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SUMMARY

We examine the convergence characteristics of iterative methods based on a new preconditioning op-
erator for solving the linear systems arising from discretization and linearization of the steady-state
Navier—Stokes equations. For steady-state problems, we show that the preconditioned problem has an
eigenvalue distribution consisting of a tightly clustered set together with a small number of outliers.
These characteristics are directly correlated with the convergence properties of iterative solvers, with
convergence rates independent of mesh size and only mildly dependent on viscosity. For evolutionary
problems, we show that implicit treatment of the time derivatives leads to systems for which conver-
gence is essentially independent of viscosity. Copyright © 2002 John Wiley & Sons, Ltd.
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1. INTRODUCTION

We study the performance of a preconditioning methodology designed for use with Krylov
subspace iteration to compute the numerical solution of the incompressible Navier—Stokes
equations

ou; — vAu+ (u-grad)u+grad p = f, |
) in € (1)
—diva = 0,
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subject to suitable boundary conditions on 0f2, where (2 is an open bounded domain in R? or
R3, u is the velocity and p is the pressure. The cases « =0 and 1 correspond to steady-state
and evolutionary problems, respectively. In both cases we will consider a non-linear iteration
in which the convection coefficient is lagged but all other terms are treated implicitly. This
is equivalent to the linearization of (1)

o, — vAu + (w - grad)u + grad p = f
—diva =0

(2)

where w is such that divw=0. For steady-state problems, this system arises from a Picard
iteration for (1), for transient problems, we will treat the time derivative using a backward
Euler discretization.

Discretization in space using a div-stable strategy [1] leads to a linear system

(9)0)-6) .

F is a discrete convection—diffusion operator, i.e. it has the form F=wu(1/At)M +vA + N
where A4 is a discrete diffusion operator, NV is a discrete convection operator, M is mass matrix
defined on the velocity space, and B and BT are discrete divergence and gradient operators,
respectively.

Let o/ denote the coefficient matrix of (3). For a preconditioner, we consider an operator

@(/ — (4)

designed to be applied with right orientation. P, ' approximates the action of the inverse of
the discrete convection—diffusion operator F, and P;' approximates the action of the inverse
of the Schur complement operator S =BF ~'BT. In the special case P-=F and P;=S, the

preconditioned matrix is
4 1 0
AL, = -1
' BF 1

use of this preconditioner with GMRES iteration [2] would require precisely two steps to
compute the exact solution [3]. The advantage of this general approach is that, it reduces the
problem of finding preconditioners for (3) to that of finding good techniques defining P
and P '

Since F is a discrete convection—diffusion operator, there is a natural way to define P ':
the action of F~! can be approximated using any appropriate iterative method (for example,
multigrid) for solving the convection—diffusion equation. We will discuss some practical issues
concerning this point in Section 5. In our experience, the choice of the operator P is more
critical, and we simplify our study here by using Pr=F. For Py, the approximation to the
Schur complement, we use

Ps=A4,F,'M, (5)
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Table I. Iteration counts for convergence of the preconditioned GMRES solver.

v

1/20 1/40 1/80 1/160 1/320

MAC finite differences

h=1/16 17 20 24 31 39
1/32 17 21 26 33 43
1/64 16 21 26 34 44
1/128 16 20 26 33 45
P, — P; finite elements

h=1/16 18 21 26 37 62
1/32 17 21 26 33 47
1/64 17 20 25 33 43

where 4, and £, represent discrete approximations to scaled Laplacian and convection—
diffusion operators defined on the pressure space, and M, is the pressure mass matrix. This
idea was first proposed by Kay and Loghin [4] and considered further in Reference [5]. We
refer to the operator of (5) as the F,-preconditioner. This report is a summary and extension
of results described in detail in Reference [6].

2. THE LINEARIZED STEADY-STATE PROBLEM

We begin with some experimental results for solving a linearized version of the driven cavity
problem, in which (2) is posed on 2=(0,1) x (0,1), with f =0, boundary conditions

uy=u;=0, forx=0, x=1o0r y=0

uy=1, u;=0, for y=1

and convection coefficients (or ‘wind”)

[ 22y-D(1—(@2x— 1))
2 - D1 -@y 1))

This choice of the wind, which contains a single recirculation in €2, is used to simulate what
happens in the Picard iteration for the driven cavity problem, where the solution contains
one primary recirculation. We examine two div-stable discretizations, marker-and-cell (MAC)
finite differences [7, 8], and P, — P; finite elements [1] which uses triangular elements with
piecewise quadratic bases for the velocity components and a piecewise linear basis for the
pressure. We discretize (2) in €2 using a uniform mesh of width 4. 4, and F, are defined
on the discrete pressure spaces in the natural way via finite differences for MAC and linear
elements for P, — P,. The mass matrices for the MAC discretization have the form A4%1.
Table I shows the number of iterations required by the preconditioned GMRES solver, for
both discretizations and a variety of values of the mesh size /4 and viscosity parameter v. (All

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2002; 40:333-344



336 H. C. ELMAN, D. J. SILVESTER AND A. J. WATHEN

Residual noms (normalized) for GMRES, MAC discretization, h=1/128 Residual noms {normalized) for GMRES, P2-P1 discretization, h=1/64
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Figure 1. Complete record of ||r¢||2/||roll2 generated by GMRES, for finite differences with 2 =1/128
(left) and P, — P, finite elements with 4= 1/64 (right).

computations were performed using Matlab on a Sun Sparc Ultra 1 computer.) The initial
guess was identically zero, and the stopping criterion was (||7¢|2/||7ol2) <1076, where 74 is the
residual vector. These experiments clearly show that convergence is essentially independent
of the discretization parameter but that there is modest dependence on the viscosity, with
reductions in v (i.e. increases in the Reynolds number) leading to increases in iteration counts.
Figure 1 shows the details of convergence histories for some of these entries, corresponding to
fixed # and varying v. The figures suggest that in fact the asymptotic convergence behaviour of
the GMRES iteration is also independent of v, but that there is a period of slow convergence
in the early stages of the iteration, and this latency period is longer for smaller values of v.

Remark

The behaviour exhibited here is similar to that observed by Kay and Loghin [4] in a wide
variety of examples, including pipe flow, flow past a cylinder, and flow over a backward facing
step. Moreover, although we only consider div-stable discretizations here, the methodology
also applies to stabilized schemes, as long as suitable operators 4, and F, are available for

(5).

We next show that this convergence performance is correlated with the eigenvalues of the
coefficient matrix. Let the preconditioned system be denoted

Ax=f
(so that o/ =2, "), and let the residual associated with an iterate x,, be given by
Vi :f — Xy,
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Eigenvalues for MAC discretization, v=1/80
15 T T T T T T T T T

Cop o Ry Rel), Im)
G116 002942 1 1927 111918
X 132 0029325 1.9058  11.2443
164 0029269 1.9018 112572
O 11128 00293 1901 11.2605

min max

5 T S S S R SR N
Figure 2. Dependence of eigenvalues on mesh size for the MAC discretization, v=1/80.

Assume .o = VAV~ is diagonalizable, and let o(.«Z) denote the set of eigenvalues of .o7.
Recall the standard bound on convergence of GMRES [2]

nll2 <1(V) min - max | (2l [Iroll2 (6)
where the minimum is over all polynomials of degree m taking on the value 1 at the origin,
and k(V)=|/V|2||V ", is the condition number of the matrix of eigenvectors.

To use this result to explain the behaviour of the GMRES iteration, we examine the eigen-
values of the F-preconditioned matrices SP;'. For brevity, we only present the results for
the MAC discretization, the trends for P, — P; finite elements are similar and can be found in
Reference [6]. Figure 2 plots eigenvalues for v=1/80 and four successively refined meshes.
For h=1/16 and 1/32, the figure shows all eigenvalues; for #<1/64 and 1/128, only a subset
consisting of extremal eigenvalues are shown. These data show that the extremal eigenvalues
display no significant dependence on #, indeed, the tabulated results included in the figure
show that the maximum real parts, maximum imaginary parts, and minimum real parts of all
eigenvalues are virtually identical for all four mesh parameters. In addition, for the examples
in which all eigenvalues have been computed (4>1/32), most of them with the exception of
a few outliers lie in a tightly clustered set close to 1. Table II explores these trends further by
identifying the dependence of the outliers on the viscosity parameter v. It shows the extreme
real and imaginary parts, as well as the three next smallest real parts, for #=1/128. We see
that the largest imaginary part is increasing in proportion to v~!, and for small enough v,
the smallest real part is decreasing in proportion to v>. A similar statement applies for the
other small real parts, although the asymptotic behaviour is evident only for somewhat smaller
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Table II. Dependence of eigenvalues on v for the MAC discretization and #=1/128.

v Extremal real and imaginary parts Other small real parts
§R(/l)min %(/l)max %(;L)lnax /12 /13 j.4

1/20 0.2402 1.2017 2.8015 0.2410 0.2411 0.3323
1/40 0.1073 1.5389 5.6224 0.2486 0.2495 0.2553
1/80 0.0293 1.9010 11.2605 0.2444 0.2597 0.2608
1/160 0.0075 2.1265 22.5330 0.0786 0.2635 0.2747
1/320 0.0019 2.3008 45.0749 0.0209 0.0860 0.2158
1/640 0.0005 2.4403 90.1561 0.0053 0.0230 0.1388

Closeup of eigenvalues near real axis, MAC, h=1/32

&)
ot &
* v=1/80
v=1/160
o v=1/320
: Circle, center .8
LSRR radius .5
1t .
o
0 05 1 1.5 2 25

Figure 3. Containment of eigenvalues in a clustered set, MAC discretization, 7= 1/32.

values of v. That is, there are some eigenvalues that are decreasing in proportion to v, but
the set (of indices of eigenvalues) for which this pattern holds appears to be small.

Additional insight is obtained from Figure 3, which shows the clustered eigenvalues in
the case h=1/32 for various values of v. In contrast to Figure 2, the axes here are in
proportion and some of the eigenvalues with large imaginary part are not shown. The circle
centred at (0.8,0) with radius 1/2 represents a domain, determined by inspection, containing
the majority of eigenvalues. Table III continues in this direction by showing how many
eigenvalues lie outside this circle for different values of v, for the two mesh parameters for
which all eigenvalues have been computed. These data indicate that in fact the number of
outliers is small but growing slightly with v=!. The number of eigenvalues with small real
parts (i.e. to the left of the circle) is also increasing as v gets smaller, but quite a bit more
slowly than the total number of outliers.
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Table III. Number of eigenvalues outside circle, for MAC discretization and

h=1/16,1/32.
v No. eigenvalues outside circle No. real eigens left of circle
1/16 1/32 1/16 1/32
1/40 7 7 1 1
1/80 8 8 2 2
1/160 11 12 3 3
1/320 19 21 4 4
1/640 25 29 6 6

These observations can be combined with (6) to explain the convergence behaviour of the
GMRES iteration, the approach is derived from Reference [9]. Let o(.o/)=0.(o/) U go(4)
where o.(s/) denotes the clustered set of eigenvalues of ./ and oy(-of)={4,4s,..., 44}
denotes the set of d outliers. Taking m=d + k in (6), we have

i 2| < DI Ce(A 7
pk%r;:ugg)lpm( )] lgl@%@)ldw( WCi(4)] (7)

o= (-4) (- ) (-9

is the polynomial of degree d whose roots are the outlying eigenvalues contained in gy(.o/),
and C; is any polynomial of degree k satisfying Cr(0)=1. C; can be chosen to be small on
a set & containing o.(.«/) such that

where

Co( )]~ of
)én;g;)l (A~ p

If the enclosing set & is bounded by a circle centred at ¢ with radius » as above, then the
choice Ci(2)=((c — A)/c)* is optimal with respect to L, on & [10, p. 90]. For this choice,
p=r/c, and it follows from (6) and (7) that

p¥llroll2

Iyl <x(V) ma A
(17 ]2 ( )ze@(f&)mﬁd( )

This bound suggests that there will be a latency of d steps before the asymptotic convergence
behaviour is observed. It is also demonstrated in Reference [6] that this is an accurate depiction
of what the GMRES iteration does: the initial stages of the iteration construct the polynomial
¢q and after this, a faster asymptotic convergence rate is seen.

Note that any effects of x(V') are not included in this discussion. We have calculated this
quantity for various choices of 4 and v and found it to have values on the order of 10-103,
but it exhibits no discernible pattern. We also computed eigenvalues of perturbed versions of
<f, which give an indication of the e-pseudospectrum of o/. In these computations, we found
that only certain eigenvalues lying inside the clustered region are sensitive to perturbation,
and the perturbations remain inside the clustered region. This helps explain why the analysis
above characterizes convergence behaviour [8].

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2002; 40:333-344
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Table IV. Average inner iteration counts for Picard iteration, with outer iterations in
parentheses, for 47 =1/64.

v

1/20 1/40 1/80 1/160 1/320
MAC 6.5 (4) 9.0 (5) 11.6 (7) 15.6 (9) 225 (11)
P, — P 6.8 (4) 8.3 (4) 9.6 (5) 13.2 (6) 18.1 (7)

3. PICARD ITERATION FOR THE NON-LINEAR STEADY-STATE PROBLEM

The results above are for a fixed velocity field w in the steady-state Oseen equations (2) where,
in the experiments, w was chosen to resemble the driven cavity flow field. The fixed wind
was used for convenience but it is somewhat artificial, since the structure of the convection
coefficient w in a non-linear iteration will depend on the viscosity v and the stage of the
iteration in which the linearized system (2) appears. We now show the results of some
experiments with the full non-linear Picard iteration

—vAu"™ + (u=Y . grad)u™ + grad p™ = f
“divu™ = 0

(8)

for both discretizations and 4 =1/64.

Table IV shows the average iteration counts required when preconditioned GMRES is
used to solve each linear system arising during the non-linear iteration. For completeness,
the number of Picard iterations is also shown, in parentheses. These tests were run using an
‘inexact’ non-linear iteration (8), with the stopping criterion for the linear solver tied to the
residual of the non-linear system. That is, the linear iteration was stopped at step & when the
linear residual vector r; satisfied

7ell < 02 F(x" D)2

-1
o um=1
P

F(x"=)

where

and

is the non-linear residual. The starting iterates were X =0 for the non-linear system and the
most recent non-linear iterate for the linear system.

These results are consistent with what we observed for a fixed velocity field. In particular,
the dependence on v shown in Table IV is essentially the same as that depicted in Table L.
Similar results are also given in Reference [4]. The lower iteration counts are due to the
less stringent stopping criterion. Further comparison is provided by Figure 4, which shows
the complete convergence histories of the linear solves for one problem, with v=1/160 and

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2002; 40:333-344
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Inner iterations, v=1/160, h=1/64
10 T T T T T T T T

[ N}

-]

107° I L 1 ! ¢ L ! 1
0 2 4 6 8 10 12 14 16 18

Figure 4. Convergence histories of preconditioned GMRES inner iteration for the full Picard itera-
tion with v=1/160, P, — P; discretization, 2 =1/64. The curve labelled ‘i’ shows the residual norms
for the inner iteration at the ith Picard step.

the P, — P, discretization. This data is typical of the results for all the problems. Except in
the first non-linear step, which requires a Stokes solve, there is a latency exactly like that
observed above.

4. TRANSIENT PROBLEMS

We next show that the methodology described in Section 1 is directly applicable to transient
problems (x=1 in (1)), and the sensitivity to viscosity observed for steady-state problems is
eliminated.

For time discretization, we consider the linearized backward Euler scheme

u(m+1) _ u(m) ) I 1
— A~ vAu" ) 4 (u™ . grad)u™ Y + grad p"t) =f

—~divu™ =0

This is a fully implicit discretization except the convection coefficient is evaluated at the
previous time step. It is first-order accurate in time and unconditionally stable [12]. Spatial
discretization then leads to a linear system of the form (3) to be solved at each time step,
where F'=(1/At)M + v4A + N corresponds to discretization of a time-dependent convection—

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2002; 40:333-344
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Table V. Average number of GMRES iterations per linear solve, for integration
of the driven cavity problem from r=0 to 1, with MAC spatial discretization
and various combinations of parameter.

1/40 1/80 1/160 1/320
h=1/32 At=1/8 7.9 8.4 8.6 8.5
1/16 6.4 6.7 6.8 6.6
1/32 4.7 5.0 5.1 5.0
1/64 34 3.5 36 38
h=1/64 At=1/8 8.3 9.3 9.9 10.1
1/16 6.4 74 7.9 8.2
1/32 47 5.5 6.1 6.3
1/64 34 3.8 42 45
h=1/128 At=1/8 7.9 9.4 10.3 10.9
1/16 6.1 7.4 8.6 9.1
1/32 43 5.4 6.4 7.2
1/64 3.0 3.8 44 5.1

diffusion operator.!l As a preconditioner, we use (4) with B-=F and P as in (5), where
F,=(1/At)M, + vA, + N, is defined on the discrete pressure space.

Experimental results for this example are shown in Table V. In all the tests, we integrated
the driven cavity problem from =0 to 1, starting from an initial condition u(x,0)=0. We
used four different time steps, for several values of v and the discretization mesh size 4. The
MAC spatial discretization was used; similar results for P, — P; finite elements were shown
in Reference [5]. The table shows the average number of iterations for these inner solves,
taken over all time steps. A stringent stopping criterion (||7¢|2/||7ol2) <1076 was used for
every linear system solve. We did not examine accuracy with respect to the spatial or time
discretizations.

The main observation to be made from these data is the reduced dependence on viscosity
of performance of the linear solves. One way to see this clearly is to view the data across
the diagonal in the table corresponding to #=1/128. Here, the influence of spatial accuracy
is minimal and Af is reduced in proportion to v. In this case, the iteration counts are then
independent of v. An analogous conclusion is reached if At is fixed and the horizontal rows
are considered, as long as the time step is small enough. We do note that there now appears
to be some new dependence on the discretization mesh size not seen previously; however,
the spatial dependence is actually less pronounced as the mesh is refined and our speculation
is that the asymptotic behaviour as #— 0 will not depend on 4.

IMany other time discretizations, for example, variants of the Crank—Nicolson scheme [12], lead to such systems.
Our only goal is to demonstrate the general utility of the preconditioning methodology and we will not examine
any issues relating to time discretization here.
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5. PRACTICAL IMPLEMENTATION

We conclude by discussing some issues that would arise in a practical implementation of these
ideas. First, a precise specification of the preconditioner Ps of (5) requires that boundary con-
ditions be defined for the discrete operators 4, and F,. For the case of an enclosed flow
with specified velocity conditions on 0f), the discrete Schur complement operator BF~!BT
is conventionally associated with a Neumann operator for the pressure field, see Reference
[5]. This means that 4, and F, should correspond to discrete elliptic problems with a stan-
dard Neumann boundary condition. In the case of a boundary segment with standard outflow
boundary conditions, the Schur complement S (and its preconditioner Ps) must be defined
with Dirichlet data for the pressure on that part of the boundary in order to ensure that
the preconditioning operator is elliptic over the pressure solution space. See Reference [13,
pp. S0-51], [14, pp. 36—43] for further discussion of these points.

Next, we discuss the algorithmic requirements of using the ideas presented here. As we
observed in Section 1, one requirement is an efficient method for solving (or approximating
the solution to) the convection—diffusion equation. Similarly, B! =M, 'F,A;", which means
that applying this operator requires a Poisson solve (for 4, 1) and the solution of a system
of equations with the mass matrix (for Mp‘1 ). The latter computation has negligible cost, and
fast algorithms such as multigrid or domain decomposition can be used for the convection—
diffusion and Poisson solves. Kay and Loghin [4] showed that use of such inner iterations for
steady-state problems leads to performance consistent with that of the ‘exact’ preconditioner.
For evolutionary problems, the presence of the mass matrix in F will make the resulting
convection—diffusion subproblems easier to handle. Besides these requirements, the only others
entail efficient implementation of the operations used by Krylov subspace solvers such as
matrix—vector products and inner products. The key point is that a complete solver with low
cost per iteration can be constructed in a modular fashion using more basic building blocks
designed for the subsidiary computations. Finally, although we have restricted our attention
to GMRES for the Krylov subspace method, we expect other solvers to perform well also.
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