledge, this is the first time that one proves such a sharp estimate for
V-cycle multigrid.

Alternatively, we could have taken inspiration from the theories developed in
[10, 27], which enhance the SSC convergence theory in [26, 30]. However, the
approach followed here seems to us the shortest path to bounds like those obtained
this paper, with self-contained proofs based on matrix algebra.

The reminder of this paper is organized as follows. In Section 2, we state the
general setting of this study and gather the needed assumptions. The theoretical
analysis is developed in Section 3, and is illustrated on an example in Section 4.

Notation

Let I denote the identity matrix and O the zero matrix. When the dimensions are
not obvious from the context, we write more specifically I,,, for the m x m identity
matrix, and O,,; for the m x [ zero matrix.

For any square matrix C', o(C) is its spectrum and p(C) is its spectral radius
(that is, its largest eigenvalue in modulus); [|C]| = /p(CTC) is the usual 2-norm,

ICllr = />, ; C% the Frobenius norm, and ||Cl|4 = |AY2CA~'?| is the A-norm

(often referred to as energy norm).

2 General setting

We consider a multigrid method with J + 1 levels (J > 1); index J refers to the
finest level (on which the system (1.1) is to be solved), and index 0 to the coarsest
level. The number of unknowns at level k, 0 < k < J, is denoted by ny (thus
ny=mn).

Our analysis applies to symmetric multigrid schemes based on the Galerkin
principle for the SPD system (1.1); that is, the restriction is the transpose of
the prolongation and the matrix A; at level k, k = J —1,...,0, is given by
A = P,;f Agi1 Py, where P, is the prolongation from level k to level k + 1; we
also assume that the smoother Ry is SPD and that the number of pre-smoothing
steps v is equal to the number of post-smoothing steps. The algorithm for V-cycle
multigrid is then as follows.

Multigrid with V-cycle at level k: z, 1 = MG(b, Ay, z,,, k)
(1) Relax vy times with smoother Ry : z, = Smooth(x,, Ak, Ry, Vg, b)



(2) Compute residual: 7, = b — Az,
(3) Restrict residual: 74—y = PL ,ry
(4) Coarse grid correction: if k=1, ey = Ay'ro
else €Cp—1 = MG(Tk_l, Ak—la 0, k— 1)
(5) Prolongate coarse grid correction: Z,, = Z,, + Pr_1€x_1
(6) Relax v, times with smoother Ry : x,1 = Smooth(z,, Ay, Rk, Uk, b)

When applying this algorithm the error satisfies
_ k _

where the iteration matrix EJ(\f[)G is recursively defined from

EJ(\Z)G:O and, for k=1,2,...,J :

_ (2.1)
Bl = (1= B A (1= Pa (1 = B AL PELA) (T = R A

(see, e.g., [22, p. 48]). Our main objective is the analysis of the spectral radius of

E](\j)G , which governs the convergence on the finest level. Our analysis makes uses
of the following general assumptions.

General assumptions
e N=Nny>nNjg_1>"->Ng;

o P is an nygy1 X ng matrix of rank ny, k=J —1,...,0;

L] AJ:AandAk:P,;fAkHPk, k:J—l,...,O;

e Ry, is SPD and such that p(I — R;;'Ay) <1 ,k=J,...,1.
Note also that most of our results do not refer explicitly to Ry, but are stated
with respect to the matrices M), defined from

I— M A= (1 — R AL)™ . (2.2)

That is, M, is the smoother which provides in 1 step the same effect as v}, steps
with Ry . The results stated with respect to M, may then be seen as results stated
for the case of 1 pre- and 1 post-smoothing steps, which can be extended to the
general case via the relations (2.2).

We also define

1<k<J wpeR"k nglgV)wk

A
wzmax(l, max  max M) , (2.3)

w;p =max | 1, max max ———— | .
1<k<J wpeR™ Wy, Rpwy,



Our assumption p (I — R,;lAk) < 1 implies that w,w; < 2.
Another useful definition is

Pi=1

M (2.5)
DBo=P P, k=J—1,...,0,

which can be viewed as prolongation matrices from level k to the finest level.

3 Theoretical results

Our main result is stated in Theorem 3.1 below. This result is inspired by Theo-
rem 4.4 and Lemma 4.6 in [26], and Theorem 5.1 in [30]. Our, approach, however,
is purely algebraic. The general lines of the proof follow the general lines of the
original proofs in [26, 30], but the technical developments needed in between the
major substeps are significantly different.

Theorem 3.1 contains some degrees of freedom, namely the matrices Gy, k =
J—1,...,0, which may be seen as pseudo restriction since Gy has the size of Pl .
One may freely choose these matrices so as to minimize the bound on the spectral
radius. Two concrete choices for Gy are discussed later in this section. Similarly
to (2.5), we also define

Gy=1
. . (3.1)
GrL=GyGry1 , k=J—-1,...,0.
Theorem 3.1 Let E](\;[]z; be defined by (2.1) with Py, k = 0,...,J — 1, A,
k=20,....,J, and Ry, k = 1,...,J satisfying the general assumptions stated
in Section 2. Fork=1,...,J, let My, be defined by (2.2), and set My = Ay . )
L(thk, kE=0,...,J —1, be ng X ngy1 matrices, and, fork =0,...,J, let Py
and Gy, be defined by, respectively, (2.5) and (3.1). Set P_; = G_1 = Opyxny -
Let

Zgzo ’UTGg([ — Pk_le_l)TMk(I — Pk_le_l)GkU

= VA -6
0 Y1 - YoJ
o - Y
I'= : : , (3.3)
0 Yu-1nJ
0



where, fork=0,....,J—1andl=k+1,...,J,
’UTGVlT([ - B_lGl_l)TF)lTAPkwk

Yer = Max Imax = = .
wiER" veR™ (’ngk'wk)l/z('UTG;f(I - Pl_lGl_l)TMl(I - Pl_lGl_l)Gl’U)l/2
(3.4)
Then,
(J) 2—w
p(Eyg) < 1= so0m———=rs (3.5)
Me K(1+[1])?
where w is defined by (2.3). Moreover,
w
I < —vJ(J+1). 3.6
Irl < 7 (J+1) (3.6)
Proof. We first gather some useful notation:
Qr = (I — Po_1Gy_1)Gy . k=0,....J, (3.7
Ty = P(M)'PFA . k=0,...,J, .
Fo=U0-Ty)I—-T) --(I =TI —Tp) , k=0,...,J. (3.9)

In addition we set F_; = 1.
Following an idea in [24, Proposition 5.1.1], we note that

I— Pyl — EW ) A P A

—I- P <1nk — (I, — M7 " A) (I, — Poci(In,_, — BV AL P AL (I, — M,;lAk)) AT PTA

=T — BM'(2My — A M 'PE — (I — BMT " BEA) Py (I, — BV )AL PE AT — PM BE A)
= (I = T)(I = Phoa(In,_, — BNy )AL PEL AT - Th)

Since E](\‘JI)G =1 Py(I - E](\;[%)A_lpf/l (because P; = I), applying recursively
this identity yields (using E](S[)G =0 and My = Ay)

EL=(I=T)(I=Ty)...(1 =TI =To)(I =T1)...(I =Ty1)(I = Ty) .
Further, since A~Y(I — Tp)T = (I — T)A™! and (I — Ty)? = I — Ty, one has

E\)., = FyA~'FT A, showing that

Fiv 2
J J — — J
p(E(Mz;) = p(Al/zE(MG) ATV = p(AVPE;ATYET AV = || Fy |3 = max HUT JU]A

Using this relation, we first show that (3.5) holds if

J
vl Av < K (1+||T)])? (Z UTFIT_IATIE_IU> Vv € R™ . (3.10)
=0



Indeed, since AT}, = T}’ A, one has, Vv € R",

|| Fe1vl i — [ Frvlli = (Fe10) " AR 10 = (Fyoav) (I = Ti) T AL = Ty By
= 'L AT Fe_ v — (Fro0) T ATy (Fre—1v)
= 0T F AT F v — (Fpoy0) T APM, ' PEAP M PTA(F_ 1)
= 2T F AT F v — (Few) T APM T Ay M PEA(F, )
> 20T FL AT Py v — w (B 0)TAPM PFA(F,_1v)
= (2 —w) v ' FL AT F_yv .

Summing both sides for k£ =0, ..., J shows that, Vv € R",

J
[oll% = Ellh = (2 - w) (Z vTFﬁlATze_lv> :

=0

and it is straightforward to check that this relation, together with (3.10), implies
(3.5), so that we are left with the proof of (3.10).
Now, observe that

J J J
Y PQ =) B(I-PLG)G =Y (BG —P.Gy) = P,G,~P,G_ = 1.
=0

=0 =0

For any v € R", one may then decompose v? Av as the sum of two terms (remem-
bering that F_; = I):

J J J
v Av = ZUTAEQW = ZUTFlT_lAPIQlU + ZUT([—FEDAPJQW- (3.11)
1=0 1=0 =1

In order to prove (3.10), we bound separately the two terms in the right hand side
of (3.11).
Regarding the first term, one has

J J
S VTR APRQuw <Y (v"F ARM PEAF_0) 2 (0T QF MiQu)'/?
=0

=0

J /2 , 5 1/2
< (Z vTFlT_lATlFl_lv> (Z vTQlTMlle> (3.12)
=0

1=0
To estimate the second term, first observe that

1—
I-F 2 =1-(I-Ti)Fo=(U—-F_)+T11Fl o= = TiFr—1 .
0

—_

B
Il



Therefore,

J J 1-1
ZUT(I - FIT—1)APIQ1U = Z Z UTFg—ngARQlU )
=1 =1 k=0

whereas, for any 0 < k <1 < J, using (3.4) with wy, = Mk_lkaAFk_lv,
v FL T APQw = (v FL APMT) P ARQw
< (v’ MleU)l (" FL AP M, PEAF, )
= (0" QF MiQu)' /(v K| AT} Fyy—v)'/?

Hence, since [|I'|| = max, HII ”” = max,,, ”xTFy

J -1

J
> (I - F)ARPQw < Z > (0" QI MQw) (v B ATy Fy_yv)'/?
=1 k=0

2 , 5 1/2
< |11 (Z UTQgleQﬂf) (Z UTFE_lATka_lv>

k=0

Combining this latter result with (3.12), one gets

5 12, 1/2
v Av < (14 |T) (ZUTQITMZQ10> (ZUTFEIATlFl_w> :

1=0 =0

Taking the square of both sides, and using (3.2) (which amounts to Zi]:o v QT MQv <
K vT Av) straightforwardly leads to (3.10), which completes the proof of (3.5).
1/2
To prove (3.6), note that ||T|| < ||T|| = (z{zl [ ygl) . Further, for any
0<k<l<Jand for any w € R" and wy € R"™ |

w'Qf B APuwy < (wQ P APQuw)"*(wi B APywy)'?
= (" Q AiQuw)"* (w Agwy)'?
< w (w"Qf MiQuw)'? (wi Mywy)'/*
showing that v < w. The required result straightforwardly follows. [ |

Note that (3.5) combined with (3.6) exhibits dependence on the number of
levels. However, as shown in Theorem 3.4 below, there are choices of the pseudo
restrictions Gy, for which a further analysis of ||I'|| is possible, opening the way to
bounds that are optimal with respect to the number of levels.

Now, before discussing how to select GGy, in Theorem 3.1, let’s consider the in-
fluence of the number of pre- and post-smoothing steps 14, . The following theorem
brings some light in this respect.



Theorem 3.2 Let the assumptions of Theorem 3.1 hold. Assume, in addition that
v, = v is the same for k=1,...,J, and such that v > 1. Let w, wy be defined by
(2.3), (2.4) respectively. Let Ry = Ay and

ZZ:O UTéz(I — Pk_le_l)TRk(] — Pk_le_l)ékU

Kl = 1{2%)5 T Av (313)
Then,
w <3, (3.14)
K S Oé_l Kl ’ (315)
where K 1is defined as in Theorem 3.1, and where
_ 1 if v is (laven (3.16)
1+ (w1 — 1)  otherwise ,
o Z_@:J%l)” if v is fzven (3_17)
o otherwise .
Moreover,
) 1—(w — 1) 2-w

Proof. One has w = max (1, max )\maX(Mk_lAk)) (where Apax(+) denotes the
largest eigenvalue) with

Amax(Mk‘lAk) = Amax (I - - R,;lAk)”) = max 1—(1-X)".
Aeo (R, ' Ak)

From there, it is readily seen that & defined by (3.16) is an upper bound on w .
On the other hand, K < o 'K holds if, for 1 < k < J,

vIMpw < a 'v'Rpy Vo e R™
and the latter relation is true if and only if, YA € o(R;*4}),
I—(1=XN">aA. (3.19)

This relation holds for « = 1 when A\ < 1 (since then 1 — X > (1 —\)¥). When v is
even, (1 — (A —1)") /X is a decreasing function of A for 1 < A <w; < 2, thus not
smaller than (1 — (w; — 1)) /wy. On the other hand, when A > 1 and v is odd,



(3.19) holds for & = 1/w; since 1 + (A — 1) > 1 > A/w;. The conclusion follows
— (w1 —1)¥ > 1—(w1—1)2
w1 - w1

The bound (3.18) improves when the number of smoothing steps increases.
However, the improvement is slight, and there is no improvement if v = 2 or
w1 = 1. Therefore Theorem 3.2 essentially shows that the estimates derived for
the case ¥ = 1 may serve as worst case estimate for the general case, but does
not allow to really assess the effect of an increase of the number of smoothing
steps. In the next section, we show on an example that this effect is better seen
by computing directly the constant K with M} defined from (2.2).

:2—(4)1. |

1
because, for v > 1,

Analysis in generalized hierarchical basis

Our analysis holds for any G}, of appropriate dimensions. However, looking at the
numerators of (3.2), (3.13), there is some advantage in setting Gy in such a way
that PGy is a projector: then, each term of the sum involves M} restricted to a
particular subspace. Note that PG}, is a projector when G Py, = I,,, .

Now, often P, has the form
b, = ( [‘]’“ ) (3.20)
ng

where Ji is a (ngr1 — ng) X ng “interpolation” matrix. Then, an obvious choice
for Gy, is
Gr = ( O"kX(nkH—nk) Ink ) ) (3.21)

which further gives §

With this form of P, and this choice of Gy, it is interesting to introduce the
(generalized) hierarchical basis associated to the transformation

Sp = ( T 1:]’“ ) : (3.22)
ng

For finite element problems with regular refinement, and assuming that J in (3.20)
is the standard interpolation matrix, this corresponds to the usual transformation
that brings a vector defined in the hierarchical basis at level k+1 to the nodal basis.
When there are more than two levels, a global basis transformation is obtained
with

I

Sk:Sk< M1 T Sk—l) . ok=1,...,J-1. (3.23)

10



Outside the finite element context, (3.22) defines a generalized hierarchical basis
transformation as introduced in [7], and (3.23) may be seen as the proper multilevel
extension of this concept.

The matrix A in (generalized) hierarchical basis is

121 - S;_lASJ_l y (324)

and we would like to analyze the constant K in this basis; that is, to analyze

K (ZZ:O UTS§_1G5(I — Pk_le_l)TMk(I — Pk_le_l)GkSJ_lv)
~ oenn vT Av '

In this view, we first observe that G, is unchanged under hierarchical basis trans-
formation:

&— q &— [nk 1Nk
Sk_lleSk - Sk_ll( Onkx(nkﬂ—nk) [nk ) ( + Sk—l )
= ( O”k><("k+1—"k) Ink ) :
Therefore,
S'k__lléng—l = gk__lleSkgk_le—l—lgk—l—l e S}_lgGJ—ng—l = GrGryr- Gy =Gy,
and

(1= Py 1Gr_1)GrSs_1
= (I — Po_1G1)Sk1Gy

_ ( Ink—nk,l _Jk—l ) ( Ink—nk,l Jk ) ( [nk—nk,l . )Gk
Onk71><nk71 Inkq Sk—2

_ ( Ink_nk—l ) ( O(nk_nkfl)x(n_nk) Ink_nk—l 5 )
Onk71><"k71 Onk71><(n—nk) S’f—2

_ ( Otn—np—1)x(n-ny) Ing—ny_, ) .
Onk71><(n—nk) Onk71><"k71

Here, it is interesting to note that, for k = 1,...,J, the prolongation P, ;
of the form (3.20) induces a partitioning of unknowns at level k into “fine grid
unknowns” (the first block of size ny — ng_1) and “coarse grid unknowns” (the
remaining block of size ny_1). Accordingly, M) and Ry may be partitioned in 2 x 2
block form

FF FC FF FC
My, = M]%CF; M%CC; , By = R%CF; R%cc; ) (3-26)
My M, Ry, Ry,

(3.25)

11



and we may define the n x n block diagonal matrices which concatenate the top
left block of these matrices:

M§FF) RSFF)

Dy = Ml(FF) » Dr= RUEF)
Ao Ao
(3.27)
With (3.25), it is straightforward to check the following theorem.

Theorem 3.3 Let the assumptions of Theorem 3.1 hold. Assume in addition that
P.,k=0,...,J—1, has the form (3.20) and let Gy, k=0,...,J — 1, be defined
by (3.21). Let A be defined by (3.24), where S;_y is defined from (3.22), (3.23),
and let Dy, Dg be defined by (3.26), (3.27).

Then:
v Dy v Dpv
K = max . ,  K; =max =
veER® 'UTAU veER® fUTA'U

where K and K, are defined by, respectively, (3.2) and (3.13).

(3.28)

Several works address the conditioning of finite element matrices in the hi-
erarchical basis, sometimes with respect to some well-conditioned block diagonal
matrix [1, 2, 28, 29]. The main goal is a proof that the so-called hierarchical basis
multigrid method has near optimal convergence. In this latter method, only fine
grid unknowns are relaxed during smoothing steps, which makes the connection
with the conditioning in hierarchical basis straightforward [23]. With Theorem 3.3,
one sees that the good conditioning of the matrix in the hierarchical basis also
proves the near optimality of standard multigrid methods. This extends to more
than two levels one of the conclusions in [16]: when the fast convergence of the
hierarchical basis multigrid method can be proved, standard multigrid methods
also converge fast, so that the former cannot have, from a theoretical viewpoint,
a decisive advantage over the latter.

A-orthogonal projection
A more powerful and more general choice than (3.21) is obtained with
Gr=A'Pl Ay (3.29)

With this choice, PyGy, is a Ay 1—orthogonal projector: Ay PGy = (PeGr)T Apyr -
One has also ] ;
Gr=A'PlA, (3.30)

and P,G}, is a A-orthogonal projector.

12



Theorem 3.4 Let the assumptions of Theorem 3.1 hold, and let Gy, , k=10,...,J—
1, be defined by (3.29). Then, K, I', defined as in Theorem 3.1, and K, , defined
as in Theorem 3.2, satisfy

Iy — TM(1 —
K = max (1 max — max w’ff( WAk)T Kl WA’“)wk) (3.31)
1<k<J wpeR™  wi (I —ma, )T Ap(I — ma, )wy
T T
_ wi (I = ma,)” Mi(I — ma, )wi
= (1. s, Wl A, B
(I —ma,) " Ry(I —
= (1 s, s SHE T ) @
k Ak k Ak k
T(T1 _ T _
= max (1 max  max —k u WAk)T Pl = ma, )0k ) , (3.34)
1<k<J w,E€R™ wy, Apwy,
r=o, (3.35)

where
ma, = PGy = P AL P AL (3.36)

Proof.  We first prove (3.35). Using (3.30), one has, for any 0 < k < [ < J and
all w, € R™ , v € R",
wi PYAP(I — P1Gy_1)Go = wl PTAR AT PF Av — wi PFAP_ AL PE, Av
=wy P - BL (FTARAT) Bl Av
—wy PP (PZ{IAPl—lAl_}l) BL Av
= w, P - PL PN Av —wi B - PL,PE Av
= wl PF Av — wl PT Av
=0
Y = 0 and therefore I' = 0 readily follows.

We next prove (3.31), (3.32). The proof of (3.33), (3.34) is similar and will be
omitted. We first show that

Z (I — Poo1Gr))T A — PoiGeo)Gr = A (3.37)
k=0

Indeed, using (3.30), one has, for k =1,...,J:
GT( —WAk)TAk(I—ﬂ'Ak)Gk
= (A'PIA— P AL PELAY ALA PEA — By A PELA)
= A(P A — B AL P )(PE — AP A PE DA
= AP APl — P AL PE A,

13



hence

J
Z (I = Pia Gia) " Ap(I = Py G )Gy

= ZJI A(PA P — Py A PE) A+ GE AGy
k=1 ;
=4 <Z (PA' P — Py AL PL) + POA(;lPOT) A
—A. -
Then,
K = max ’?70 TG = PooaGi) " Mi] = PioaGit )G (3.38)

veER™?

I — P, 1Gy— l)TAk(I Py_1Gj— I)GkU
I — 74 )T M(I —7p, ) Grv 4+ v GEAGGov
veR™ ZZZI vl ([—WAk)TAk([—WAk)GkU + UTGOTAOGOU

P —7a)" My (1 -
<max | 1, max max w’fT< Ta,) Mi(I — ma, )wy '
isk<d weeR™ wy (I —ma, )T Ap(l — 4, Jwy,

= max

This proves that the right hand side of (3.31) is an upper bound on K ; the right
hand side of (3.32) is a further upper bound since
wi(I —ma )T Re(I — 74, )wy VI (I = 7a) T Re(I — ma, g

max >  max
wpER™k ngkwk v ER"k U,{(I — WAk)TAk([ — WAk)Uk

as seen by restricting the maximum in the left hand side to wy = (I — w4, )vg
(taking into account that (I — 74, )%= (I —74,)).

To prove that the right hand sides of (3.31), (3.32) are also a lower bound on
K, let, for k=0,...,J, Qy = (I — Po_1Gy_1)G},, then rewrite (3.38) as

J
K = max Zk OUTQszQkU
veR® Zk oV QkAkaU

Since Gy P, = I,, for k =0,...,J — 1, Lemma A.1 in appendix proves that, for
0<Ulk<Jwithk#I,

QPQ =Q and QrPQ = Onpxn -

(3.39)

14



Restricting the maximum in (3.39) to v = PQuw for some 0 < [ < J yields

w! QF MiQuw
K QT AQu
max wT(%lT(I - Pl—lGl—l)TMl(I - Pl—1G1—1)C:;lw
weR" wT'GI(I — P_1G1)TA(I — P_1Gi—1)Giw
_ ax w] (I = P1Gi2)" My(I — Py G )wy
w;ER™ wlT(I — Pl—lGl—l)TAl([_ Pl—lGl—l)wl ’

the last equality stemming from the fact that G has full rank (from (3.30), and
because Py has full rank by virtue of our general assumptions). The conclusion
follows because

'LUIT([ — Pl_lGl_l)TAl(I — Pl_lGl_l)wl = wlT(I — WAZ)TAl(I — WAl)wl
w] (A — AP AL P ADw,

S wlTAlwl .

Comparison with the original SSC theory

Theorem 3.1 resembles its counterparts in [26, 30]. However, a further comparative
discussion is difficult because the way we exploit this result via Theorems 3.3 and
3.4 is different in spirit from the way the analysis is conducted in [26, 30].

In [26, 30], the focus is on the proof that K = O(1) for a class of finite
element problems. No attempt is made to derive expressions that could be assessed
in concrete examples, despite some similarities between the choice (3.29) for Gy
and the so-called a—orthogonal subspace decomposition used in [30]. Moreover,
the constant which plays the role of ||I'|| in our analysis is also not analyzed as
accurately. In [26], it is just stated that this constant does not exceed w.J , which
is less sharp than (3.6). In [30], it is indeed observed that v, = 0 for £ < [ when
using the a—orthogonal subspace decomposition, but the constant appearing in the
bound also involves 7., for £ = [, and the reader is left with the argument that
this constant is O(1), without further comments.

On the other hand, with our algebraic approach, the way towards a (near)
optimal bound on the convergence factor can also be straightforward. Regarding
Theorem 3.3, this is discussed above in connection with the conditioning in the
hierarchical basis. On the other hand, K as given in Theorem 3.4 is the maximum
over all levels of an expression which involves only two subsequent levels. Any anal-
ysis proving a bound for this expression that is independent of the grid size shows
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therefore p(EJ(\;[]) ) <1—(2—w)/K = O(1). However, our approach is not limited
to qualitative results. We first develop an accurate analysis of ||I'|| , given either by
the general bound (3.6), or by the particular result in Theorem 3.4. Furthermore,
as illustrated in the next section, K as given in Theorem 3.4 may be numerically
and/or analytically assessed in concrete examples, yielding a satisfactorily sharp
prediction of actual multigrid convergence.

V-cycle versus two-grid convergence analysis

One may observe some similarities between the bound resulting from Theorems 3.1
and 3.4 and the two-grid convergence estimates derived in [8, 9]. The results in [§]
involve a freely chosen projector ) onto the range of P (this freedom is somehow
comparable to that of choosing Gy in Theorem 3.1). Now, for two levels (J = 1),
our analysis re-gives the bound obtained by combining Theorem 2.2 and Lemma 2.3
in [8], for the special case @) = m4. For this case we therefore prove that the bound
on the two-grid convergence rate also applies to V-cycle multigrid.

However, there are multigrid methods which scale poorly with V-cycle but
have nice convergence properties when only two levels are used. This, in particular,
holds for (non-smoothed) aggregation-based multigrid methods [15]. In such cases,
the analysis of the constant K in Theorem 3.4 has to reveal a dependence with
the problem size. On the other hand, as shown in [9], there are choices of the
projector ) for which the analysis in [8] is sharp and therefore has to show the
grid-independent convergence of the two-grid variant. Hence there are subtle but
essential differences between our results and the two-grid convergence results in
8, 9]. A further analysis should then help to understand the conditions under
which an optimal two-grid method remains optimal when used recursively in a V-
cycle scheme — a question unanswered so far. Its discussion lies, however, outside
the scope of the present paper.

4 Example

We consider the linear system resulting from the bilinear finite element discretiza-
tion of

“Au=f in Q=(0,1)x (0,1)
u=0 1in 0N
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on a uniform grid of mesh size h = 1/N; in both directions. This leads to the
following nine point stencil

~1 -1 -1
-1 8 -1, (4.1)
-1 -1 -1

which also corresponds, up to some scaling factor, to the 9-point finite difference
discretization.

We assume N; = 27N, for some integer Ny, allowing .J steps of regular ge-
ometric coarsening. We consider prolongations of the form (3.20), where J; is
the standard interpolation associated with bilinear finite element basis functions.
The restriction P corresponds then to “full weighting”, as defined in, e.g. [22]1.
With these choices, the stencil (4.1) is preserved throughout all grids (up to some
unimportant scaling factor), and K as given in Theorem 3.4 may be assessed by
analyzing

w,{(] — WAk)TMk([ — 7TAk)’LUk

4.2
HlIUE]tX kakwk ( )

for a matrix Ay, corresponding to stencil (4.1) applied on a grid with mesh size hy, =
1/Nj . Considering two successive grids is therefore sufficient, and, to alleviate
notation, we let N =N, A=Ay, M =M,, P=P,_,, A. = A,_, = PTAP and
TA=T4a, = PAC_IPTA

To assess (4.2), we resort to Fourier analysis. The eigenvectors of A are, for
m,l=1,...,N — 1, the functions

ufﬁl) = sin(mnx) sin(lry)
evaluated at the grid points. The eigenvalue corresponding to U%V,z) is
AN = 435, + 351 — 45,51) (4.3)
where
$m = sin’*(mn/2N) , s =sin®*(I7/2N) . (4.4)
The prolongation P satisfies (see, e.g., [22, p. 87])
N
(]y)fn,? (1= s,)(1 = s1)
PT uN—m,N—l = 4 SmSi U(N/z)
_U%V—)m,l Sm(1 = s1) !
_umv_l (1= sm)s0

Lup to some scaling factor; the scalings of the prolongation and restriction are unimportant
when using coarse grid matrices of the Galerkin type.
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for 1 <m,l < N/2 -1, with PTugl) =0 for m = N/2 or m = N/2. Expressed
in the Fourier basis (that is, in the basis of eigenvectors of A), I — 7, is therefore
block diagonal with, for 1 < m,l < N/2 —1, 4 x 4 blocks

-1
(I = )y = I = oot (AS)) P A (4.5)

where
Pri=4( (1 =sp)0=s) swsi sa(l—s) (1=sn)s)
Agy = diag (A0 AL v AN A)

m,l
A = PT APy = 64(35(1 — 80) + 35:(1 — ) — 1651(1 — 50)5,(1 — 51)) -

Form=N/2,1<I<N/2—-1landl=N/2,1<m <N/2-1,( —m7a),,, =1
is a 2 x 2 identity block, whereas (I — WA)% y = 1 reduces to the scalar identity.
If M in the Fourier basis has the same block diagonal structure, we are left with
the analysis of

pnt = p (1 =) Mol = 74),, AL ) (4.6)

Now, we consider more specifically damped Jacobi smoothing with wj,. = 0.5;
that is Ry = R = 2diag(A) = 161. Then, for any number of pre- and post-
smoothing steps v, = v, M is diagonal in the Fourier basis, with diagonal entries
depending on the eigenvalues of A; that is (see (4.3)), depending on s, and s;.To
obtain grid independent bounds, it is then interesting to consider p,,; = p(Sm, i)
(with (I —m4),,, asin (4.5)) as a function of s, , 5;, and let these parameters vary
continuously in [0, 1], excluding the corner points where s,,(1—s,,) = s;/(1—s;) =0,
which correspond to singularities. For both v = 1 and v = 2, p(s,,, s;) presents
the following symmetries: p(sm, s1) = p(s1, Sm) = p(1—5m, Ss) = p(Sm, 1 —s1) =
p(1=5s,,,1—s;) . Further, numerical investigations reveal that the maximum on the
considered domain is located at the boundary, i.e., corresponds to, e.g., s, = 0.
Because of the symmetries it is sufficient to analyze this latter case. One may
check that p(0, s;) is the largest eigenvalue in modulus of

w 0 0 _w
1 0 % 0 0
4 0 0 35—351 0 ’
~ pa(=sp)+pa(l-sy) 0 0 (A=sp)p1+(1—s1)pq

3 3

where {p;}i—1,. 4 are the 4 diagonal entries of My, . Thus:

p(o S):max H3 H2 :ul_'_,u4
! 3—s'3-(1—s) 3 ‘
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For v =1, pu; = 16 for all 7, hence p(0,s;) < 8/3. Inspecting 2 x 2 blocks and
the 1 x 1 remaining block reveals that 8/3 is also an upper bound on p,,; when
m = N/2 or | = N/2. Hence we have

K<

Y

w1 oo

showing that, since w = 1 for this smoother,

p(BYLY < 1-— % < 0.625
(IT']| = 0 because we are in the framework of Theorem 3.4).

We also used Fourier analysis to compute the convergence factor of the corre-
sponding two-grid method, which is o5 &~ 0.391. This is also a lower bound on the
V-cycle convergence factor, and one sees that our upper bound above is not far
from this lower bound. On the other hand, the standard bound on the W-cycle
convergence factor is o9/(1 — 09) ~ 0.642 [17]. This is less favorable than our
bound for the V-cycle. Since the W-cycle convergence factor cannot be worse than
the V-cycle convergence factor, our bound gives also, in this case, a slightly better
estimate for the W-cycle.

Forv =2,

M = R(2R—A)'R = 256(32] — A)™* |

entailing that, for s, = 0, 3 = 64/(8 — 3s;), pe = 64/(8 — (2 + s)), pg =
64/(8 — (3 —s1)) and py = 64/(8 —3(1 — s;)) . Hence,

B N R (W
(5+Sl)(3—8l) (6—81)(2+Sl) 3 8—38l 5+38l

The last term is maximum for s, = 0 or s; = 1, yielding p(0,s;) < 26/15. Here
again, inspecting 2 x 2 blocks and the 1 x 1 remaining block reveals that 26/15 is
also an upper bound on p,,; when m = N/2 or [ = N/2. Hence

K<

— 15

showing that,
1
p(BSLY < 1— 7 < 0423

Theorem 3.2 gives thus only a worst case estimate, whereas computing directly K
with M}, defined from (2.2) allows to prove better convergence factors when the
number of smoothing steps increases.
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Appendix A

Lemma A.1 Let P., k = 0,...,J — 1 be ngy1 X ni matrices of rank ny with
n=mny>mnyq1>-->ng. Let Gy, k=0,...,J —1 be np 1 X n, matrices such
that

G P, =1,, .

Set Py = G_1 = Opyun, and let, for k=0,...,J, By be defined by (2.5), G, be
defined by (3.1), and Qr = (I — Py_1Gx_1)G} .
There holds, for 0 < I,k < J with k #1,

QbQr =Qr  and  QPQy = Opyun -

Proof. Note that G\ P, = I,,, implies GLP, = I,,, . The first statement follows
then from

(I = Po1Gi1)GrPy(I — Poo1Gimy) = (I — Pyt Gim1) (I — Py Gimn)

=1—P_1Gp_1 .

To prove the second statement, we consider two cases. If [ > k|

(I = P1G11)GiPy= (I = P1G1-1)Gy -Gy Py~ PPy -+ Py,

= - PG)P--- B

=P (I -G Pa)P o P
= Onlxnk )

whereas, if [ < k,

GiP(I — P, 1Gr1) =Gy -GGy -Gy Pr_y -+ Po(I — Poo1Gry)
=Gy -Gy (I — P Gi—r)
=G Gro(I — Gp1Py—1)Gra

- Onlxnk .
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