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A box-shaped cyclically reduced operator
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SUMMARY

We propose a new procedure of partial cyclic reduction, where we apply a 2¢-color ordering (with d =2,
3 the dimension of the problem), and use different operators for different gridpoints according to their
color. These operators are chosen so that the gridpoints can be readily decoupled, and we then eliminate
all colors but one. This yields a smaller cartesian mesh and box-shaped 9-point (in 2D) or 27-point (in 3D)
operators that are easy to analyze and implement. Multi-line and multi-plane orderings are considered, and
we perform convergence analysis and numerical experiments that demonstrate the merits of our approach.
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1. INTRODUCTION

The technique of cyclic reduction has been studied and analyzed in several settings in the last few
decades. Early work demonstrates the advantages of applying this procedure to the discrete Poisson
equation associated with finite differences on a uniform mesh; see [1-3] for early papers, as well
as [4] and the references therein for a review of history and applications. The nonzero pattern of
the matrix in this case allows for efficiently eliminating half of the unknowns, while preserving the
block structure. The procedure can be applied repeatedly until a small system that can be easily
solved is obtained. Recovering the solution for the eliminated unknowns is straightforward, and
the overall computational cost is attractively low.

The cyclic reduction method has also been used in the context of multigrid (MG) methods
[5]; see for example the early paper [6]. Reduction-based approaches continue to be of interest
to designers of MG methods; see for example the recent paper [7], whose focus is on algebraic
MG (AMG).

In the non-symmetric case, for example the discrete convection—diffusion equation, on which
we focus in this work, some of the attractive features of the discretized Laplacian are lost and a
recursive cyclic reduction may be numerically unstable. But carrying out a small number of steps
is still a viable strategy.

Consider, then, the two- or three-dimensional convection—diffusion model problem:

—Au+w-Vu=f. (1)
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The domain Q= (0, 1)¢ is the unit square (d =2) or unit cube (d =3), subject to the Dirichlet-type
boundary conditions. For our analysis we will consider a constant row vector w, and denote its
components by (g, 7) for 2D and (o, 7, 1) for 3D. In our experiments we also include the variable
coefficients case.
Consider a uniform grid of size 4, and let us denote the mesh Reynolds numbers by
__oh S— th __uh
e

Then, the +-shaped second-order 5-point discretization of (1) in 2D, after scaling by /2, is given by

Fru; j=au; j+bu; j_1+cuj—1 j+duipij+eui ji1, (2)
where

a=4, b=—1-9, c=—1—y, d=—1+7, e=—1+0.

In the early 1990s Elman and Golub offered a thorough analysis of the spectral properties and
the convergence behavior of linear systems arising from a procedure of one step of cyclic reduction
[8—10]. Using red-black ordering and eliminating all the unknowns corresponding to one of the two
colors yields a linear system associated with a diamond-shaped 9-point computational molecule.
After scaling by ah?, this reduced operator is given by

2 2 2
Rou; j=(a”—2be—2cd)u; j—e“u; j1o—2deuy jy1—cuio

2 2
—d“uiyo j—2bcui_1 j_1—bu;j r—2ceui_1 j+1—2bdu;yy1 ;1. 3)

The Schur complement (reduced) matrix obtained after the elimination is only half the dimension
of the original (unreduced) matrix. Thus, even though the 5-point operator is replaced by a 9-point
operator, the cost of performing matrix—vector products on the reduced system is similar to, or in
fact marginally lower than the cost of matrix—vector products on the unreduced system. As a result,
when comparing the iterative solution procedure for the original system to that for the cyclically
reduced system, the overall performance of solvers depends almost exclusively on the spectral
structure of the reduced versus the unreduced operators, and not on the cost of a single iteration.
The analysis and numerical experiments in [§—10] show that iterative solvers for the reduced system
converge faster, and hence it pays off to perform one step of cyclic reduction in the 2D case.

In the late 1990s, Greif and Varah [11-13] showed that gains can be made for the three-
dimensional case as well. However, in 3D the original 7-point operator is replaced by a 19-point
operator applied to half of the unknowns, and hence matrix—vector products for the reduced system
are more expensive, in contrast to the 2D case. Despite that the improvement in the spectral
structure and convergence rates lead to the conclusion that in 3D it still pays off to perform a step
of cyclic reduction. After scaling by ah? and setting v=—1—# and w=—141, the cyclically
reduced operator in 3D is given by

R3u; j = (a2 —2be—2cd —2vw)u; j k— vzu,-,j’k_g —2evu; j41,k-1
—200uUi—1,j k1= 2dV Ui 41, j k-1 —2bVU; 1 g1 —€ Ui j12k
—2deujy ji1h—CP Ui jk—d uito jr—2bcui1 -1k
—b2 Ui jok —2eWl; j41 fp1 —2CW i1, j f1 —2CC U1, j+1 .k
—2bduity,j-1k—2dWUit1j k1 —2bWUi j1 g1 — Wi 0. 4

Despite their attractive numerical properties and the computational savings, cyclically reduced
operators of the form just described have not been widely used. One possible reason for this is the
nature of the computational molecule and the mesh, which presents a computational challenge,
for example in handling boundary conditions. Applying one step of cyclic reduction to a cartesian
mesh based on using a 5-point operator (in 2D) or 7-point operator (in 3D), yields a non-cartesian
mesh with ‘holes’ corresponding to the locations of the gridpoints of the eliminated color.
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Another possible reason for cyclic reduction being less popular than expected is that it is effective
in settings where alternative techniques are also extremely effective. For example, for the symmetric
positive-definite case represented by the discrete Poisson equation, multigrid methods are optimal
in terms of computational work, and preconditioning approaches such as incomplete Cholesky
(IC) or modified incomplete Cholesky (MIC) are well understood and easy to implement. Many
of the computational advantages of multigrid and incomplete factorizations carry over to the non-
symmetric case, and these techniques can be effectively combined with Krylov subspace solvers.
An important factor in the success of a method is the ease with which it can be implemented, and
this is what motivates us to derive a new variant of cyclic reduction.

The basic idea of our approach is quite simple; let us illustrate it briefly for the 2D problem. We
apply a four-color ordering and use different stencils for different colors. Gridpoints that belong
to two of the colors are discretized using the -+-shaped 5-point operator F* defined in (2), and
gridpoints that belong to the other two colors are discretized using a different operator (still with
5 points) whose stencil is x-shaped. We then proceed by eliminating all but one of the colors.
The gridpoints that are associated with the remaining color form a subgrid which is also cartesian.
Note that this is different than the step of cyclic reduction that leads to (3), which generates
a non-cartesian subgrid.

In 3D the procedure is more complicated but the idea is similar; further details are provided in the
following section. In any case, the result is a grid that contains only 1/2¢ of the original gridpoints
(with d=2, 3 the dimension), but this grid is again cartesian and the stencil of the operator
associated with it has the shape of a box: 9 points in 2D, 27 points in 3D. Boundary conditions can
now be seamlessly incorporated, and implementation is straightforward. One obvious benefit from
the fact that the grid contains 1/4 (2D) and 1/8 (3D) of the unknowns of the original grid is that
matrix—vector products are cheaper than for the original grid. Recovering the unknowns that were
eliminated along the way, if necessary, amounts to trivially solving a sequence of diagonal systems.

We use a block ordering strategy that exploits the structure of the stencil. Specifically, we
consider k-line and k-plane orderings in 2D and 3D, respectively, where k is a small integer, e.g.
2 or 3. These orderings are based on lexicographic ordering of blocks of multiple lines, which are
themselves lexicographically ordered; see also [14] and the references therein. One advantage of
using such orderings is that the main diagonal blocks of the permuted matrix are fairly dense. This,
in turn, may accelerate the convergence of block iterative methods; in the block stationary case
for M-matrices this is supported by the theory of regular splittings [15]. A detailed description of
block orderings is provided in Section 3.

We derive exact analytic expressions for the spectral radius of the block Jacobi iteration matrix
with lexicographic ordering (which is equivalent to 1-line or 1-plane ordering), and tight bounds for
a 2-line (2-plane) ordering in 2D (3D). We show that the latter orderings are superior to lexicographic
ordering. Our experiments suggest that a 3-line ordering is even more effective, although we are not
able to obtain tight bounds in this case. Since the matrices in question are consistently ordered with
respect to the block partitioning that we consider, the analytic bounds carry over to block Gauss—Seidel
and block SOR. In our numerical results we also consider ILU preconditioned GMRES iterations.

The remainder of this paper is organized as follows. In Section 2 we introduce the model
convection—diffusion problem and derive our new operator. In Section 3 we discuss the notion
of block grids. In Section 4 we apply multi-line and multi-plane orderings for the 2D and 3D
cases, respectively, and offer a convergence analysis for block Jacobi. In Section 5 we provide
numerical comparisons between our reduced operators, the reduced operators (3) and (4) and the
unreduced 5-point and 7-point operators, using stationary as well as non-stationary solvers. Finally,
in Section 6 we draw some conclusions.

2. THE PROPOSED PROCEDURE OF CYCLIC REDUCTION

We discretize the problem using a uniform rectangular grid G in Q. Our method requires the
number of gridpoints to be odd; we thus set G={h,2h,...,(2n+ D} where h= 1/2n+2).
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18]
T—n (@ TL;X (b)

Figure 1. (a) Four-color ordering applied to a 7 x 7 grid and (b) Eight-color ordering
applied to a 3 x 3 x 3 grid. Refer online version for interpretation of color.

2.1. The reduction step in 2D

We will be using a combination of two different discrete operators, as follows. Denote by F* an
x-shaped second-order 5-point discretization of (1)

qui,j =au; j+buiyy jr1+cui— jr1+dui—1 j_1+euipy i1
after scaling by 242, We have in this case
a=4, b=—1494+9, c=—1—9+96, d=—1—y—90, e=—1+y—0. 5)

We note that the values of a through e are different here than those in the Introduction.

We now assign one of four colors to each point in G. Points (i, j) with both i and j odd are
called red; green is for i, j even; blue is for i odd and j even; and yellow signifies i even and j odd.
We apply a four color ordering to G by ordering the points within each color lexicographically—
starting with red, then green, yellow, and blue. This is illustrated in Figure 1(a).

We then discretize (1) by applying FT at the yellow and blue points, and F* at the red and
green points.

The resulting (2n+1)> x (2n+1)? linear system can be written in a block form as

D/ Bl 0 0 red 212 fred
B, D 0 0 y&reen 24?2 pereen
By B, Di 0 e [T 2 pblue
Bs Bg 0 Dy Myellow hz fyellow

where the matrices D1, D,, D3, and D4 are diagonal. We apply a block elimination procedure to

obtain a reduced (Schur complement) system of size n% x n?, involving only the green points:

(Dy — B2Dl—lBl)ugreen =2h2(fgreen _ Ble_lfred). (6)

The remaining three quarters of the unknowns can be recovered by solving the following three
linear systems, whose solution is trivial because D;, i =1, 3,4, are diagonal:

D™ = 22 fred _ gy ereen
Dsublve — 2 pblue _ pored _ g ereen,
Dauelow — 2 pyellow _ pred _ g areen
The n? x n? reduced matrix in (6) is block tridiagonal with tridiagonal blocks:
Dy— By D[ By = triysn[trinn[—d?, —2de, —€*],
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tripxn[—2cd, a> —2bd —2ce, —2be),
tripxn[—c?, —2bc, —b7]]. (7

The operator for the green points is a 9-point box-shaped operator, as opposed to the diamond-
shaped 9-point operator R, defined in (3). We observe one of its properties as a discrete differential
operator, as follows.

Proposition 2.1
The equation for the discrete differential operator that corresponds to (6) can be posed as a finite
difference discretization of the differential equation

a*h? 2h? 2
b 1+T Mxx+ 1+T Myy +qu+fuy=f+0(h )

Proof
After expanding each u;a; j4+A; term of (6) using a Taylor series about u; ;, the left-hand side

of that equation reduces, after dividing by 1642, to

a*h? ©2h? oth? 20h? 2th? )
ouy+7Tuy— 1+T uyx—| 1+ 4 Uyy — ) Uxy+ 3 Mxxx+TMyyy+Th Uxxy

+oh’u ——2u —h—zu —h’u +o(h?)
xyy T 3 Hexex T o lyyyy xxyy .

Similarly, the right-hand side of (6) reduces to

oh? th? h?
—— fe—— —A h?).
f 4 fx 4 fy+ 4 f+0( )

This computation was done using MatLAB’s symbolic toolbox. O

Proposition 2.1 shows that the new cyclically reduced operator is in fact a second-order operator
for the 2D convection—diffusion equation. A few of the additional O(h?) terms on the left-hand
side represent artificial viscosity, and this suggests that the operator may be better behaved for
higher mesh Reynolds numbers, compared with the original operator. In this regard, this operator
satisfies properties similar to the ones for the cyclically reduced operators R and R3 in (3) and
(4), respectively.

We now make the point that in fact the new operator is nothing but a rotated version of
operator R, for a related equation; it is interesting to note that this does not carry over to the
three-dimensional case.

Proposition 2.2

Suppose the new cyclic reduction process is applied to the 2D convection—diffusion problem,
yielding a box-shaped 9-point operator. Then the operator is identical to the operator obtained by
applying one step of cyclic reduction on a grid rotated 45° clockwise with mesh spacing +/2%.

Proof
The proof of the proposition follows from moving to the rotated grid, where the convection—
diffusion equation becomes

—Au—l—\%(a—r, o+1)-Vu=f

discretizing with mesh spacing +/2h using the 5-point operator, and then applying one step of
cyclic reduction; see Figure 2 for an illustration, where the original and transformed coordinates
are denoted, respectively, by (x, y) and (x', y'). O
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Figure 2. The 2D cyclically reduced operator defined on a mesh with spacing ~/2k becomes a compact
rectangular operator when viewed on a grid rotated 45° with mesh spacing h.

2.2. The reduction step in 3D

In three dimensions, our elimination procedure requires the use of the second-order 7-point operator
F, as well as three other second-order operators F, F, and F. After scaling by hZ%, 2h2, 2h? and
4h?, respectively, these operators are

Fui j =61 j k(=19 j s+ (—1=utio1jx+(=1+0)ui j+1
H(= 1= i jo1 k(= Lmui, j et + (=L =i, j -1,

Fui jae =8t j i+ (= 1+ 7+ i1, 1+ (=1 =9+ i1, j+1.k
H(=1=y =i, j_1 ,k+(=14+y=Nuiy1,j—1x
F2(=1+mu;, j k1 +2(=1=mu; j k-1,

Fui jx=8ui jx+(=1—=pFmui_1jxr1 +(—=1+p+muirrjrst
H(=1=y—nui—1 jr—1+(1+y—muit1,jr—1
+2(=14+0)ui jy1x+2(=1=0)u; j—1k

and

Fui jr=au; jx+buiyy ji1k1+Hcui—1 jotor1+dui_1 j1 k1+euip1,j—1,x+1
+pUi+1, j+1 k=1 qUi—1, j+1 k—1F U1 j—1 k—1FSUi4+1,j—1,k—1-

Here a=8, b=—1+4+y+0+n, c=—1—y+0+n, d=—1—y—90+n, e=—14+y—5+y, p=—1+
y+0—1n, g=—1—y+06—n, r=—1—y—0—n, s=—14+y—9—n. See Table I for a classification
of gridpoint colors.

We order the mesh G with an eight-color ordenng as in Figure 1(b). Equatlon (1) is then
discretized by applying F to red and brown points, F to cyan and yellow points, F to orange and
blue points, and F to green and purple points.

For each color c € C={red, brown, orange, blue, purple, green, cyan, yellow}, we obtain a
system

Du+ Y Bc’xuxzachzfc,
xeC,x#c

where the matrix D, is diagonal and a=1, 2, or 4, depending on which operator was applied to
gridpoints of color c. As seen in Table I, unknowns of a given color only depend on unknowns of
a few other colors, so most of the B, , values are zero.
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Table 1. Classification of grid colors in terms of i, j, and k, dependence of gridpoints of a given color on
gridpoints of other colors, and the associated discrete operators.

Color i J k Depends on Operator
Red Odd Odd Odd Red, brown F
Brown Even Even Even Brown, red F
Green Even Even Odd Green, red, brown F
Purple Odd Odd Even Purple, red, brown F
Blue Odd Even Odd Blue, red, brown F
Orange Even Odd Even Orange, red, brown F
Yellow Even Odd Odd Yellow, red, green, orange F
Cyan Odd Even Even Cyan, blue, purple, brown F

In fact, as soon as u is known for all the brown points it can be found for every other color by
inverting a diagonal matrix and performing a few matrix vector products—simply apply

u=D | ah>fC— Y Beut
xeC,x#c
to the red, green, purple, blue, orange, yellow, and cyan points in that order.
A block elimination procedure completely analogous to the 2D case gives an n
system involving only the brown unknowns. The reduced matrix

3 % n3 reduced

A=triyx,[A1, Az, A3] )]
is block triagonal, with each block itself block tridiagonal with tridiagonal blocks. We have

Ay = iy [trigxn—r?, =275, 5],

tripsn[=2qr, =2(qs + pr), =2ps],

trinxn[ =g, —2gp, —p*1;
Ag = triy xp[triy x,[—2dr, —2(re+ds), —2es],

triy xpn[—2(cr +qd), a*>—2br—2cs—2dp —2eq, —2(pe+bs)],

tripxn[—2cq, —2(cp+bq), =2bp]];
A3 = iy [trinxn [ —d?, —2de, —€?),

triy xn[—2cd, —2(bd +ce), —2be],

trinsen[—c?, —2bc, —b*].

It is tedious but straightforward to show that as long as ||(h/2)w| 1 <1, the reduced matrices (7)
and (8) are strictly diagonally dominant irreducible M-matrices.

A multivariate Taylor expansion similar to the one in 2D shows that the 3D operator has similar
properties and can be interpreted as a discretization of the convection—diffusion equation with
some artificial viscosity. More precisely, the operator that corresponds to the reduced system for
the brown points can be posed as a finite difference discretization of the differential equation

02]’12 ‘52]’12 ‘u2h2
— 1+T Uy + 1—|—T Uyy+ 1+T Uz | +ouyx +Tuy+ pu,

=f+0(h).

The proof is almost identical to the 2D case, Proposition 2.1, and is omitted.
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On the other hand, as opposed to 2D, in 3D there is no clear connection between this operator
and the cyclically reduced 3D operator defined in (4). For one, these operators have a different
number of components in their stencils. Furthermore, there is no easy way to interpret this operator
on a rotated grid.

In Section 4 we will show that when w is aligned with the x-axis, both systems are symmetrizable
by a diagonal symmetrizer, and are positive definite.

3. BLOCK GRID ORDERINGS

In some cases it may be beneficial to use grid orderings that generate dense diagonal blocks; as
stated in the Introduction this is justified by regular splittings [15]. Here multi-line and multi-plane
block orderings are effective and easy to analyze; see [14] for an analysis of 2-line and 2-plane
orderings applied to the centered differences discretizations of (1).

We explore the effect of k-line and k-plane orderings on the convergence of iterative solvers
applied to (7) and (8). For convenience, let us define k-line and k-plane orderings within the context
of general block grid orderings.

An ordering on a grid G is a function ig: G — {1,2,...,|G|}. A block ordering on a grid G is
defined by a set of grid blocks {B} partitioning G, an ordering of the grid blocks, and an ordering
of the grid elements within each block. The block ordering is given by

1—-1
ic(p)=ip,(p)+ X |Bjl,
j=1

where Bj is the grid block p belongs to, and ip,(p) is the order of p with respect to Bj.

Unless stated otherwise, all block orderings considered in this paper will use the lexicographic
ordering for both the grid blocks, and the elements within each block. Note, however, that the
resulting ordering is not lexicographic; see Figures 3 and 4.

Suppose we work on an n x n grid G, p, with n an integer multiple of k. The k-line ordering is
defined by partitioning G,p into n/k vertical blocks containing k lines of n gridpoints each, as in
Figure 3(a) for k=3, n=9.

Suppose now we work on an n xn xn grid Gzp with n again an integer multiple of k. The
k-plane ordering is defined by partitioning G3p into n?/k> blocks containing nk?> gridpoints each,
as in Figure 4(a) for k=3, n=6.

Let A denote the matrix obtained by discretizing (1) on a grid G with a block ordering. A has a
natural block structure that it inherits from the block ordering of G. For each ordered pair of grid
blocks (B;, Bj), there is a matrix block A;; containing all the dependencies of members of B; on
members of Bj.

10 20 30 40 50 60 70 80

0
(a) (b)

Figure 3. (a) 3-line ordering applied to a 9x9 grid. The grid blocks are separated
by lines; (b) The induced block structure of the 5-point operator matrix; and (c) The
induced block structure of the 9-point operator matrix.
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139 190 14141683 194 195[ %0 41 42 (94 5 96
5&437/138(15) 191 192(| 37 38 39|91 92 93

133 134 135|187 188 34 35 3688 83 90
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127,498 129(181 182 183| | 28 29 30 |82 83 84
124 125 126|178 179_.290| |25 26 27 |79 80 81
1211221214:;{7 2 B 24| 77 78
:}vnd;m 173 174| |19 20 21 |73 74 75

115 116 117|169 170 171 16 17 18 |70 71 72

112 113 114|166 167 168 13 14 15 |67 €8 69

109 110 111(163 164 165 [ 10 11 12 [64 €5 66

7 8 9 |61 62 63

4 S5 6 |58 59 &0

1 2 3 [s5 s6 s7 (a)
0 T T O
100F~ 100
200+ 200
300F 300
400k 400
500+ N [ E 500
600} VWS 600
R
or L L L f i i \ 700 LE L) %
() o 10 200 300 400 50 600 70 (€©) 9 1w 20 300 400 50 G0 700

Figure 4. (a) 3-plane ordering applied to a 6 x 6 x 6 grid; (b) The block matrix A3z, of the 5-point operator
on a 9x9x9 grid; and (c) The block matrix Asz; of the 9-point operator on a 9 x9 x9 grid.

We denote by Ay and Agp the matrices that correspond to k-line and k-plane orderings. For
k-line ordering, there are n/k grid blocks of nk gridpoints each. Ay can therefore be referred to
as a block matrix with (n/k) x (n/k) blocks, each of size nk x nk. For the k-plane ordering, there
are n”/k? grid blocks containing nk? points each. Therefore, Axp is an (n2/k?)x (n®/k?) block
matrix with blocks of size nk? x nk>.

The sparsity pattern of the matrix depends, of course, also on the discretization used. In
Figures 3(b) and (c) we show the matrices corresponding to 3-line ordering, namely Aszp, for
5-point and 9-point discretizations. In Figures 4(b) and (c) we show the matrices for 3-plane
ordering, A3p, using 7-point and 27-point stencils, respectively.

4. ORDERING STRATEGIES AND BOUNDS ON CONVERGENCE RATES

Our analysis makes extensive use of Kronecker products and their properties, and of known results
on spectra of tridiagonal Toeplitz matrices. The following results are used so often in our analysis
that they are worth stating explicitly.
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Proposition 4.1
Suppose a and ¢ are two scalars of the same sign (or zero). Then, the tridiagonal Toeplitz matrix
T =triyxy,la, b, c] is symmetrizable by a real diagonal similarity transformation; that is, there exists
a real diagonal matrix S7 such that S, 'TSr is symmetric. Furthermore, the eigenvalues of 7 are
given by

n+1

Ai=b+2+/accos (i>, i=1,2,...,n.

Proof
See [8, Lemmas 1 and 2]. O

Proposition 4.2

Suppose A and B are square matrices of sizes n x n and m x m, respectively, with respective eigen-
pairs {/;,X;},i=1,2,...,n and {,uj,ﬁj}, j=1,2,...,m. Then A® B is nm x nm with eigenpairs
{dipj, ¥®y}, i=1,2,...,n, j=1,2,....,m.

Proof
See [16, Theorem 4.2.12]. O

Proposition 4.3
If A and B are square matrices symmetrizable by S4 and Sp, that is S AASX1 and S BBSEI are
symmetric, then A® B is symmetrizable by S, ® Sp.

Proof

If B and D are matrices such that the products AB and CD are defined, then (AQ C)(B® D)=
AB®CD,; see, e.g. [16, Lemma 4.2.10]. Thus, by this property and other basic properties of
Kronecker products [16, Section 4.2], we have

(SA®SE) NA®B)SA®Sp)=(S,' ®S5 NA@B)SA®Sp)=(S,' ASA)®(S5' BSp).
The identity (A® B)' =AT® BT completes the proof. O

We will also be using the following inequality, whose proof is trivial. Let M and N be symmetric
matrices, with M positive definite. Then

p(N)

M'NKIM T 2lIN|2 = ————.
p }vmin(M)

€)

In our analysis we will consider the simple case where convection is aligned with the x-axis,
namely 7=pu=0. We also assume that |y|<1, so that Ay and Agp are M-matrices. We note that
one-dimensional convection in the y- or z-direction is just as easy to analyze. On the other hand,
other situations may be rather difficult to analyze, even when simplifying assumptions (such as
o=r1t=p) are made.

4.1. 2D Case: k-line ordering

Consider the block Jacobi splitting Ax;, = My — Nir, with My consisting of all the blocks (Agr );i
discussed in Section 3.

As will be evident from the analysis, it is useful to consider the general setting of a uniform
ny Xny grid, to establish the eigenvalues of Ay ; we will then resort back to ny=n,=n.

The matrix Aqy is block tridiagonal of size n, x n, with respect to its blocks. Each block is
itself tridiagonal of size ny xn,. As =0, we have b=e and c=d, and thus the matrix of (7)
reduces to

A1 =i, xn, [trin, xn, [—¢*, —2bc, —b*],

tI‘inyxny [_2C2, dz —4bc, —sz],
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i, xn, [—¢, —2bc, —b?]]

= a* Iy n, +Urin, xn, [1,2, 1@y, xn, [—c%, —2bc, —b%].

Proposition 4.4
The eigenvalues of the matrix Ayy are given by

4i i(Axr) = a®—4bc | 1+cos in 1+cos Jm
LKL = ny+1 ne+1/1

i=12,...,ny, j=1,2,...,n,.

Proof
Using Propositions 4.1 and 4.2, the eigenvalues for Ay are easily calculated, and since all the
matrices Ayy, are permutations of each other, the result follows. Il

The eigenvalues of M can now be found as a simple corollary; we will set ny =ny=n from
this point on. Since the matrices My are not permutations of each other, there is an explicit
dependence on k.

Corollary 4.5
Let h=1/(2(n+1)). Then, the eigenvalues of My are given by

4. j(Mip) = a® —4be [1 +cos (%)] (14cos2mjh)),

i=1,2,...k, j=1,2,....n

each with multiplicity n/k. The minimal eigenvalue of My is given by

Amin(Mi ) =a® —4be [1 +cos (%)} (1+cos(27h)).

In addition, My, is symmetrizable by a real similarity transformation, and the symmetrized matrix
is positive definite.

Proof
My is a block diagonal with n/k identical blocks of size kn. The structure of each block (Myy );;
is that of the matrix Ay discretized on a k xn grid.

Substituting k =n, =n, into Proposition 4.4, there are n/k blocks and the minimal eigenvalue
is attained when i = j=1. From (5) it follows that Ay, is positive. Since My is a Kronecker
product of tridiagonal Toeplitz matrices, by Propositions 4.1 and 4.3 it is symmetrizable. O

To find the spectrum of the matrix Niy for k>1, we reorder grid unknowns in a way that exploits
the structure of the graph of Niz. In particular, we observe that all graph edges are between
boundary nodes of neighboring grid blocks. Let d,+ B; and ¢,- B; denote the boundary columns
of a grid block B; on the right and left sides, respectively. Then for every graph edge e there is an
i€l,2,...,n/k—1 such that e contains one node from 0.+ B; and one node from 0,- B;+. This
also implies that the interior nodes of B; are not present in any of the edges of the graph of Nyy .
Therefore, by grouping all the interior nodes together, we can get a permuted matrix with dense
and well-structured blocks.

Motivated by these observations, we repartition Gop into n/k new grid blocks B;. The first
(n/k)—1 blocks B; contain the boundary nodes of original blocks,

n

Eizax+Banx—Bi+1, i=1,2,...,%—1.
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The last block contains all the interior nodes,

- (n/k)-1 _
B.,k=Gp— U Bi.
i=1

The permuted matrix corresponding to this new ordering, which we denote by Nj, is block
diagonal with n/k diagonal blocks. The first (n/k)— 1 blocks are of size 2n x 2n, whereas the final
block is of size (n>—2n((n/k)—1)) x (n*> —2n((n/k)—1)).

An example is shown in Figure 5, on a 9x9 grid that was originally ordered using a 3-line
ordering.

Proposition 4.6
The matrix Niy is symmetrizable and has the following eigenvalues: for k=1,

i, j(N1L)=4bc(1+cos(2rih))cos2rjh), i,j=1,2,...,n.
When 1<k<n, Nir has 2n((n/k)—1) eigenvalues of the form
Ai(Nrp)==22bc(1+cos(2mih)), i=1,2,...,n
each of multiplicity (n/k)— 1. The remaining n>—2n((n/k)— 1) eigenvalues are zero.

Proof
For k=1 we have

Nip =tripy,[1,0, 11®tri,xnc?, 2bc, b2]. (10)

Symmetrizability follows from Propositions 4.1, 4.3 and Equation (10), and the eigenvalues follow
from Propositions 4.1 and 4.2.

For 1<k<n, we note that the first (n/k)— 1 blocks of the block diagonal permuted matrix Nk L
are identical and are equal to

trigx2[c?, 0, b2 ®tripxnll,2, 1].

The expression for the nonzero eigenvalues follows from Propositions 4.1 and 4.2, whereas
symmetrizeability follows from Propositions 4.1 and 4.3. The final diagonal block of Ny consists
entirely of zeros and is of size n>—2n((n/k)— 1), showing the existence and multiplicity of zero
eigenvalues, as claimed. O

Corollary 4.7
The spectral radii of Ny, are given by

p(N1L)=4bc(14-cos(2mh))cos(2nh), p(Nkr)=2bc(l4cos(2nh)), l<k<n.

We note that the case k=n is trivial, since N,; =0. We are now in a position to make a statement
regarding the convergence of block Jacobi.

Theorem 4.8
The spectral radius of the block Jacobi iteration matrix obeys the bound
- 2bc(1+4cos(2mh))
oL <Prr= n [1+81,(2cos2mh) — D)].
a?—4bc (1 +cos (m>> (14cos(2mh))

In the case k=1, the bound is attained, that is p;; =p;.

Proof

By Corollary 4.5, My can be symmetrized, and its symmetrized version is also positive defi-
nite. By Proposition 4.6 Ny can also be symmetrized, and hence (9) can be used. Thus, by
Corollaries 4.5, 4.7 and Equation (9), the stated bound holds.
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Figure 5. When unknowns are reordered as in (a), the matrix Nyy, whose sparsity pattern is shown in (b),
takes on the block diagonal form depicted in (c).

For k=1 we can obtain an exact expression, as follows. We have
M =a*1p =21, ®triyxnlc?, 2bc, b?]

and Ny given in the Kronecker product form by (10). If ¥ and y are the dominant eigenvectors of
triyscn[1,0, 1] and triy s, [c2, 2bc, b?], by Proposition 4.2, X ® ¥ is both the dominant eigenvector of
N1y, and the eigenvector corresponding to the minimal eigenvalue of M. Therefore, the bound
is attained. O

The following proposition shows that multiplying k by any integer 22 improves the convergence
of block Jacobi. In the proof and the remark that follows, matrix inequalities are used in an
elementwise sense. That is, given matrices X and Y of the same dimensions we write X>Y if
X;j=Y;j for all i and j.

Proposition 4.9
For any given m>k>1, if k divides m then p,,; <p;[.-

Proof

Our proof makes use of the theory of nonnegative matrices and regular splittings
[15, Chapters 2-3]. Two results are of particular importance. First, the inverse of an irreducible
diagonally dominant M-matrix is elementwise positive [15, p. 85, Corollary 1]. Second, the
Perron—Frobenius theorem states that when any of the entries of a nonnegative irreducible matrix
are increased, the spectral radius also increases [15, Theorem 2.1].

When k divides m, the graph of N, is a subgraph of Ny , and hence as long as the same ordering
is applied to both, elementwise inequalities between the two matrices hold. Hence, Ny >N, >0
when Ny and N, are permuted by reordering grid unknowns lexicographically. As the matrix
A is an irreducibly diagonally dominant M-matrix, we have Ak_L1>0. The claimed result now
follows from [15, p. 90, Theorem 3.15]. Il

Remark

We expect Proposition 4.9 to generalize to p,,; <p,; Whenever m>k. However, if k does not divide
m, the graph of N, is not a subgraph of Ni, and there seems to be no permutation matrix P
such that PN,,;, PY<P Nz PT. Therefore, the technique described in the proof of the proposition
does not apply.

Table II shows experimentally the tightness of our bound. In the case k=2 the bound seems to
become arbitrarily tight as 7 — 0. For k=3, however, the quality of the bound is quite poor. As
the above remark states, we expect the convergence of block Jacobi to improve as k gets larger,
since a greater portion of the matrix Axy is included in M. However, while we expect that
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Table II. Spectral radii p,; and p;; of the 2-line and 3-line iteration matrices, and the bounds p,; and
P31 For the 2-line ordering the bound grows tight for large 7, but not for the 3-line ordering. The values
of the mesh Reynolds numbers in this example are y=0.5 and 6=0.

n P2L P2L P3L P3L

6 0.339 0.383 0.302 0.455
12 0.400 0.415 0.345 0.501
18 0.415 0.422 0.356 0.511
24 0.421 0.425 0.360 0.515
30 0.423 0.426 0.362 0.517

P(k+1yL <Pk, and this is confirmed experimentally for k=2 in Table II, for the bounds we actually
get P41y >Pxr for 1<k<n.

We can use the results of Theorem 4.8 to determine exactly the optimal parameter for block
SOR with the 1-line ordering. In addition, we can determine the optimal parameter for 2-line
ordering to good degree of accuracy. As Ay is block tridiagonal with respect to nk x nk blocks,
the analysis of Young [17, Chapter 14, Sections 5.2 and 14.3] applies.

Comparison of convergence rates (2D)

Let us compare the convergence of block Jacobi applied to our reduced system, the cyclically
reduced system associated with operator (3), and the unreduced system. When referring to quantities
of interest we use the superscripts U, ¢, and 4+, respectively, motivated by the shapes of the
corresponding computational molecules.

A bound on the spectral radius of the 2D cyclically reduced matrix associated with the difference
equation (3), with a diagonal one-line ordering strategy, is given by [8]

(VI +V/1-7)
8— (,/1 —y2+\/1—52>2+2 (1-72) (1 —52>(1 —cos(nth))

an

<& ~$
PILSPIL=

valid for |y|, |6|<1. The diagonal ordering is equivalent to a 1-line ordering if the grid is viewed
at a 45° angle. It was observed experimentally that pj, — p7, as h— 0 with (y, 9) fixed.

Setting =0, we expand (11) as well as the results of Theorem 4.8 in a Taylor series about
h=0.

2 2

T g
~< =1_ - - hz hz ,
PiL <4 + 4> +o(h?)

2
o
PlDL =1- (47T2+ 7) h? +o(h?),

p5, < poy =1—@*+a)h> +o(h?).

As observed in Table II, it appears that f)ZDL — f’zDL as h— 0 with y fixed.
For block Jacobi applied to the +-shaped 5-point operator (2), we have

2,9\ 2 2
pTL=1—<n +§>h +o(h?)
and
+ =+ 2,9\ ,2 2
Py <Py =1— (n + Z) h*=+o(h*)
with the latter bound observed experimentally to grow arbitrarily tight as 7 — 0 with y fixed [14].
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The asymptotic convergence rate is Roo = — log(p). Noting that log(1+ch?)=ch*+o(h?), we
have for ¢ >> % and h < 1 the following hierarchy of relative asymptotic convergence rates:

(Roo)51, ~ 2(Roo) [, A 4(Roo)§; A 4(Roo)s; ~8(Roo)]; -

We confirm this experimentally in Section 5.

4.2. 3D Case: k-plane ordering

Consider the block Jacobi splitting Ay p = My p — Nip with My p consisting of the blocks (Agp);; of
the k-plane matrix discussed in Section 3. As previously stated, we assume that © is aligned with
the x-axis. Thus, we have 6 =7 =0, which means b=e¢=p=s and c=d =¢ =r. As we did for the
2D case, it is useful to consider the general setting of a uniform n, xn, xn; grid to establish the
eigenvalues of Ayp; we will then resort back to ny=n,=n,.

Ajp is a block tridiagonal matrix of size ny, x n, with respect to its blocks. Each block is itself
a block tridiagonal matrix of size n, x n, with respect to n; x n, tridiagonal blocks.

Assuming that the ordering the gridpoints goes in a z—x —y fashion without loss of generality,
we have

Ayp=trip,xn,[B,C, B],
where
B = triy, xn, [trin, xn.[—¢2, =262, =],
triy, xn, [—2bc, —4bc, —2bc],
i, xn, [—b%, —2b%, —b]];
C = trin, xn, [tFin, xn. [—2¢7, —4c?, —2¢7],
triy, xn.[—4bc, a? —8bc, —4bcl,
iy, xn, [—2b%, —4b*, —2b7]].
Using Kronecker products, we have
A1p=a" Ly n, —tTin, xn, [1, 2, 11@triy, i, [€*, 2bc, B*1@trip, wn, [1,2, 1. (12)

Proposition 4.10
The eigenvalues of the matrix A p are

2 in jm in
Ai,jk=a~—8bc|14cos 14cos 14-cos ,
e ny+1 ny+1 n,+1

i=12,...,nc, j=1,2,...,ny, £=1,2,...,n,

Proof
This follows from (12) and Propositions 4.1 and 4.2. U

Once again, the eigenvalues of Myp follow as a simple corollary. From this point we assume
Ny =Ny=n;=n.

Corollary 4.11

The eigenvalues of the matrix My p are given by

, in i T
Aij(Myp) = a®—8bc [1 +cos (m)} |:1 +cos (k]ﬁ)} (1+cos(2nlh)),

i=12,....k, j=1,2,...0k, £=1,2,...,n

each with multiplicity n?/k?.
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Figure 6. Partition of Nip into (a) (Nkp)1; (b) (Nkp)2; and (c) (Nrp)3. The grid is 9 x9 x 9 with k=3.

The minimal eigenvalue of Myp is

2
Janin(Mip) =a® —8be [1 +cos (%ﬂ (14cos(27h)).

Finally, My p is symmetrizable, and the symmetrized matrix is positive definite.

Proof

My p is block diagonal, with each block equal to the matrix Agp discretized on a k xk xn grid.
The result follows from applying Proposition 4.10 to a k x k x n subgrid. As Mjp is a Kronecker
product of tridiagonal Toeplitz matrices, by Propositions 4.1 and 4.3 it is symmetrizable. By
inspecting the values of a, b and c, it readily follows that An;, is positive. O

To obtain a bound on the spectral radius of Nyp when k>1 we split this matrix into three pieces

Nip =(Nep)1+(Niep)2+(Nep)s,

where the eigenvalues of the three matrices on the right can be computed exactly. The sparsity
patterns of these matrices are depicted in Figure 6.

The choice of splitting is motivated by the observation that the edges in the graph of Np are of
three distinct types. The description of these categories is facilitated by the introduction of some
notation regarding the faces and edges of each grid block B;.

We denote by d,+ B; and d,- B; the faces of B; whose outward facing unit normals are (1,0, 0)
and (—1,0,0), respectively. The faces in the y-direction are denoted in the same fashion. The
edge where the faces with normals (1,0, 0) and (0, 1, 0) meet is denoted by 0+ y+Bi, with obvious
modifications for the other edges.

The edges in the graph of Nip can be partitioned into those between 0,+B; and 0,- By for
grid blocks By and B, sharing a common face of constant x (type 1), those between d,+ By and
0y- By for grid blocks By and B; sharing a common face of constant y (type 2), and those between
Ox+y+B1, Oy+y- B2, 0y-y- B3, and 0+ By for grid blocks By, By, B3, and By sharing a common
edge (type 3). The matrix (Ngp); is then defined to be the matrix whose graph contains all Ngp’s
graph edges of type i.

There exist three orderings i1, iz, and i3 of G3p, each bringing one of the pieces of Nip to
block diagonal form. As justified in Section 3, each of these orderings is specified by a new choice
of grid blocks for G3p.

The ordering i; is defined by the choice of grid blocks

> . n/n
Bi=0,+B;j U0~ Bj1, l=1,2,...,z(z—1>
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(where B; is the ith block of the k-plane ordering) and

(z=D

-

Il
_

Byg-nm=0Gw— U Bi.

The permuted matrix (Nkp)1 is block diagonal with %(% —1) blocks of size 2kn x 2kn, and one
block of zeroes of size (n3 —2n2(% —1))xn3— an(% —1)). For i> we do the same thing with grid

blocks B; = 0y+B;U0,- B; 1, obtaining a matrix with identical structure.
The ordering i3 is defined by the choice of grid blocks

N ) n 2
B,-=ax+y+B,-Uax7y+B,-+1Uax+ny,-+»k_1Uaxfny,-Jr%H, l=1,2,...,<z—1> ,

and

\ B
B(%_1)2_~_1 =Gj3p— I-L;Jl B;.
The block diagonal matrix (Nk p)3 has (n/k)— 1)? diagonal blocks of size 4n x 4n, followed by
a zero block of size (n> —4n((n/k)—1)*) x (n® —4n((n/ k—1)?).
Example 4.12 describes these orderings and shows the permuted (Ngp); for an example grid
and a particular k.

Example 4.12
Consider a 9 x9 x 9 grid with k=3. In Figure 7(a) we look at a cross-section with a constant z of
the graph of Ny p, where graph vertices are placed in the same location as their corresponding grid
cells. Graph edges of type 1 (i.e. edges between grid blocks sharing a common face of constant x)
are shown with thin lines, graph edges of type 2 (i.e. edges between grid blocks sharing a common
face of constant y) are shown in bold, and graph edges of type 3 (i.e. graph edges between grid
blocks sharing a common edge) are shown with wavy lines. The ordering that brings (Ngp); into
block diagonal form is shown. Note that the full graph of Nip actually consists of nine layered
copies of Figure 7(a), with edges between each layer and the layers directly above and below it in
the z direction. Figure 7(b) illustrates this point with a constant x slice of the graph.

As stated in Section 3, to define a new block ordering it suffices to specify new grid blocks. The
ordering shown uses as grid blocks the six common y-faces (each containing 54 nodes), as well

>

z

L,
T—> X (@ (d)

Figure 7. (a) A z=constant slice of the graph of Nyp for a 9 x9 x9 grid with
k=3 and (b) A x =constant slice.

>
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Figure 8. (a) Nonzero blocks of permuted (Ngp); and (Ngp)2 and (b) Nonzero
blocks of permuted (Ngp)3. Grid is 9x9x 9, k=3.

as one final zero block consisting of all nodes that have no type 2 edges. An analogous ordering
bringing (Ngp); into block diagonal form does the same thing using faces of constant x.

Finally, the four sets of common edges, each containing 36 nodes (together with a zero block
of all nodes with no type 3 edges) bring (Nip)3 to block diagonal form. If m is one of the first
36 nodes in this ordering (i.e. i3(m)€{l,2,...,36}) then in terms of the ordering i shown in
Figure 7, we have

i2(m) = Cis(m)—1(mod4) +6iz(m)—1],

where co=3, ¢1 =55, cp =6, and ¢3=58.

Figure 8(a) shows one of the six identical diagonal blocks of the permuted (Nyp); for this
example. From the above description it follows that the structure for the permuted (Nigp); is
identical, since it can be obtained by switching the roles of x and y. On the other hand, in
Figure 8(b) we show that the permuted (Vg p )3 has a different structure, because the nonzero values
of this matrix correspond to the edges between corners, rather than edges between faces.

Lemma 4.13
Ngp is symmetrizable. The eigenvalues of Nip are given by

Aije(N1p) = 8bc[(14cos(2mih))(14-cos(2mjh))— 1][14cos(2nth)],
i,j,£=1,2,...,n.
The spectral radius of Njp is thus given by
p(N1p)=8bccos(2mth)[1+cos(2nh)][2+4cos(2nh)].
When k>1, a bound on p(Ngp) is given by

T
p(Nip)<2bc [1 +4 (1 +cos (m))} [1+cos(2nh)].

Proof
We have

Nip=(trinxa[1,2, 1®tripxnlc?, 2bc, b1 —4bcl,2) ®trinxa[1,2, 11,
The claim on its eigenvalues now follows from Propositions 4.1 and 4.2. The spectral radius is

attained at i = j =¢=1. Symmetrizability follows from Propositions 4.1 and 4.3.
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To prove symmetrizability when k>1 we define the matrix N,leli‘ to be the permutation of Nip
obtained by reverting back to the lexicographic ordering. Next we note that the graph of N,SZ} is
a subgraph of the graph of Njp and the former graph is obtained from the latter by removing
edges in symmetric pairs. That is, whenever edge (v, w) is removed edge (w, v) is also removed.
Therefore, the matrix N,leli‘ is obtained from Njp by setting various matrix entries Nyp.; ; to zero
but setting the corresponding Njp.;; to zero as well. Hence, the same matrix that symmetrizes
Nip symmetrizes N,ﬁ’,‘.

To prove the claim on the spectral radius for k>1, we follow the procedure of block ordering
and permutations described in detail in the text following Corollary 4.11 and in Example 4.12.
Each nonzero block of the block diagonal permuted (Ngp); is the matrix

tripn (1,2, 11@trigxa[—c?, 0, —b* @ trig[1, 2, 1].

By Propositions 4.1 and 4.2, the eigenvalues of (Ngp); are
tabe [ 14cos [ ——) ) (1 +cos@rih)), i=1,2,....k, j=1,2,....n
k+1
each of multiplicity (n/k)((n/k)—1) and O of multiplicity (n> —2n?((n/k)—1)). Clearly,

T
p((Nrp)1)=4bc <1+Cos<k—+1))(1+cos(2nh)). (13)

Similarly, we have
p((Nkp)2)=p((Nip)1). 14
We also note that each nonzero block of (Nip)3 is the matrix
triyxnll, 2, 11®trizxo[1, 0, []®trigxo[—c?, 0, —b].
By Propositions 4.1 and 4.2, the eigenvalues of (Ngp)3 are
+£2bc(14cosrih)), i=1,2,....n

each of multiplicity ((n/k)—1)* and 0 of multiplicity n> —4n((n/k)—1)?). Clearly,

p((Nkp)3)=2bc(1+4cos(2mh)). (15)

The bound on p(Ny p) now follows from (13)—(15), and the observation that p(Ngp)<p((Nkp)1)+

P((Nkp)2)+p((Nip)3). O
Theorem 4.14

The spectral radius of the block Jacobi iteration matrix obeys the bound

2bc [1 +4 (1 +cos (ﬁ))] (1+cos(2nh))

Pkp<Prp = 5
a?=8be| 1+cos ()| (1-+cos@mh))

X [1 + 01k (;—1 cos(2mh)(2+cos(2mh))— 1):| .

Furthermore, the bound is exact for k=1, that is p;p =p;p.

Proof

By Corollary 4.11, Mp is symmetrizable and positive definite. By Lemma 4.13 Nip is also
symmetrizable. Therefore, (9) may be used, and the bound follows from Lemma 4.13 and
Corollary 4.11.
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Table III. Spectral radii p,p and p;p of the 2-plane and 3-plane iteration matrices, and the bounds p,p
and p3p. For the 2-plane ordering the bound grows tight for large #, but not for the 3-line ordering. We
have taken y=0.5 and 6=0=7n=0.

n P2p P2p P3p P3p
6 0.430 0.521 0.372 0.726
12 0.524 0.554 0.454 0.784
18 0.547 0.561 0.475 0.797
24 0.556 0.564 0.483 0.802
30 0.556 0.565 0.487 0.805
36 0.562 0.566 0.489 0.806
42 0.564 0.566 0.490 0.807

For k=1 we have
Myp=a*l ;5 —4bclp @tri,xnll,2,1]
and
Nip = (triyxn[1, 2, 11®triyxnlc?, 2bc, b1 —dbcl ) @tripy,[1,2, 1].

If X and y denote the dominant eigenvectors of tri,x,[1,2, 1] and triy«n (b2, 2ab, a?], then from
Proposition 4.2 the vector ¥ ® y ®X is both the dominant eigenvector of Nip and the eigenvector
corresponding to the minimal eigenvalue of M;p. The bound is therefore attained in this case. []

The results of Proposition 4.9 and the remark that followed apply to this case in exactly the
same way as in 2D.

Table III shows experimentally the tightness of our bound. In the case k=2, the bound seems
to become arbitrarily tight as 4 — 0. For k=3 (and in fact for k>2 in general) the bound is of
low quality, but the computed spectral radius for k=3 is smaller compared with the one for k =2.
This situation is the same as in 2D.

Comparison of convergence rates (3D)

A bound on the spectral radius of the block Jacobi iteration matrix obtained by applying a 2-plane
ordering to the 19-point 3D cyclically reduced operator (4) is given by [13]

19pt

~19pt
Pap

<Dop =1—(Pr? + L2+ 1+ foHh* +o(h?).

Expanding the results of Theorem 4.14 in a Taylor series gives

pr Pt = 1—<4n +5 )h2+o(h )

and

27pt

~27pt
Pap

<Pyp =1—3F@n* +0H)h*+o(h?).

For the 7-point operator, we have [14]

P =1-Cr+ L+ L2+ L ®n +oh?)
and
Tpt_ ~7
Pap<Dap=1-(GT +30° + &7+ i )h* +o(h?).
We have found experimentally that all the above bounds grow arbitrarily tight as 2z — 0 with
mesh Reynolds numbers held constant. Noting again —log(1+ch?)=ch?>+o0(h?), we construct
Table IV showing the expected relative asymptotic convergence rates, valid for # < 1 and o2 > n°.
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Table IV. Relative asymptotic convergence rates for different combinations of discretization scheme and
grid ordering. The number in row i and column j is the ratio of the asymptotic convergence rate of
method i to method j, using Taylor expansions.

7-pt 1P 7-pt 2P 19-pt 2P 27-pt 1P 27-pt 2P
7-pt 1P 1
7-pt 2P 2 1
19-pt 2P 2.67 1.34 1
27-pt 1P 535 2.67 2 1
27-pt 2P 9.14 4.57 3.42 1.71 1

Table V. Number of block Jacobi iterations it takes to reduce the 2-norm of the relative residual

by a factor of 10™* for constant coefficients. The initial guess is the zero vector. The right-hand

side was constructed so that the solution was a vector of all ones. Results are shown for ¢ =60
in 2D and ¢=30 in 3D, and 1=pu=0.

n=129 n=257 n=>513
(a) 2D
+, 1L 890 3319 12299
+, 2L 450 1664 6154
o, 1L 457 1680 6210
o, 2L 234 845 3109
0, 1L 243 891 3307
0, 2L 127 451 1659
(b) 3D n=17 n=33 n=65
7-pt, 1P 75 287 1098
7-pt, 2P 42 148 554
19-pt, 1P 46 170 643
19-pt, 2P 33 112 416
27-pt, 1P 15 56 208
27-pt, 2P 11 35 125

Computational cost. For the operators we consider, it is straightforward to estimate the compu-
tational cost per iteration. Due to the process of reduction, our cyclically reduced operators entail
a lower computational cost of a single iteration, compared with the other operators. For example,
in the 2D case the new operator is nine point, as is the operator R, in (3), but we work on a grid
with only 1/4 of the unknowns rather than 1/2. In the 3D case our operator has 27 points in its
stencil (as opposed to 19 points that the operator R3 in (4) has) but we solve for only 1/8 of the
unknowns rather than 1/2. Solving for the unknowns that were eliminated in the process entails a
negligible cost, as it involves a small number of diagonal system solves.

5. NUMERICAL EXPERIMENTS

In this section we present an experimental examination of our approach. We show results for block
Jacobi, for which we have carried out a detailed analysis, and then briefly explore the performance
of modern Krylov solvers. Specifically, we apply GMRES, preconditioned with incomplete LU.
All experiments were done using the MatLag. In both 2D and 3D we have looked at three linear
systems arising from discretization of (1), corresponding to the second-order centered difference
discretization, the reduced system arising from cyclic reduction represented by (3) and (4), and
the system arising from our new approach.
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Table VI. Constant coefficient problem: number of iterations for GMRES preconditioned with ILU(0.01)
to bring the norm of the relative residual down to 10~*. ¢=60, t=u=0, with h=1/(n+1).

n=129 n=257 n=513
(a) 2D
1-line
+ 20 46 97
o 11 26 55
0 7 15 34
2-line n=129 n=257 n=513
+ 18 36 76
o 12 27 63
(] 6 14 31
(b) 3D
1-plane n=17 n=33 n=65
7-point 5 9 21
19-point 4 8 16
27-point 2 4 8
2-plane n=17 n=33 n=65
7-point 5 10 21
19-point 4 7 15
27-point 2 4 8

Table VII. Variable coefficient problem: number of iterations for GMRES preconditioned with ILU(0.01)
to bring the norm of the relative residual down by a factor of 1074,

n=129 n=257 n=>513
(a) 2D
1-line
+ 40 65 115
o 18 30 57
0 14 23 42
2-line n=129 n=257 n=513
+ 28 45 85
o 20 37 63
(] 15 25 43
(b) 3D
1-plane n=17 n=33 n=65
7-point 7 12 23
19-point 5 9 14
27-point 3 6 11
2-plane n=17 n=33 n=65
7-point 7 13 24
19-point 5 8 14
27-point 3 6 11

5.1. Test problem 1: constant coefficients

Table V shows the number of iterations required for the convergence of block Jacobi. Then, we
show the results of applying GMRES, preconditioned with ILUTP to each system in turn. A variety
of values of o, T and u were tried, for several different grid sizes. The results of a few of these
experiments are shown in Table VL.

In the tables we use +, ¢, and [, respectively to denote the 5-point operator, the operator R»,
and the new operator, as per the shapes of the corresponding computational molecules.
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The results validate our analysis. The reduced system is solved within approximately half
the number of iterations of the cyclically reduced system represented by operator (4). For
block stationary schemes, the 2-line/plane orderings are provably superior in terms of speed of
convergence, and this is manifested also in the experiments. For GMRES the benefit of using
these orderings in place of lexicographic ordering is less obvious in terms of iteration counts.

5.2. Test problem 2: variable coefficients

We now modify problem (1) so that the vector w is a function of the spatial coordinates. Table VII
shows the results for a 2D circular flow problem, w=20((1/2)—y, (1/2)+x), and for a 3D sink
problem, w=20((1/2)—x,(1/2)—y,(1/2)—z). The results lead to very similar conclusions as
those for the constant coefficient case.

6. CONCLUSIONS

We have introduced new cyclically reduced operators for the discrete convection—diffusion equation
in 2D and 3D. The operators are derived by applying multi-color orderings (2¢ colors in d
dimensions) and assigning different discretizations to different colors, so that an elimination of
all but one color is possible. This results in simple stencils on a cartesian grid: a 9-point operator
in the 2D case and a 27-point operator in the 3D case. The operators maintain the same good
spectral properties that other cyclically reduced operators have, and at the same time, the structure
of their stencil makes them easy to implement. We have analyzed the effect of block orderings in
conjunction with our new operator, and have found improvements in convergence rates.
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