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1. Introduction

We develop an iterative solution technique for solving Stokes flow problems with smooth
and discontinuous viscosity structures using a three dimensional, staggered grid finite
difference discretization. Two preconditioned iterative methodologies are applied to the
saddle point arising from the discrete Stokes problem. They consist of a velocity-pressure
coupled approach (FC) and a decoupled, Schur complement approach (SC). Within both of
these methods, we utilize either the scaled BFBt, or an identity matrix scaled by the local
cell viscosity (LV) to define a preconditioner for the Schur complement. Additionally, we
propose to use a mixed precision Krylov kernel to improve the convergence by reducing
round-off error. In this approach, standard double precision is used during the application
of the preconditioner, whilst higher precision arithmetic is used to define the matrix vector
product, dot products and norms required by the Krylov method. In our Krylov kernel, we
utilize quad precision arithmetic which is emulated via the double-double precision
method. We consider several simplified geodynamic problems with a viscosity contrast
to demonstrate the robustness and scalability of our solution methods. Through a careful
choice of stopping conditions, we are able to quantitatively compare the residuals between
the SC and FC approaches. We examine the trade-off relationship between the number of
outer iterations required for convergence, and the computational cost per iteration, for the
each solution methods. We find that it is advantageous to use the FC approach utilizing
relaxed tolerances for solution of the sub-problems, combined with the LV preconditioner.
We also observed that in general, the SC approach is more robust than FC and that BFBt is
more robust than LV when used in our numerical experimental. In addition, our mixed pre-
cision method produces improved convergence rates of Arnoldi type Krylov subspace
methods without a drastic increasing the computational time. The usage of a high precision
Krylov kernel is found to be useful for the solver associated with the velocity sub-problem.

© 2011 Elsevier Inc. All rights reserved.

The development of an efficient and robust Stokes flow solver for problems with large and discontinuous viscosity
contrasts Ay, is an interesting challenge in computational mathematics. One of the main applications of this problem is
the study of the long time scale dynamics of the Earth’s convecting mantle, and the formation and subsequent evolution
of plate tectonics. Such processes can be suitably described via Stokes equations as rocks intrinsically possess a strongly tem-
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perature-dependent viscosity and also a high absolute viscosity (10'°-10%2 Pa s), thereby allowing the infinite Prandtl num-
ber approximation to be made [1].

Robustness and scalability of a solver with respect to large Az is important for treating realistic problems in geodynam-
ical modeling. For example, a large viscosity contrast is expected between the upper mantle and the tectonic plates as a first-
order approximation to their rheology [2]. Another example arises in the treatment of a free surface by the sticky air (i.e. very
low viscosity, low density material) method (e.g. [3]). Here the large viscosity contrast will occur over one to several grid
cells, if the boundary interface is represented, for example, by a low diffusion advection scheme [4,5]. Furthermore, the mod-
eling of the mantle dynamics with a temperature, pressure and strain-rate (or stress) dependent viscosity [6,7], can produce
viscosity contrasts up to 0(10%) over a very narrow zone.

In earlier studies, several groups have reported the development of their own Stokes flow solver for the mantle convection
problem (e.g. [8-19]). Nevertheless, despite these progresses it still remains a challenging problem to handle locally and
highly varying viscosity structures in three dimensions using an efficient, scalable (e.g. multigrid) iterative solution tech-
nique, which is necessary to solve three dimensional problems with very high grid resolution.

In this study, we design and investigate an iterative Stokes flow solver which can handle problems with the extremely
large contrast in viscosity in three dimensions. Our strategy is based on two key techniques: the pressure Schur complement
and mixed precision arithmetic.

The Schur complement has been used to solve the Stokes saddle point problem in mantle convection simulations. For
example, SIMPLE(R) like methods [12,13,20] use an approximate solution of the Schur complement as a part of their iteration
process to derive the pressure corrections. In general, the convergence of solution obtained using this type of Schur comple-
ment approach degrades with increasing viscosity contrast. In the solution strategy used here, the Schur complement ap-
pears in the pressure-velocity coupled or decoupled approaches used to solve the saddle point problem, and is solved
with a preconditioned Krylov subspace method. Recently two types of Schur complement preconditioners, scaled BFBt
[21-24] and weighted mass matrix preconditioner [18,25-27], are argued to be an effective approach for strongly variable
viscosity problems. Numerical experiments from earlier studies, for example [18,21,23,27], have demonstrated the perfor-
mance of various preconditioning methods including one of them for the variable viscosity problems, typically using a finite
element discretization. Here, we have implemented these two preconditioning techniques, and analyzed their performance
with respect to viscosity contrast using the finite difference discretization on a staggered grid in three dimensions.

Using idealized model setups which are characteristic of geodynamic applications, we performed a number of numerical
experiments in which we compare (i) coupled vs. decoupled solution strategies for solving the saddle point problem, and (ii)
the strength of two different Schur complement preconditioners. The model problems represent two classes of viscosity
structure, namely discontinuous structures (i.e. localized contrast ~0(10°)) and diffuse structures which have any enormous
contrast ~0(10'2) over the whole domain. By examining a wide range of solver/preconditioning strategies for these two clas-
ses of viscosity structure, our performance analysis and comparison provides a guide as to which technique may prove ben-
eficial to use with future model setups. Choosing a suitable method is not always straightforward without understanding the
robustness of the approach. For instance, it is not always clear where the cross over point is between methods which require
many iterations but the cost per iteration is cheap, versus a method which requires few iterations which are expensive.

In addition, we partially incorporated high precision arithmetic into Krylov subspace method to improve the convergence
behavior. We are especially interested in applying this technique to Krylov methods preconditioned with geometric multi-
grid, which are used to solve the momentum equation. Here, the double-double precision algorithms proposed by Bailey
[28] are employed to emulate quad precision arithmetic using a pair of double precision values [29].

All the solution methods presented here are specifically designed for vector processing machine especially for the Earth
Simulator 2 (based on the NEC SX-9). Although the numerical experiments were performed on a vector machine, the perfor-
mance analysis of this study is expected to show similar general trends if implemented on a scalar CPU architecture.

In the following section, we explain the Stokes flow model and the spatial discretization used throughout in this study. In
Section 3, we will introduce our solver design for the saddle point problem and describe the preconditioners used for the
Schur complement, and sub-problems of the Stokes flow system. The mixed precision strategy for double-double precision
is given in Section 4. The numerical experiments for Stokes solvers and sub-problem solvers are provided in the Section 5.
Finally, in Section 6, we provide concluding remarks.

2. Stokes flow problem

We solve for Stokes flow given by the momentum equation,

_O0t  op O, (0w Ou\) Op .
an + OXi - (9Xj n OXi + DXJ' + OXi _fh (1)
and continuity equation
_ 8u,- _ h, (2)
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in a three dimensional Cartesian geometry, where u is the velocity vector with u; in ith direction (i = 1, 2, 3 in three dimen-
sions) and p is the pressure. The variables, #, 7;; and f are viscosity, deviatoric stress and body force respectively. We impose
the ‘free-slip’ (i.e. u; = 0, du;.;/x; = 0 on the wall normal to ith direction) or ‘no-slip’ (i.e. u; = 0 on the wall) boundary condi-
tions. The linear (arithmetic) mean method was used for averaging viscosity to calculate the shear stress components. In our
work, we only consider incompressible flow in which h = 0, however for completeness we leave h in the continuity equation
throughout this paper. In addition, we only consider a linear (Newtonian) constitutive equation: i.e. 7 is independent of u and
p.
We apply the finite difference discretization to (1) and (2) on a staggered grid with a size of n = Nx x Ny x Nz. The total
number of velocity unknowns is denoted by m. The discretization of (1) and (2) gives a system of linear equations

(5 2)(2) ()5

where u € R™ is the discrete velocity vector, p € R" is the discrete pressure solution, K € R™™ is a positive definite matrix
for the gradient of the deviatoric stress term, G € R™" and D € R™™ provide the discretized pressure gradient and diver-
gence of velocity respectively. In this study, we only investigate the case when the grid spacing is constant, i.e. dx = dy = dz.
Under these conditions, D = GT is satisfied in the finite difference discretization, and the matrix A is symmetric. When the
large contrast of matrix elements is caused by a large A, the matrix K becomes ill-conditioned.

3. Solver design

In this section, we will explain the examined solution techniques and the interplay between them, which are schemat-
ically summarized in Fig. 1.

3.1. Solution of the saddle point problem

We consider two general solution approaches to treat saddle point problems: they are the so-called decoupled (segre-
gated) and fully coupled (all at once) approaches. These approaches involve the solution of simpler sub-problems for the
velocity and pressure.
3.1.1. Decoupled Schur complement reduction approach (SC)

We employ Schur complement reduction (SC) to obtain a pressure equation, which is decoupled from the momentum
equation [30,31]. In order to decouple the systems (3) is rewritten as,

(I—cx ?)(lé g)(;):(g fs)(Z)—(f_h) (4)

—  Outer solver —

FC approach SC approach
Krylov kernel for 4™ Krylov kernel for S™'
with S =DK'G

4y
:

LV preconditioner BFBt preconditioner

. or R
S =nl, S =L'G'KGL

v

— Inner solver for L' —

— Inner solver for K —

Krylov kernel for K™ Krylov kernel for L
GMG pre-conditioner GMG pre-conditioner
with Jacobi like smoother with Jacobi like smoother

Fig. 1. Overview of total solver design of Section 3. For the sake of simplicity, only the symbolic operations are written for each module.
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where the Schur complement given by

S=GK'Gexr™, ()
which is positive semi-definite, and

h=G'K'f —h. (6)
In the SC method, we first solve decoupled matrix problem for the pressure

Sp=h. (7)

by the preconditioned Krylov subspace method.

As for the choice of the Krylov subspace method to solve (7), we employ the Arnoldi based method GCR (Generalized Con-
jugate Residual). This choice comes from the work by May and Moresi [21], in which Arnoldi type GMRES (Generalized Min-
imum Residual) method was demonstrated as a suitable Krylov method in comparison to Lanczos type CG (Conjugate
Gradient) method for finite element discretizations when the system was solved using SC. We can expect a similar behavior
when Arnoldi based methods are applied to the finite difference discretization used here.

The preconditioning strategy for Schur complement S is discussed in more detail in Section 3.2.

The Krylov subspace method to solve (7) requires a matrix-vector product of the Schur complement y = Sx:
(x € R",y € R") to compute a Krylov subspace K(S,r,) = Span(ro, Sro, S*ro,...,S"'ro), where ro = h— Sp,- Here, the explicit
construction of S is expensive, since it includes the inverse matrix K~'. Thus, it is preferable to calculate the matrix-vector
in a matrix-free manner by the following three steps:

compute f* = Gx, (8)
solve  Ku" =f*, 9)
compute y=G'u". (10)

We have also solved (9) in an iterative manner. This implies that the solve used in (7) includes the solve in (9). In this study,
we refer to the solver in (7) as the ‘outer solver’ of the SC approach, and that used in (9) as the ‘inner solver’. After solving for
the pressure in (7), the velocity is obtained via solving

Ku = f — Gp. (11)
The cost of obtaining an accurate velocity solution by (11) is expensive, especially for problems with a large viscosity con-

trast. We therefore update the velocity u at each iteration of the outer solver for Eq. (7), to find a good initial guess for the
velocity to be used when we solve (11) iteratively [32]. We update the pressure in the outer solve at the Nth iteration by

Pni1 =Dy + P (12)
Following this step, we update the velocity solution via

un.1 = K'f —K7'G(py + op), (13)

= uy — K'Gop. (14)

In this calculation, it is not necessary to solve an additional matrix problem. The second term K~'Gdp of (14) is obtained dur-
ing an auxiliary step required to evaluate the matrix-vector product of S (see Egs. (8) (9)) which is required by the outer
solver. Although we still need to solve (11) after we obtain a pressure solution, this technique can provide a good initial guess
for the velocity, thereby decreasing the number of iterations required for convergence and thus reducing the CPU time
required.

3.1.2. Fully coupled preconditioned approach (FC)

In fully coupled approach (FC), the solution is obtained by updating the velocity and pressure simultaneously with a Kry-
lov subspace method applied directly to (3). In this study, we refer this process as an ‘outer solver’ of the FC approach. As for
the preconditioner, we apply right preconditioning to (3),

AA'j=b, X=Ay (15)
with the block upper triangular preconditioner,
-~ K G
A= ~ ], 16
(0 -S ) (16)

where S is the preconditioner for S. The action of the preconditioning,

) =() @
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is obtained as follows:
compute z, = -5, (18
solve Kz, =1, — Gz,. (19)

In practice, the solution of the sub-problem in (19) is obtained using the same inner solver employed by the SC method.
3.2. Preconditioner for S

The performance of both the SC and FC approaches to solve Stokes flow problems with variable viscosity, are sensitive to
the approximation of the Schur complement used. Recently, two methods have been demonstrated to be efficient precon-
ditioning strategies for the Schur complement for problems with highly varying viscosity. We discuss these methods in
the following sections.

3.2.1. Scaled BFBt preconditioner for outer solver (BFBt)

From an algebraic point of view, developing preconditioners for the Schur complement S is difficult because of the inverse
matrix K~ placed between the rectangular operators G’ and G. Elman et al. [24] therefore proposed an approximation con-
sisting of two square matrices given by

S~S=G"cK," =LK, (20)
where K, € ®"™" is an operator defined in the discrete pressure space satisfying
Z=KG-GK, =0, (21)

where L = (G'G) € R™" is the discrete Laplacian, defined on the pressure space. Now the inverse operation of Sis simply
obtained in a square matrix manner by

ST=K,L " (22)

In general, it is difficult to find the operator K, which exactly satisfies Z=0 in (18). This is the reason why S is only an
approximation of S in (17). According to the least commutator approximation [23], the operator K} is chosen to satisfy
the normal equation for GK, of (21)

G'KG - (G'G)K,, = 0, (23)
so as to minimize the Frobenius norm ||Z||r. The relation (23) gives

K, = (G'G)'G'KG = L"'G"KG. (24)
Consequently combining (22) and (24), the BFBt preconditioner proposed by Elman [22]

ST=K,L'=L'G'KGL ", (25)

is obtained.
The matrix-vector product z = S-1r of this preconditioner is calculated by the following procedure:

solve: [Z=r, (26)
compute : t; = Gz, (27)
compute : ¢, = Kty, (28)
compute: Z=G't,, (29)
solve: [z =2, (30)

These processes require the solution of two Poisson like sub-problems for z and z. The effectiveness of the BFBt precondition-
er (25) is known to depend on the size of the commutator Z. In practice, we observe that if the problem has a spatially
smoothed viscosity structure, Z will be close to the zero, and using the preconditioner defined by Eq. (25) is robust. On
the other hand, for a problem with a highly varying viscosity structure we find Z # 0, and the resulting preconditioner from
Eq. (25) was frequently observed to yield slow convergence.

In order to improve the convergence for a non-smooth viscosity structures, we apply a symmetric block diagonal scaling,

(xulkqu xulcxpT) (xgu) <1<s Gs> <x§u> (xulf) 1)
1 -T T = T = -1 )

X, GX,” 0 X,p G 0 Xpp X, h

where X, € ®™™ and X, € ®™" are the scaling matrixes for velocity and pressure fields respectively. The scaling matrix X, is
used to normalize K, and is expressed in a diagonal matrix form
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X, = diag(), t= /mjax([K]”), tewm, (32)

where [ - ];; denotes the matrix element. As for a scaling matrix for the pressure X,, we consider to normalize L € ®™". This
provides constant diagonal elements

X, = diag(Q). al—;\j (Z [&J]Z) €8). gew 33)

J

where g; = max,([G],J).

With these diagonal scaling matrices, the scaled operator of L™ is defined by

L' =X,'DX,'X,'GX,".

According to May and Moresi [21], row/column scaling of the relation (31) with the diagonal matrix (32) and (33) is found
to be quite useful to reduce the commutation Z, even for the problems with strong viscosity variations. This fact is also con-
firmed in our numerical experiments using finite difference discretization (see Section 5).

3.2.2. Local viscosity diagonal matrix preconditioner (LV)

For the Stokes flow problem with a constant viscosity equal to one, it is well known that the Schur complement is spec-
trally equivalent to the identity operator on the pressure space I, therefore S= I, is regarded as a suitable choice for the
preconditioner. In the case of a spatially variable viscosity, the choice is no longer appropriate because of the increase of
the condition number of S-S [25,26] and thus is not a suitable preconditioner to use.

In the context of finite elements, in [26] it was proven that the

S = diag(i7)"'M, (34)

is spectrally equivalent to the Schur complement, and clustering of the eigenvalues of S-1Swas numerically demonstrated by
using this preconditioner. Here M, is the pressure mass matrix and for simplicity we assume that the viscosity is piece wise
constant over each element, thus diag(#}) corresponds to a diagonal matrix of element defined viscosities. Some of the recent
solution methods for the Stokes flow problem employ this type preconditioning scheme and demonstrate that Eq. (34) pro-
duces robust convergence for the problems with variable viscosity (e.g. [6,18,19,25,26]).

Here we adapt Eq. (34) to finite difference discretizations. This is readily achieved since the finite difference analog of the
mass matrix M, is the identity matrix I,. The finite difference form of (34) is

S =diag() ', feR, (35)

where diag(#) is a diagonal matrix with each entry corresponding to viscosity defined at the pressure node, which in our
discretization is the cell viscosity. Since the operators in (35) are all diagonal, we define

ST =i, (36)

which we refer to as a local viscosity (LV) Schur complement preconditioner.

Compared with the BFBt preconditioner, the action of the preconditioner (36) does not require the solution of two sub-
problems involving L. Therefore, the LV preconditioning has an advantage in saving memory and computational cost per iter-
ation loop compared to the BFBt preconditioner.

3.3. Inner solver for K~'

Here, we explain the solution method for the sub-problems involving K (or Ks) in (9), (11) and (19), which appear during
each iteration of SC or FC. These systems are iteratively solved by a preconditioned Krylov subspace method. The choice of
Krylov method and the details pertaining to the preconditioner we use are explained below.

3.3.1. Multigrid preconditioning for K~

For the purpose of dealing with high resolution meshes, a multigrid technique is employed as the preconditioner for the
inner solver. Multigrid methods provide an optimal method for elliptic problems, because they ideally exhibit mesh indepen-
dent convergence behavior.

The problem domains we consider can be defined via a cube, thus we can discretize our domain using a structured grid.
Due to the geometric simplicity of our model, we employ a standard geometric multigrid (GMG) technique for staggered grid
schemes [33]. In the GMG method, the transfer operators (restriction and interpolation) between the fine and coarse grids
are defined using trilinear interpolation. Our coarse grid operators are defined by re-discretizing Stokes equations on each
coarser grid level. To define the coarse grid viscosity, we first evaluate the viscous law on the finest grid, and then use tri-
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linear interpolation to restrict the fine grid viscosity onto the next coarsest grid. The restriction of the viscosity field onto the
coarse grids is applied recursively.

As for the cycling scheme of the multigrid method, we use V-cycle. Other cycling strategies (e.g. F or W cycle), may pro-
vide more robust and accurate solutions (e.g. [10,12-14]) for particular problems. From the point of using GMG as a fast pre-
conditioning operation, we decided to only employ one V-cycle of multigrid per Krylov iteration.

The multigrid levels [ are defined from the finest grid level I, to the coarsest grid level I, = 1. The number of the grid
levels I;op is chosen to satisfy (Nx); x (Ny); x (Nz); < 64 where (-); denotes the size at the (I,,; = 1)th grid level in each direc-
tion. The number of pre-and post-smoothing iterations applied on each grid level during one V-cycle are given by 2 x N(I)
and Ni(l), respectively at grid level I, where Ni(l) = Nx x 2!~ In this study, we use N = 20.

One of the well-known difficulties of the GMG preconditioner is for the problems with discontinuous coefficients. The
error component regarding the discontinuous coefficients also has a discontinuous character, which is typically not sensitive
to the geometrically smooth corrections given by GMG preconditioning. In addition, such an error is slow to converge by
simple smoothing methods (e.g. Jacobi or SOR type relaxation) in the direction of weakly coupling of matrix form. In practice,
when the simple GMG preconditioner is applied to problems containing a jump in viscosity, the interplay between correc-
tions from coarse grid solution and smoothing sometimes fail to reduce the error residual. Under such conditions, this may
result in the residual stagnating, or in the worst case, breakdown of calculation due to residual divergence [15]. In this study,
we minimize these problems by only using GMG as a preconditioner for a robust Krylov method, rather than as a standalone
solver.

Other already proposed remedies for the problem regarding discontinuous profile of GMG preconditioning is to employ
the Galerkin-based coarse grid operator with operator-dependent interpolation, instead of simply re-discretizing the coarse
grid operator. Galerkin coarse grid operators satisfy the variational principle, which whilst theoretically say nothing about
the efficiency of GMG convergence, they do guarantee more robust convergence since they produce an algebraically smooth
GMG correction. As a result, combined with an efficient interpolation scheme to transfer the discontinuous information
properly, a Galerkin-based GMG method may lead to an effective mutlilevel preconditioner for problems with highly vari-
able coefficients. However, since it is non-trivial to implement such an algebraic technique for velocity problems efficiently,
we did not utilize Galerkin coarser grid operators in this study. It may be worthwhile to examine the benefits of this kind of
technique applied to variable viscosity problems in the future.

3.3.2. Smoothing method for K~!
We employ weighted Jacobi method as the basic smoothing iteration method,

Uy = U + 0K (f — Kuy), (37)

where Ky, f, @ and u,, are the diagonal of K, right hand side vector, a scalar weighting factor and solution at the nth iteration
step respectively. Empirically we use o = 0.6 for K~! problem. The smoothing operations consume most of the computational
time in our multigrid implementation, therefore the optimization of the smoothing application for specific computer archi-
tecture is imperative. This simple Jacobi like iteration is suitable for a vector machine environment such as the Earth Sim-
ulator, which is our target architecture [16]. At the coarsest grid level Iy, of the K~! calculation, a direct solver (Gaussian
elimination) is applied to obtain the solution exactly up to the double precision limit.

As we discussed in Section 3.3.1, the relaxation property of the smoother is also important for solving discontinuous prob-
lems when using a GMG preconditioner. One may consider employing stronger smoothers, such as line-relaxation, cell-
relaxation, or an ILU-type method, instead of the simple point-wise relaxation scheme used here (e.g. [34]). However, even
though these more complex smoothers methods may result in faster convergence, it is not clear whether they would also
reduce the overall CPU time due to the additional overhead for these methods [10]. In addition, exploiting the hardware level
optimization provided by vector based architectures within the implementation of these more complex algorithms is not
simple. As a result, we only consider simple point wise smoothers in this study.

3.3.3. Choice of Krylov subspace method for K~!

We employ the Krylov subspace method to accelerate the convergence of inner solver for K~! with GMG preconditioner.
Although we will not survey all of them, there are a lot of established Krylov subspace methods. In general, Krylov subspace
methods are classified to two categories: one is with a Lanczos process (e.g. CG, BiCGSTAB, MINRES) and another one in-
cludes an Arnoldi process (e.g. GMRES, GCR).

In our study of inner solve for K~!, we consider MINRES (Minimum Residual) and GCR as a Lanzos and Arnoldi method
respectively, and compare their performances for the problem with high viscosity jump. The MINRES method is appropriate
for symmetric matrix problems, in which acceleration of convergence using orthogonal Krylov subspace basis is obtained by
short (three) terms recurrences. On the other hand, the GCR method can be applied not only for symmetric but also for non-
symmetric matrix problems. The GCR method consists of the full recurrence calculation for the orthogonal Krylov subspace
basis, and requires the storage for them. From the point of economy of memory and computational cost per iteration cycle,
MINRES is preferred for a symmetric problem, and is therefore used by several authors for Stokes flow problems (e.g.
[18,19,35]). On the other hand, in general, a three term recurrence algorithm is more sensitive to rounding error than a full
term recurrence system [36]. Thus, even for the symmetric problems, if we are not limited by memory (as in our case), Ar-
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noldi based methods (such as GCR) are sometimes preferable. This proves to be especially useful for the ill-conditioned sys-
tems which arise when a variable viscosity is introduced [21]. In our numerical experiments, we explore the performance of
MINRES and GCR combined with a GMG preconditioner for K~' calculation. We especially focus on the robustness of the Kry-
lov solutions against the increasing jumping viscosity contrast.

3.3.4. Scaled system

In solving the scaled problem of Ku* = f* with large A#, large non-diagonal terms of K are sometimes found, although
small non-diagonal terms (ideally diagonal dominant matrix) are preferable for an iterative solver for a robust convergence
behavior. In order to avoid to treat such problems directly by iterative method, our inner solve is applied to the non-scaled

problem K (X;Tu*> = X,f* to obtain X, "u*, and then compute u* by the scaling operation later. Although a normalization of

the matrix by the block diagonal scaling X,, sometimes accelerates the convergence by the iterative solver, this inner solver
treatment means that we give highest priority to robustness rather than speed of convergence.

3.4. Inner solver for L,

For the action of BFBt preconditioning, the problem of diagonally scaled Laplacian of L' should be solved twice as the
sub-problem. The inner solver of L' is equipped with the GMG preconditioned GCR method. The cell-centered multigrid
approach is employed with simple piecewise constant restriction and tri-linear interpolation (see, e.g. [33]). For the smooth-
er of L;] calculation, we use N; = 20 and N, (I) = N; x 2Up=D for both of pre-and post-smoothing at each level.

The weighted Jacobbi relaxation with damping factor w = 0.9 is applied as smoother of GMG method.

4. Double-double precision arithmetic for the Krylov subspace method (DD)

Throughout Krylov subspace iterations, we observed that arithmetic rounding errors can cause the reduction of the resid-
ual to stagnate when the matrix possess entries which vary significantly. Such a scenario is encountered when solving var-
iable viscosity Stokes flow. In order to avoid issues related to rounding error, we considered improving the sensitivity of
Krylov subspace iteration to the preconditioned solutions by utilizing high precision floating point arithmetic.

At the present time, quad precision arithmetic (e.g. REAL*16 in Fortran) is supported by most computer architectures and
compilers. In practice however, quad precision arithmetic is roughly 20 times slower than 64 bit (REAL*8) calculations. Thus,
instead of standard quad precision arithmetic, we employ a double-double precision (DD) algorithm [28,29], in which a pair
of double precision terms is used to emulate true quad precision.

The double-double method has almost the same accuracy as quad precision and is faster than normal quad arithmetic.
The acceleration of the arithmetic calculation in double-double precision is provided by the computer architecture. The algo-
rithm for double-double precision arithmetic inherently possess a high computational intensity (ratio of floating point oper-
ations to memory accesses). Algorithms with this attributed are readily accelerated by a vector register or cache memory.
Such an acceleration for the double-double precision has been reported for scalar CPU architectures (e.g. Intel CPU equipped
with SSE2) and GPU architectures (e.g. [37]). Some details of our implementation of arithmetic in double-double precision
are given in Appendix A. A full description of the algorithm can be found in [28].

Solve Ku=f

Jaa7ohi = f
f1a%lo =0

— o 7
u=u,, %hi

Krylov kernel module
Vaa = Jaa = Kaalaa Ugg =Ugq +Zyy
(K, %hi =K, K, %lo=0)

o/ 1
Z 4y Yohi

o
TaaYohi 2,%l0=0

Preconditioning module

2,0 %hi = K 'r,, %hi

Fig. 2. Procedure for the mixed precision Krylov subspace method. For the sake of simplicity, only the symbolic operations are written for each module.
Here K is the preconditioner matrix for K.
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In order to minimize the usage of the expensive double-double precision arithmetic within Krylov subspace methods, we
employ a mixed precision method, which is shown schematically in Fig. 2. In this mixed precision method, double-double
precision arithmetic is applied throughout the Krylov subspace algorithm, except during the application of the precondition-
er. This is consistent with the idea that the preconditioner is used to provide an approximation of the true solution.

In Fig. 2, we designate a double-double precision value as (-)44. For example x44 has two double precision components x44
%hi the higher (bigger) and x4 %lo the lower (smaller) term. In order to solve Ku = f, we first project the vector f from double
precision to double-double precision via (fyq %hi=f, faa %lo=0). Then the algebraic operations for the Krylov subspace
K(Kgd, (Taa),), where (Kqq % hi =K, Kyq %lo = 0), are performed in double-double precision arithmetic. For the preconditioning
calculation, standard double precision arithmetic is used to calculate the trial solution vector zgq %hi from the residual vector
Tqa %hi. The vector zgq %hi is used for updating the solution ugq. Once the solution ug, is deemed to have converged, the Krylov
method returns the higher component of the solution via u = ugq %hi.

5. Numerical experiments

Here we perform some numerical experiments to demonstrate the performance of the solution strategies discussed in
Sections 3 and 4.

5.1. General remarks

5.1.1. Hardware

All the numerical experiments in this study were performed using a single processor of the Earth Simulator 2 (based on
the NEC SX-9) with a maximum of 128 GByte of memory. This amount of memory is sufficient to solve Stokes problems via
the strategies described here on grids of a resolution of upto 256 x 256 x 256. The CPU time given in this section is reported
by the FTRACE available on Earth Simulator, and includes negligible small setup time (~0.016[s]) of the Stokes flow problem.

5.1.2. Implementation of GCR method

In this test, the Arnoldi type GCR method is equipped with the maximum of 60 stored basis. In general, in order to avoid
the error regarding memory size, the GCR method is equipped with restarting. As a side effect, however we sometimes ob-
serve that restarting of the GCR method avoids the problem of stagnation of convergence by the rounding error. We do not
want to take into account such phenomena in our performance analysis in order to make the discussion as simple as pos-
sible. So, restarting technique of Krylov method is not used in all inner/outer solves in this study. If the Krylov iteration
counts exceed maximum stored step 60, we regard the iterative process as having stagnation of convergence.

5.1.3. Stopping conditions for Schur complement reduction (SC) and Fully coupled method (FC)

For the inner solver on K~!, stopping conditions are given by ||(ri)all/Ifl < €€and ||(ri),|I/l|(7k)oll < € in the SC and FC ap-
proaches respectively, where ry is a residual and (-), is the value at nth inner iteration step. These two types of stopping con-
ditions come from the role of K~! calculation in each approach. In the SC approach, K~! calculation appears in the action of
Schur complement, and should be solved with same accuracy during the iterative calculation. Then we use norm of initial
force vector f as an criteria of the accuracy of solution. On the other hand, in the FC approach, K~! calculation appears in
the block preconditioning. In this case, relative residual & can be regarded as a solution parameter for the stopping condi-
tions. The inner solver for L;' in BFBt preconditioning employs the stopping condition by a relative residual, ||(r.)w]|/]|
(rp)oll < ", where (1), is the right hand side vector of the problems of (26) or (30).

Next, we consider the stopping conditions of outer solve calculation for a fair comparison between SC and FC approaches.
In the FC method, the norm of the coupled residual,

IRyl = HE’A’?’VH < HEH & (38)

is generally used for the stopping condition, where (-)y is the values at the Nth outer solve iteration. The coupled residual of
the solution can be rewritten by Py = ((ry)y, (Tp)y), Where (r,)y =f — Kuy — Gpy and (r,)y = h — GTuy are residual of momen-
tum equation (velocity residual) and continuity equation (pressure residual) respectively.

In the SC approach, the residual (r,)y comes from inverse matrix operation K~! of (11) to obtain uy. By using a smaller
stopping condition &X for (11), we can obtain a smaller value of the residual (r,)y. This means that the residual (r,)y is not
the essential residual in SC approach. On the other hand, the residual of outer solve (7) in the SC approach is relevant to

the residual of continuity equation, since the relation (4) leads to
(rs)y = b= Spy = —(re)y + G'K " (1), (39)

where r° is the residual for outer solve (7). Now we assume (1, )y ~ 0 therefore Fy ~ (0, (r,)y) ~ (0, —(rs)y) by using small £€in
the SC approach and derive the stopping condition of the Schur complement residual,

17wl ~ )yl < 1B x &, (40)
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which is consistent with that of FC approach. An alternative to this form stopping condition is to use ||(rs)y|| < ||| x €. It
however is not suitable as the tolerance to analyze the performance of the solver with different viscosity contrast problems,
because the value ||h|| itself also depends on the viscosity profile.

5.2. Benchmark test for the sinking block problem (SINKER)

Let us consider to solve the sinking block problem (SINKER) [21], the schematic of which is illustrated in Fig. 3. The cal-
culations were performed in the unit box domain with the origin at the center of the box. A cube with a viscosity #; = Ay and
density p; =1 was placed at the middle of the domain defined by

—-0.15<% <0.15, —-0.15<x,<0.15, —-0.15<x3 <0.15. (41)

Material properties for the cube were defined on the finite difference grid by using the location of centroid associated with
each control volume. The material surrounding the cube had the properties 170 =1 and po = 0. The body force of the momen-
tum equation was taken as f=(0,0,—pg), with g=1 and the right hand side of the continuity equation was taken as h = 0.
Along all walls on the domain, free-slip boundary conditions were employed. In this setup, the force balance equation in-
cludes a viscosity jump within one grid length. If the viscosity contrast Ay is high enough, the surrounding material behaves
as ‘sticky air’ and this is known as one of the most difficult problems to solve by iterative techniques. As we will show later,
the robustness of the inner solve for K~! is a critical factor in obtaining solutions for u, p via iterative methods. Then we
examine the mixed precision method for the inner solve for K~! in order to improve the convergence of Krylov method.

5.2.1. Performance of inner solve

First, we present the performance of inner solve of Ku = f for various solution techniques. Table 1 summarizes number of
inner iterations and CPU times (shown in brackets only for GCR method) to reach a given accuracy &€ =107 for several dif-
ferent viscosity contrasts Az, using a mesh size of 64 x 64 x 64. In the MINRES calculation, the true residual r = f — Ku,, is
calculated at each iteration, in addition to the original algorithm so that the same stopping condition was employed by
GCR. For this reason, we do not report the CPU times.

For the small viscosity contrast cases, both GCR and MINRES perform similarly, however this correlation quickly breaks
down as the viscosity contrast increases and the problem becomes more ill-conditioned. From the point of view of the Krylov
method, this experiment clearly supports that GCR is more robust than MINRES. It should also be emphasized that this result
shows the robustness of GMG preconditioned Krylov method applied to high viscosity contrast problem. Furthermore, by
using the GMG preconditioner with a robust Krylov method, the convergence behavior of the inner solve provides scalable
performance with increasing problem size as shown in Table 2.

When we focus on the limitation of the inner solver for K~' with respect to large Az in Table 1 again, the impact of mixed
precision method of Section 4 (denoted by ‘+DD’) is obvious for the GCR method. The Fig. 4 shows the history of the residual
for the problem with Az = 10% In the standard double precision arithmetic, additional inner GCR iterations fail to reduce the
residual (stagnation of convergence) around ||r|/||f]| = 10>. On the other hands, GCR with the DD arithmetic is found to allow
continued residual reduction, and avoids stagnation as occurred in the double precision calculation. It also should be noted

1.0

10

Ji:.e e 1m0 = 1.0, po=10.0 s

Fig. 3. Simulation setup for the 3D falling block (SINKER) problem. The vectors represent computed flow.
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Number of iterations required to solve Ku=f (inner solver) for the SINKER problem with =107, The grid size used was
64 x 64 x 64, see Section 5.2.1 for further details. For the GCR method, the CPU time [s] is given in brackets. An asterisk (*) is used
to denote residual stagnation, which we defined as occurring if convergence did not occur within 60 Krylov iterations.

Parameters GCR GCR +DD MINRES MINRES + DD
Iterations: (CPU time [s])

An=10° 3:(0.672) 3:(0.757) 4 4

An=10" 6 :(1.175) 6 :(1.357) 8 8

An=10? 8 :(1.507) 8 :(1.768) * *

An=10° 12 :(2.173) 12 :(2.621) * *

An=10* * 29 :(6.69) * *

An=10° * 49 :(12.76) * *

An=10° * * * %

Table 2

Grid size dependence of GMG preconditioned inner solve for Ku=f in the SINKER problem with increasing An. Number of
iterations required to reach £=10"° are presented.

Grid size GCR+DD : GCR+DD : GCR+DD : GCR+DD :
An=10° An=10° An=10* An=10°
Iterations
32 x 32 x 32 3 9 29 41
64 x 64 x 64 3 8 29 49
128 x 128 x 128 3 10 33 50
256 x 256 x 256 3 9 32 57
T T
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Inner Loop lterations for K™

Fig. 4. Convergence history of the inner solve for K~! with GCR + DD and GCR for the SINKER problem with a viscosity contrast of Ay = 10%. The mesh size of

this calculation was 64 x 64 x 64.

that our mixed precision method does not change the observations regarding convergence of the MINRES method. The high
precision calculation does not appear to improve robustness of the three terms recurrence in this problem.

Regarding the overhead related to the use of the mixed precision method, the difference in the CPU time between the GCR
and GCR + DD methods is small (around 20% increase in Table 1), even though GCR + DD utilizes the more expensive double-
double arithmetic. We can give the following two reasons for this small additional cost in computational time. First, by our
mixed precision approach of Section 4, calculation with double-double precision is limited to within the Krylov kernel,
which in itself only represents a rather small fraction of the total calculation cost. Secondly, the acceleration of arithmetic
calculations required by the double-double precision is provided by the computer architecture. In order to see this phenom-
ena, the performance of matrix-vector product calculations for double and double-double precision are shown in Table 3.
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Table 3
Comparison of averaged calculation time [ms] and speed [Gflops] between double-double and double
precision modules to compute rqq = f3 — Kqqtig and r = f — Ku, respectively using a grid size of 64 x 64 x 64.

Precision Time [ms] Speed [Gflops]
Double-double 10.168 45.38
Double 1.32 18.94

Although double-double arithmetic requires approximately 20 times more operations than the standard double precision,
the CPU time required for the double-double precision module is less than 10 times that of the double precision module.
The speed up of over a factor of two is attributed to the high computational intensity of DD arithmetic on vector computer
architecture.

These observations encourage the use of GCR + DD method with GMG preconditioning as the suitable inner solver for K~}
in highly varying viscosity problems.

The performance of the inner solve for L,z = r, which appears in BFBt preconditioning calculation are also shown in Table
4, Our solution method for this scalar value problem gives results which are almost independent of the magnitude of the
viscosity jump. We also note that solving this sub-problem twice requires significantly less time compared with that re-
quired for K~! in the SINKER problem.

5.2.2. Performance of outer solve

In this subsection, we analyze the performance of the outer solver for the SINKER problem using a mesh resolution of
64 x 64 x 64. Following the results of Section 5.2.1, the GCR+DD method with GMG is used as the inner solver for K.

Firstly, we will discuss the performance by the SC approach. In Table 5, the number of SC outer iterations and CPU time
(shown in brackets) required to reach satisfy our stopping condition are shown using both the BFBt and LV preconditioners.

The number of outer iterations required by the BFBt preconditioner with the tolerance parameter ¢- = 10> are constant at
eight for the cases from Az =10 to A n = 10% indicating an almost perfect scalability with respect to the viscosity jump. In
order to see the role of the diagonal scaling used within BFBt (explained in Section 3.2.1), the history of the outer solve resid-
uals for the cases with and without scaling are presented in Fig. 5. The figure shows that the convergence rate is significantly
improved by using diagonal scaling for problems with large A#. This behavior is consistent with the observations made using
a two dimensional finite element discretization [21].

On the other hand, the iteration counts obtained using the LV preconditioner also shows good scalability with respect to
increasing viscosity contrast, although the required number of outer iterations is larger than that obtained using BFBt for
varying viscosity problems.

The CPU time required to solve the problem using either SC + BFBt or SC + LV is similar for the cases in Table 5. This fact
indicates several interesting features. The main difference between these two preconditioners lies on the requirement of the
two inner solves for L_;1 which are need by the BFBt approach. As we discussed in the previous subsection, our inner L;1 solu-
tion method shows good scalability w.r.t viscosity contrast. This means that compared with the solution obtained using the
LV method, the use of BFBt preconditioning potentially has an advantage when solving problems with very large Ay as the
approach requires fewer outer iterations, each of which only incurs a small additional but almost Ax-independent cost for
solving L, twice. In general, it is difficult to analysis this trade-off in terms of computational cost because the number of
inner iterations needed to solve Ku* = f* are different for each outer iteration. The required inner iterations depends not only
on the property of the matrix K, but also on the right hand side vector f*. In Table 5, we numerically confirm the existence of a
cross over point in terms of computational cost when (&5 = 1077, X = 1077) with Ay = 10° Here we observe that fewer outer
iterations, with an expensive inner solve for K~! lead to an overall faster solution time when using BFBt in comparison to the
LV preconditioner.

Next, we discuss the performance on the FC approach, in which a low accuracy solution for the inner solve K~' is allowed.
In order to determine the optimal choice of the solution parameter &X, we compare the performance using the SINKER prob-
lem with Az = 103 by using two tolerance parameters &€ = 107 and & = 10>, The results are presented in Table 6. It is ob-
served that the appropriate choices of the tolerance parameters for effective convergence are different for the BFBt and LV
preconditioners. For BFBt preconditioning, using a strict tolerance & = 107® with fewer outer iterations (i.e. fewer inner

Table 4
Number of iterations and CPU time required to solve Lz = ﬁs (inner solver for
BFBt) with &f = 1073 for the SINKER problem using a grid size of 64 x 64 x 64.

Parameters GCR

Iterations :(CPU time [s])

An=10" 8:(0.269)
An=10° 8:(0.264)
An=10° 10 :(0.281)
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Table 5

Number of SC outer iterations and CPU time required to solve the SINKER problem for a grid size
of 64 x 64 x 64. Here an asterisk (*) indicates stagnation of convergence for the inner solver for
K. Details of the stopping condition are given in text of Section 5.1.3.

Parameters SC + BFBt SC+LV
=103

Iterations :(CPU time [s])

An=10° £=10"° £=10"° 4 :(5.41) 1:(1.826)
An=10" £=10"° =10"° 8 :(13.15) 8 :(7.61)
An=10% £=10"° =10"° 8 :(17.56) 11 :(14.99)
An=10° £=10"° =10° 8 :(25.41) 12 :(24.84)
An=10* £=10"° =10"° 8 :(57.88) 11 :(.57.90)
An=10° £=10"° =10"° 9:(113.86) 11 :(101.78)
Ap=10°> =107 &=10"7 10 :(139.4) 15 :(144.97)
; ]
. 2 o An =10 nonscaled —|
= 1 B
= x An =10 scaled °
= ]
—_— 3 B
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Fig. 5. Convergence history of the outer iterations of the SC approach utilizing the scaled and non-scaled BFBt preconditioner, for the SINKER problem with
different viscosity contrasts Az. The mesh size of this calculation was 64 x 64 x 64.

Table 6

Dependence of tolerance parameters for FC outer iterations and CPU time required to solve the SINKER
problem for a grid size of 64 x 64 x 64 with Ay =10°. Here an asterisk (*) indicates stagnation of
convergence. Stagnation was defined as having occurred if the Krylov iterations in outer solve exceeded 60.

Parameters FC + BFBt FC+LV
e=10"

Iterations :(CPU time [s])

£=10° ¢=10° 9 :(24.67) 13 :(23.55)

£=10"° =103 37 :(71.68) 17 :(13.97)

solves for K~!) produces faster result. On the contrary, using LV preconditioning method, many inner solves with a relaxed
tolerance of ¢ = 10~ shows better performance w.r.t CPU time. From this observation, we use ¢&¥ = 10° and &K = 107 as
our tolerance parameters for the BFBt and LV preconditioner respectively.

Table 7 provides the performance of the two preconditioning methods used within the FC approach for the SINKER prob-
lem with various values of Az. We observe that both preconditioning methods will converge with viscosity contrasts up to
An =10°. Regardless of many outer iterations required, the combination of FC + LV exhibits the best performance in terms of
total CPU time among all outer solve methods. This result indicates the advantage of using low accuracy solves for K~ in the
FC + LV method. In addition, we also observe that FC + LV method could solve the case An =10, which FC + BFBt method
could not solve. In this example, the stagnation of convergence in FC + BFBt comes from the stagnation of inner solve for K.
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Table 7

Number of FC outer iterations and CPU time required to solve the SINKER problem for a grid size of
64 x 64 x 64. Here an asterisk (*) indicates stagnation of convergence for the inner solver for K~'.
Stagnation was defined as having occurred if the Krylov iterations in outer solve exceeded 60. Details
of the stopping condition are given in text of Section 5.1.3.

Parameters FC + BFBt FC+LV
K=10"%=10"3 =103
Iterations :(CPU time [s])
An=10° &£=10"° 5:(5.72) 3:(1.812)
An=10" £=10° 9 :(13.78) 9:(4.51)
An=10? £=10"° 9 :(17.45) 14 :(7.42)
An=10° &£=10"° 9 :(24.67) 17 :(13.97)
An=10* £=10"° 9 :(54.26) 21 :(37.60)
An=10° £=10"° 10 :(111.16) 24 :(73.51)
An=10>° £5=10° % 18 :(85.88)

The low tolerance used in FC + LV with ¢ = 107> helped to ensure that each the inner solve would not stagnate before the
required residual was obtained.

As was found using the SC approach, the BFBt preconditioner results in fewer outer iterations in comparison to the LV
preconditioner, indicating that a trade-off relation also exists when using the FC approach. However, in contrast to the SC
approach, we could not find the cross over point in CPU time between these preconditioning methods. We suspect that
the lack or robustness of our inner solve for K~! may be preventing us from reaching such a cross over point.

5.3. Benchmark test of hot blob problem (BLOB)

In order to see the performance for the problem with higher but more diffusive variation of viscosity than SINKER prob-
lem, we deal with the rising hot blob (BLOB) problem demonstrated in [18]. We consider the computational domain of unit
cube surrounded by free-slip wall boundary conditions. The body force and incompressibility are given by f=(0,0,8T) and

h = 0, respectively, where the temperature field T is defined by T = exp (fy (x% + X3+ (X3 — 0.3)2>) with the constant param-

eters §=10° and y = 200. The temperature dependent viscosity # = exp(—oT) is employed with the parameter for viscosity
contrast «. In this subsection, the total ((#)max/(#)min 0N the discretized domain) and the locally highest viscosity contrast
are denoted by A#giopa and Anjecqi Tespectively. Here the local viscosity contrast A7p € R" is defined on each control volume
coordinate I by Afj; = maX|fneighbor cells of 1]/ TN [fneignbor celis of 1], Where neighbor of cells of I consists of 6 neighboring control
volume cells of I and I itself. And the locally highest viscosity contrast is given by An,,.,, = max;(A#};). This model setting pro-
duces a rising hot blob of material which we depict in Fig. 6. We solve the Stokes flow field for the BLOB problem with
£=1075,

The inner solver for K~! is equipped with GCR+DD method and is preconditioned using the GMG method. Compared with
the SINKER problem, the viscosity profile of this model exhibits spatially diffusive variations. Therefore, we do not have the
problem of stagnation during the inner solve for K~'.

1.0

Ly

ko

Ty

Fig. 6. Simulation setting of BLOB problem. Isosurface and vectors represent temperature field and computed flow respectively.
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Table 8

Number of outer iterations and CPU time required to solve the BLOB problem for a grid size of 64 x 64 x 64. Here an asterisk (*) indicates stagnation of
convergence for the outer solve. Stagnation was defined as having occurred if the Krylov iterations in outer solve exceeded 60. Details of the stopping condition
are given in text of Section 5.1.3.

Parameters SC + BFBt SC+LV FC + BFBt FC+LV FC + BFBt + DD FC+LV+DD
=103 =103 =103

Iterations :(CPU time [s])

0=75¢=10"° =10 e=10"° &X=10"° &f=10" &X=10"° &X=10"3

Aioca = 3.98¢ + 0 8 :(10.94) 12:(7.97) 9:(11.49) 15 :(6.95) 9 :(12.45) 15 :(7.71)

Aﬂgloba[ =1.46e+3

o =15.0=10" =106 =106 &K=10"" * &X=10"° gX=10"3

Aljocar = 1.58e + 1 13 :(15.80) 20 :(11.82) 14 :(18.32) 13 :(17.87) 22 :(11.13)

ANgiobar = 2.14€ + 6

%=225¢=10" g=10"1 g=10"1 &X=10""° * =106 *

Afiocal = 6.3+ 1 21 :(30.66) 34 :(34.04) 20 :(24.04) 25 :(34.68)

Algiopar=3.11e +9

%=300¢=10"° =101 =101 * * &X=10"° *

Aiocar = 2.50e +2 37 :(115.33) 54 :(80.97) 37 :(79.79)

Ay]globa[ =4.56e+12

Table 8 shows the outer iterations and CPU time required to solve the BLOB problem for different values of owith
(AN giobai» Miocar)- Here, the use of the mixed precision Krylov method for the outer solves are denoted by ‘FC + BFBt + DD’
and ‘FC+LV +DD’.

First, as was the case with the SINKER problem, the trade-off relation is found between BFBt and LV preconditioners. The
outer iterations of methods using the BFBt preconditioner always resulted in a smaller number than was obtained when the
LV preconditioner was employed. This observation was common to both the SC and FC approaches.

From the point of robustness against «, we observe that FC approaches are more vulnerable to rounding error effects than
the SC approach. Especially, we note that the FC + LV provides the worst result in terms robustness w.r.t viscosity contrast,
even though it is the fastest solution method when it converges. In the case of BFBt, the extra calculation cost of applying the
BFBt preconditioning seems to be justified given the robustness of the approach. Using the mixed precision within the outer
solve is also found to improve the robustness of outer solve for large «. In practice, FC + BFBt + DD could solve the problem
with o = 30.0.

On the other hand, the SC approach could solve the problem up to « =30.0 in the double precision arithmetic without
having stagnation problems. This observation supports the advantages of SC method in terms of its robustness, although
it is typically slower than FC method.

Another interesting finding is that we have to use strict tolerance ¢¥ to satisfy the assumption r, ~ 0, thereby ensuring
that rs= —r, , for problems with a large « when the SC method is used. This assumption is important for a comparable per-
formance analysis between SC and FC approaches by (40). For the small otropiems &= ¢5=107% is sufficient to satisfy (38).
However, when we solve the problem with o.=22.5 and « =30.0 using ¢<= 107, the obtained solution ¥y was found to
not satisfy (38). In Table 8, we indicate the tolerances required for these high asimulations. These values were determined
manually by performing several preliminary calculations with different values of ¢ and then verifying that (38) was indeed
satisfied.

If convergence was achieved for a given problem with large «, the solution times are observed to be quite similar between
the SC + BFBt, SC + LV and FC + BFBt + DD methods. However, when we take into account the memory required for each of the
methods, we cannot justify employing the mixed precision FC + BFBt + DD method, because it requires significantly more
memory than the other approaches, to obtain a similar performance to the SC approaches.

6. Concluding remarks

In this study, we examine the performance of several different types of preconditioned iterative methods to solve variable
viscosity Stokes problems arising from a staggered grid, finite difference discretization. We assess the applicability of these
methods by performing a series of numerical experiments in which we examine the dependence of the convergence rate and
end-to-end CPU time required to obtain the solution, as a function of the viscosity contrast and mesh resolution.

For the solutions of sub-problems involving K, Arnoldi type Krylov method such as GCR, preconditioned with geometric
multigrid (GMG) are found to be capable of solving models possessing a large, sharp viscosity contrast. The robustness of this
solver was shown to be further enhanced by introducing a mixed precision arithmetic Krylov kernel. This approach consisted
of combining double-double (DD) precision arithmetic for the operations matrix-vector product, dot product and norms re-
quired during a Krylov iteration, together with a standard double precision preconditioner. The collective approach was
demonstrated to be scalable and robust with regards to the problem size and viscosity jump respectively.
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The characteristics of the different outer solver schemes were also examined for problems involving variable viscosity.
We employed a fully coupled (FC) and a decoupled (SC) approach using a local viscosity scaling (LV), or the scaled BFBt
as preconditioners for the Schur complement. The performance analysis resulting from our SINKER and BLOB experiments
provides some guidance as to which solver/precondition combination is appropriate to use for a given problem. In general,
if the FC + LV converges for a target problem, it will invariably be the fastest method because the application of the LV pre-
conditioner is cheap and the sub-problems involving K can be solved with a relaxed stopping condition. However, the FC + LV
method is by no means the most robust solution strategy. The BFBt preconditioner was found to be a stronger preconditioner
and would always yield lower iteration counts than the LV preconditioner. In addition, SC approach generally showed more
robust convergence than FC approach in our BLOB experiment.

Our experiments also demonstrate that the usage of a mixed precision arithmetic using the double-double method im-
proves the convergence of Krylov method of both inner/outer solvers over the standard double precision approach, without
significantly increasing the overall calculation time. One of the merits of our mixed precision scheme is its ability to enable
problems which would otherwise be rendered intractable by standard double precision arithmetic, to be solved. Moreover, if
the rounding error of double-double precision arithmetic is insufficient to enable convergence for a given problems with
larger viscosity contrast or larger problem sizes (very large problem size is also known to cause rounding error in Krylov
subspace methods), it is straightforward to increase the precision of the arithmetic used by the Krylov kernel within the
same solver design described here. In practice, arbitrary precision based on double precision arithmetic, for example the
quad-double method [29], is available for such higher precision arithmetic [38].

In this study, the mesh resolution used in all out problems was limited in such that the jobs could be executed on single
CPU. All of the algorithms utilized in this study are amenable to parallel implementation. We are currently implementing
this solver in a multiple CPU environment. Our parallelized solver is intended to be used to study the global scale dynamics
of a self consistent, coupled plate-mantle system.
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Appendix A

Arithmetic operations for addition and multiplication based on Dekker [39] and Kunth [40] are as follows:
Additional operation of a = b + ¢ in double-double precision

sh = b%hi + c%hi, (A1)
v = sh — b%bhi, (A.2)
eh = (b%hi — (sh — v)) + (c%hi — v), (A3)
eh = eh + b%lo + c%lo, (A.4)
a%hi = sh + eh, (A.5)
a%lo = eh — (a%hi — sh). (A.6)
Multiplication operation of a=b x c¢ in double-double precision
p1 = b%hi" c%hi, (A7)
t =134217729.0°b%hi, (A.8)
ah =t — (t — b%hi), (A.9)
al = b%hi — ah, (A.10)
t =134217729.0*c%hi, (A11)
bh =t — (t — c%hi), (A12)
bl = c%hi — bh, (A13)
p2 = ((ah’bh — p1) + ah™bl + al"bh) + al"bl, (A.14)
p2 = p2 + (b%hi*c%lo), (A.15)
p2 = p2 + (b%lo*c%hi), (A.16)
a%hi = p1 +p2, (A17)
t = a%hi — p1, (A.18)
a%lo = (p1 — (a%hi —t)) + (p2 — t). (A19)
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In our implementation, we skip (A.16) when b is a double precision number (b%hi,0).
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