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PRECONDITIONING BY AN EXTENDED MATRIX TECHNIQUE
FOR CONVECTION-DIFFUSION-REACTION EQUATIONS

AURELIAN NICOLA™* and CONSTANTIN POPA*

Abstract. In this paper we consider a preconditioning technique for the ill-
conditioned systems arising from discretisations of nonsymmetric elliptic bound-
ary value problems. The rectangular preconditioning matrix is constructed via
the transfer operators between successive discretization levels of the initial prob-
lem. In this way we get an extended, square, singular, consistent, but mesh in-
dependent well-conditioned linear system. Numerical experiments are presented
for a 2D convection-diffusion-reaction problem.
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1. INTRODUCTION
Let
(1.1) Az* =b

be a linear system of equations, with A an n X n invertible matrix, b € R™ and
x* its unique solution. If A is ill-conditioned a wide class of preconditioning
techniques has been developed in the last 30 years (see [1], [3], [5], [7], [11] and
references therein).

Usually these methods are of the form

(1.2) Az* =b & (PAQ)(Q 'z*) = Pb,

where the n X n invertible matrices P and () are constructed in an appropriate
way which ensures a much smaller or independent on n condition number
for the preconditioned matrix PAQ in (1.2). In this paper we shall consider a
more general preconditioning technique which will include (1.2) as a particular
case. For this, let m > n and S be a full row rank n x m matrix. Then, the
system (1.1) will be transformed as

(1.3) Ai =b,
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with
(1.4) A=S'AS, b= 5.

The m x m matrix A is no more invertible for m > n (because rank(A) = n),
but the system (1.3) is consistent by construction. Moreover, for any solution
# € R™ of (1.3), by multiplying on the left of (1.3) with S we get SS'ASE =
SS'%h < GASE = Gb & A(S%) = b & S% = z*, where G is the n x n
symmetric and positive definite matrix (SPD, for short) defined by

(1.5) G =SS,

and the superscript t denotes the transpose of a matrix. For any square
matrix B we shall denote by o*(B) the set of all its nonzero eigenvalues and
by cond(B) its spectral condition number defined by

(1.6) cond(B) = \/?n?;{g;ee;:((g“g))}]:

With respect to the preconditioning procedure (1.3)-(1.4) we are interested
whether it exists a constant ¢ > 0, independent on n and m such that

(1.7) cond(A) < .

A first answer to this question has been given by M. Griebel in [6]. In this re-
spect, for symmetric elliptic boundary value problems (b.v.p.), he used for the
construction of the preconditioner S in (1.4) the multigrid transfer operators
between successive discretization levels of the initial problem. Unfortunately,
Griebel’s approach essentially uses the symetry of the b.v.p. In this paper, we
extend Griebel’s multilevel preconditioning procedure to nonsymmetric ellip-
tic b.v.p. The paper is organized as follows: in section 2 we describe Griebel’s
preconditioner together with the related results in the case of symmetric eliptic
b.v.p. In section 3 we introduce the general algebraic framework which gives us
the possibility to extend Griebel’s ideas to nonsymmetric b.v.p. and prove that
the preconditioned matrix has a mesh independent condition number (Theo-
rem 1). In section 4 we present numerical experiments with two versions of
our preconditioning technique for a class of 2D convection-diffusion-reaction
problems.

2. GRIEBEL’S MULTILEVEL PRECONDITIONING

In [5] M. Griebel considered the following boundary value problem

Lu=f, on{
(2.1) { u=g, on 0f),

where Q = (0,1)¢, (usually d = 1,2,3) and L is a second order elliptic dif-
ferential operator on 2. The problem (2.1) can be discretized by appropriate
finite differences (see [3]) or finite element techniques (see [7], [9]). In the later
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case we may also suppose that a variational formulation is available in the
following form: find u € U(2) with

(2.2) a(u,v) = (f,v)2, YveV(Q),

where U(Q2), V(Q2) are Hilbert spaces of real valued functions defined on €,
a:U(Q) x V(Q) — R is a bilinear functional, f € L2(2) and (-, )72, - |12
are the L?(12) scalar product and norm. We shall also suppose that the bilinear
functional a is such that the variational formulation (2.2) has a unique solution
u € U(R). In [5] M. Griebel considered a symmetric elliptic b.v.p. of the
form (2.1)—(2.2) for which U(Q) = V() = H}(Q2) and a bilinear, symmetric,
bounded and coercive, i.e.

(23) a(u,v)] <M [ wllggll vl alw,w) > pllulf, Yuove Hy(Q),
2 d 0 2 2
where v [l )= 2 Il g 22 + v l1Ze-
1=

REMARK 2.1. For g = 0 there is a straightforward way to obtain a varia-
tional formulation as (2.2)—(2.3), whereas in the nonhomogeneous case, g # 0,
we may use the approach from Chapter 7 in [7]. O

Let k > 2 be a given integer, ny = (28 — 1)¢ and By = {gogk),...,gog?} a
standard finite element basis (e.g. piecewise d-linear, see [9]). Then the linear
system associated to (2.2) is

(2.4) Ay, = by,
where
25)  (Ap)i; = al@, o), On)i = (F0) e, i =1, .

From the properties of the bilinear functional a it results that the matrix Ay
is SPD. Let now

(2.6) VicVocC---CV,

be a sequence of spaces of piecewise d-linear functions associated to a sequence
of uniform, equidistant, nested grids

(2.7) M CQyC--- CQ,

ng = (29— 1)¢ the dimension of V, ¢ =1,2,... and B, = {gogq), ... ,gogqq)} the
finite element basis in V. Let also Bk C Vi and my, be given by

(2.8) B, =BiUByU---UBy, my =nq+ns+ -+ ng.

The functions from By, are linearly dependent and generate the subspace V.

(@)

Each function @; € Vq C Vg41 has a unique representation as an element of
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Vg+1, of the form

Ng+1
(2.9) P =3 el =1, ng

i=1
We consider the ng41 x ng grid transfer matrix Ig“ given by
(2.10) (18, = cis
and for ¢ = 1,2,...,k — 1 define the n; x n, matrices SZ;” by
(2.11) SE=1p nmy . It
and the ny x my matrix Sy (in block notation)

1
1

| | | |
| | | |
(2.12) Se=| St | sb | | Sy | ,
| | | |
| | | |

1

in which the last ng x n; block is the unit matrix. We then consider the

B = {7, o, o o2, Y v = )

B = { o, 2, 6} v = ()

LR € R ) RN RN ) B € B
Bi = {le)} Vi = sp(By) R I T s R S X i
2 3 3 3 \
PP =05, 4 oY o N
o 1
4
.,oé_) = 0.5.,;:(33) + @23) + 0.5@&3) *"[1” L) ;(33
N
2 5 3 g F < o
oD Z 0555 4 o0 405 e s e
P
9 e L
) @ @ @ L ;
py = 050" + 95" + 0.5¢7 P m=(2-1)
5 i “\-\\g
123 tmyxong, (7Tx3), 0t xn, (3%1) 2 = 3
0.5 0 0
1 0 0
0.5 0.5 0 0.5
B=|o0o 1 o B=11
0 0.5 0.5 0.5
0 0 1
0 0 0.5

Fig. 1. Example of the one-dimensional functions.

preconditioned version of (2.4) (of the form (1.3)—(1.4)) (see Figure 1 for 1D
case and 3 successive level of discretization)

(2.13) Aty = by,

(2.14) Ay = StALS), b = Siby.
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It results that the my x m; matrix Ak is symmetric and positive semidefinite.
M. Griebel proved (see [5] and [6] references therein) that the spectral condi-
tion number of the preconditioned matrix Ay, is mesh independent. He’s proof
is essentially based on the symmetry of Ay (and /Alk) and the fact that the
nk X ni matrix Gy defined as in (1.5), i.e.

(2.15) Gy = SiS},

is spectrally equivalent (see the definition (3.1) in section 3) with the inverse
of the standard discretized Laplacian Ay (5-point stencil, see [7]), which for
picewise finite element basis functions and a variational formulation on H} ()
as (2.2)—(2.3) is defined by

In the next section we shall present an extension of this procedure for non-
symmetric problems as (2.1).

3. THE GENERAL ALGEBRAIC FORMULATION

We shall start the presentation of our extension by a brief replay of some
results related to spectrally equivalent matrices. In this sense we introduce the
following notations: for an n x n SPD matrix A we shall denote by o(A), p(A)
its spectrum and spectral radius and by Apin(A), Amax(A) its smallest and
biggest eigenvalue. For an arbitrary m x n matrix 7', N(T"), R(T") will denote
its null space and range, respectively; the notations (-,-), || - || will be used for
the euclidean scalar product and norm on some vector space RY.

DEFINITION 3.1. For A and B two n xn SPD matrices, we shall say that A
is spectrally equivalent with B if there exist two positive constants oy, ag > 0,
independent on n such that

I~

ATT) < o, Yz € R”, 2 # 0.

(31) (6751 < B,z

—
<

If we write this by A =~ B the following results are known (see e.g. [1, 3, 4]).

PROPOSITION 3.2. (i) The matriz A is spectrally equivalent with B if
and only if for a decomposition of the form B = CC* we have

(3.2) @1 < Amin(CTTAC™) < Apax (CTTAC™) < o,

for some a1, ay independent on n. Moreover, inequalities (3.2) are
independent on the decomposition of B.
(i) If A~ B then B~ A and A~' ~ B™%;

(iii) If A~ B and B~ C, then A~ C.
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REMARK 3.3. Relation (3.2) makes the connection between the spectral
equivalence and preconditioning. Indeed, by taking into account that the
spectral condition number of an SPD matrix T is defined as (see also (1.6))

(3.3) cond(T') = 12?:((;)) ,

from (3.2) it results that, if the matrices A and B are spectrally equivalent,
then B is a “good preconditioner” for A, i.e.

(3.4) cond(C1AC™) < @2

a1’
let us know consider a general (nonsymmetric) system of the form (1.1) and
let M, R be the matrices defined by

(3.5) M=3(A+ A", R=1(A4-AY.
Because
(3.6) M'=M, R*=—-R

it results that both matrices are normal (see e.g. [1]). We shall suppose that
M is positive definite, i.e.
(3.7) (Mx,x) >0, Vo # 0.

]

Our extension of the previous Griebel’s preconditioning procedure is based
on the following assumptions.

Assumption Al. The matrix M is spectrally equivalent with G=! (G from
(1.5) and S as in (1.4)), i.e. there exist the positive constants a1, ag, indepen-
dent on n, such that

(3.8) o < % <ag, Vx € R", x #0.

Assumption A2. It exists a constant 8 > 0, independent on n and m, such
that

(3.9) p(GR) < B.

The following results shows that the preconditioned matrix A from (1.4) is
well-conditioned.

THEOREM 3.4. In the abqve hypothesis and under the assumptions Al and
A2 we have for the matriz A in (1.3)—(1.4)

N antB
(3.10) cond(4) < 2=

For proving Theorem 1 we need two auxiliary results which will be presented
in what follows.

LEMMA 3.5. We have the equality

(3.11) o*(A) = o(GA).
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Proof. Let first A\ € a*(A). Then, for some nonzero vector z we have the
following sequence of equalities, in which the last one shows that A € o(GA).

Az = z = S'ASz = Az = SS'ASz = ASz — GA(Sz) = AS=.

Conversely, let A € 0(GA). Then, A # 0 and for some nonzero vector y
we have GAy = Ay. Using the invertibility of the SPD matrix G we define
w =G 1y #0 and get

GAGw = \Gw <= SS*ASS'w = \SS*w.

Thus, because the application S* : R® —s R™ is injective, the vector z = S*w
will be nonzero and SAz = A\Sz, i.e.

(3.12) Az — Xz € N(9).
On the other hand, from (1.4) we get
Az — Az = S'ASz — \S'w € R(SY),
which together with (3.12) gives us Az — Az = 0, i.e. A € o*(A). O

no]]

LEMMA 3.6. Let G = CC* with C an n x n invertible matriz and A, M,
defined by

(3.13) A=C'AC, M =C'MC, R=C"'RC,
with A, M, R from (3.5). Then
(3.14) Amin(M) > a1, Amax(M) < as.

Proof. Because M (see (3.6)—(3.7)) is SPD, so will be M from (3.13). Then,
by also using Assumption Al we get

v . T,x . Cx,Cx
Amin (M) = min 77557 = min SEER —

; Myy)  _ in Myy) S
21;8 (ClyCly) — 21;8 (G Ty = A1

The proof of the second inequality in (3.14) results by a similar procedure. [

Proof of Theorem 1. According to [3] (Theorem 1), from (3.13)—(3.14) we
obtain
(315)  Amin(A'4) > (Ain(M))?, Amax (A 4) < (Amax(M) + p(R))?.
Moreover, from (3.13) and (3.9) it follows that
(3.16) p(R) = p(C*'RC) = p(CC'R) = p(GR) < B.

Now, by using (3.11) and some well-known properties of the spectrum and
spectral radius of matrices, we successively get

o*(A'A) = 0¥ (SA'SSTAS) = o*(SY(A'GA)S) = 0 (G(A'GA)) =
(3.17)  o(CCYHA'GA)) = o(C*(AGA)C) = o(C*A'CCPAC) = o(ALA).
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Then, from (3.15), (3.17), (1.6), (3.14) and (3.9), we obtain (3.10) and the
proof is complete. U

REMARK 3.7. We have to observe that, beside the specific properties men-
tioned in the above assumptions A1l and A2, our preconditioning method re-
quests only the invertibility of the system matrix in (1.1) and the fact that its
symmetric part is SPD. These properties are fulfilled by a large class of finite
element or finite differences discretizations of elliptic boundary value problems
(b.v.p.), see e.g. [8]). U

4. NUMERICAL EXPERIMENTS

We considered in our experiments the convection-diffusion-reaction problem

(4.1) —Au+y2 +ou = f, in Q= (0,1)2
u =0 on (),

where v € (0, 00) and the right hand side f such that the unique exact solution
is u(z,y) = zy(1 — x)(1 — y)e™ (see [3]). The problem was discretized using
the classical 5-point stencil finite differences on k successive grids. On each
grid, the number of interior nodes is n, = (29— 1)2,q =k, ...,1, such that the
system on the finest level (2.4) has dimension n;. We used in our experiments
two types of intergrid transfer operators, Ig“ and Jg“, q=k—-1,...,1
defined (in stencil notation) by

o 1 1 1 21
1 2 2 1
1 1 1
42 [ =g 1o | =2 42
5 3 0], 12 1],

The preconditioning nj x my matrix Si was constructed as in (2.11)-(2.12)
and the extended preconditioned system and matrix Gy, as in (2.13)-(2.15).
For solving the initial system (2.4) and the preconditioned one (2.13)-(2.14)
we used the CGLS (Conjugate Gradient for Least Squares) algorithm from [1],
with the stopping rules, respectively

(4.3) | Apzy — by || < 1075, || Apdy — by, || < 1076,

The results (number of iterations versus the dimension of the finest grid ny and
the convection coefficient 7 (for the reaction coefficient § = 0)) are presented
in Tables 1-3. We observe in Tables 2-3 the mesh independence behaviour
of the preconditioned system for both choices of intergrid transfer operators,
together with ~-dependence for fixed k and ng. Moreover in Table 4 we can
see that Ay remains a sparse matrix and (because of the mesh independence
of the preconditioning) the computational time for solving the system (2.13)-
(2.14) (constructed with I¢™" from (4.2) is much less, for bigger dimensions,
than for solving the nonpreconditioned one (2.4).
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Table 1. No preconditioning.

/Yy 0 50 100 | 200
225 120 | 109 96 143
961 489 | 342 | 249 | 239

3969 | 1940 | 1290 | 849 | 602

16129 | 7599 | 4737 | 3230 | 2120

Table 2. Preconditioning with I¢™! from (4.2).

mx/v | 0 | 50 | 100 | 200
284 | 25 | 56 | 111 | 274
1245 | 28 | 61 | 109 | 255
5214 | 30 | 60 | 103 | 228

21343 | 33 | 61 | 107 | 214

Table 3. Preconditioning with JZ™* from (4.2).

mi/y | 0 | 50 | 100 | 200
284 | 34|64 | 115 | 295
1245 | 46 | 71 | 116 | 250
5214 | 54 | 71| 114 | 222

21343 | 61 | 71 | 105 | 199

Table 4. Sparsity and computational time (for JIt').

k| ng mi | spa(A) | spa(Ag) | Time(Ag;br) | Time(Ag; by)
3 49 59 9% 19% 0.01 0.03

4| 225 284 2% 6.6% 0.09 0.10

5| 961 1245 0.5% 2.1% 0.73 0.56

6| 3969 | 5214 1.2% 6.8% 10 3.59
7116129 | 21343 | 0.03% 0.2% 204 19

8 | 65025 | 86368 | 0.007% | 0.06% 3370 102

5. CONCLUSIONS AND FURTHER WORK

In this paper we presented an extension of Griebel’s preconditioning tech-
nique from [5], for symmetric elliptic boundary value problems to nonsymmet-
ric problems if the form (4.1). The extension, formulated in Section 3 in a very
general algebraic form is based on the assumptions A1l and A2, which controls
the symmetric and, respectively skew-symmetric part of the system matrix
A. We applied this extension to the (nonsymmetric) boundary value problem
(4.1), using a finite differences discretization and a classical coarsening. We
used the two versions of intergrid transfer operators from (4.2). In both cases,
the results presented in Tables 2 and 3 show a mesh-independence behaviour.
For I ,];’_1 the symmetric part M of Ay is exactly the 5-point stencil Laplacian
Ay (see [3], [7]), thus the assumption Al holds. Unfortunately we have not
yet a similar result for the J,’j_l operators and also for the second assumption
A2, in both cases from (4.2). Work is in progress on this direction.
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