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1. INTRODUCTION

Incomplete factorization preconditioners such as ILU and MILU are robust tech-
niques for solving linear systems, and they are well-known to be very effective for
M-matrices, discrete analalog of the Laplace operator. However they are difficult to
parallelize efficiently. Various techniques have been developed to parallelize these
preconditioners, such as multi-colour ordering and subdomain partitioning. In this
paper, we consider the standard central finite differences for the Poisson equation
Au = f, and focus on a diagonal ordering that naturally enables parallel computa-
tions.

Consider the standard 5-point finite difference method for solving the Poisson
equation —Au = f

—Uit1,j — Wil + AU — Uij—1 — Ui—1
h2

= fi,j-

The variables [u;;] form a linear system Au = f. The matrix A, which is a
discretization of the negative Laplace operator, satisfy many useful properties: its
diagonal elements are all positive, its off-diagonal elements are all negative, and it
is symmetric positive definite and diagonally dominant. In short, it is an M-matrix
and its ILU factorization is guranteed to exist ? |. We take the standard lexico-
graphic ordering for the variables as depicted in the left picture of figure ?7. With
the ordering and the regular stencil structure of the finite difference method, the
ILU preconditioner for the matrix takes a simple form M = (L + D) D~ (D + U),
where L and U are the stric lower and upper triangular matrices of A and D is a
diagonal matrix that is determined as

D = DO
for (Za]) - (17 1) ) (L 2) PN (imaxajmax)
2
Dty i+19) = Diatrayrra) = (Awria), /D)
D ), g+1) = D), (ig+1) = (A ia+n) /Diig)ii,
where Dy is the diagonal matrix of A and the index increases in the lexicographic
ordering ? ? ]. Consider the ILU preconditioned conjugate gradient method, one of

the most efficient ways to solve generic Poisson problems together with multi-grid
method ? |.
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| memory accusess | arithematic operations | total |

inner product (r - z) 2N3 2N3 4N3
matrix-by-vector multiplication (Ap) 15N3 13N3 28N3
vector linear sum (z + 8p) 2N3 2N3 4N3
preconditioning (Mflr) 18N3 16N3 34N3

TABLE 1. Operation counts of the PCG routine in N3 grid

u:=0,r:=f z:=M1r p:==z

Until 7 - z is small enough
old .

a:=r-z/p-Ap, rz°% =12
U:=u-+ap

r:=r—adp

z:=M1r

Bi=r1-z/rz

pi=2z+pp

One iteration spends one inner product, one matrix-by-vector multiplication,
three vector linear summations, and one preconditioning. All the calculations but
the preconditioing are trivial to parallelize, and the preconditioning consumes the
largest of computation time, as shown in table ?7.

The preconditioner M = (I + LD*I) (D +VU) is the product of a lower trian-
gular matrix and a upper triangular matrix, and the preconditioning z := M ~1r is
implemented by forward substitution followed by backward substitution. In either
sustitution, the vector elements are sequentially updated following their ordering,
thus its direct parallelization is not possible in the general setting. Using the
specific stencil structure of the finite difference method, however, its parallization
becomes possible. We introduce a simple and efficient parallelization algorithm of
the preconditioning in the next section.

2. METHOD

With the lexicographic ordering, the support of the lower triangular matrix
(I + LD*I) is the two points to lower left direction and that of the upper triangular
matrix (D + U) is the other two points to upper right direction, as depicted in figure
??. The forward substitution of the lower triangular matrix updates grid nodes in
the increasing lexicographic ordering, so that a grid node should be updated after
all the grid nodes with smaller indices.

The two orderings in figure 77 are equivalent to the forward substitution, because
each grid node is updated after its two neighboring to lower left direction. Notably
in the diagonal ordering the grid nodes of each group are indenpendent to each
other according to the binary relation defined by the graph of the matrix, and can
be updated in parallel.

e things to say :

e diagonal groups vary in sizes

e many forks and merging in multi-threading
e in 3d the shape is hexagon

e not restricted to rectangular domains,
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FIGURE 2.1. stencil points of the matrices A(left),
(I +LD~*)(middle), and (D + U)(right)

FIGURE 2.2. the lexicographic ordering and a digonal-scan ordering

In three dimensions, the Poisson equation —Awu = f is approximated by the stan-
dard 7-point finite difference equation,

—Ui—1,5,k — Wi j—1,k — Ui 5,k—1 + 6 A
z! 9
“Uig1 5k — Witk — Uikt o
2 = fijk-

We assume the Dirichlet boundary condition, so that the value of ;1 is given
whenever each index i, j, k is zero or the maximum of the index. In the lexicographic
ordering, the forward substitution precedes as the following iterations.

for i =1:imax
for j =1: jmazx
for k=1: kmax
WUj, 5.k = f (Ui,j,k, Ui—1,5,ks Wi, j—1,k, Ui,j,k+1)

As in two dimensions, we group grid nodes (i, 7, k) by their index sum i + j + k,
and perform the forward substitution in the following iterations.

for s = 3 : imax + jmaz + kmax
for each (7,4, k) such that i +j+k=3s
Wijk = f (ui,j,k, Ui—1,5,k> Wi j—1,k; Ui,j,k+1)
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F1GURE 2.3. diagonal ordering for three dimensional grid

Lemma 1. The Gauss-Seidel updates in the lexicographic and diagonal ordering
are equivalent.

Proof. Note that each iteration visits every grid node, and once for each. We prove
it by mathematical indeuction on the sum. When the sum s = 3, u111 is updated
from its value and given boundary values, so the calculations in both orderings are
the same. Assume that the argument is true with index sum s. Now consider a
grid index (%, j,k) with ¢ + j + k = s + 1. The update of u;j; depends on itself,
which is not updated yet, and the three grid nodes whose index sum is s. By the
assumption, all the arguments of the update function are the same, and the update
of u;, are the same. Since the index is arbitrary with index sum s+1, the argument
is true for the index sum s + 1.

O

2.1. Irregular domain. The parallel implementaion of ILU preconditioner is not
restricted to rectangular domains. As depicted in figure 7?7, the diagonal ordering
and grouping is taken to all the grid nodes while grid nodes inside the domain are
maked black. In the process of forward and backward subtitutions, only marked
nodes are updated in parallel. Since marked nodes are irregularly distributed, it is
not a simple matter how to divide the band into several subbands of equal workload
for parallel process. We simply divide the band into equally sized subbands. Surely
the efficiency depends on the diagonal alignment of the domain. Since the Laplace
operator is rotational invariant, we may take diagonal or anti-diagonal ordering
depending on the shape of the irregular domain.

3. EXAMPLES

3.1. Dirichlet boundary condition. domain :{(x, y,2) e [-1L1° Va2 + 2 + 22 < .7}

2 2
—xr—z

exact solution : u (x,y, z) = sin (x) cos (y) e
weight : w (z,y,2) =1+ %sin(ererz)
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FIGURE 2.4. Grid nodes inside the domain are marked black, and
the nodes outside white. The parallelization efficiency depends on
the diagonal alignment of the domain.

we solve —V - (wVu) = f with Dirichlet boundary condition on the domain.
PCG routine is iterated until the convergence criteria r™ - 2™ < 1071470 . 20,
’ grid \ LT error \ order \ L™ error \ order \ iteration ‘
25% | 1.25 x 1073 4.59 x 1074 17
503 [3.29 x 10~% | 1.92 | 1.05 x 10~* | 2.12 33
100% | 7.53 x 107° | 2.12 [ 2.63 x 1077 | 1.99 60

2003 [ 1.95 x 107° [ 1.95 [ 6.48 x 1075 | 2.02 107

PC Cluster
# of threads | 1 2 3 4 1 2 4 8 16
run time 86.9 | 53.7 | 48.2 | 42.7 || 154 | 77.2 | 40.1 | 23.2 | 15.6
speed up 1 |1.62|1.80|2.03 1 [1.99|3.82|6.61]|09.85

3.2. Neumann boundary condition. We solve —Au = f in a circular domain

of center (0,0) and radius 3. The exact solution is taken as u = (r? — i)s , and the
right hand side is taken accordingly. PCG routine is iterated until the convergence
criteria r™-z" < 10~ 70.29, The linear system of the Neumann boundary condition
is nonsingular with one dimensional kernel. We solve the linear system on the vector
space of sum zero which elliminates the Kernel thus guaranteeing a unique solution.

| grid | L' error [order [ L™ error [ order [ iteration |

253 [2.14x 1073 6.85 x 104 24
50 [ 4.33x10°%] 230 [ 1.82x 107% ] 1.91 62
1003 [ 8.98 x 10~° | 2.27 [3.59 x 10~ ° | 2.34 63
200% [2.40 x 107° | 1.90 [9.27 x 1075 | 1.95 08
PC Cluster

# of threads | 1 2 3 4 1 2 4 8 16
run time 82.0 | 51.4 | 46.2 | 41.1 || 154 | 74.2 | 38.0 | 21.9 | 144
speed up 1 | 1591771200 1 |2.07]4.05]7.03]|10.7
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