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Introduction

Numerical simulations play an important role in many areas of scientific
research and in many industrial applications, such as medicine, weather forecasting,
physics, and engineering design optimization. The continuous development of
more powerful hardware components opens possibilities to run simulations of
larger and larger sizes. Utilizing the full potential of the new hardware is, however,
not always straightforward nor easy. Existing numerical methods have to be
redesigned or optimized to better exploit the hardware characteristics.

Numerical simulations frequently involve models described using partial dif-
ferential equations (PDEs). Solving PDEs typically consists of a discretization
of the continuous problem and the subsequent solution of a discrete algebraic
problem. The associated algebraic problem may be large and hard to solve, espe-
cially when an accurate approximation to the continuous solution of the PDEs
is needed. Successful design and implementation of numerical methods requires
understanding of all stages of the computational process and their interactions.
The individual components thus should not be studied separately, but rather as
parts of the whole process.

In this thesis we study multigrid methods for solving systems of linear equations.
Our primary focus is on systems coming from the discretization of PDEs, but
some of the presented results are valid in more general cases. For an introduction
to multigrid methods we refer to, e.g., [3, [16], or the author’s master’s thesis
[18]. The multigrid approach relies on having a hierarchy of problems. The
hierarchy can be constructed in two ways: in geometric multigrid a continuous
problem is discretized on multiple nested meshes, whereas in algebraic multigrid
the construction is based on the properties of the system matrix. The levels in
a multigrid hierarchy are referred to as coarse or fine, with the coarsest level
containing the problem of the smallest size, and the finest level containing the
original problem we aim to solve. The approximate solution is computed using
so called smoothing on fine levels and by solving a system of linear equations on
the coarsest level. The intermediate results are transferred between the levels
using prolongation and restriction operators. There are various multigrid schemes
(V-cycle, W-cycle, full multigrid) differing in the pattern in which the individual
levels are visited during the computation.

Smoothing typically consists of applying few iterations of a stationary iterative
method such as the Richardson, Jacobi, or Gauss-Seidel methods. The solver on
the coarsest-level is chosen based on the size and difficulty of the coarsest-level
problem. If the size permits, direct methods based on Cholesky or LU factorization
are usually applied. Multigrid methods are in practice also used with hierarchies
where the coarsest-level problem is large and can be solved only approximately;
see e.g., [4, [8]. This arises, for example, when solving problems on complicated
domains or when running large-scale simulations on parallel computers. Frequently
used approximate coarsest-level solvers are iterative Krylov subspace methods or
direct methods based on block-low rank (BLR) approximation. Application of
these solvers requires additional specifications, e.g., choosing a stopping criteria
for the iterative solvers or setting a value of the low-rank threshold parameter for
the BLR solver. The accuracy of the computed approximation then depends on



the concrete setting, which is usually chosen based on the experience of the users
with the problems and multigrid methods.

Convergence analysis of multigrid methods is typically done under the assump-
tion that the coarsest-level problem is solved exactly; see, e.g., |23 21]. This
assumption is, however, not satisfied in practical computation either due to the
use of approximate solvers, or due to the finite precision errors, or both. There
are papers (e.g., [12, 22]) allowing more general coarsest-level solvers, but they do
not cover some of the frequently used solvers in practice, for example a Krylov
subspace method stopped with a residual-based criterion. This leads to the first
two research questions considered in this thesis:

a) Can we analytically describe how the accuracy of the coarsest-level solver
affects the convergence behavior of the multigrid method?

b) Can we design effective stopping criteria for an iterative coarsest-level solver
such that the multigrid method converges in nearly the same number of
iterations as its variant with an exact coarsest-level solver?

We focus on these questions in Chapter 1, which is based on the paper [19].

The multigrid hierarchy can also be used to construct residual-based a posteriori
error estimates on total and algebraic errors; see, e.g., |2 6], |13, Section 2.6],
and [8, Sections 4.1-4.3]. The estimates presented in the literature, however,
require the computation of an error term associated with the coarsest-level. When
using multigrid hierarchies with large coarsest-level problems, this term can be in
practice computed only approximately. This leads to our next research question:

c¢) Consider the residual-based multilevel a posteriori error estimates such as
in |13 Section 2.6]. Is it possible to compute the term associated with the
coarsest-level approximately while preserving the efficiency and accuracy of
the estimate?

We address this question in Chapter 2, which is based on the paper [20)].

Modern parallel computers support computing in multiple precisions; see,
e.g., the list of 500 most powerful commercially available computer systems
https://top500.org/. There is extensive ongoing research on numerical methods
exploiting this hardware feature; see, e.g., the surveys [1, [7]. Some methods
utilizing computation in multiple precisions are able to achieve the same overall
accuracy as their uniform precision counterparts, in a smaller amount of time,
requiring less memory and consuming less energy.

Mixed precision variants of multigrid methods have been implemented and
tested on various problems; see, e.g., |17, 24]. Finite precision error analysis of
multigrid method was presented in the series of papers [10, |14} |L1]. In these works,
the authors present a formulation of the multigrid V-cycle method allowing using
up to three different precisions on the finest level and a different precision on
each coarse level. They assume that the application of a smoothing routine on
a concrete level is done in one precision associated with the level. The authors
discuss basic smoothing routines, such as routines based on the Richardson and
Jacobi methods.

In practice, more computationally intensive smoothers are also used. Examples
of these are methods based on incomplete Cholesky (IC) or LU factorizations,

10
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used, e.g., when solving PDEs with high anisotropy; see, e.g., |9, |5, |15]. Using IC
smoothing requires precomputing the IC factorization once, and solving triangular
systems with the IC factor and its transpose when the smoother is applied. These
operations may be computationally intensive in comparison to other parts of the
V-cycle scheme. This leads us to our fourth research question:

d) Can the execution time of the mixed precision V-cycle method with IC

smoothers be reduced by introducing additional precisions for the applica-
tions of the smoothers? For example, using different precisions for storing
the IC factors or solving the triangular systems. Can we analytically describe
the requirements on these individual precisions?

We focus on this in Chapter 3.

The thesis closes with a conclusion including the formulation of open problems.

We note that each chapter introduces its own notation.
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1 The effect of approximate
coarsest-level solves on the
convergence of multigrid V-cycle
methods

In this chapter, we focus on the first two questions stated in the introduction:

a) Can we analytically describe how the accuracy of the coarsest-level solver
affects the convergence behavior of the multigrid method?

b) Can we design effective stopping criteria for an iterative coarsest-level solver
such that the multigrid method converges in nearly the same number of
iterations as its variant with an exact coarsest-level solver?

Motivated by these questions, we propose an approach to algebraically analyze
the effect of approximate coarsest-level solves in the multigrid V-cycle method
for symmetric positive definite (SPD) problems. We design new coarsest-level
stopping criteria tailored to multigrid methods and discuss the convergence of
methods with frequently used criteria in practice, e.g., criteria based on the
Euclidean norm of the relative residual.

This chapter contains a pre-copyedited version of the paper: P. Vacek, E.
Carson, and K.M. Soodhalter. “The Effect of Approximate Coarsest-Level Solves
on the Convergence of Multigrid V-Cycle Methods”, In: SIAM Journal on Sci-
entific Computing, 46:4 (2024), pp. A2634-A2659, https://doi.org/10.1137/
D3MT578255.

1.1 Introduction

Multigrid methods [3, |4, |21}, [10] are frequently used when solving systems of
linear equations, and can be applied either as standalone solvers or as precondi-
tioners for iterative methods. There are two types of multigrid; geometric: wherein
the hierarchy of systems is obtained by discretizations of an infinite dimensional
problem on a sequence of nested meshes; and algebraic: wherein the coarse sys-
tems are assembled based on the algebraic properties of the matrix. Within each
multigrid cycle, the approximation is computed using smoothing on fine levels
and solving a system of linear equations on the coarsest level. Smoothing on the
fine levels is typically done via a few iterations of a stationary iterative method.
The particular solver used for the problem on the coarsest level depends on its
size and difficulty. If the size of the problem permits, it is typical to use a direct
solver based on LU or Cholesky decomposition.

In this text, we focus on settings where the problem on the coarsest level is
large and the use of direct solvers based on LU or Cholesky decomposition may
be ineffective or impossible to realize. Such settings may arise, for example, when
using geometric multigrid methods to solve problems on complicated domains.
The mesh associated with the coarsest level must resolve the domain with certain
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accuracy. This can yield a large number of degrees of freedom. One possible
solution to this issue is to solve the coarsest-level problem using algebraic multigrid,
which can introduce additional coarse levels that are not related to the geometry
of the problem.

Another setting where large coarsest-level problems may be present is when we
use multigrid methods on parallel computers. In parallel computing, the degrees
of freedom are assigned to different processors or accelerators. The computation
is done in parallel on the individual processors and the results are communicated
between them. A challenge for effective parallel implementation of multigrid
methods is that the amount of computation on coarse levels decreases at a faster
rate than the amount of communication; see e.g., the discussion in the introduction
of [5]. One possible solution is to treat this issue by redistribution of the coarse-
level problems to a smaller number of processors; see e.g., [8, |14, [20]. Another
solution may be to use communication-avoiding methods on the coarse levels; see
e.g., [22].

In this paper, we instead consider treating the still large-scale coarsest-level
problem by solving inezactly. Frequently used solvers for large scale coarsest-
level problems include Krylov subspace methods and direct approximate solvers;
see, e.g., |12, where the author considers the preconditioned conjugate gradient
method, or [5], where the authors study the use of a block low-rank (BLR) low
precision direct solver. These solvers approximate the coarsest-level solution to an
accuracy which is determined by the choice of a stopping criteria or affected by the
choice of the low-rank threshold and finite precision. These parameters are often
chosen in practice based on the experience of the user with concrete problems and
methods with the goal of balancing the cost of the coarsest-level solve and the
total number of V-cycles required for convergence. In Section we present a
motivating numerical experiments, which illustrate how the choice of the accuracy
of the coarsest-level solver may affect the convergence of the multigrid V-cycle
method.

A general analysis of the effects of the accuracy of the coarsest-level solver
on the convergence behaviour of multilevel methods is, to our knowledge, not
present in the literature. Multigrid methods are typically analyzed under the
assumption that the problem on the coarsest level is solved exactly; see, e.g., [25,
23]. An algebraic analysis of perturbed two grids methods and its application to
the analysis of other multigrid schemes with approximate coarsest-level solvers can
be found in |19} 24]. The authors derive estimates of the worst-case convergence
rate of the methods. The results are, however, obtained under the assumption that
the action of the solver on the coarsest level can be expressed using a symmetric
positive definite matrix. This is not true for frequently used solvers, e.g., for
a Krylov subspace method stopped using a relative residual stopping criterion.
A more general setting is considered in the paper [15], which presents the first
analysis of mixed precision multigrid solvers. The authors assume that the action
of the solver on the coarsest level can be expressed using a non-singular matrix.

In this paper, we propose an approach to algebraically analyze the effect of
approximate coarsest-level solves in the multigrid V-cycle method for symmetric
positive definite (SPD) problems. The main methodology of our approach is
to view the inexact V-cycle (inV-cycle) method as a perturbation of the exact
V-cycle (exV-cycle) method in the following sense. We express the error of
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the approximation computed by one V-cycle with an approximate coarsest-level
solver as the error of the approximation computed by one V-cycle with an exact
coarsest-level solver plus the difference of the two approximations. We show that
the difference can be expressed as a matrix times the error of the coarsest-level
solver. The matrix describes how the error from the coarsest level is propagated
to the finest level. Moreover, we consider two assumptions on the accuracy of the
coarsest-level solver: a relative assumption, where the error of the coarsest-level
solver is less than a factor of the error of the previous finest-level approximation,
and an absolute assumption, where the error of the coarsest-level solver is less than
a certain constant. Based on the relative assumption we derive an estimate on
the convergence rate of the inV-cycle method and discuss its uniform convergence.
Utilizing the absolute assumption we get an estimate on the difference between the
approximation computed by the inV-cycle method and the exV-cycle method after
a number of V-cycle iterations. The analysis is done assuming exact arithmetic
computations, aside from the computation of the coarsest level solutions. The
model is agnostic about what coarsest-level solver is used; we only assume that
the error on the coarsest level satisfies certain assumptions.

The paper is organized as follows. In Section we establish the notation,
state the V-cycle method and present a motivating numerical experiments, which
illustrate that the choice of the accuracy of the coarsest-level solver can significantly
affect the convergence of the V-cycle method. In Section [1.3| we present an analysis
of the V-cycle method with an approximate coarsest-level solver. The results
are applied to describe the possible effects of the choice of the tolerance in a
coarsest-level relative residual stopping criterion in Section [I.4] New stopping
criteria based on the absolute coarsest-level accuracy assumption are derived in
Section [I.5] Finally, we present a series of numerical experiments illustrating the
obtained results in Section [L.6l The text closes with conclusions and discussion of
open problems in Section [1.7]

1.2 Notation and motivating experiments

We study the multigrid V-cycle method for finding an approximate solution of
the following problem. Given an SPD matrix A € R™"™ and a right-hand side
vector b € R” find the vector x € R" such that

Ax =Db.

We consider a hierarchy of J+ 1 levels numbered from zero to J, where level zero is
the coarsest level and level J the finest level. Each level contains a system matrix
A; e R%*™  with Ay = A. Information is transferred between the (j — 1)th level
and the jth level using a full rank prolongation matrix P; € R"™*"i-1 respectively
its transpose. We assume that the system matrices and the prolongation matrices
satisfy the so called Galerkin condition, i.e.,

We use the notation Ay, for the sequence of matrices Ay, ..., A;. Let || -|| denote
1
the Euclidean vector norm and let || - ||a, = [|A7 - || denote the A; vector norm,

also called the energy norm. We use the same notation for the matrix norms
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generated by the associated vector norms. Let I; € R"*" denote the identity
matrix on the jth level.

We assume that the pre- and post- smoothing on levels 7 = 1,...,J can be
expressed in the form

vy =v; +M;(f; — Ajv;) and v;=v; +N;(f; — A;v;),

respectively, where v; and f; are an approximation and a right-hand side on the
jth level and M; € R™*™ and IN; € R™*" are non-singular matrices satisfying

||IJ — MjAjHA]- <1 and ||IJ — NjAjHAj < 1. (12)

This assumption yields monotone convergence of the smoothers as standalone
solvers in the Aj-norms. Frequently used smoothers, e.g., a few iterations of
a classic stationary iterative method such as damped Jacobi or Gauss-Seidel,
typically satisfy these assumptions; see, e.g., the discussion in [25] p. 293] or [23].
We also consider multilevel schemes, where either pre- or post- smoothing is not
used, i.e., where formally either M;, j =1,...,J or N, j =1,...,J, are zero
matrices.

Given an approximation xP™V to the solution x, the approximation after one
iteration of the V-cycle method is computed by calling Algorithm as (see, e.g.,
121}, pp. 47-48])

X"V = V(A0:J7 Ml:J) Nl:Ja Pl:Ja b7 Xpreva J)

We distinguish between the exV-cycle method and the inV-cycle method based on
whether the coarsest-level problem is solved exactly or not.

Algorithm 1.1 V-cycle scheme, V(Ay.;, M1.5, N1, Py, fj, vg»o},j).
if j # 0 then
vyl = v 4+ M (f; — A;v)Y) {pre-smoothing}
fi 1 =P (f; — Ajvg»l}) {restriction}

V?ll =V(Ap;-1,My;;-1, N1, P11, £.4,0, j — 1)
]

v = Vg-l] + Pjvg-zll {coarse grid correction}

v = Vgg] + N;(f; — Ajvg-?’]) {post-smoothing}

<

j

return V£-4]
else

return (approximate) solution of the problem Agvy = fj
end if

1.2.1 Motivating experiments

We illustrate the relevance of the forthcoming analysis with numerical exper-
iments, which demonstrate how the choice of the accuracy of the coarsest-level
solve affects the convergence of the V-cycle method.

We consider a second order elliptic PDE of the form

-V - (k(x)Vu) = f in Q, u=0 ondQ,
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where f = 1and Q = (0,1) x (0,1). We consider two variants of the problem based
on the coefficient function k : 2 — R, “Poisson” with £ = 1 and “jump-1024”

with
He) = 1024, x € (0,3) x (0,3)uU(51) x (3.1),
1, owe(04)x (51)u(d1)x(0.).

The problems are discretized using the Galerkin finite element (FE) method
with continuous piecewise affine functions on a hierarchy of nested triangulations
obtained from the initial triangulation by uniform refinement. The triangulations
are aligned with the line segments where the jumps in the coefficients take place.

We consider a geometric multigrid V-cycle method with 6 levels to solve the
discrete problems on the finest level. We generate the sequence of stiffness matrices
Ay.;, by discretizing the problems on each level of the hierarchy. The sizes of the
stiffness matrices are the same for both the Poisson and the jump-1024 problems.
The size of the finest-level problems is 1.64 - 10 degrees of freedom (DoF). The
size of the coarsest level problems is 1521 DoF. We use the standard prolongation
matrices associated with the finite element spaces. The restriction matrices are
transposes of the prolongation matrices.

The stiffness and prolongation matrices are generated in the FE software
FEniCS (version 2019.1.0) [2, [13]. In FEniCS the stiffness matrix is assembled
using all nodes of the mesh. The homogeneous Dirichlet boundary condition is
then applied by setting to zero all non-diagonal elements in rows and columns
which correspond to nodes on the boundary and setting to zero the corresponding
elements in the right-hand side vector. We modify the stiffness matrices, the
prolongation matrices and the right-hand side vector so that the Galerkin condition
(1.1) is satisfied. The computation is done in MATLAB 2023a. The codes for all
experiments presented in this paper can be found at https://doi.org/10.5281/
zenodo.111/8h44.

Pre-smoothing and post-smoothing in the V-cycle method are each accom-
plished via one iteration of the symmetric Gauss-Seidel method. We consider the
symmetric Gauss-Seidel smoother in the experiments in this paper since we are
able to numerically approximate the convergence rate of the exV-cycle method in
the A-norm in this setting; see the discussion Section and Appendix [1.8.1]
The theoretical results stated in the paper, however, does not assume symmetry
of the smoothing operators.

We consider two variants of the coarsest-level solver: the MATLAB backslash
operator and the conjugate gradient method (CG) |11]. CG is stopped using a
relative residual stopping criterion; i.e., for a chosen tolerance 7 it is stopped when
1fo — Agvoinll/|Ifo]] < 7. We consider various choices of the tolerance 7 = 277,
i=1,...,20.

We run the V-cycle methods starting with a zero initial approximation and
stop when the A-norm of the error is (approximately) lower than a tolerance 6,
ie., [|[x — xi(ff)HA < 0. We consider two choices of the tolerance § = 10~* and
0 = 10~*'. To approximate the A-norm of the error on the finest level, we compute
the solution using the MATLAB backslash operator.

For both problems the variant with MATLAB backslash operator as the
coarsest-level solver requires 2 and 9 V-cycle iterations to reach the desired finest-
level accuracy 107% and 107!, respectively. The results of the variants with CG
as the coarsest-level solver are summarized in Figure (1.1
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Poisson problem | jump-1024 problem
condition number of the coarsest-level matrix
6.48E+02 1.66E+05
finest level tolerance 8 finest level tolerance 0
1.00E-04 1.00E-11 1.00E-04 1.00E-11
8 |3 8 |83 8 |3 8 |3
5.00E-01 s 68 140 226 3 544 31 2319
2.50E-01 sl 62 11 234 3 708 28 [l 2506
1.25E-01 sl 7 10 231 2 537 28 Il 2694
6.25E-02 2 63 9l 240 2000 615 23 [ 3008
3.13E-02 200 7 9 251 200 724 26 [ 3328
1.56E-02 200 79 9l 294 2[00 787 25 3956
7.81E-03 20000 88 9 352 2[00 843 27 4199
3.91E-03 200000 9% 9 [ 390 2975 19 4415
1.95E-03 2 100 9 412 20996 19 5113
9.77E-04 2 06 9 445 2 171032 17 S727
4.88E-04 210 9472 2 1083 16 6249
2.44E-04 2[5 9 [543 2 07 16 [INGYE3
1.22E-04 2120 9[E79 2 [T1194 15 754
6.10E-05 2 es 9 1638 2 32 9 6301
3.05E-05 200129 9le71 21385 12 [N7936
1.53E-05 20032 9711 21438 916982
7.63E-06 23S 9l IA 2[00 1a 9 7220
3.81E-06 20007139 9713 2001537 10 8197
1.91E-06 2[s? 9815 2001621 9 7664
9.54E-07 2/ 158 9 843 2 1688 9 7900
Figure 1.1 Comparison of inV-cycle methods with CG as the coarsest-level solver

with various choices of relative residual tolerance 7. The bright yellow and green color
highlight variants that converge in the same number of V-cycles as the variant with
MATLAB backslash operator on the coarsest-level. The bright yellow variants achieve
this in the least total number of CG iterations on the coarsest-level.
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Let us first focus on the results for the Poisson problem and finest-level
tolerance § = 1074, The variants with CG with high coarsest-level tolerances
7=27" (1 =1,2,3) converge in a higher number of V-cycles than the variant with
MATLAB backslash operator. The stricter the tolerance 7 is the smaller the delay.
The variants with tolerances 7 = 6.25 - 1072 and smaller converge in the same
number of V-cycles as the method with MATLAB backslash. The variant with
tolerance 7 = 6.25- 1072 achieves this in the least total number of CG iterations on
the coarsest level; this variant is in the figure highlighted by a bright yellow color.
Using stricter tolerance than 7 = 6.25 - 1072 is in this setting not beneficial since
it does not yield a lower number of V-cycles but it requires more computational
work on the coarsest level. We see analogous behavior for the Poisson problem
and finest-level tolerance § = 1071, The bright yellow highlighted variant has the
same coarsest-level tolerance.

Let us now focus on the results for the jump-1024 problem. The coarsest-
level problem used when solving the jump-1024 problem has higher condition
number than the one used for solving the Poisson problem. The total number
of coarsest-level CG iterations is for all variants significantly higher than for the
corresponding variants for the Poisson problem. We again see that the variants
with high tolerances converge in a higher number of V-cycles than the variants
with MATLAB backslash operator and that this delay becomes smaller for a lower
coarsest-level tolerances and eventually vanishes if the tolerance is sufficiently
small. It, however, does not strictly hold that lowering the tolerance results in
faster converge. This can be seen for example when comparing the variants with
tolerance 7 = 3.05-107° and 7 = 6.10 - 107° in the setting with § = 107!, In
contrast to the methods for the Poisson problem (where the values of the tolerance
of the bright yellow highlighted variants are the same for the two different finest-
level tolerances #) in the setting with the jump-1024 problem these values changes
significantly - in order to reach the higher finest-level accuracy in the same number
of V-cycles as the variant with MATLAB backslash solver the coarsest-level
tolerance has to be significantly lower.

These experiments demonstrate that the choice of coarsest-level solver accuracy
can significantly affect the convergence behavior of the V-cycle method and the
overall amount of work that has to be done. This relationship is not yet well
understood. This leads us to pose the following questions, which drive the work
in this paper.

1. Can we analytically describe how the accuracy of the solver on the coarsest
level affects the convergence behavior of the V-cycle method?

2. Can we define coarsest-level stopping criteria that would yield a computed
V-cycle approximation “close” to the V-cycle approximation which would
be obtained by solving the coarsest-level problems exactly?

1.3 Convergence analysis of inV-cycle method

We start by stating a few results and assumptions on the convergence of the
exV-cycle method. Let x_c" be an approximation computed by one iteration of

the exV-cycle method starting with an approximation xP™v. The error of the
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approximation x2V can be written as the error of the previous approximation

xP™ times the error propagation matrixﬂ E, ie.,

X — Xop = E(x — xP™).
We assume that the error propagation matrix E corresponds to an operator which
is a contraction with respect to the A-norm, i.e., |[E||o < 1. Proofs of this
property for geometric multigrid methods can be found, e.g., in [23], [25]. The
contraction property implies that each iteration of the exV-cycle method reduces
the A-norm of the error by at least a factor ||E|a, i.e.,

1% = x5 la < [[Eflalx — x4 VX"

ex

We remark that this is a worst-case scenario analysis. The actual rate of conver-
gence depends on the right-hand side and the current approximation and cannot
be accurately described by a one-number characteristic.

In contrast to the exV-cycle method, the error of the approximation computed
after one iteration of the inV-cycle method might not be able to be written as
an error propagation matrix times the previous error. This is due to the fact
that we consider a general solver on the coarsest level, whose application might
not be able to be expressed as a matrix times vector. To obtain insight into the
convergence behavior of the inV-cycle method, we view it as a perturbation of the
exV-cycle method.

Let x;*" denote the approximation computed after one iteration of the inV-
cycle method starting with xP™. The error of the inV-cycle approximation can
be written as the error of the approximation x," computed after one iteration of
the exV-cycle method starting with the same xP*V plus the difference of the two
approximations, i.e.,

X = 3 B X i = B — ) Y Y (1)
Taking A-norms on the left and right sides, using the triangle inequality and the
norm of E yields

[ = xi™[a < [Eflallx =P + (%™ = %7 a (1.4)
We turn our focus to the difference xJ¢" — x{*". When applying one step of

the inV-cycle method or one step of the exV-cycle method, all intermediate results
Vg-l], j=1...,J,1,7=0,...,J are the same until the coarsest level is reached.
In the exV-cycle method, the exact solution v of the problem on the coarsest level
is used, while in the inV-cycle method its computed approximation v, is used.
Writing down the difference x2% — x2°¥ using the individual steps in Algorithm

ex mn
yields (the subscripts “ex” and “in” indicate that the term corresponds to the

IThe error propagation matrix for a two-level exV-cycle method can be expressed as
E= (I, - N;A))(I, - P;A;'P] A (I, — MyA)).

A recursive expression for the error propagation matrix for an exV-cycle method with a higher
number of levels can be found, e.g., in [21, Theorem 2.4.1].
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exV-cycle method and the inV-cycle method, respectively)

X = X0 = Vi~ Vi
=i+ Ny — AT — (VO + N — A VL)
= I, - NJAJ)(VELX - V?,]in)
= (I, = NJA) (VY +Povil o = (W + P L)
= (I - NJAJ)PJ(Vgll,ex - Vgll,in)
= (I, - NJAJ)PJ(V?]—l,ex - V!;ﬂ—l,in)
= (I, —N;A)P,;...(I; = N1A )Py (vo — Vo in)-

Denoting by S the matrix

S - (IJ_NJAJ>PJ...<11 —NlAl)Pl S Rn‘]Xno (15)
gives
Xoo' =Xy = S(Vo = Voin). (1.6)

We have expressed the difference of the inV-cycle and exV-cycle approximation as
a matrix S times the error of the coarsest-level solver. The matrix S describes
how the error is propagated to the finest level. Let ||S||a,.a denote the norm of S
generated by the vector norms || - ||a, and || - ||a, i-e.,

[Svila

ma. .
veER™0,v#£0 HVHAO

IS][ag.a = (1.7)

We derive a bound on the norm |[S||a,a. Denoting by S;, j =2,...,J — 1,
the matrix

Sj = (Ij - NjAj)Pj ce (11 — N“Al)];)1 c ]anxm)’

and using the definition of ||S||a,.a leads to

|(I; = NyA,)P;S;_1v]a

ISlana = max [¥lla,
L NADPSs VA IPSs vla
VER™0 v£0 IPsSs_1v|a vl a
IPsSs-1v]a
< I, —N/A —_—
—ve$0a§¢0|| s~ NsAsla vl a
1Ss-1vlla,_
T —NGA I=J=1V A1 1.
I =N, (18)
Iovilan

J
I. —N,A.||A.

jl;[l || J J ]||AJ vg%oa,%;éo HVHAO

J

[T 1T — N;A; |4,

j=1

where we have used the Galerkin condition (1.1)) to obtain (1.8). The monotone
convergence of the post-smoothers (1.2)) in the A ;-norms implies that ||S|[a, a < 1.
If post-smoothing is not used, i.e., N; = 0, then ||S|/a,a = 1.
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The relation (1.6 implies

new new

%™ = x5 [[a < IISllav,allvo = Vonlla,- (1.9)

Returning back to the estimate of the A-norm of the error of the inV-cycle
approximation, using (|1.4)) and (1.9) we have

I = xla < B lallx — xP[la + [Slagallvo — Voullag: ¥, (1.10)

m

We consider two different assumptions on the Ag-norm of the error of the
approximate coarsest-level solver ||[vy — Vo in||A,:

o A relative assumption, where the Ag-norm of the error of the coarsest-level
solver is less than a factor of the A-norm of the error of the previous
approximation on the finest level, i.e., there is a constant v > 0 such that

Vo = Voullas < ylx = X7 [, V. (1.11)

e An absolute assumption, where the Ag-norm of the error of the coarsest-level
solver is less than a constant, i.e., there is a constant ¢ > 0 such that

Vo — Vonlla, <€, VxP*. (1.12)

We first analyze the inV-cycle method under the relative assumption and then
under the absolute assumption. We comment on verification of the assumptions
later in Sections [L.4] and [L.5

1.3.1 Relative coarsest-level accuracy

Combining ((1.9) and (1.11]) yields an estimate on the A-norm of the relative
difference of the exV-cycle and inV-cycle approximations after one V-cycle iteration

new
ex

new

— Xin |l
||X—Xpr;1\17||A < ||S||A0,A’Y'

I

For the A-norm of the error of the inV-cycle approximation, we have using (|1.10))

and (L.11)

[ =i [|a < ([[Ella + [[Sl[ao,a7) [Ix = "] (1.13)

Assuming that the error of the coarsest-level solver satisfies estimate ((1.11]) with
~ such that
IElla + [ISl[asa7 <1,

the inV-cycle method converges and we have a bound on its convergence rate
in terms of the bound on the rate of convergence of the exV-cycle method and

1Sl ag.a7-
We summarize the results in the following theorem.

Theorem 1.1. Let x2% be the approzimation of x = A~'b computed after one
iteration of the exV-cycle method with error propagation matriz E, ||E|a < 1,
starting with an approximation xP*. Let X'V be an approzimation of x = A~'b
computed after one iteration of the inV-cycle method starting with the same
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approzimation xXP*V, and assume the error of the coarsest-level solver vy — v in
satisfies
Vo = Vo,nllag < 7lx — x|, (1.14)

for some constant v > 0. Then the following estimate on the A-norm of the
relative difference of the exV-cycle and inV-cycle approximations after one V-cycle

iteration holds:
[[Xee" — X || a

ERETRI

where S is the matriz defined in (1.5)) satisfying ||S||a,.a < 1. Moreover,

< [IS[lac.a7, (1.15)

Ix =i lla < ([Ella + [[S]lag.ay) lIx = x"]|a, (1.16)
and if the error of the coarsest-level solver satisfies (1.14]) with v such that
IElla +[Sllag.ay <1,
the inV-cycle method converges.

A multigrid method is said to be uniformly convergent if there exist a bound
on the rate of convergence which is independent of the number of levels and of the
size of the problem on the coarsest level; see e.g., [23] 25]. If we assume that the
exV-cycle method converges uniformly and the error of the coarsest-level solver in
the inV-cycle method satisfies with « such that ||E||4 +~ < 1 holds and v
is independent of the number of levels and the size of the problem on the coarsest
level, inequality and the fact that ||S||a, a < 1 yield that the inV-cycle
method converges uniformly.

We use the results presented in this section to discuss what may be the effect
of the choice of tolerance in a relative residual coarsest-level stopping criterion
on the convergence of the V-cycle method in Section 1.4 We present nurnerical

experiments testing the accuracy of the estimates (1.15]) and ([1.16]) in Section

1.3.2 Absolute coarsest-level accuracy

We further focus on the analysis of the inV-cycle method under the assumption
on the absolute coarsest-level accuracy . The following development is
inspired by [7, Section 4], where the authors analyze the inexact Richarson
method.

Let x;, ™) he an approximation computed after n iterations of the inV-cycle
method, startlng with an initial approximation x(¥, and assume the errors of the
coarsest-level solver satisfy (1.12) W1th a constant e > 0. Using (1.3) and (L.6),

the error of the kth approximation xM = 1,...,n, can be written as

11’17

x—x® —Bx—xF D) 4 g® k=1, .n,

1

where g®) = S(v; (k) v(()]i)n) and v 0 _y

when computing x( ), Let X(” be an approximation computed after n 1terat10ns
of the exV-cycle method starting with the same initial approximation x(*). The

(k)

0,in

is the error of the coarsest-level solver
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1(1? ) can be rewritten using the terms g® as

x® — x = (x = x{") — (x — x1)
=E(x — x-(n_l)) + g™ — E"(x — x¥)
= E(E(x —xI V) + g V) + g — E*(x — x?)

= E’(x — x"" ) + Eg" ) + g — E"(x — x(©)

difference x(" — x

=E"(x—x)+ Y E"Fg®) — E"(x — x0)

k=1
i n—k (k:

Taking the A-norm of both sides, using the triangle inequality and the multiplica-

tivity of the matrix norm || - ||o we obtain
I = xila = I 2B g a < SN g lla. (117)
k=1 k=1

Using that g*) = S(Vék) - V0 m) and the norm of S ([L.7) leads to
I3 =i |a < Z IE[A*IS(v6” = viom)lla

n
k
ENEKWWMNW vl A,

This bound provides information on how the accuracy of the solver on the coarsest
level during the individual solves affects the A-norm of the difference of the
approximations x(™ and x\".

Using the assumption and the bound for a sum of a geometric series we
have

(n) (n) < g n—k S S X Y4 < EHSHAO,A
e —xin la < D IEIA"IS]lac.a€ < [Sllagae)_ |E[x < N
k=1 =0 A

Using the triangle inequality yields

€l|S||ao,a

I =i la < = x3la + ;
1 - [[E[la

i.e., the A-norm of the error after n V-cycle iterations is less than the A-norm of
the error of the exV-cycle approximation computed after n V-cycles plus the term
€|Sllag,a
1-|Ella - ) ) o )

We summarize the results of this section in the following theorem.

Theorem 1.2. Let x™ be the approzimation of x = A~'b computed after n
iterations of the exV-cycle method with error propagation matriz E, ||E||a < 1,
starting with an approzimation x©. Let x(™ be an approzimation of x = A~'b
computed after n iterations of the inV-cycle method, starting with the same

approzimation, and assume the errors of the coarsest-level solver V(()k) —V(()lfi)n satisfy

v —VOIHHAOSG k=1,...,n, (1.18)
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for a constant € > 0. Then the following estimate on the A-norm of the difference
of x( and x™ holds:

€ISl ap,a

Xex Xin A = )
|| (S || 1 — ||E||A

(1.19)

where S is the matriz defined in (1.5) and ||S||a,a < 1. Moreover,

€)|S|| ao.a

% — % |a < |lx — x||a + A
1 — |[E[a

We derive a coarsest-level stopping criteria based on these results in Section
and perform numerical experiments studying the behavior of an inV-cycle method
with the assumption on an absolute coarsest-level accuracy in Section [I.6.3]

1.4 Effects of the choice of the tolerance in rela-
tive residual stopping criterion

Stopping an iterative coarsest-level solver based on the size of the relative
residual is frequently done both in the literature and in practice. One chooses a
tolerance 7 and stops the solver when

fo— A in
1o 0Vo,in|| <7 (1.20)
o]

In this section we use the results from Section to analyze the effect of the
choice of the tolerance 7 on the convergence of the inV-cycle method. We show that
if inequality holds then inequality holds with a certain v depending
on the tolerance 7, and consequently we may use the results from Theorem

We start by showing that the Euclidean norm of the right-hand side on the
coarsest level can be bounded by the Euclidean norm of the residual of the
previous approximation on the finest level. Rewriting f; using the individual steps
in Algorithm , we have (note that v = 0,7=1,...,J—1)

J

fo =Pl (f; — AV = PI(f — A (v + M, (F; — AVl

- A (1.21)
— Pl (Il — AlMl)fl = H P] (I] _— AJMj)fJ,1
j=1
The vector f;_; can be expressed as
£, =Pj(b— Av}) = Pj(b— A" + M, (b — Ax"™))) (1.22)

=P (I; — AM,)(b — AxP™).

Denoting by T the matrix

J
T=][P/ @ - AM,)),
j=1
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and combining (1.21]) and (1.22), we have f; = T (b — AxP*"). The matrix T
describes how the residual from the finest level is propagated to the coarsest level.
Based on this relation, we can estimate the Euclidean norm of f; as

[[foll < T} — AxP=. (1.23)

The norm of T can be bounded as

J
1Tl < TTIP; 1T — ANl

j=1

by a procedure analogous to that used in bounding the norm of ||S||a,.a; see

Section [I.3]
Utilizing ([1.23)) to bound the term ||fo|| in ((1.20]), we obtain
[fo — Aovo,inll -
IT[[[[b — Axcprev] =

Using that the Euclidean norm of the coarsest-level residual can be bounded from
below by the Ag-norm of the coarsest-level error as (see Appendix [1.8.2))

S T §
IAG 12 Ivo = Vounllag < llfo = Agvoul, (1.24)

and that the Euclidean norm of the finest-level residual can be bounded from
above by A-norm of the error as (see Appendix [1.8.2))

[b — AxP|| < || A]7]x — %P (1.25)

we get
11
1A %] Vo — Vounll ag
1 =
ITIA]2]% = xrefa —

i.e., the inequality holds with v = 7|T||||A] 2| Ag"||2. Using the results
from Theorem (1.1, we have an answer to the question of how the choice of the
tolerance in the relative residual stopping criterion for the coarsest-level solver
affects the convergence of the V-cycle method.

We note that since was derived using the estimates -, which
may be a large overestimate, the resulting estimates may be loose and the actual
quantities much smaller. We carry out numerical experiments investigating the
accuracy of the estimates for the methods used in the motivating numerical
experiment in Section [1.6.2]

(1.26)

1.5 Absolute coarsest-level stopping criteria

In this section, we focus on the second question formulated after the motiva-
tional experiment; that is:

“Can we define coarsest-level stopping criteria that would yield a
computed V-cycle approximation “close” to the V-cycle approxima-
tion which would be obtained by solving the coarsest-level problems
exactly?”
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We present a new stopping criteria motivated by the assumption on an absolute
accuracy of the coarsest-level solver and the results in Theorem The inequality
in the assumption on an absolute accuracy of the coarsest-level solver can
not be directly used in practice as a coarsest-level stopping criterion since it
involves the Ay-norm of the coarsest-level error, which is not available. We may;,
however, formulate coarsest-level stopping criteria using estimates of the Ag-norm
of the error. Let n(v(()]fi)n) be an upper bound on the Ag-norm of the error of the
coarsest-level solver in the kth V-cycle iteration, i.e.,

HV(()k) - V(()’fi)ll‘|A0 < n(v(()lfi)n)ﬂ k= L...,n. (1'27)

We formulate a stopping criterion with a parameter € > 0, which is chosen by the
user, as
n(vim) <e, k=1,...n. (1.28)

If ((1.28]) holds then ([1.18]) holds and from Theorem |1.2| we know that the A-norm
of the difference of the inV-cycle and exV-cycle approximations after n V-cycle
iterations is bounded according to

I =l < g (1.29)

6 .
[Ella’

here we have bounded ||S||a, a by one from above. We note that the accuracy of
this estimate is influenced by the accuracy of the estimates (1.27). The term ||E||a
is in general unknown. It is, however, included here in the form 1/(1 — ||E||a). If
we assume that [|E||a < a, (where, e.g., a = 1/2 or a = 2/3) we get

€

(1.30)

(n) _ ()
”Xex Xin HA S 1 — Oé.
Due to the structure of the term 1/(1—||E||a) this is not a significant overestimation
even if the actual value of ||E||a is much smaller than a. We note that assuming
that |El]a < 1/2 or ||E||a < 2/3 is a valid assumption for a well set up V-cycle
methods.

The stopping criterion thus enable us to control the difference of the
inV-cycle and exV-cycle approximations after n V-cycles and consequently also
the accuracy of the inV-cycle approximation. If we want to compute an inV-cycle
approximation whose A-norm of the error is approximately at the level  (where
e.g., 0 =10"% or # = 107!1) we may set € as ¢ = (1 — a)f. Using the triangle
inequality and the A-norm of the error of the inV-cycle approximation is
bounded as

% —xi[a < JIx = x| + [x = x2)|a < [Jx —x]]a + 6.

If we perform sufficiently many V-cycle iterations such that the A-norm of the
exV-cycle approximation (i.e., ||[x — x|/ o) would be approximately at the level
of 0, than the error of the inV-cycle approximation, ||x — xl(: ) ||a, is approximately
at the level of 6.

The coarsest-level stopping criterion does not provide a finest-level stopping
criterion for the inV-cycle method. We comment on a heuristic finest-level stopping

indicator when discussing the results of numerical experiments in Sections [1.6.3
and [1.6.4]
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We further comment on the choice of the estimate 1 on the Ay-norm of the error
on the coarsest-level. We may use the residual based estimate on the Ay-norm of

the error (1.24); i.e.,
-1
n(von) = [|Ag Y72 - Aovonll- (1.31)

The term ||Ag*||, i.e., the reciprocal value of the smallest eigenvalue of Ay, has to
be in practical computations estimated or computed approximately.

When we are using the conjugate gradient method or the preconditioned
conjugate gradient method, we may use some of the upper bounds on the Ag-norm
of the error described e.g., in |9] and the references therein, as well as in |6, (17, |16,
18]. Most of these estimates are derived based on the interpretation of CG as a
procedure for computing a Gauss quadrature approximation to a Riemann-Stieltjes
integral.

We test the accuracy of estimate and the performance of the stopping
criterion in numerical experiments in Section [1.6.4]

1.6 Numerical experiments

In this section we present numerical experiments illustrating some of the
key results derived in this paper. We consider the same model problems and
analogous V-cycle methods as in the motivating experiments in Section To
approximate the errors on the finest and coarsest level we compute the solutions
using the MATLAB backslash operator. We simulate the exV-cycle method by
using MATLAB backslash operator as the solver on the coarsest level.

1.6.1 inV-cycle method satisfying the relative coarsest-level
accuracy assumption

In this experiment, we study the behavior of the inV-cycle method with a
coarsest-level solver which is stopped when the assumption on a relative coarsest-
level accuracy is satisfied and examine the accuracy of the estimates presented in
Theorem [L.II

We consider the same problems and analogous V-cycle methods as in the
motivational experiments in Section The only difference is that we stop CG
on the coarsest level when inequality (approximately) holds, i.e., when

Vo = Vo,nlla, < 7][x — x|

We consider three choices of the constant v, v = 0.3, v = 1072, and v = 10~%. We
run the V-cycle method starting with a zero initial approximate solution and stop
when the A-norm of the error on the finest-level is (approximately) lower than
1071,

The results are summarized in Figure [[.2] After each V-cycle iteration we
compute the A-norms of the relative difference of the exV-cycle and inV-cycle
approximations after one V-cycle iteration, i.e.,

new new

ex 1mn ||A (132)

[ —xPrevja

1%

28



Poisson problem, 6 levels jump-1024 problem, 6 levels

< 0.3 | aototsssstsspsotash 0.3 [aassssssdarsssssssiosssssnssdonisd
i 7=
zﬁEg :ng
: z 1073 toeceoeeeeo 1, z 10-3 i
= 10_4 7’/?'*7_‘_‘_./ \ \ | 107 s | \ ]
0 5 10 15 0 10 20 30
V-cycle iter. V-cycle iter.
Poisson problem, 6 levels jump-1024 problem, 6 levels
< 045 F==-=--mmmmmmmmmmm oo - P 0.92 [ ----------------------1
= 03[ Avssasassa, Auba,y o7 0.62
k> ke
(REA | e e e e e o N NS
éi 0.15 ﬁm éi 091% .
0L ! ! ! i ! ! !
0 5 10 15 0 10 20 30
V-cycle iter. V-cycle iter.
Poisson problem, 6 levels jump-1024 problem, 6 levels
10°
< )
=
X 1076
|
Lip-n
0 5 10 15
V-cycle iter. V-cycle iter.
. Poisson problem, 6 levels - jump-1024 problem, 6 levels
O Q
S /’\\«, & 600 | 1
O M O
5 40| 1 5 40 l
-~ ~ )}
B o0l e eiaieaad B 200 s |
g \ \ ! g \ \ !
= 0 5 10 15 = 0 10 20 30
V-cycle iter. V-cycle iter.

Figure 1.2 Properties of inV-cycle methods with CG as the solver on the coarsest
level, which is stopped when the assumption on the relative coarsest-level accuracy

(L.14) is satisfied with v = 0.3 ((*), v = 1073 (~=-)), or v = 107 (==]). The dashed

lines corresponds to the estimates ||[E||a + . For comparison we also include results of

the exV-cycle method .
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Figure 1.3 A-norm of the error of the inV-cycle methods with CG as the solver on
the coarsest level, which is stopped when the assumption on the relative coarsest-level
accuracy (|1.14)) is satisfied with v = 0.3 , v =103 (]:I), ory=10"* . For
comparison we also include the A-norm of the error of the exV-cycle method .
Every third point is marked.

for xP™V = Xl(f ), k=0,1,.... According to the estimate from Theorem ,
the relative difference should be less than 7||S||a,.a, where ||S||a,a < 1.
Looking at the results we see that all values are slightly less than ~ besides
the ones computed after the last few V-cycle iterations of the variants with
v = 1071 We strongly believe that these outlier are caused by the effects of finite
precision arithmetic. Dividing the computed values (besides the mentioned
outliers) by 7 and finding the maximum we get a lower bound on ||S||a,.a, which
is 0.95 and 0.97 for the variant with the Poisson and the jump-1024 problem,
respectively.
We also compute the convergence rate in the A-norm, after each V-cycle
iteration, i.e.,
I — x™||a

Tx = x|, n=12..., . (1.33)
According to the estimate ([1.16)), the convergence rate is bounded by
|E|[a + 7; we have used that ||S||a,a < 1. We approximate the term ||E||s by
a procedure described in Appendix [I.8.1] Tt is approximately 0.15 and 0.62 for
the variant with the Poisson and the jump-1024 problem, respectively. Looking
at the results we see that all the computed values of are less than the
corresponding bounds.

Let us first comment on the result for the Poisson problem. The convergence
rates of the variants with v = 1073 and v = 10~* are approximately the same as
the convergence rate of the exV-cycle method. The rates are significantly lower
than its bounds in the first few V-cycle iterations, but they gradually deteriorate
to approximately the value of the bound in the last V-cycle iterations. The
convergence rate of the variant with v = 0.3 is approximately constant 0.3. Here
we don’t see the usual deterioration of the convergence rate after the first V-cycle
iterations. The bound for this variant is approximately 0.45.

Let us focus on the results for the jump-1024 problem. The convergence
rate of the exV-cycle method doesn’t deteriorate to the value of its approximate
bound 0.62, but it stays under 0.15. This is an interesting behaviour since 0.15 is
approximately the value of the bound on the rate of convergence of the exV-cycle
method for the Poisson problem. The convergence rates of the variants with
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v =1073, v = 107%, are in the first V-cycle iterations approximately the same as
the rate of the exV-cycle method. They, however, eventually deteriorate to the
expected bounds. The deterioration happens sooner for the variant with v = 1073,

The convergence rate of the variant with v = 0.3 is approximately 0.3 in
the first few iterations then it deteriorates to 0.62. This is another interesting
behaviour since 0.62 is the value of the bound on the convergence rate of the
exV-cycle method. The bound on the convergence rate of the inV-cycle method
with v = 0.3 is 0.92.

In these experiments we see that the estimate of the rate of convergence of the
inV-cycle method with the assumption on a relative coarsest level accuracy is an
accurate estimate of the worst-case convergence rate if 7 is smaller than ||E|| 4.

We also plot the A-norm of the error and the number of CG iterations on the
coarsest level. We see that the number of CG iterations performed in the variants
with the jump-1024 problem is significantly higher than in the variants with the
Poisson problem.

To find out whether the inV-cycle methods reach the same level of attainable
accuracy as the exV-cycle methods, we perform an experiment, where we stop
the V-cycle method on the finest level after 50 V-cycle iterations. The results are
summarized in Figure We see that the considered inV-cycle methods reach
the same level of attainable accuracy as the exV-cycle methods.

1.6.2 Accuracy of the estimates for inV-cycle methods with
a relative residual coarsest-level stopping criterion

In this experiment, we study the accuracy of the results for a inV-cycle methods
with a relative residual coarsest-level stopping criterion discussed in Section [I.4]

We consider the same problems and analogous V-cycle methods as in the
motivational experiments in Section [1.2.1] We stop CG on the coarsest level using
the relative residual stopping criterion , i.e., when

||fo - AoVo,inH
—_— < T,
[1foll

and choose 7 = 1074||T||"}||A||"2||A; *|| 2. We approximate the terms ||T|, |A]],
|Ag?|| using MATLAB function eigs.

We run the V-cycle method starting with a zero initial approximate solution
and stop when the A-norm of the error on the finest level is (approximately) lower
than 107!, In order to find out whether the results are substantially affected by
the use of the finite precision arithmetic, we run the computation both in the
standard MATLAB double precision and also in a simulated quad precision using
the Advanpix toolbox [1].

After each V-cycle iteration we compute the A-norm of the relative difference
of the exV-cycle and inV-cycle approximations after one V-cycle iteration ((1.32]).
The V-cycle methods for both problems reach the desired accuracy in 9 V-cycle
iterations. The results are summarized in Figure [I.4] According to the discussion
in Section the relative difference should be less than

1 —1nd
TI I Az Ag 12 ]IS ap.a-

31



Poisson problem, 6 levels jump-1024 problem, 6 levels
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Figure 1.4 Testing accuracy of the estimate discussed in Section We consider the
V-cycle method with CG as the solver on the coarsest level. CG is stopped using the
relative residual stopping criterion with 7 = 10_4HT||_1||A||7% HAalﬂfé. The
computation is done in standard MATLAB double precision (]:D and in simulated
quad precision using the Advapix toolbox .

Bounding ||S||a,.a by one from above and considering our choice of 7, we get that
the relative difference should be less than 10~%. We see that this is true for
all of the computed values. The computed values are however significantly smaller
than the estimate. This may be a consequence of the usage of the estimates (|1.24])
and in the derivation of the estimates in Section

We see that the relative difference for the variant computed in double
precision starts increasing after the 5th V-cycle iterations, whereas the relative
difference for the variant computed in the simulated quad precision stay approxi-
mately at the same level. We thus strongly believe that the increase of the values
computed in double is caused by the use of the finite precision arithmetic.

1.6.3 inV-cycle method satisfying the absolute coarsest-
level accuracy assumption

In this experiment we study the behavior of the inV-cycle method with a
coarsest-level solver that is stopped when the assumption on an absolute coarsest-
level accuracy is satisfied and examine the accuracy of estimates presented in
Theorem [L.2]

We consider the same problems and analogous V-cycle methods as in the
motivational experiments in Section The only difference is that we stop CG
on the coarsest level when inequality (approximately) holds, i.e., when

Vo — Voinlla, < €

We choose € = 0(1 — |E||a), where § = 107 or § = 1071, We approximate ||E|a
as in the experiments in Section [1.6.1} We run the V-cycle method starting with
a zero initial approximate solution and stop after 15 V-cycle iterations.

The results are summarized in Figure[1.5] After each V-cycle iteration we com-
pute the A-norm of the difference of the exV-cycle and inV-cycle approximations
after n V-cycle iterations, i.e.,

X&) —x0 s, n=1,2,..., . (1.34)
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Figure 1.5 Properties of inV-cycle methods with CG as the solver on the coarsest

level,
1.18) (approximately) holds with € = (1 — ||E||a), where § = 10~* or =101

which is stopped when the assumption on the absolute coarsest-level accuracy

. For comparison we also include the A-norm of the error of the exV-cycle method
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According to estimate ([1.19)) from Theorem the norm of the difference (|1.34))

should be less than
€[Sl a,.a

1—[|El[a’
Bounding ||S||a,,a from above by one and considering our choice of €, we get that
the difference should be less than 6. Looking at the results, we see that the
computed values are slightly less than 6. The estimate (|1.19)) is accurate
for these numerical experiments.

The convergence of the inV-cycle and exV-cycle methods are approximately
the same until they reach the level §. The A-norm of the error of the inV-cycle
method then starts decreasing with a significantly slower rate. At this point
the stopping criterion on the coarsest-level is automatically satisfied and the
coarsest-level solver is not used. The method perform only smoothing on the fine
levels.

We see that the choice of €, respectively 6, determines the finest-level accuracy
of the inV-cycle approximation. If we look at the number of coarsest-level solver
iterations they are decreasing with each V-cycle iteration until they reach zero. The
number of CG iterations performed for the variant with § = 107 is significantly
smaller than for the variant with § = 1071,

The behaviour is analogous for the two problems, the method for the jump-1024
requires significantly more coarsest-level iterations.

1.6.4 inV-cycle method with absolute coarsest-level stop-
ping criteria

In this experiment we study the behaviour of inV-cycle methods with an
absolute coarsest-level stopping criteria based on upper bounds of the Ag-norm of
the errors.

We run analogous numerical experiments as in Section [1.6.3] The only differ-
ence is that we stop CG on the coarsest-level using the stopping criterion (|1.28)),
i.e., when

U(VO,in) S €,

where 7 is an upper bound on the Agy-norm of the error of the coarsest-level solver.
We again choose € = (1 — ||E||a), where § = 107 or § = 10~!*. We consider two
choices of 7. First, the residual based upper bound . We label this variant as
RES. We approximate the term ||Ag || using the MATLAB function eigs. Second,
the Gauss-Radau upper bound on the Ag-norm of the error in CG stated in 18,
second inequality in (3.5) with updating formula for a coefficient (3.3)]. This
upper bound is based on the interpretation of CG as a procedure for computing
a Gauss-Radau quadrature approximation to a Riemann-Stieltjes integral. To
compute this upper bound we need an lower bound on the smallest eigenvalue of
the matrix Ay. We approximate the smallest eigenvalue of A using the MATLAB
eigs function and use its 1 — 1073 multiple as the lower bound. We label this
variant as GR. For comparison we include in the plots the results computed in
Section where CG is stopped on the coarsest-level when inequality
(approximately) holds. We label this variant as ERR.

We run the V-cycle method starting with a zero initial approximate solution
and stop after 15 V-cycle iterations. The results are summarized in Figure [1.6]
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Figure 1.6 Properties of inV-cycle methods with CG as the solver on the coarsest
level, which is stopped by an absolute criterion based on upper bounds of the Ag-norm
of the errors; variant ERR with § = 1074 or § =10"11 EI), variant GR with

=104 D or § =10~1 (]:I), variant RES with § = 10~ or § =101

EI). For comparison we also include the A-norm of the error and Euclidean norm of

residual of the exV-cycle method E[)
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After each V-cycle iteration we compute the A-norm of the difference of the exV-
cycle and inV-cycle approximations after n V-cycle iterations . According to
the discussion in Section and the choice of ¢, the norm of the difference (1.34))
should be less than 6. Looking at the results we see that all values @ are
lower than the corresponding 6. We see that estimate is the most accurate
for the variant ERR and the loosest for the variants RES. When performing the
experiments we observed that the Gauss-Radau upper bound on the Ag-norm
of the error used in the GR variants is more accurate than the residual based
estimate used in the RES variants. The more accurate the upper bound on
the Ag-norm of the error on the coarsest-level is used in the stopping criterion the
more accurate estimate is and the less CG iterations on the coarsest-level
are performed.

Looking at the A-norms of the error, we see that the variants GR and RES with
stopping criteria based on the upper bounds of the Ag-norm of the coarsest-level
errors have analogous convergence behavior as the variant ERR with stopping
criteria based on the Ag-norm of the coarsest-level errors.

Based on these experiments, we believe that automatic satisfaction of the
coarsest-level criteria can be used as a heuristic indicator that the A-norm of the
error on the finest level is at the level of #. Another heuristic indicator that we
reached the desired finest-level accuracy might be a stagnation of the norm of the
finest-level residual.

1.6.5 Performance of inV-cycle methods with absolute
coarsest-level stopping criteria

In this experiment, we evaluate the performance of inV-cycle methods with an
absolute coarsest-level stopping criteria considered in Section [1.6.4]

We consider the same problems and analogous V-cycle methods. The only
difference is that we don’t use a computed approximation of ||E|/a but assume
that ||E||a < 2/3 for both problems. The assumption |E|a < 2/3 should be
a valid assumption for most of the well set up V-cycle methods. For difficult
problems it may be safer to consider it closer to one. Our goal is to compute
approximations whose A-norm of the error is approximately at the level of 10~*
and 107, respectively. According to the discussion in Section we choose
e =(1-2/3)0, where § = 10~* and 6 = 1071

We run the V-cycle method starting with a zero initial approximate solution
and stop when the A-norm of the error is (approximately) lower than 10~* and
10~ for the variants with § = 107* and 6§ = 107!!, respectively. For both
problems the exV-cycle method requires 2 and 9 V-cycle iterations to reach the
desired finest-level accuracy 10~* and 10!, respectively. The results of the
inV-cycle methods are summarized in Figure [1.7]

We see that the inV-cycle methods converge to the desired accuracy in the
same number of V-cycle iterations as the exV-cycle methods. The goal of the
coarsest-level stopping strategy is thus satisfied. The methods works well for both
problems with the same choice of the parameter e. The variants RES, require
more CG iterations on the coarsest level than the variants GR.

We may compare the total number of CG iterations in the variants GR and
RES with the total number of CG iterations in the variants with a relative residual
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Figure 1.7 Properties of inV-cycle methods with CG as the solver on the coarsest
level, which is stopped by the absolute criteria based on upper bounds of the Ay-norm
of the errors.

stopping criterion in Figure We see that the number of total CG iterations
in the GR and RES variants are not the lowest possible, such that an inV-cycle
method converges to the desired accuracy in the same number of V-cycles as the
exV-cycle method, but they also aren’t substantially high.

To see how the coarsest-level stopping strategy may be affected by the change
of the size of the coarsest-level problem and the change of the number of levels in
the V-cycle method we run experiments where we consider the same problem on
the finest level, but just three level V-cycle methods. The size of the coarsest-level
problems is 101761 DoFs. The results are summarized in Figure [1.§]

We see analogous behavior as in the experiment with six level V-cycle methods.
The variants GR and RES converge to the desired accuracy in the same number
of V-cycle iterations as the exV-cycle methods.

The main benefit of the stopping strategy is that we don’t have to try different
parameters for different problems or when we want to reach different finest-level
tolerances or when the size of the coarsest-level problem changes. The parameter
0 is chosen the same as the finest-level tolerance we are aiming for.

1.7 Conclusions and open problems

In this paper we present an approach to analyzing the effects of approximate
coarsest-level solves on the convergence of the V-cycle method for SPD problems.
We use the results to give an answer to the question of how the choice of tolerance
in the relative residual stopping criterion for the coarsest-level solver may affect
the convergence of the V-cycle method. We present novel coarsest-level stopping
criterion which we may use to control the difference between the computed
approximation and the approximation which would be computed by the exV-cycle
method. This coarsest-level stopping criterion may thus be set up such that the
method converges to a chosen finest-level accuracy in (nearly) the same number
of V-cycle iterations as the exV-cycle method. The stopping strategy achieves
this goal in various numerical experiments. In a future work we would like to test
this coarsest-level stopping strategy within the algebraic multigrid methods.

In this work we focus on the use of multigrid methods as a standalone solver.
Multigrid methods are, however, also frequently used as a preconditioner for a
Krylov subspace method. It would be interesting to investigate how the results
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condition number of the coarsest-level matrix
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RES 1/ 430 70 3417 17 8901 7. 67373

Figure 1.8 Properties of inV-cycle methods with CG as the solver on the coarsest
level, which is stopped by a relative residual criterion with various tolerance 7, or by an
absolute criterion based on upper bounds of the Ag-norm of the errors; variants GR
and RES. The bright yellow and green color highlight variants that converge in the
same number of V-cycles as the exV-cycle method. The bright yellow variants achieve
this in the least total number of CG iterations on the coarsest-level.
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obtained in this paper could be utilized in this setting. In general an inV-cycle
method would have to be applied as a flexible preconditioner.

Other open problems include the generalization to non-symmetric problems
or to other multigrid schemes such as the W-cycle scheme or the full multigrid
scheme.

1.8 Appendix

1.8.1 Numerical approximation of ||E| s

In this section we describe a procedure for numerical approximation of the
A-norm of the error propagation matrix E of the exV-cycle scheme. We consider
an exV-cycle scheme where the pre- and post- smoothing is each accomplished by
one iteration of the symmetric Gauss-Seidel method. Thanks to the use of the
symmetric Gauss-Seidel smoother the matrix E is symmetric and there exist a
symmetric matrix B such that E =1 — B™'A; see, e.g., [23]. Then

IBl[a = |T-B™'Ajls = [A3(I-BTA)A™:| = |I- AZB7'A%.
Since the matrices A2B~'A2 and B~'A have the same eigenvalues there holds
IT— A:BAz|| = |[I- B 'A|],

and consequently ||E|a = [|E||. We compute it using MATLAB function eigs
(with the largest eigenvalue option) applied to the function

X=X — V(AO:J7 Ml:J7 Nl:J7 P12J7 AX? 07 J)

1.8.2 Derivation of inequalities (|1.24) and (|1.25))

In this section we present derivations of inequalities ((1.24]) and (1.25) used in
Section [L.4] i.e.,

1
A 2][vo — Vo.nllas < [Ifo — AoVl

b — Ax”V]| < [[A]]Z [x — x""|a.
Using that Agvy = fy and that Ag is SPD we have

HVo - VO,inHiO = (Vo — VO,in)TAO(VO - Vo,in)

(
(Ag ' (fo — AO"O,in))TAO(Aal(fO — AgVo,n))
(
(

fo — AoVo,in)TAaleAal(fo — Agvoin)
fo — AoVo,in)TAal(fo — Agvom) < HAalH |fo — AOVO,inH2>

which yields the first inequality. The second inequality can be derived using that
Ax =Db and that A is SPD

Hb _ AxpreVHQ _ (b o AXprev)T(b _ AXpreV) _ (A(X . Xprev))T((A(X . Xprev))
— (X _ XPreV)TA%AA% (X o Xprev)

< [JAJI (e =) TA(x — %) = [|A[]]x — x4
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2 A posteriori error estimates
based on multilevel
decompositions with large
problems on the coarsest level

In the previous chapter we studied the effects of approximate coarsest-level
solves on the convergence of a V-cycle method. In this chapter, we focus on a
related question formulated in the introduction regarding multilevel a posteriori
error estimates:

c¢) Consider the residual-based multilevel a posteriori error estimates such as
in 33, Section 2.6]. Is it possible to compute the term associated with the
coarsest-level approximately while preserving the efficiency and accuracy of
the estimate?

We show that the way in which the term associated with the coarsest level
is approximated is substantial. It can affect both the efficiency and accuracy of
the overall error estimates and their robustness with respect to the size of the
coarsest-level problem. We propose a new approximation of the coarsest-level
term, based on using the conjugate gradient method with an appropriate stopping
criterion. We prove that the resulting estimates still have the desired properties,
even though we use approximate computation on the coarsest-level.

This chapter contains a version of the paper: P. Vacek, J. Papez and Z.
Strakos, “A posteriori error estimates based on multilevel decompositions with large
problems on the coarsest level”, https://arxiv.org/abs/2405.06532, which was
submitted to a peer-reviewed journal in May 2024.

2.1 Introduction

Multilevel methods [6, (19, 9, 39] are frequently used for solving systems of
linear equations obtained from the discretization of partial differential equations
(PDEs). They are applied either as standalone iterative solvers or as precondi-
tioners. In geometric multigrid methods the hierarchy of systems is obtained by
discretizations of an infinite dimensional problem on a sequence of nested meshes.
In algebraic multigrid methods the coarse systems are constructed using algebraic
properties of the matrix. Each multigrid cycle contains smoothing on fine levels,
prolongation, restriction, and solving a system of linear equations on the coarsest
level. Smoothing is typically done by a few iterations of a stationary iterative
method. If the size permits, it is typical to solve the coarsest-level problem using
a direct method based on LU or Cholesky decomposition. Although this does not
provide a computed result with a zero error, many theoretical results on multigrid
methods are proved under the assumption that the coarsest-level problem is solved
exactly; see, e.g., [43, |45].

Multilevel methods can in practice also use hierarchies where the problem on
the coarsest level is large and can only be solved approximately to a properly
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chosen accuracy, e.g., by Krylov subspace methods, or direct methods based on
low-rank matrix approximations. This arises for problems on complicated domains
or for large-scale problems solved on modern parallel computers; see, e.g., [10].
Effects of approximate coarsest-level solves on convergence of multigrid method
were analysed, e.g., in |28 |44} 41].

The multilevel structure can also be used to construct estimates of total and
algebraic errors; see, e.g., [4, [33, |20, 23 31, 27]. The estimates of [4, 33, |20,
23, 31, |27] are, however, not suited for multilevel hierarchies with large coarsest-
level problems, which are being used for complicated domains and/or in parallel
implementations. They either assume that the coarsest-level problem is solved
exactly [4, 31, 27], or they require computation of the term rjAg'ry associated
with the coarsest level, where A is the coarsest-level system matrix and ry a
projection of a finest-level residual to the coarsest level, |33} 20, 23|. The term
riAg'ry can be approximated, e.g., using the conjugate gradient method (CG) as
in [23], or by replacing the system matrix with a diagonal matrix as in [20]. Then
proving efficiency and robustness of estimates becomes an important challenge.

In this text, we discuss properties of the error estimates in multilevel settings
where the system matrix on the coarsest level is large and the associated terms
are only approximated. We consider several a posteriori estimates on total and
algebraic errors based on decomposing the error into a sequence of finite element
subspaces and using either approximation properties of quasi-interpolation opera-
tors [4], stable splittings [33, 23], or so-called frames [20]. The main contribution
of this paper is a new procedure for approximating the term associated with
the coarsest level that is based on using the conjugate gradient method with an
appropriate stopping criterion. We prove that the resulting estimates are efficient
and robust with respect to the size of the coarsest-level problem.

The text is organized as follows. First, we present a model problem, its
discretization, and the notation used in the text. Derivations of error estimates
for total and algebraic errors are presented in Section In Section we
comment on the efficiency of the bounds. Main results are presented in Section
where we describe how to replace the (uncomputable) terms in the estimates by a
computable approximation and present an adaptive procedure for approximating
the coarsest-level term rjAg'ro. Numerical illustrations are given in Section
and conclusions in Section 2.7, Not to interrupt the presentation, we present
detailed theoretical results, which are used in the derivation of the estimates, in
Appendices. Appendix recalls some standard results from PDE and finite
element method (FEM) analyses. Appendix presents properties of the quasi-
interpolation operator, and Appendix recalls results on stable-splittings and
frames. This enables an easy comparison of different results that are presented
separately in literature.

2.2 Model problem, setting, and notation

The estimates will be studied for a standard model problem, a prototype for
elliptic equations, the Poisson’s problem with homogeneous Dirichlet boundary
conditions. Let Q C R%, d = 2,3, be an open bounded polytope with a Lipschitz-
continuous boundary. Given f € L?*(f2), the weak form reads: find u € Hj ()
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such that
/QVU'VUZ/QfU Vv € Hy(9). (2.1)

In this section, we introduce notation for meshes and finite element spaces,
and the multilevel framework. Further, we present the Galerkin finite element
discretization of the model problem on a particular level, define its approximate
solution, the error, and (scaled) residuals associated with individual levels of the
multilevel hierarchy.

Similarly to a standard literature, we introduce some simplifying assumptions,
e.g., on the model problem or mesh hierarchies. This is done in order to reduce
the complexity of proofs (that are already quite technical) and to allow us to refer
to particular results in the literature. We use a standard notation for Lebesgue
and Sobolev (Hilbert) spaces, norms, and seminorms; see, e.g., [8].

2.2.1 Notation for a single level

Throughout the paper, we consider simplicial meshes of €2, matching in the
sense that for two distinct elements of a mesh T (triangles in 2D, or tetrahedra in
3D), their intersection is either an empty set or a common node (vertex), edge,
or face. By & and N7 we denote the set of (d — 1)-dimensional faces and set of
nodes in the mesh 7T, respectively. By &7, we denote the set of all faces that are
not on the boundary 9. By K7 C N+ we denote the set of all nodes in the mesh
T, which are not on the boundary, i.e., free nodes. For any element (simplex)
K € T, Ex C &7 denotes the set of faces of the element K, Nx C N7 denotes
the set of nodes of the element K, Exint = Ex N E7 int, and Kx = Ng N K. We
use hash to denote the cardinality of a set, for example #/X7 denotes the number
of free nodes in the mesh 7. For the ease of presentation, we will assume that the
nodes in N7 are ordered such that nodes 1, ..., #/K+ belong to K7, i.e., we first
have the free nodes and then the nodes on the boundary.

By hx we denote the diameter of K € 7 and define a mesh-size hy € L>(£2)
as

hy(z) =hkx, z€K, VKeT.

Similarly h,, denotes the diameter of a domain w. We in particular use hg, the
diameter of the domain 2. By |w| we denote the Lebesgue measure of a domain w.

For any element K € T, wg denotes the patch of elements that share at least
one common vertex with K, i.e.,

WK = U K/.

K'eT;K'NK#)

By px we denote the diameter of the largest ball inscribed in the element K.

For every node z € N7, let ¢, be the continuous piecewise linear function (hat
function) that has a value one at node z and vanishes at all the other nodes in
N7. Let Sy denote the space of continuous, piecewise linear functions,

Sr={ve H(Q),v|x € P(K), VK € T} =span{¢., z € N}
and V3 C Sy the subspace of functions vanishing on the boundary 02,

Vr={v e H)(Q),v|x € PH(K), VK € T} =span{¢., z € K1}
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We write the basis of Vi as ®7 = (¢4, ..., dux, ).

One of the key properties of a mesh that affects the size of the constants in
the estimates derived below in this text is the so-called shape reqularity of the
mesh. This can be quantified by the shape-regularity constant, i.e., the smallest

v > 0 satisfying

h
K <nr VKET: (2.2)
PK

see, e.g., [34, p. 484].

2.2.2 Multilevel framework

As the title of the paper suggests, we will work with a sequence of levels
j = 0,1,...,J. For some parts of the theory, we will consider also infinite
sequences of levels j = 0,1,...,J,.... To simplify the previously introduced
notation, we will replace in the subscripts 7; by j to denote objects associated
with the mesh 7; on the jth level.

Let 7y be an initial mesh of 2. We consider a sequence of meshes 71,75, . ..
obtained by successive uniform dyadic refinements of 7y, i.e., each element is
refined into 27 elements (congruent triangles in 2D, for a proper nondegenerating
3D mesh refinement; see, e.g., [46]). We recall that S; and V;, j =0,1,..., are the
finite element spaces of continuous piecewise linear functions on 7;, respectively
spaces of continuous piecewise linear functions on 7; that vanish on the boundary
0f). These spaces are nested, i.e.,

Sy C Sy C---C HY(), VoC Vi C--- C Hg(Q).
On each level j, we consider a quasi-interpolation operator
Iy, L'(Q) = V;

with the definition and properties described in detail in Appendix

Due to the uniform refinement, the mesh sizes h; of T;, j > 0, satisfy h; = 277 hy.
Moreover, the uniform refinement assures that the shape-regularity constants ~;
of the meshes are the same on all levels in 2D, i.e., 79 = v;, j € N, and that in 3D
there exists a constant Csp > 0 such that v; < Cspyo, j € N; see [46].

2.2.3 Discretization, approximate solution, and residuals

Discretizing the model problem (2.1)) on the subspace V;, for some J > 0,
using the Galerkin method reads as: find u; € V; such that

/QVUJ'VUJJ:/QJCU}J, vaGVJ. (23)

Let vy € V; be a (computed) approximation of the discrete solution u;. Our
goal is to bound the energy norm of the total error e = u — v; using computable
quantities involving vy and f. The squared energy norm of the error ||[Vel||* can
be expressed as

Ve|? = |yV(u—UJ)\|2:/QV(U—UJ)-V(U—UJ) :Af(u—vj>—vUJ.V(u—vJ).
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Denote by (Hé(Q))# the dual space to Hj () and define the residual r € (H&(Q))#
as
(r,w) = / fw—Vuv;-Vw, Ywe Hy(Q). (2.4)
Q

Then ([2.4)) yields the so-called residual equation
[Vel* = (r,e), (2.5)

which is the key formula for the development of error bounds presented below.
Moreover, it can be shown (see, e.g., |42, Section 1.4.1]) that

I9ell = 171 gy

In order to derive computable estimates we consider Riesz representations of

the infinite-dimensional residual r in the finite-dimensional spaces V;, 7 = 0,1, .. ..

In particular, let r; € V;, 7 =1,..., be the Riesz representation of r in the space
V; with the scaled L*inner product, i.e.,

(r,w;) = /thrjwj, Yw; €V}, (2.6)

and let rog € Vg be the Riesz representation of the residual r in the space V with
the Hj-inner product, i.e.,

(r,wo) = /QVTO -Vwy, Ywgy € V. (2.7)

These definitions are used in [33, Section 2.6] where r; are called scaled residuals.
In [4, Section 5] the authors use Riesz representations of r in the spaces V;,
j=1,...,J, with the classical L?-inner products and call them discrete residuals.
The different definition we use results in a slightly different form of the estimates
below in comparison to [4, Section 5.

2.3 Residual-based error estimates

In this section we recall several published error estimates with their derivation.
We first recall the standard residual-based error estimator for the discretization
error in a single-level setting assuming exact algebraic computations or to steer
an adaptive mesh refinement.

Consider the model problem discretized on a level J > 0 of a multilevel
hierarchy as in Section The classical residual-based estimator (see, e.g., |1}
Section 3], [42, Section 1.4]) is for a (computed) approximation v; € V; defined as

= (1) + (1) + (oses)?,

() = 32 Il

KGTJ

(ﬁiUMP) =5 Z hie D 1V lI%.

KETJ EEgK int

(oscs)? = > hi|lf — fxllk,

KeT;
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where [-] denotes the jump of a piecewise constant function over the (d — 1)-
dimensional faces (faces in 3D and edges in 2D) and ff is the mean value of f
on K. Other choices of fi are also possible; see, e.g., [20].

The following result (see, e.g., [4, Lemma 3], [35, Section 4], or [42, Section 1.4])
will be useful below. There exists a constant Cs > 0 depending only on the
dimension d and the shape-regularity parameter vy such that

(r,w — Iy,w) < Cagnyl|Vwl|l, Yw € Hy(Q). (2.8)

Note that if v; is equal to the Galerkin solution u;, the associated residual
r = r(uy) satisfies the Galerkin orthogonality on the finest level, i.e.,

<’I“,’LUJ> :O, \V/UJJ € VJ. (29)
Then

IV (u = un)|* = (r, (u = ws) = Iy, (u—uy)),

and using (2.8) for w = u — u; yields the standard bound on the discretization
error

[V (u—uy)|| < Casns(ur).

2.3.1 Estimates of Becker, Johnson & Rannacher

The following derivation is motivated by [4] and uses decomposition of the
error via quasi-interpolation operators. Considering the residual equation ({2.5])
and writing the error e = u — v; as

J
e=e—Iye+ ) (]Vje - Ivjfle) + Iy,e, (2.10)
j=1
yields

[VelP = (r.e) = {re — Iy,e) +
J

The first term on the right-hand side of (2.11]) can be bounded using ([2.8) as

(r,Iv;e — Iy,_1e) + (r, Iy,e). (2.11)
1

J
(r,e — Iy, e) < Casny||Vel|. (2.12)

The second and the third term on the right-hand side of (2.11)) can be rewritten
using the scaled residuals (2.6)), (2.7) and subsequently bounded as

J
Jj=

J
<T, I‘/;e — IVJ-_1€> + <T’, IV06> = Z/th_QTj(Ivje - Iv]._le) + /Q VTO : VIVOG
j=1

1
J
—1 —1
<Y Mhg gl g (e = Ty e) [l + Vol - [ Vel
=1

(2.13)
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Further, using the bound on the difference of the quasi-interpolants on two
consecutive levels (Appendix [2.8.2] Theorem and the stability of the quasi-
interpolation operator on the coarsest level in the H}(€)-norm (Appendix [2.8.2,

Theorem [2.5] inequality (2.88)), we get

J
D MRl ks (Ive = Ty, e) | + Vol - [V e
j=1

p (2.14)
< Cram (Z ||hj_17“j||) [Vell + [[Vroll - Cryya - | Vell.
=1
Combining (2.11))—(2.14)) yields
Estimate on total error 1.
J
IVell < Casn + Crama > ||b; 'l + Cry, allVroll. (2.15)

J=1

In [4] the authors assume that the approximation v; is computed by a multigrid
scheme without post-smoothing and with the exact solution of the problem on the
coarsest level. This yields the Galerkin orthogonality on the coarsest level, i.e.,

(rywo) =0, Vuwg € V. (2.16)

As a consequence, their estimate on the energy norm of the error (see [4, Theo-
rem 1]) does not contain the term corresponding to the coarsest level. Another
difference between and the estimate in [4, Theorem 1] is due to the difference
in the definitions of the scaled/discrete residuals described in Section [2.2.3]

Instead of using the bound on the difference of the quasi-interpolants on
two consecutive levels (Appendix , Theorem [2.6)), and the stability of the
quasi-interpolation operator on the coarsest level (Appendix Theorem
inequality ), we can use the stability of the decomposition of the space
H} () via the quasi-interpolation operators Iy, (Appendix , Theorem [2.9)).
In particular,

J
D g sl kg (Tve = Ty, )l + Vol - [V vee|
j=1

2

J % J
< (Z [y 5117 + ||V7“0||2> (Z 175 (Tv,e — Iy, e)||* + ||vao€||2)
j=1

J=1

2

J
< (lehjlfj!\“r \|Vr0||2) Cs.r 2| Vel.
j=1

Combining this inequality with ([2.11)—(2-13) and using va + vb < vV2va + b

leads to
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Estimate on total error 2.

N|=

J=1

; 1
IVell < v2 (Cflsnf‘} +Csry (Z 1R s + ||V7“0|!2)) : (2.17)

As we will see in Section [2.4] this estimate is efficient with an efficiency constant
independent of the number of levels in the hierarchy, i.e., independent of J.
Observing that

||V(uJ—vJ)||2:/szf(uJ—vJ)—/SZVvJ-V(uJ—vJ):<r,uJ—vJ>
J
= Z:(n Iy, (uy —vy) — Iy, (ug —vy)) + (r, I, (uy — vs)),

analogous steps can be applied to show that the following “algebraic parts” of the
presented estimates provide upper bounds on the algebraic error,

Estimate on algebraic error 1.

J
IV (us = vl < Cram 3 1 sl + Cro sl Vol (2.18)

j=1

Estimate on algebraic error 2.

J 3
IV (us = vl < Csr2 (Z 1R 1 + HV7“0H2) : (2.19)

Jj=1

2.3.2 Estimates of Riide & Huber

The following derivation is motivated by [33, Section 2.6] and [23| Sec-
tions 4.1-4.3]. Considering the residual equation ({2.5)) and decomposing the
error using the quasi-interpolation operator on the finest level Iy, yields

|Vell? = (r,e — Iy,e) + (r, Iy,e). (2.20)

The first term can be bounded as in (2.12]). Rewriting the second term using the
exact solution of the discrete problem u; gives

(r,Iy,e) :/QV(u—UJ)V[VJe
:/ﬂV(u—uJ)V[VJe—I—/QV(uJ—vJ)VIVJe.

The Galerkin orthogonality on the finest level yields that [, V(u — u;)VIy,e
vanishes and thus

(r,Iy,e) = /QV(UJ —vy)VIy,e <||V(uy—v))|||IVIv,el. (2.21)
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After bounding the term ||VIy,e| using the stability property of the quasi-
interpolation operator (Appendix [2.8.2] Theorem [2.5] inequality (2-8§)) as

IViIv,ell < Cry,alVell, (2.22)

it remains to bound the energy norm of the algebraic error ||V (u; —wvy)||. This can
be done using stable splitting of piecewise linear function space, see Appendix [2.8.3]
Theorem or [33, Theorem 2.6.2]. Consider an arbitrary decomposition of the

algebraic error u; — v, into the subspaces V}, i.e.,
J
ug—vy=y e, €€V, j=01,...,J (2.23)
§=0
Then
J
IV (g —v)|I* = (ryuy —vg) =D (r,e5)
5=0

J
< IVroll - [IVeoll + D M1Ag sl - 175 el

j=1

J
< (Ilon2 +2 ||hj1er2)

j=1

[SIES
[N

J
' (IIVeoH2 +2 ||hj1€j||2>

=1

Taking the infimum over all possible decompositions ([2.23]) and using Appendix
2.8.3 Theorem yields

Estimate on algebraic error 3.

2

Yy
IV (uws — )l < C§ (Z 15 ]2 + |!V7“o||2> : (2.24)
j=1

Combining ([2.20)—(2.22)), the estimate ([2.24)) on the algebraic error, and using
the inequality /a + Vb < V2Wa + b, we have

Estimate on total error 3.

J 3
Vel < v2 (Cflsn3 +C1,, 4Cs (Z 1Ry 1 + IIVTon)) - (229)

J=0

2.3.3 Estimates of Harbrecht & Schneider

In this section we present a derivation motivated by [20], which is based on
the fact that the basis functions provide a frame in (H&(Q))#; see Appendix m
Theorem [2.14] Recall that (HZ(22)) is the dual space to HZ(£2). Using the upper
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bound for the residual yields

o0 #K; e\ 2
S (r, & >2) . (2.26)

11
Vel = llrll s CsCh (HVT P+ Z
()" = Vel
Following the derivation in [20, Proof of Theorem 5.1}, it can be shown that the
sum of the terms corresponding to levels 7 > J, i.e.,
+oo #K;j ¢(])>2

>y melk

T T Ve |12

can be bounded by the classic residual based estimator on the Jth level up to a
constant Cyg > 0 depending only on d and 7, i.e.,

+oo #K; ¢(J’)>2

Z Z < Cusn>. (2.27)
= 20D ’
Combining ([2.26)) and - 2.27)) yields
Estimate on total error 4.
J #K; < ¢(J)> 3
IVel| < C2CE | Cugi + 303 -+ Vrol* ) (2.28)
el A

Considering the residual r as a functional on V;, which is possible since
(HY(Q)* c V#, one can show that

IV (ws = vl = llrllyz
From Appendix [2.8.3] Theorem [2.15] it yields that a part of the total error
estimator ([2.28) is an upper bound on the algebraic error,

Estimate on algebraic error 4.

[SIE

+ ||V7’0H2) . (2.29)

2.3.4 New estimate derived using stable splitting

The approach from [20] can also be modified in the following way. Consider the
residual equation ([2.5)) and an arbitrary decomposition of the error e = tog €5,
ej € V;, j € Ny. Using the definition of scaled residuals and ( ., and the
Cauchy—Schwarz inequality, we have

+oo
IVell* = (r.e) = > _(r,e5) < [[Vroll - ||Veo||+Z||h iyl NG el + Z r€j).
7=0 j=J+1

(2.30)
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Consider first the terms (r,e;), for 7 > J. Using the definition of r, Green’s
theorem on elements K € T, and the definition of jump leads to

<7’,ej>:/Qfej—/QVvJ-Vej
:K%;ﬁ (/K(f—i-AvJ EE%;M/ [Vuse )

Since vy is a piecewise affine function, the term Awv; vanishes. Adding and
subtracting f; yields

<r,ej>:2(/fje]+/f fr)e; — = Z /w, )

KeTy Eeé‘

Inserting hihy and hil 2hK1/ 2 respectively, and using the Cauchy—Schwarz in-

equality for integrals and subsequently for sums leads to

[N

(roe;) < | X hic Ifllk, + D2 BacIf = fallk, +f Z hi, > [Vl %

K;eT; K;€T; K;€eT; EEng,int

1

2

-(z S hlelk + 5 h;;||ej||ng) |
K;€eT; K;€T;

Since h; = 2779h;, we have

S ol =220 S W Il = 220G

K;€T,; K €Ty
> h% ||f fJHK = 229 > hKJHf fJHKJ = 22079 (0sc )2
K;eT; KjyeTy

Using that Vv, is constant on elements in T gives

S OY Mywp e ¥ My el = 2wy

K;€Tj E€Exk int K €Ty E€Ek | int

The sum g 7, h;{; ||ej||(29K]_ can be bounded using Appendix Lemma [2.5| as

Y hlleln, < Cm Yo hidllelk,-

K;€T; K;€T;

Thus we get

1 o 2 . 2 3 _
(re;) < (2 + Cry)? (22“ 0 (st) + (ost)Q) 27 () ) 15521l

0;

(2.31)
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Combining (2.30) and ({2.31]) yields

J +00
Vel < IVroll - [Veoll + Y 1h7 ryll - R esll + D2 0501k el

j=1 j=J+1

1
J +o00 2
< (I\VmH2+Zrth\IQ+ > 93-)

j=1 j=J+1

J +o0 %
-(||Veo||2+2||h§16jl|2+ > th_lejHQ) :

=1 j=J+1

Since the decomposition of e = zjgg ej, e; € V;, j € Ny is arbitrary, the stability

of the splitting (Appendix m, Theorem [2.10)) gives

J +00 :
Vel < (||VT‘0||2+Z||hj_1TjH2+ ) 9?) :
j=1

j=J+1
Using
+oo ) 1 +00 )
S 22U =— and Y 27 =1,
= 3 -
j=J+1 j=J+1
the infinite sum can be bounded as

+0o0
Y 62 < Ol

j=J+1

where Cy > 0 is a constant depending only on the dimension d and the shape-
regularity parameter vy. This results in the following estimate.

Estimate on total error 5.

1 J 2
Vel < €3 (wa] + 2 Iy trill* + ||vr0\|2) : (2.32)

Jj=1

1 1
The fact that C2 (Z}'le [h; rsl|* + HVTOH2) * provides an upper bound on the
algebraic error has already been shown in Section [2.3.2} see (2.24)).

2.4 Efficiency of the estimates
Efficiency of the estimates is described by the constant Ceg, such that
estimate < Ceg - ||error||.

Here we in particular focus on whether Cog depends on the number of levels J,
quasi-uniformity of the coarsest mesh, and/or on the ratio hg/ mingez, hg, which
is related to the size of the coarsest-level problem.
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2.4.1 Efficiency of the estimates on the algebraic error

We will first discuss the estimates in the form

5 1/2
IV(uy —wvs)l| <C (Z 15 s |1* + ||V7“0||2) : (2.33)

j=1
where either C' = CSJV%, or C = Cs? is a constant depending only on the
dimension d and the shape- regularity parameter 7o; see (2.19) and - Using
the definition of scaled residuals . the Cauehy Schwarz inequality and
the lower bound from Appendix - Theorem n 2.12| we have (see also the proof
of Theorem 2.6.2 in [33])

J

J
Do lhg sl I Vrol|* = D ()
j=1

j=0

—/VuJ—vJ V(XJ:T])

J

—0
J

< |V(uy—wvy)| ||V er
7=0

1/2
15217 + HVToH2) :

J
< |IV(uy—wvy)| -cs 2 (Z

Jj=1

Consequently,

; 1/2
(Z 1R s * + Hon?) < s 2| V(ug =), (2.34)

j=1

i.e., the efficiency constant depends only on the dimension d and the shape-

regularity parameter 7.
The efficiency of the estimate (2.29)

11 J #K; r, (b > 1/2
|V (u; —vy)| < C2CE + || Vrol? ;
SO ;;HW“ IE

can be shown by using ||V(u; — vs)|| = [I[|,)# and the lower bound from
Appendix [2.8.3] Theorem [2.15] giving

J #K; ¢(]> 9 1/2 1 1
Z Z J)HZ V7ol < cs e’ |[V(us — i)l

The efficiency constant depends only on the dimension d and the shape-regularity
parameter 7.

Finally, for the estimate ([2.18])

J
IV (ug — v))|| < Cram > 1B 5]l + Cro sl Vroll,

i=1
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the equivalence of the Euclidean and ¢'-norm,

J J 1/2
S sl + Vol < VI (Z 15 2+ HVToHZ) ,
j=1

J=1

and ([2.34) yield

J 1
Cram > |15 7]l + Cro 3| Vroll < VI max{Cr a1, Cro3} c5 %[V (ug — v)].

=1

This shows the efficiency of with Cog = V/J éeﬁ“, where éeff depends only
on d and ~y. This result does not necessarily imply a dependence of on
the number of levels J. However, we present below in Section [2.6.1f a numerical
experiment indicating such behaviour.

2.4.2 Efficiency of estimates on total error

The efficiency of the total error estimates follows from the standard result on
the efficiency of the classical (one-level) residual-based error estimator. There
exists a positive constant C'eg depending on the shape regularity of 7; such that

((nf}HS)2 + (n;}UMP)Qf < Cug (|| Vel + oscy) ; (2.35)

see, e.g., [42, Section 1.4]. Since ||V (uy —vy)|| < ||Vel|, we can use the efficiency
of the algebraic error estimates together with to show the efficiency of
the estimates on the total error (up to the oscillation term). The resulting
efficiency constants depend on the same quantities as the efficiency constants for
the algebraic error estimates.

For example, for the estimate ([2.25)) associated with the algebraic error estimate

(2:29).

J 2
V2 (Cflsn?} +Cf,, 4Cs (Z 25 s + HVToHQ)) < C([IVe] +oscy)

J=0

with C2 = 2(C3,(Ce + 1) + C3, 4Clscs").

2.5 Computability of the error estimates

In this section we address several ways in which the scaled residual norms
from the estimates presented in Section can be evaluated or bounded. When
the scaled residual norms are replaced by their bounds, proving the efficiency of
the estimates from Section becomes a nontrivial task.

We first state an algebraic formulation of the problem (2.3). Then we present
the algebraic representation of the scaled residual norms and some of their bounds
from the literature. As the main contribution of this paper, we present in
Section [2.5.4 a new approach for approximating the scaled residual norm on the
coarsest level using adaptive number of conjugate gradient iterations. This yields
total and algebraic error estimates which are provably efficient and robust with
respect to the size of the coarsest-level problem.
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2.5.1 Algebraic formulation of the problem, residual vec-
tors

Given a basis ®; of Vj, the problem ([2.3) can be algebraically formulated as
finding the vector of coefficients u; € R#**7 of the function w; in the basis ®;
such that

A.JU.J = fJ, (236)

where A ; is the stiffness matriz on the finest level J,

A — ) o)
(Al = [ Vo5V,
and
[fj]m:/ﬂqu;{% mon=1,... #K,.

Recall that #K; is the cardinality of the basis ® ;. We use the standard assumption
that the right-hand side vector f; can be computed exactly using a numerical
quadrature. If f; is only known approximately, an additional term must be added
to the error bounds presented above; see e.g., the discussion in [35, Section 6.

Let v; be an approximation of the solution w; of and v be the vector
of coefficients of v; in the basis ®;. Let r be the residual associated with v ;.
Consider the residual vectors r; € R#&i 5 =0,...,J,

], = (r,0Q), m=1,... #K;. (2.37)
The vector r; corresponding to the finest level can be computed as
ry :fJ_AJVJ. (238)

The residual vectors corresponding to coarser levels can be computed from r; by
restriction. For the prolongation matrices P}-] € R#X7x#K5 associated with the
(nested) finite element spaces V;, V; and the bases ®;, ®,

r;=(P))ry; (2.39)

see, e.g., [33, Section 3.2], or [40, Section 2.4] for a more detailed explanation.

2.5.2 The terms associated with fine levels

In this section we present an algebraic form of the term th_lrjﬂz, j=1,...,J,
and several ways of bounding it by computable quantities presented in literature.
Let c; be the vector of coefficients of r; in the basis ®;. The definitions (2.37))

of r; and (2.6 of r; give

), = (rn00) = [ 7o = 3 [ 177 le], 000, Wm = 1. #K.
! (2.40)

Let MjS be a scaled mass matriz defined as

ME] = 2008, mn= 1K
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The equation (2.40) can then be expressed as r; = M]S»cj and therefore
th_ler? = Ah;2®]C] . (I)jCj = C;M]SC] = r;(M]S-)_lrj. (241)

The evaluation of the term thus involves the solution of a system with a
possibly large matrix 1\/[1S Instead of computing this quantity, one can seek a
computable upper bound.

Let D; be a diagonal matrix [D;] = fo Vo) Vol m=1,...,#K;. The
stability of basis functions (Appendix jl, Lemma and give

cpr; D} ey < |0 tr|P = rj (M) ey < CpriDj ;. (2.42)

The upper bound in (2.42)) is used in |33} 23] to bound the algebraic error as
1 J 3
I9(us v < C3 (cB > eiD; e+ |9l

CgCé(Zr D;'r; + ||V7"0||2> (2.43)

7=1

where Cp = max{1,Cg}. For ¢g = min{1, ¢z}, using the lower bound in (2.42)

and (2:39)

I 1 .
(w05 19rl)” < (e Znh V) < gtV ),
j=1

(2.44)
which proves the efficiency of the bound (2.43)). Recall that cg, Cg, cg, and Cg
only depend on d and 7.

Noting that

#K; (B2
(R TEDY i, ¢Z(')> ;
i=1 HV¢-’ H2
we see that the algebralc error bounds and (| are identical.

The term ( can also be bounded using other technlques e.g., using the
so-called mass lumping (suggested in [4, Section 4]) or the multigrid smoothing
routines (see the discussion in 23, Section 4.5.2]). By using these techniques,
however, we introduce another unknown constant into the overall estimate and
possibly weaken its efficiency.

In order to get a fully computable bound on (i.e., a bound without
any unknown constant) and to avoid solving an algebraic problem with a large
matrix, we can proceed similarly to [30]. Define 7; € L*(Q2) to be (discontinuous)
piecewise affine functions on 7; such that for all K € 7T},

r (2.45)

. 1 .
hi2r 00 =[] - ——e = [r; Vol (2.46
/K i Ti%m = Xl # {K € T;;m is vertex of K} il 9w )

This ensures that

[ %m0 = e, = (o). (247)
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Since 7; is piecewise affine on elements, the norms ||hj_177j||%< can be computed

using the solutions of systems with local scaled mass matrices, i.e., ||h; '7;[|% =
* S -1

;i (M} )~ 'rj x, where

[MEK]mn :/Kh;%g)@i), Vm,n € Ng.
For the whole term ||hj_1rj|| we have

1h5 s l? < (18575017 = 30 x5 e (M5 ) ™' (2.48)
KeT;

of. [30, Eq. (5.9)].

2.5.3 The term associated with the coarsest level

In this section we present the algebraic form of the term [|Vrg| and several
ways of bounding it adapted from literature.
Let co be the vector of coefficients of rq in the basis ®y. Analogously to (2.41)),

using the definitions of ro and of g, we have
o), = (n62) = | Vro- Vol = zn:/g [col, VOO - VOO Ym =1,..., #K,.
Let A, be the stiffness matrix associated with the coarsest level
[Aoln = /Qvgzs,@-wgg), mon=1,... #Ko.
The vector of coefficients ¢y then satisfies Agcg = ro. This leads to
[Vro|* = chApco = Ay ro. (2.49)

The evaluation of the term ||Vr||* thus requires solution of the system with the
stiffness matrix associated with the coarsest level. For problems where the stiffness
matrix is large, this can be too costly and in some settings even unfeasible.

An approximate solution ¢y of Agcy = ro computed by the (preconditioned)
conjugate gradient method with a fixed number of iterations was used in [23,
Section 4.5.2]. The resulting term ¢jro might not be, however, an upper bound
on ||Vrg||?. Therefore, the resulting value may not led to an upper bound on the
algebraic nor the total error.

The term can also be bounded using a quantity involving only the
inverse of a diagonal matrix. Friedrich’s inequality (Appendix , Lemma
imply that

lwoll* < CRRG|[Vwo|?, Vawo € Vo (2.50)

Let My be the mass matrix associated with the coarsest level, i.e., [Mo]m, =
Ja ¢510) ¢£2), m,n =1,...,#Ky. The inequality can be equivalently expressed
algebraically as

w'Mow < C2hiw*Agw, Yw € R#ro,

Since Ay and M, are symmetric positive definite matrices we have

wi Ay 'w < CZhEw My 'w, Vw € R#ro,

o8



This bound can be a possibly large overestimation; see the discussion in [30,
Sects. 3.1 and 5.2]. Define the diagonal matrix Dy as [Dql,, ,, = Jo Vo0 . Vol
m=1,...,#Ky. The term on the right-hand side can be further simplified using
the spectral equivalence of the mass matrix My with Dg; see inequality in
Appendix 2.8.3] Altogether we have

h$,

Vrol|* = rjAg'ro < CRhireMy'rg < CyCr————
minger, hiy

r;Dy'rg. (2.51)

As for the efficiency, this allows to prove, using the Inverse inequality (Appendix

2.8.1] Lemma and ([2.124)),

*Ty—1

Chw maxger, hi 2
. P} HVTOH )
cy Minger M
which indicates that bound (2.51]) may not be robust with respect to
e
minger, b

Numerical experiments in Section illustrate this deficiency.

2.5.4 Adaptive approximation of the coarsest-level term

In order to overcome the deficiencies described above, we now present a
new approach for approximating the term (2.49)). It consists of applying the
preconditioned conjugate gradient method (PCG) to Agco = rp and using lower
and upper bounds on the error in PCG. A number of PCG iterations is determined
adaptively in order to ensure the efficiency of the resulting bounds on total and
algebraic errors.

Let c(()i) be the approximation of ¢y = Ag'ry computed at the i-th iteration of
PCG a with zero initial guess. Let || - ||a, be the norm generated by the matrix
Ay, ie., |[v]|i, = v*Agv, for all v.€ R#*°. The term can be expressed
using the following decomposition

1—1
* m-+1 m 7
ciAoco = 3 [l —cl™IA, +llco — 5[4, (2.52)
m=0

:;’u,?

which is a consequence of the local orthogonality in PCG. This formula was already
shown for CG in the seminal paper [22, Theorem 6:1, Eq. (6:2)]. The terms
e — |4, can be computed at a minimal cost from the scalars available
during the computations.

It is crucial to note that the local orthogonality is in CG computations
preserved proportionally to the machine precision. Therefore, (2.52)) is valid, up
to a negligible error, also in finite-precision computations; see the derivation and
proofs in [37] (resp. in [36] for the preconditioned variant).

Let ¢ be an upper bound on the squared Ag-norm of the error in the PCG

computation, i.e., on |lco — cg)||2AO; see, e.g., [18], [26] and the references therei.

1Strictly speaking, numerical stability of the upper bounds to the A-norm of the error in CG
computations has not been rigorously proved. Well-justified heuristics supported by numerical
experiments however suggest their validity also in finite-precision computations; see [18], [26].
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The derivation of such a bound is based on the interpretation of CG as a procedure
for computing the Gauss quadrature approximation to a Riemann—Stieltjes integral
and typically requires a lower bound on the smallest eigenvalue of Ay. A simple
lower bound can be derived using [17, Theorem 3], as

>\min<AO) 2 CEQh;)Q [I(I'lel% )\min(MO,K)a

where CF is the constant from Friedrich’s inequality (Appendix Lemma
and M, x is the local mass matrix corresponding to K € Ty. If an upper bound ¢;

is not available, the Ag-norm of the error |co — c” |4, can be bounded using the
ideas presented in Section [2.5.3 see also [30} Section 3.2].
The approach then consists of running PCG for the coarsest problem until

J
<0 (Z r’D;'r; + uf) : (2.53)
j=1
where 6 > 0 is a chosen parameter. Then we consider the bound

roAq o < pf + G (2.54)

which can be combined, e.g., with (2.43]) to get an upper bound on the algebraic
error

11 ([ 2
[V(u; — vyl <CCh (Z ;D + il + Cf) : (2.55)

j=1

The criterion (2.53)) guarantees that
J
roAg o < pif +¢7 <03 xiDi ey + (14 0)p, (2.56)
=1

which allows us to prove the efficiency of (2.55)). Indeed, using (2.56)), u? < ||Vrol?
(see (25)), and (243)

N
=

N |—=

J J
(Z r;-Dj_lrj + pf + C?) <(1+86) (Z r;Dj_lrj + ||Vr0||2)
Jj=1 j=1

11
cs’ep? IV(us —vg)ll-

D=

<(1+90)

The proposed strategy follows the ideas of [30, Section 3.2]. In principle, the
possible overestimation in |cp — c(()i)”i() < (? is controlled by and it is
compensated for within the procedure by performing extra iterations. This allows
us to prove the efficiency even if the estimate (; is not very tight. However, in
such case the number of extra iterations might be quite large; see [30, Section 7.1].

Finally, we note that erj_lrj in can be replaced by any (efficient)
bound on [|h; 'r;||>. Then the algebraic error bound should be changed
accordingly, replacing r’D; 'r; and Cp.
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2.6 Numerical experiments

The experiments focus on the efficiency of the error estimates on the algebraic
error. In particular, we consider the estimate

=

J
C’(Zr}fD;lrj + rE‘)Aalr()) i (2.57)

J=1

and variants where Ay 'rg = ||Vrol||? is replaced by computable approximations.
This prototype covers most of the algebraic error estimates from Section [2.3, where
the scaled residual norms [[h;'7;||? on the fine levels are efficiently approximated
by r;‘»Dj_lrj using . As shown in the previous sections, approximating the
coarsest-level term ||Vrg||* while preserving the efficiency is more subtle.

For the experiments, we consider a 3D Poisson problem on a unit cube,
Q= (0,1)3, with the exact solution

u(z,y, 2) = z(x — Dy(y — 1)z(z — 1) 102 Hy=5)*+(=2)%),
The problem is discretized by the standard Galerkin finite element method with
piecewise affine polynomials on a sequence of six uniformly refined meshes with
the same shape regularity . The associated matrices are generated in the FE
software FEniCS [2, 24], and the computations are done in MATLAB 2023a. The
codes for the experiments are available from https://github.com/vacek-petr/
1nMl.kstimate.

Given the mesh 7 (the finest mesh varies in the experiments), the associated
Galerkin solution u; of is for the purpose of the evaluation of the efficiency
of the estimates considered (with a negligible inaccuracy) as a result of using the
MATLAB backslash, or, for very large problems, using the multigrid V-cycle with
an excessive number (30) of V-cycle repetitions. The approximation v; to uy
is given by a multigrid solver starting with a zero approximation and repeating
V-cycles until the relative energy norm of the (algebraic) error u; —v; drops below
107!, Each multigrid V-cycle uses 3 pre and 3 post Gauss—Seidel smoothing
iterations. The problem on the coarsest level is solved using CG where the
stopping criterion is based on the relative residual with the tolerance 107!, In
order to monitor the efficiency for varying algebraic error, we will also plot below
intermediate results after completing each multigrid V-cycle.

We observed very similar results also for a set of two-dimensional problems
and a 3D problem with a more complicated geometry. These experiments can be
found in the repository https://github.com/vacek-petr/inMLEstimate where
also the data and codes are available.

2.6.1 Robustness with respect to the number of levels

The first experiment studies the efficiency of the estimates while varying the
number of levels J = 1,2,...,5 in the hierarchy. We fix the size of the problem
on the coarsest-level and, consequently, the size of the finest problem grows; see

Table .11
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coarsest-level DoFs | finest-level DoFs
125 1331
125 12 167
125 103 823
125 857 375
125 6 967 871

Table 2.1 Size of the problems for the experiment in Section m
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Figure 2.1 Efficiency indices I (D) and I @, (2.58]) and (2.59)), for varying number of
levels J. We plot the efficiency for approximations vy and for the associated intermediate

results after each V-cycle; each corresponds to a single mark.

For the prototype estimate ([2.57)), the efficiency index

N|=

Chmesp (3721 13D 1) + 15 A5 1o
IV (s —w,)ll ’

I = (2.58)

is evaluated for every J, vy, and also for intermediate results after each V-

cycle. The factor Cyymexp accounts for Céé%; see . For the purpose of the
experiment, it is chosen as the minimal value such that the efficiency indices Iy
are for all J and in all V-cycle repetitions above or equal to one; Chumexp = 1.28.
In order to examine the difference, we also evaluate the index

Cnumexp < j:l (r;Djlrj)% - (r8A01r0)§>

I = :
i V(s —w,)ll

(2.59)

which corresponds to the algebraic error bound .

The index I corresponds to the estimate that is proved to be
robust with respect to the number of levels J and consequently also to the size of
the finest problem; see Section or the original papers [33, [20]. This is what
the experiment confirms; see Figure . Contrary to that, I, deteriorates
with increasing J. This is with alignment with the discussion at the end of
of Section [2.4.1], where we proved the efficiency of the estimate with a factor
depending on v/J.
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2.6.2 Robustness with respect to the size of the coarsest-
level problem

The second experiment describes the effect of the size of the coarsest-level
problem on the efficiency of the estimates. We fix the number of levels to two
(J = 1) and vary the coarse and fine level problems; see Table For the
approximation v; and intermediate results computed after each V-cycle, we plot
the efficiency index

C111umexp (rTDl_lrl + 77) i
IV (uy — )] ’

where 7 denotes the following approximations to riAg 'rg = || Vro|*:

[3:

(2.60)

(i) n = r{co, where ¢, is computed using a direct solver for Agcy = ro;

(ii) n = rjcy, where ¢y is computed by 4 iterations of CG on Aycy = ry with a
zero initial approximation;

s

- 2
minge, h

(iv) n = p? + (% see (2.54) and the adaptive approach from Section [2.5.4]
using PCG. Here (? is the upper bound on the Ag-norm in PCG from |26,

second inequality in (3.5) with updating formula for a coefficient (3.3)]. For
evaluating ¢?, an estimate of the smallest eigenvalue of A is computed by
the MATLAB eigs function for the first four problems and extrapolated
for the largest problem. In ([2.53) we set § = 0.1 .

(iif) 7 = rDy 'To;

coarsest-level DoFs | finest-level DoFs | h3/minger, h%
125 1331 36

1331 12 167 144

12 167 103 823 576

103 823 857 375 2 304

857 375 6 967 871 9 216

Table 2.2  Size of the problems for the experiment in Section The table also gives
the squared ratios of the diameter of the computational domain and the coarsest-level
meshsize.

The factor Cyumexp = 1.28 accounts for Cé@%; and was set as a minimal value
such that the efficiency index for the variant (i) with the direct solver is
above or equal to one. The results are plotted in Figure [2.2]

The variant (i), where the coarsest-level term is computed using a direct solver,
exhibits only a very mild increase of the efficiency index I3 . Recall, however,
that using a direct solver is for large problems in practice unfeasible.

The variant (ii), which uses four iterations of CG to approximate the term on
the coarsest level, provides no longer an upper bound on the algebraic error. It is
not surprising that a fixed number of CG iterations is not sufficient for problems
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(i) direct solver (ii) 4 iterations of CG
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Figure 2.2 FEfficiency indices I3 for the experiment in Section m The
estimates differ in the way of approximating the coarsest-level term || Vro||? = rjAy ro.
This term is: computed by a direct solver for the coarsest problem (i), approximated
using four iterations of the CG solver (ii), approximated by replacing the stiffness
matrix by its scaled diagonal approximation (iii), determined using the adaptive CG
approximation (iv).
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Figure 2.3 Number of CG iterations determined by the adaptive approach described
in Section which is used to estimate the residual norm ||Vrg|| associated with the
coarsest level. The horizontal axis indicates the number of V-cycles used in computing
the approximation vj.
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with increasing size. In the newly proposed adaptive approach, the number of CG
iteration varies and it is determined automatically.

For the variant (iii), where the stiffness matrix on the coarsest level is replaced
by its scaled diagonal (see ), the efficiency indices deteriorate with the
increasing ratio h3/ mingey h%; see Table 2.2l The experiment illustrates that
the estimate is not robust with respect to this ratio; see the discussion at the end
of Section 2.5.3]

When the term ||Vry|| is approximated using the adaptive computation (iv)
proposed in Section [2.5.4] the efficiency behaves as in the case (i). Unlike in (i),
the approximation in (iv) is computable even for very large problems on the
coarsest-level. The adaptively chosen number of CG iterations performed within
the new procedure is plotted in Figure 2.3

2.7 Conclusions

This paper presents residual-based a posteriori error estimates on total and
algebraic errors in multilevel frameworks inspired by several derivations from the
literature. It starts with algebraic error estimates containing sum of the (scaled)
residual norms over the levels, including the coarsest one. Total error estimates
incorporate additionally the standard residual-based estimator evaluated on the
finest level. Efficiency and robustness with respect to the number of levels and
the size of the algebraic problem on the coarsest level were for several estimates of
this type proved in literature. However, the estimates containing residual norms
are not easily computable and applicable in practice.

Approximation of the scaled residual norms, i.e., the terms r;'fXj_lrj, where r;
is the algebraic residual associated with the level j on all but the coarsest level
does not represent a significant difficulty. Except for the coarsest level, X; is the
scaled mass matrix denoted in the paper as 1\/1]S and the term r;(M]S-)_lrj can be
bounded from above by the simpler term r (D;)"'r;, where D; is an appropriate
diagonal matrix, without affecting the efficiency and robustness.

Evaluating the residual norm ||Vrg||? = rjAg 'ro associated with the coarsest
level, where Ag is the stiffness matrix, is more subtle. When using bounds or
techniques to approximate rjA;'ry presented in the literature, the resulting
(multilevel) estimates on the total and algebraic errors are no longer guaranteed
to be independent of the size of the coarsest-level problem. This behaviour is
illustrated by numerical experiments.

The approach proposed in this paper approximates the coarsest-level term
|Vro||* using the preconditioned conjugate gradient iterates. A number of PCG
iterations is determined adaptively such that the efficiency of the bound does not
deteriorate with increasing size of the coarsest-level problem, and the efficiency
and robustness of the multilevel error estimates is preserved. Numerical results
support the theoretical findings.

The estimates for total and algebraic errors involve some constants that must
be approximately determined, which involves heuristics. For residual-based error
estimates, the constants can be determined for smaller problems with the same or
analogous geometry where an approximation with very small algebraic error can
be computed; see, e.g., the discussion in [4, Section 7]. Since the new result in
Section [2.5.4] proves the robustness of the adaptive estimate with respect to the
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size of the coarsest-level problem, it provides a justification for extrapolating the
estimated values of the constants from smaller to larger problems.

In view of a recent trend on using multiple precision in multigrid algorithms
(see, e.g., [25} 138]), it is worth considering extension of the presented results
to include effects of inexact (limited-precision) operations. This will require
substantial further analysis. We plan to address this topic in the future.

2.8 Appendix

2.8.1 Auxiliary results from the theory of PDEs and FEM

The following results are standard in PDE and FEM analysis. They are
presented in various forms and sometimes with different names. We provide them
in forms suitable for our development, with some standard references where the
proofs can be found.

Lemma 2.1 (Bramble-Hilbert lemma). There exists a constant Cpu(T) > 0
depending only on d and ~vr such that for all K € T

inf [lw =l < Cor(T)hi [Vl Yw € H' (wk), (2.61)
inf Hw —prK g CBH<T>h%{|w|H2(wK) Yw € HZ(QJK). (2.62)
pEPl(wK)

For the proof, see, e.g., [34, p. 490] and references therein.

Lemma 2.2 (Friedrich’s inequality). Let w C R? be a bounded domain. There
exists a constant Cr(w) > 0 such that for all w € H'(w) which have a zero trace
on a part of the boundary Ow of nonzero measure

[w]le < Cp(w)hy|[Vwlle. (2.63)

When using Friedrich’s inequality on patches associated with the elements of the

triangulation 7T, there exists a constant C'x(7) depending only on d and -7 such
that for all K € T

Cr(wk) < Cp(T);
see, e.g., [32, Chapter 18].

Lemma 2.3 (Trace inequality). There exists a constant Ctr(T) > 0 depending
only on d and 1 such that for all K € T and all w € H'(K)

w3 < Cra(T) (A lwlk + hucl Vel ) - (2.64)
For the proof, see, e.g., [11, Proposition 4.1].

Lemma 2.4 (Inverse inequality). There exists a constant Cixy(7T) > 0 depending
only on d and vy such that for all K € T and all wr € St

[Vwr|lk < Cinv(T)hg |wrll k- (2.65)

For the proof, see, e.g., [16, Lemma 1.27].
The following lemma is a consequence of Lemma [2.3|and Lemma [2.4]
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Lemma 2.5. There exists a constant Cti(T) > 0 depending only on d and ~vr
such that for all K € T and all wy € St

lwrlf < Cro(T)hi wrlli- (2.66)

Proof. Bounding ||wr]||3 using the trace inequality yields

lwrll3x < Crr(T) (hi llwrll% + bl Vsl ) -
Applying the inverse inequality gives

lwrl3x < Cor(T) (b lwr i + hi' Cio (Dllwr | x)
= Cr(T)(L + Ciay (T [l -

2.8.2 Quasi-interpolation operators

A quasi-interpolation operator is not explicitly used in the construction of
the estimators but it is a crucial tool for proving the bounds. In this section we
present a quasi-interpolation operator as a generalization of nodal interpolation
to integrable functions. We consider the quasi-interpolation operator used in
[29], which is closely related to the operator from [34]. Other, slightly different
quasi-interpolation operators can be found, e.g., in [13, |42, [11]. We list and
prove some of the properties of the operator to be used later. The proofs of the
properties are based on standard techniques. To keep the text self-contained and
formally accurate we provide most of the proofs below.

The results in this section are mostly derived for a single mesh 7. We show
that the constants only depend on the dimension d and the shape-regularity v
and therefore we can again use them in the mesh hierarchy with the dependence
on d and 7.

Nodal interpolation and its generalization

For a node z € N7, let ¥, : C'(©2) — R denote the linear functional evaluation
at point z, i.e., B
U, (w) =w(z) Ywe CQ).

The standard nodal interpolation operator Z : C'(2) — Sy for continuous functions
is defined as (see, e.g., [12} [7])

Tw= Y V., (w)g. YweCQ).

ZENT

In order to construct an analogy of the operator Z for functions from L!(),
the point evaluation is replaced by an appropriate average of the approximated
function. We will consider the quasi-interpolation operator defined in [29] and
[35].

For a node z € N7, let K, be a fixed element having z as its vertex, i.e.,
z € K,. Let P!(K,) denote the space of linear polynomials on K, and denote
by W, the restriction of the linear functional ¥, to functions from P*(K,). Since
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P!(K.) is a finite-dimensional space, the linear functional U, is bounded and it
therefore belongs to the dual space (P!(K.))#. Considering the space P*(K.)
equipped with the L%-inner product, the Riesz representation theorem (see, e.g.,
|7, Sect. 2.4]) yields the existence of a function 1, € P!(K,) such that

U, (w) :w(z)z/Kz w,, Vuw e PYEK,).

Since 1, is the Riesz representation of the point evaluation at z, it holds for all
21, 29 € N7 (recall that ¢, is the hat function associated with z5) that

1 21 = 22,
f Bt = 62 (a0) {O . (2.67)
We will consider the quasi-interpolation operators defined as follows
Is, : LY(Q) = S7, Is;w= ) (/ wwz> bz, (2.68)
2eNT K.
Iy, L'Q) = Vr, Lyw= > (/ w1/12> b (2.69)
zeKXT K.

These definitions and relation imply that Is, and Iy, are projections
onto S7 and V7, respectively. Further, I, preserves linear polynomials on {2 and
Iy, preserves linear polynomials on wg for any element K € T whose patch wg
does not intersect with the boundary of €, i.e., g N 9N = 0.

Local estimates

We now present local (elementwise) bounds on an interpolant Ig w and the
interpolation error w — Ig w.

Theorem 2.1. There exist positive constants GIST,g, ¢=1,2,3,4, depending only
on d and vy such that for all elements K € T,

s, wllx < Crg_allwllug Yw € L*(wk), (2.70)

lw = Is,wllk < Crg_ahicl|Vw]luy Vw € H (wk), (2.71)
lw = Is,wlli < Crg_shiclwlm ) Vw € H*(wg), (2.72)
IV Is;wlk < Cro al Vol Vw € H (wg). (2.73)

Proof. The steps in the proof are inspired by [29} pp. 17-18] and [34], Sections 3—4].
Using standard affine transformation to a reference element it can be shown
that there exists a constant C, > 0 depending only on d and v such that for all

pAS NT,
[2 e iy < Cyl KL (2.74)

and that there exists a constant Cy > 0 depending only on d and 7 such that for
all K € T and all z € K,

V@] oo (i) < Copie's (2.75)

see, e.g., [34, pp. 487-488].
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Using Holder’s inequality and (2.74) we can show that for all 2 € N7 and all
w e L*(K.)

[ we|

2
< el ([ Tel) < G lul, = G il

(2.76)
We now proceed to prove the inequality (2.70) 2.7(). Using that 0 < ¢, <1 gives
spulf = | 3 ([ we.) o) <| T [ i
2eNy K= zG/\/
< BN Y| / wis|
ZENK
The inequality (2.76)) and the fact that #Nx < d + 1 yields
[s,wlie < (d+DIK| Y CHIEL] wllk.
2EK K
2 —1y,012
< (d+ DIE|Cy max [ [[wlli,, (2.77)
K|

< (d+1)C} (2.78)

o [l -

Since |K| and |K,|, z € Nk, are comparable up to a constant depending on d
and 7 (in a shape-regular mesh, we can compare the size of any neighboring
elements), inequality follows.

To prove the inequalities and , let p be a constant or linear
polynomial on wg. Using the fact that Ig,  reproduces linear polynomials and

(2.70) we get
lw = Is;wllx = [[w—p = Is; (w —p)lx
< Hw - pHK + OIST,le - p”WK
< (CISTJ + 1>HU) _prK'
Using the Bramble-Hilbert lemma (Lemma . 2.1)) gives
lw = Is,wllie < (Crg, 1+ 1) Cou(T) | Ve o
or
lw = Is;wllx < (Crg, 1+ 1)CBH(T)h§<\w|H2(wK)-

It remains to verify the inequality (2 . Using the fact that Is, reproduces
constants, we have, for arbitrary ¢ € R,
2

> (f, w=ap.)vo.

ZENK

< (#Ni) 3 1Yol [ ] /K f“’—

ZGNK

<@+ Y V6l \/

ZENK

< @+ 1CAK Y | [ (w

ZENK

IVIsrwlif = VIsr(w=o)lf% = [

IKI
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where we also used (2.75)). Then, from (2.76)), we get

2 2 -2 2 -1 2
IVIsywlli < (d+ 1)Copic | K|Cy max | K| lw — el
Using the Bramble-Hilbert lemma (Lemma and rearranging yields

2 K h?
Tl A

minzG/CK ‘Kz’ Pk

IV Ig, w3 < (d+ 1)C3CE (Cou(T))

O

For the interpolation operator Iy, , we can derive bounds analogous to those
of Theorem For the “inner” elements, i.e., the elements K € 7T such that
patch wg does not intersect with the boundary of €, i.e., Wxg N OQ = B, the forms
of the bounds and their proofs are analogous to Theorem [2.1], because Iy, also
reproduces constants on wg. For the elements whose patch intersects with the
boundary of €2, one cannot use this property and the Bramble-Hilbert lemma
(Lemma must be replaced by Friedrich’s inequality (Lemma in the proofs.

Theorem 2.2. There exist positive constants CA*IVTJ, ¢ =1,2,4, depending only
on d and 7 such that for all elements K € T,

1wl < Crpallwlly,  Vw € LA(wk), (2.79)
and for allw € HY(wg) ifwg NI =0, or for allw € H (wx) N HL(Q) otherwise,

lw = Fypwllx < Cry2hic [Vl (2.80)
IVIvwlli < Cryp al Vol (2.81)

For the local interpolation error over the faces, we have the following bound.

Theorem 2.3. There exists a positive constant éIvT,B depending only on d and
~vr such that for all elements K € T,

lw = Tyywllzg < Cryshic||VwllZ, - (2.82)

Proof. Using the trace inequality (Lemma and the properties of Iy, from
Theorem [2.2] yields

lw — Iy,wllox < Crr(T) [ |lw — Iyyw|k + ||V (w — Typw)||%]
< Crn(T) [hilw = Tyywlf + e - 2+ (|IVw[[f + |V Iy, w][% )]

~ 2
< Crn(T) | (Cny ) W IV,

~ 2
w2 (14 (Cna)) 1902,
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Global estimates

We now state global variants of estimates for quasi-interpolants and interpola-
tion errors.
For any K € T, let Coyp(K) denote the number of patches this element is
contained in, i.e.,
Covrlp(K) = #{K’ € T,K C UJK/} .
The constant Coyp(K) depends only on the geometry of the mesh T, i.e., d and
the shape regularity 7.

Theorem 2.4. There exist positive constants C[STJ, ¢ =1,2,4, depending only
on d and ~yr such that

[ sywl| < Crg_allw]|  Vw e L*(Q),

(2.83)

D=

(Z hid|lw — IsTwH%) = [|h7! (w = Is;w)|| < Cry_of[ V|| Yw € HY(Q),
KeT
(2.84)
IV(Is;w)|| < Crg_allVw| Vw e H'(Q).
(2.85)

Proof. Using Theorem [2.1]

~ 2
lspwll? = 3 Mspwlle < 3 (Cron) ol < (Cron)” S Compl K)ol

KeT KeT KeT
~ 2
S (CIST,l) I[I(lgx Covrlp Z HwHK

KeT

The proofs of the other three inequalities are analogous. O

Theorem 2.5. There exist positive constants CIVT@ {=1,2,4,5, depending only
on d and the shape-reqularity constant v+ such that

[ Tvywll < Cr_allwll - Vw € L*(9),
(2.86)

[NIES

(Z 2w — IvaH%) I w— oy w)| < Cry ol V| o € HA(9),
KeT
(2.87)

IV (Ivyw)|| < Cr, 4l V|| Vw € Hy(9),
(2.88)

1
<Z hic'lw — IVTWII%K> < Cr sVl Vw € Hy(Q).

KeT
(2.89)

Let us now consider the mesh hierarchy as in Section Since the constants
Cis,0 and Cp,, ¢ depend only on d and ;, they can be bounded by constants Cjg »
and C7p,, 4 depending only on d and the shape regularity v, of the initial mesh 7.

Finally, we bound the difference of quasi-interpolates on two consecutive levels.
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Theorem 2.6. There exists a constant Craw > 0 depending only on d and v
such that for all 7 > 1 and all w € H}(Q),

197 (T — Iy, w)]] < Craal| Vao]. (2.90)
Proof. Using the fact that h;l = 2hj111 and the estimate (2.87) from Theorem ,

175 (Ty;w — Ty, w)|| < [|B7H(w — Ty,w)|| + by (w = Iy, w)]
= |[h; (w — Iy,w)|| + 2[|h 2 (w — Ty, w)]|
< (CIV,Q + 2CIV,2>HVU}”'

Taking 01721\,1 as CI,ZIVI = C[V,Q + 2CIV,2 finishes the pI‘OOf. ]

2.8.3 Stable splitting

This section presents several results on splitting (decomposing) a H}(Q)-
function or a piecewise polynomial function into a sum of piecewise polynomial
functions. Let a sequence of uniformly refined meshes 7;, j = 0,1,... as in

Section be given.

Splitting of H}(Q)) into subspaces of piecewise linear functions

To make the text easier to follow we first state the main result of this section
and subsequently provide auxiliary results and proofs. We will show that any
function w € H}(Q2) can be uniquely decomposed using the quasi-interpolation
operators Iy,, j € Ny, as

+oo
w = Ivow + Z([V] — [ijl)w;

Jj=1

the convergence of the sum is understood in the space HJ(Q) with the norm
IV - ||. This decomposition is stable, meaning that there exist positive constants
¢s.1y» Cs.r, such that for all w € H}(Q),

+o00
csn [Voll* < [VIvwl® + 3 1h; (vw = I, w)l* < Cs Vo], (2.91)

=1

We will also show that the splitting of the space Hj () into subspaces Vj, j € Ny,
is stable in the sense that there exist positive constants cg, Cs such that for all

w € H(9),

—+o00
cs||Vwl* < inf Vol + X 175 wyl* < Csl[Vwl®; - (2.92)

w;€Vj; w= =0 Wi j=1

the infimum is taken over all (Hg (), ||V - ||)-convergent decompositions.

We will show that the stability constants cgr,,Csr, and cg, Cs depend only
on d and the shape regularity 7o of the initial mesh. In particular, the constants do
not depend on the quasi-uniformity of the initial mesh or the ratio ho/ minger, hxk.
This result is important when considering settings where the problem associated
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with the coarsest level is difficult to solve and in practice can only be solved
approximately.

Variants of these results can be found, e.g., in [29, [33, [15, 14, 5] and references
therein. Our form is, however, to the best of our knowledge, not presented in the
literature. The results in [29, [33] |15, [14] are derived under the assumption that
the initial mesh is quasi-uniform, and the authors do not track the dependence
of the constants on hq/minger, hx. The results of |5] are derived without the
assumption on the quasi-uniformity of the initial mesh. The authors however
consider only the splitting of piecewise linear functions.

We combine the approaches from [29] and [5]. We first focus on showing the
upper bound from , then continue with the lower bound, and later generalize
it to show (2.92]).

First, consider the K-functional in analogy to [5, Section 7, eq. (7.4)]. For
w CRY we L*(w), it is defined as

M=

— ; 2 21,12
K(ta waw) - geggf(w) {“w - .gHLZ(w) +1 |g|H2(w)} , t>0. (293)

Lemma 2.6. There exists a constant C > 0 such that for all w € H'(R?) that
have compact support in R?, it holds that

+o0
Y 2YK(27%,w,RY)? < C|[Vw|7a - (2.94)
j=0

Proof. A brief proof for d = 2 is given in [5, Lemma 7.3]. We present its key
part in more detail and for d = 2,3. We will show that the K-functional can be
expressed in terms of the Fourier transform (here denoted by F'[-]) as

1 2| ¢4
K(t>w7Rd)2 - (27]_)% /]Rd 1 iL€‘|§|4’F[w](§)‘2d€ (295)

For w € H*(R?), g € H*(R?), using the properties of the Fourier transform,

lw = gl|72ay + 19172 ray

_ ! PEF a2 2 _ F)©)
~ op LT Pl + 0 il () - ) e
(2.96)

By simple manipulations, one can show that the minimum is attained for

i(x) = w(z) « F! [1+t12|§|41 (2), (2.97)

and it remains to show that g € H?(RY). First, note that

1
/Rd(l + |£|)2(1+t?|§|4>2 < 00,

and therefore, due to the characterization of Sobolev spaces using Fourier trans-
formations (see, e.g., [29, Section 3.1.1]), F7Y[(1 + ¢3|¢|*)~](x) € H*(RY). Then
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use Young’s inequality for convolution (recall that by assumption, w is compactly
supported and therefore w € L'(R%)) and the fact that 9/0&(f*h) = (Of/0& * h)
to show that the H2-norm of g is bounded.

The equality then follows by plugging in the expression for g into ([2.96))
and performing algebraic manipulations. The rest of the proof of the lemma
follows as in [5, Lemma 7.3]. O

Lemma 2.7. Let w C R? be a domain with a Lipschitz-continuous boundary.
There ezists a constant Cy(w) > 0 depending on the shape of w such that for all
w e HY (w),

+oo
S2YK(27Y w,w)? < Co(w)| V|72 - (2.98)
j=0

Proof. The proof for d = 2 is given in [5, Lemma 7.4]. It is based on the use of
an extension operator and Lemma [2.6| For the three-dimensional case, the proof
is analogous as Lemma [2.6|is valid also for d = 3. [

Lemma 2.8. There exists a constant Cz > 0 depending only on d and -y such
that for all K € To and all w € H}(Q),

+o0
B S 2w — Is,wlly < Col| Vol 2, (2.99)
7=0

Proof. The steps in the proof are inspired by the development in [29, Section 2.3]
and [5, Section 7].

We will use a scaling argument to consider an element K with h 7 =1 Thisis
done by a transformation = hx#, where z € K, & € K. We denote f(Z) := f(z)
for any function f defined on wg. Then

lw — Is,wl% = hi||@ — Is,wl|%. (2.100)

From the definition of the interpolation operator one can write I;jvw = Zg:@
In words, one can either consider the transformation of the interpolant Is,w or
transform the function w to the element K first and then consider the quasi-
interpolation E associated with the transformed mesh.

We will show that there exists a constant Cs > 0 depending only on d and
such that

l& — Is, @)% < Cs - (K@%, a,wz)) . (2.101)

Let g € H*(wg). Then
- Tsly < 0 —gllz + 19— Togli + 175G — @)z (2102

Let f(} € 7~; such that K ; C K. Then (thanks to the uniform refinement and

hez =1, h}?j = 277) from Theorem (inequalities (2.70) and (2.72)),

s, (g = @), < CF; 1llg = @l - (2.103)
15 - Iz, < Crz o2 Idler ) (2.104)
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Define N L
U(K,j) = {Uwg ; K; € T;,K; C K}
The term on the right hand side of (2.103)) can be bounded as

IIISJ-(E—@)HK— Z ||fs (9 —o)lg,
K;€T;,K
§~ 2; Cr llg = @l
i€T5,K,
<C’~ max Covrl K, g—W||, 7
fo S Conpl BT~ Bl
<Cpy . max  Coump(K)g - @l
-1 KGTJ,K cU(K,j)
S CISJHg - w”w;{'? (2105)

where the last inequality follows from the fact that CA’Iva L= C’ISJ_J (scaling does
]‘ b

not change the geometry and shape regularity) and from the definition of Cj ;.
The term on the right hand side of (2.104)) can be bounded as

I5-T5dl% = % l5-Isal,

< X (0~221|g|w~_)

K;

Py
(CA' ) max Covrlp(K)
K;€T; K;€U(K j)
<(Cx,

IN

—4
19207 )
K;)27% 5|2
) max ovrlp< J) |g|H2(w~)
S K E’E,K CK K

. 2
< (Crs - 27glm20r) (2.106)

Combining (2.102)) - (2.106) yields

~ T~ ~ ~ —24 |~
@ — T, @l < max Cre (15 = @l +27 %18l m20)
From the definition of the K-functional,
1@ — Is, )% < max C? , (/1§ — @ +27%|g] )2
W= Ig; Wiz > e:?,):’f Is,e \ 19 wE lH2(wz)
2 ~ 2 —25\? |52
<2 max 2, (19— 12+ (272) Bl
. 2
_ 9. 2 =27 5~
=2 1@2211?3(013’( (K(Z ,w,wK)) .

In the notation introduced above, C5 = 2 - max,—; 3 01257@.
Using (|2.100]), (2.101)) and Lemmayields

+00 oo
> 2|l — Iswll} < hCs Y. 2 (K (2%, @,wp))

Jj=0 J=0

W CsCalwr) I V2.
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Re-scaling back to K,

+oo
> 2w — Ig;wlf < hiCsCalwi)hichi [ V|,

J=0

Finally, note that the shape of wz depends on the shape regularity of the initial

mesh and therefore C,(wg) can be bounded, for all K € 7y, by a constant C,

depending only on d and 7. O

Theorem 2.7. There exists a constant Cs 1, > 0 depending only on d and v,
such that for all w € H} (),

HstowH2+2Hh (Is,w = Is, ,w)[|* < Cs, | Ve]*. (2.107)

7=1

Proof. From Theorem [2.4]
IV Is,w|* < CF 4l Vw|*.

For the rest of the sum,

znh | = znh (Isw —w +w — I5, ,w)|?
< 22 (I (w = Isw)|[* + |h;* (w = Is,_,w)|]?)
Jj=1
+o0
<23 (Ih; (w = Isw)||* + 4]lh7y (w — Is,_,w)|?)
Jj=1
= 1 2 = 1 2
<2 [ S |h N w — Isw)|? + 43 A (w — Is,w))|
j=1 Jj=0

+oo
<2. 52 ||hj_1(w — IS].w)H2
=0

+00
=10 Y > 2w — Is,wli

KeTo j=0
<10 Y Cy||Vuwl|?, <10-Cp- maxC’ovﬂp( NV,
KeTo
where we have used Lemma in the second to last inequality. [

Theorem 2.8. There exists a constant Cs, > 0 depending only on d and -y,
such that for all w € H}(Q),

||VIVOIU||2 + Z ||h va IV )H2 S CS’[V“VU)HQ. (2108)
7j=1

Proof. The key steps of the following proof of the upper bound were provided to
us by professor P. Oswald in personal communications. From Theorem [2.5]

IV Ivwll* < CF, 4l Vwl®.
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2

To bound Z Hh (Iy,w — Iy,_,w )H consider the sequence w; = (I, — Is;_, )w,

7 € N. Let K € To. We Wlll first show that there exists a constant C > O
depending only on d and vy such that

“+oo +oo
> 27Ty, — Iy, wlk < O 2% [lwillg, - (2.109)
j=1 i=1

Since Iy, are projections onto V}, it holds that

Then for all j > 1, using the Cauchy—Schwarz inequality for sums and Theorem

1y, = Iyl = [ (Zw(fv;- - fvj_1>wi)

</, (io 24) (io 2 (1 - fva-—l)“”)2)
<2-27 ]ZTH — Iy, willk
+o00

<2279 %202 (| Iywilk + v, will%)
1=j
+0o0

: , N 2
<2:27%2-2:2- (Cpa) w2,
i=j
Consequently,
+00 +oo
> 2||(Iy, — Iy, Jwl% <8+ (Cryoa)’ Y ZQanzn
]:1 —/_/ =
Changing the order of summation,
+oo  4oo ) too ) =1 400 0; )
220 2fwills, =D 2 Mwills, 27 < D> 2wl -
j=1  i=j i=1 j=1 i=1

For the sum > [|h; ' (Iy, — Iy,_, )w]||?, using (2.109),
+00
> k5 (v, = Iyl = 3 by QZQ%H (Iv, = Iy, wllx
j=1

KeTy j=1

+oo
<Ce DT hE > 2% w2,

KeTo =1
+oo
<C.Y 2 S hluil?,
i=1 KeTo
< C. 222’ > Comp(K Inax h llwil|%
KeTo

2
<C Coortn (K —maXKC“’K hK §°°; 223" hid|wi|?
=~ Cemax 0vr1p< ) K ”leK
KeT, hK

i=1 KeTo

Ce¢
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Finally, Theorem [2.7] gives
+oo
S5 (I — Tl < CeCoy IVl
j=1

]

Now proceed with bounding the norm of the splittings from below by a
H'-seminorm. We start with some auxiliary lemmas.

Lemma 2.9. There exists a constant cs > 0 depending only on d and o such that
for any N € Ny and any sequence (wj)é.v:o,wj €595,,7=0,...,N, it holds that

v ()

Proof. The proof for d = 2 is given in |5, Lemma 3.4]. It is based on the so-called
Strengthened Cauchy—Schwarz inequality. As the Strengthened Cauchy—Schwarz
inequality is valid also for d = 3 (see, e.g., [43, Lemma 6.1]), the proof of the
theorem in the three-dimensional case is analogous to the two-dimensional one. [

2
1 N
< o <||Vw0||2 + > 1IR; 1w]-||2> . (2.111)

=1

Lemma 2.10. Let (w;);=55, w; € V;, j € Ny, be a sequence which satisfies
+oo
[Vwol* + D |17 w;||* < +o0.
=1
Then >[5 w; converges in (Hg(Q), |V -]).

Proof. We will use Lemma 2.9/ to show that (Zévzo w;) 1% is a Cauchy sequence in
(Hy(2),]IV - ]]). Let € > 0. Since [[Vwol* + 725 || 'w;]|* converges in R, there
exists M € N such that for all m > n > M, it holds that

m
Z Hh;leH? < g€l
j=n

Using Lemma 2.9 for w;, j = n,...,m, and the previous inequality,

v (5

ie., (Xow;)hS, is a Cauchy sequence in (H}(Q), ||V - ||) and thus 3/ w;

converges in (H}(Q), ||V - ). O

2 { m
< =Yy < e
j=n

Lemma 2.11. Let c¢g be the constant from Lemma . Let (w;)}=5, w; € Vj,
j € Ny, be a sequence such that Y15 w; converges in (Hg(2), ||V - ||). Then

j=
2
+00 1 ) +00 . 5
V(S| <2 (v + )
j=0

j=1
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Proof. For any N € Ny, Lemma gives

\Y% (i wj)

Since Y7°5 w; converges in (Hg (), ||V-||), we may switch the following limit and

norm, giving
N
N1—1>r-ri—100 Z U}] V ; wj

< Mim (IIVon +leh IUJIIQ)— (||Vwo||2+2|lh wJIIQ)

N—+o0 cg = =

7j=1

2
< — (HVon +Z||h w]||2>

2 2

= lim
N—~+o00

]

Theorem 2.9. Any function w € H () can be uniquely decomposed as

+oo
w = Iyw+ > (Iy, — Iv,_, )w;
7j=1

(the convergence of the sum is understood in the space (H3(Q), ||V - |)). Let cs be
the constant from Lemma and Cs,p,, the constant from Theorem [2.8 Then for
allw € Hi(Q),

cs||Vwl* < ||V Iwl|” +Z\|h (Iv,w = Iy, w)||* < Csp [[Vol*. (2.112)

7j=1

Proof. The upper bound is proven in Theorem [2.8, Now we will prove the lower
bound. Having the upper bound, we can use Lemma to show that the sum
Iyyw 4+ Y75 (Iy, — Iy,_, )w converges in (Hy(Q), ||V - ||) and consequently, from
Lemma with wo = Iyyw and w; := (Iy, — Iy, Jw

2

<||VIVOw||2+Z||h (Iy,w — Iy, w)]*.

7=1

“+oo
Cs \Y (Ivow + Z(Ivj — I\/jl)w)

j=1

It remains to show that Iy,w + 375 (Iy, — Iy, , )w = w in (Hy(Q), [V - |]).
Since, for arbitrary N € N (see Theorem [2.5)),

Jj=1

N
w = (IVow + Z([VJ - I‘/jl)w) H = Hw - IVNwH < CIV,2 11(1168?2( hKHVva
N

and maxge7y hx — 0, Iyyw + X757 (Iy, — Iy, )w = w in L*(Q2). We will show
by contradiction that [Vow + 275 (I, — Iy, )w = w also in (H (), ]|V - ||). Let
the sequence Iyyw + >0 (Iy, — Iy, )w converge in (H}(2), ||V -]]) to @ # w.
Then, thanks to Frledrlch’s 1nequahty (Lemma E ) the sequence converges to w
in L2(Q) which is a contradiction with the uniqueness of the limit. O
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Theorem 2.10. Let cs be the constant from Lemmal|2.11l. There exists a constant
Cs > 0 depending only on d and vy such that for all w € H}(Q),

+oo
cs||Vwl||? < inf [Vl + Y k5 ws|)* < Cs[Vwl?. (2.113)

W€V w=) o Wi j=1

Proof. From Theorem we know that for any w € H}(Q2) there exists a decom-
position w = Z;;"S w;, wj € V;, j € Ny, for which the upper bound holds with the

constant Cyg r,, so that we can take an infimum over all possible decompositions
giving Cs < Cg,, . The lower bound in (2.113) follows from Lemma [2.11] O

Splitting of Hj () into basis function spaces

This section presents a result on splitting a H} (Q)-function into basis function
spaces. Denote by V,,, j = 1,2..., ¢ =1,...,#K,, the space spanned by the
basis function <;5§-j ), Vii CVj.

First we will show that splitting a function w; € Vj into the basis function
spaces Vj;, i« = 1,...,#K; is stable. This property is called stability of basis
functions in the literature; see, e.g., [33), Definition 2.5.5] and |29, Assumption (A1),
p. 17]. We present this property in a form which suits our further development.

Lemma 2.12 (Stability of basis functions). There exist positive constants cg and
Cp depending only on d and vy such that for all j € Ny and all

#K;
wj =Y wi; €Vy, wi; € Vi, i=1,...,#K;,
=1
it holds that
#K;
callhy wil* < D7 [[Vwgl* < Cpllhy w1, (2.114)
=1

Let 1\/1]S be the so-called scaled mass matriz and D; the diagonal matriz defined as

ME] = [ 2000, D, = [ Vo0 Ve, V= 1. 4K

Let w; be the vector of coefficients of a function w; € V; in the basis ®;. Then
w; = Zﬁij Wy, Wj; = [Wj]igbz(]) and ([2.114)) is equivalent to
cpw;Mjw; < wiD;w; < Cpw;M;w;. (2.115)

That is, the matrices 1\/IJS and D; are spectrally equivalent with constants cg and
Cp.

Proof. The proof is inspired by [16, Proposition 1.30, Problem 1.35]; see also |17].
We prove the spectral equivalence of local matrices associated with a mesh element.
The assertion of the theorem for global matrices then follows by summing the
local inequalities over the elements and taking the overlap into account.
Let 1\/IJS x be a local scaled mass matrix corresponding to an element K € T;
defined as
M, - /K h20969.  Ym,n e N, (2.116)
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and let Mi( be the local scaled mass matrix on a reference element K , which does
not depend on j, K, or 7;. Using standard arguments of affine transformation to
a reference element, it holds that
K|
My = 7 My (2.117)
K
If we denote by ci and C} the smallest and the largest eigenvalues of M%,
respectively, the eigenvalues of M5 ;- can be bounded by ¢4 |K|/h% and Cy|K|/h.
Consequently,

il o CilKL L
e e P

By choosing x as the mth column of the identity matrix of size d + 1,

vx € RETD, (2.118)

ci| K| s low % _ CxlK]
A<M = < ) 2.119
e 1
Let D; x be the local variant of D, i.e.,
Dl = [ VOV = V6D (2.120)
’ K
Using the inverse inequality (Lemma and (2.119)),
. B . ’K’
||V¢£i)||§< < CIQthKQHCb%)H%( < OIQNka@- (2.121)
Similarly, using Friedrich’s inequality (Lemma ,
ci| K| 1 () 112 ()12
< 1o I < 11V || (2.122)
Cihy — CEhik K K
K|

Thus the matrix Dj  is spectrally equivalent to the identity matrix times ;.
K

From ([2.118)), we conclude that D;  is also spectrally equivalent to MJS x with
the equivalency constants involving Ciny, Cr, ¢k, and Cy, i.e., depending only
on d and the shape regularity ;. ]

Since 1\/IJS and D; are spectrally equivalent matrices and they are symmetric
positive definite, we can use the generalized Hermitian eigenvalue decomposition

-1
(see, e.g., |3, Eq. (5.3)]) and algebraic manipulations to show that (M]S) and
Dj’1 are also spectrally equivalent, i.e.,

Lo () -1 Low (ngs) #K;
C—BW (Mj) w<w'D;'w < gw (M]) w, Yw e R7% . (2.123)

Let M; denote the mass matrix associated with the jth level, ie., [M;] — =
Jo DD mon=1,..., #K ;. Analogously to (2.115) we can show the spectral
equivalence of the mass matrix M; with the diagonal matrix D; in the following
form. There exist positive constants cy;, Cy;y depending only on d and ~, such
that
. —2__ % * —2__ % IC;
cp Irpel% hg'wMw < w'D;w < Cy %Ea%c hEw Mw, Yw e R#. (2.124)
Combining Theorem and Lemma yields the following theorem on
splitting a H}(2)-function into basis function spaces. It can be proven by the
same technique as in [33, Theorem 2.3.1].
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Theorem 2.11. Let cg,Cs be the constants from Theorem cg,Cp the
constants from Lemma and let tg = min{l,cg} and Cp = max{l,Cx}.
Then for all w € HL(Q),

+oo0 #K;
— 2 : 2 2 < OO 2
eseoll Vol < int IVl 4 30 3 IVusft < O5C| Yl

_ +oo #’C
w=wot) iy Zz 1" Wy

(2.125)

Splitting of spaces of piecewise linear functions

We now present consequences of the previous theorems for finite-dimensional
piecewise linear functions from V;, J > 0. The following theorems can be proven
by the same techniques as the results in [33] Section 2.4].

Theorem 2.12. Let cs and Cs be the constants from Theorem . Let J > 0.
For allwy € Vy,

J
Cs||va||2 S lllf ||Vw0||2+Z||h]_1w]||2 S CS”VU}JHZ (2126)

J .
w; €Vj; wy= im0 Wi j=1

Theorem 2.13. Let cg and Cg be the constants from Theorem and ¢g,Cp
the constants from Theorem |2.11. Let J > 0. For all wy € V7,

J #K; o
2 S OscB||va||2.

_ 2 < 1 2
csep||Vw,||* < woevol,g]f-,ievj,i Vol =1 i=1
wJ:w0+Z;-I:1 Z?:Kl] Wi, i

(2.127)

Frame

Finally, we present a consequence of the stability of the splittings presented
in Theorem [2.11], which is closely related to the fact that the normalized basis
functions form a so-called frame in (H&(Q))#; see, e.g., |20, Section 3], [21].

Theorem 2.14. Let cs and Cg be the constants from Theorem and ¢g,Cp
the constants from Theorem |2.11. For all g € (HL())¥,

2 4 Tk 9 ﬁb(j ) 2
cgC \V4 ’ <
sen {1Vl + 3 3 12 ) < 190y

- 2 +oo #K; ¢(J)>
< CsCp | [IVgoll* + Z

=1 i=1 HVW 12)

where gy € Vjy is the Riesz representation of the functional g in the space Vi with
respect to the inner product (ug, vo)o = [o Vo - Vg, Yug, vg € V.

Proof. The proof is inspired by the proof of [33, Theorem 2.6.2].

We will start with the upper bound. Let w € Hg () and consider an arbitrary

decomposition w = wy + Zjﬁf ;#17 w;i, wo € Vo, w;; € Vj;. Using the fact that

o sign(w; ;) ||Vw, ;| e
i = - i
IVl
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we have

—+o00 #’C.i
J=1 i=1
—+o00 #Kj ¢(J)
<l 190l + 35 35 {0 2} 19
=1 i1 Vel

< (190l + 3574297 (1gup + 555 v Ak
=\ Vo2 o

7j=1 =1 7j=1 =1

Taking the infimum over all decompositions w = wy + 1% Z& Ii wji, Wo €

Vo, w;,; € Vj,; and using the stability of the decomposition into spaces defined by
basis functions (Theorem [2.11]) yields

+oo #K; (J)> 11
g, w)] < [ IVgoll? + -@www
;;W¢W o

Taking the supremum over all w € HJ(2) such that |[Vw|| = 1 gives the upper
bound.

Proving the lower bound is more subtle. We will first show that for any N € N,

K; .
N # ¢(J)>2

IVgoll> + > Z < H9H2 4 (2.128)
=& v S (H3®)
First, it holds that
N #Kj )> N #K; ¢(J >
Vg0l + ZZ (9. 90 +Z < ¢ >
@mw B SN Ve
N #K; (4)
g, ¢ > >>
= gago Z Z .
< =1 i=1 HV¢(J 2
)
Let g;; = |I<éjé)ll>2¢ € Vj;. Then using Theorem [2.13]

N #K;

j=1i=1

N #K;
\% (90 + Z Z gj,i)
#

j=1 i=1
1
N #K; 2
< lyyee or IVl + 3 3 19
0 ciCh j=1i=1
N #’CJ G2\ 2
{9, 0:")?
= gl 11 (IIVQ *+> > )
()" ciel, = Ve
This yields (2.128). Taking NV to infinity in (2.128)) finishes the proof. 0



Theorem 2.15. Let cs and Cg be the constants from Theorem and ¢g,Cp
the constants from Theorem |2.11 Let J > 0 and consider the space Vj with the
norm |V -||. For all g; € V],

J #K; ¢(J)>2
csep | [Vaoll® + ZZ < HQJH?/j#

=1 i=1 Vo2

o J #K; ¢(J)>
< CsCx [ IVall® + ZZ )

o Vel

where gy € Vy is the Riesz representation function of the functional g in the space
Vo with respect to the inner product (ug,vy) = [ Vg - Vug, Yug, vg € Vp.

Proof. The proof is analogous to the proof of Theorem [2.14] ]
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3 Mixed precision multigrid with
smoothing based on incomplete
Cholesky factorization

In the first two chapters we studied the effects of approximate computation
on the coarsest-level on the convergence of the V-cycle method or on properties of
multilevel a posteriori error estimates. For simplicity of the analysis, we assumed
that the computation was done in infinite precision arithmetic.

In this chapter we focus on the effects of finite precision errors. In particular,
we study a mixed precision V-cycle method with smoothing based on incomplete
Cholesky (IC) factorizarion. Our effort is motivated by the fourth question stated
in the introduction:

d) Can the execution time of the mixed precision V-cycle method with IC
smoothers be reduced by introducing additional precisions for the applica-
tions of the smoothers? For example, using different precisions for storing
the IC factors or solving the triangular systems. Can we analytically describe
the requirements on these individual precisions?

We present a mixed precision formulation of the V-cycle scheme. Instead of
assuming that a smoother or the coarsest-level solver is applied in a precision
with certain unit roundoff, we impose an assumption on the finite precision error
resulting from its application. This allow us to consider also mixed precision
smoothers or coarsest-level solvers. We derive a bound on the finite precision error
of the V-cycle scheme which gives insight into how the finite precision errors from
the individual parts of the V-cycle scheme may affect the overall finite precision
error. Further, we present a mixed precision formulation of the IC smoother and
derive a bound on the finite precision error of its application. The theoretical
results indicate that in some settings (depending on the properties of the IC
factors) the IC smoother on a concrete level may be applied in a precision lower
than the precision used for computing the residual, restriction, prolongation, and
addition on the level.

We test the theoretical results on a series of numerical experiments, where we
solve elliptic PDEs discretized using the finite element method. We run experi-
ments with simulated floating point arithmetics in MATLAB and experiments on
GPUs using the Ginkgo library. The results show that applying the IC smoother
in low precision can yield a significant speed up in the computational time of the
V-cycle method in comparison to its uniform double precision variant.

The text presented in this chapter is a result of a collaboration with H. Anzt,
E. Carson, N. Kohl, U. Riide and Y.-H. Tsai.

3.1 Introduction

Running large scale simulations on modern supercomputers requires significant
energy and time resources. Research focused on reducing the energy footprint and
optimizing the computation process ranges from manufacturing new hardware
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components to designing novel numerical methods. The two mentioned directions
are heavily interconnected. Even though hardware is usually manufactured for a
specific task, the introduction of a powerful hardware component can also influence
the design of new mathematical methods capable of fully exploiting its potential.
The introduction and availability of GPUs and subsequent effort on designing
parallel numerical algorithms utilizing multiple floating point arithmetics is a good
example. Many classic methods in numerical linear algebra can be redesigned to
employ mixed precision approach by running parts of the computation in higher
precisions and parts in a low precisions. In some cases it is possible to achieve the
same overall accuracy in a smaller amount of time, requiring less memory and
consuming less energy; see, e.g., the surveys [12, |1]. The improvements can be
accomplished by both using low-precision computational units, which can perform
more floating point operations per second, and by storing data in low precision
formats, which enables faster memory movements.

In this text we study mixed precision variants of multigrid methods [27, 6]
which are frequently used when solving systems of linear equations. Multigrid
methods are applied both as a standalone solver and as a preconditioner for an
iterative method. Even though they were historically introduced as a method for
solving systems coming from discretization of elliptic PDEs they are nowadays
being used in various settings. The computation relies on having a hierarchy
of problems, which can be obtained either by discretizing a continuous problem
on a multiple nested meshes (geometric multigrid) or constructed based on the
properties of the system matrix (algebraic multigrid). The approximate solution
is computed using so called smoothing on fine levels and by solving a system
of linear equations on the coarsest-level. There are different multigrid schemes
(V-cycle, W-cycle, full multigrid) varying in the pattern in which the individual
levels are visited during the computation.

Implementations of multigrid methods employing different precision formats for
different parts of the method are being developed and tested on various problems,
see e.g., [29, 30, [28} 35]. A first finite precision error analysis of mixed precision
multigrid methods was presented in [17] and further extended in [18]. The results
were used by the authors in a paper focusing on achieving discretization error
accuracy when solving elliptic PDEs |25] and adapted also when studying multigrid
methods with block floating point arithmetic in [16].

The finite precision error analysis of the multigrid V-cycle method presented
in |17, 18] is based on viewing the method as an iterative refinement method on
the finest level with restarted V-cycle method as the inner solver. This point of
view enables using three different finite precisions on the finest level. The authors
further introduce “progressive” finite precisions associated with individual levels
of the V-cycle method. They derive bound on the finite precision error of the
V-cycle scheme and discuss requirements on the individual precisions based on the
properties of the system and prolongation matrices and smoothing routines on the
associated levels. The approach assumes that the smoothing routine on a concrete
fine level or the coarsest-level solver is applied in one finite precision associated
with the level. The authors discuss analysis of smoothing routines based on the
Richardson and Jacobi methods within this framework.

Multigrid methods are in practice also applied with more computationally
intensive smoothers. Smoothing routines based on incomplete Cholesky (IC) fac-
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torization are, for example, used when solving elliptic PDEs with large anisotropy;
see e.g. early papers [15, 32, 31, (14] or |9, [26]. To use the IC smoothing, the
IC factorization has to be precomputed. Its application then requires solving
triangular systems with the IC factor and its transpose. Using the IC smoother
may thus require more computational resources than other simpler smoothers
such as smoothers based on the Richardson or Jacobi methods.

It is therefore a valid question to ask whether the mixed precision approach
could be used to speed up the application of the IC smoothers, by computing the
IC factorization in low precision, and/or storing the IC factor in low-precision,
and/or by solving the triangular systems in low-precision. This opens a series
of questions. What precisions should be used in the mentioned stages of the IC
smoother? How should these precisions be chosen with respect to the application
of the smoother inside the V-cycle method?

Motivated by these questions, we present a formulation of the V-cycle scheme
with general assumptions on the smoothers and the coarsest-level solver. Rather
than assuming that the smoothers and the coarsest-level solver are applied in a
certain precision, we impose assumptions on the finite precision errors resulting
from their applications. Inspired by the papers [17} /18], we present a finite precision
analysis of the formulated V-cycle correction schemes. Our approach enables
the analysis of multigrid methods with general (mixed precision) smoothers and
coarsest-level solvers.

We further formulate a mixed precision IC smoothing routine and present
a bound on the finite precision error on its application. We assume that the
triangular problems are solved using substitution. We do not take into account
the finite precision error coming from computing the IC factorization in finite
precision.

We test the theoretical results and performance of the presented methods
through a series of numerical experiments. We solve systems coming from finite
element (FE) discretization of elliptic PDEs. We run experiments with simulated
floating point arithmetics in MATLAB using the Advanpix toolbox [2] as well as
experiments performed on GPUs using the Ginkgo library [5] 8].

The paper is organized as follows. In Section [3.2] we establish the notation,
present the standard rounding model, and state bounds on the finite precision
errors in basic vector and matrix operations. Section [3.3| contains the description
of the mixed precision iterative refinement method and a summary of results on its
convergence in the energy norm. The mixed precision two-grid correction scheme
is presented in Section together with its finite precision error analysis. These
results are generalized to a multigrid V-cycle correction scheme in Section [3.5 In
Section |3.6, we present a mixed precision smoothing routine based on incomplete
Cholesky factorization and derive a bound on finite precision errors occurring in
its application. Section [3.7] contains simple strategies for scaling the matrices and
right-hand side vectors to help avoid out of range results when using low precision
formats. We illustrate the theoretical results on a series of numerical experiments
in Section [3.8] The text closes with conclusions and a summary of related open
problems in Section (3.9
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3.2 Model problem, notation, finite precision
arithmetic and standard rounding model

We consider all vectors and matrices in this paper to be real. We denote the
Euclidean inner product as (-, -), and the Euclidean vector or matrix norm as || - ||.
For a symmetric positive definite (SPD) matrix A, we denote the A vector norm

of a vector v as ||v]|a = /(Av, v); we use the same notation for the associated
matrix norm. Throughout the text we use the following relations between the
Euclidean vector norm and the A vector norm without explicitly commenting on

their use. For any vector v it holds that (see Appendix [3.10.1)

Ivlla < [A]Z]|v],

VIl < [A7I2]1v] A,
AV < [|A[|I2][v]a.
1A= V][ < [JA7Y2]v].

Let K be an invertible matrix and let |K| denote the matrix with the
component-wise absolute values of the entries of matrix K. By kg we denote the

condition number of K and by kj a variant of the condition number containing
/K| instead of ||K]|, i.e.,

ke = KK, sr = KK

We consider the standard model for accounting for finite precision errors, which
is also used in the existing finite precision analysis of multigrid methods in |17, 1§].
For an introduction to the analysis of finite precision errors in numerical methods,
see, e.g., [11].

Consider a floating point arithmetic with unit roundoff €. Instead of saying
that a computation was done in a floating point arithmetic with unit roundoff ¢
or that a vector or a matrix was rounded to a floating point arithmetic with unit
roundoff ¢, for simplicity we write computed in, or rounded to e-precision. Let z
be a number within the range of the e-precision. We assume that rounding x to
e-precision results in

r+0, |0 <elz|

Let o denote one of the basic scalar operations, i.e., addition, subtraction, multi-
plication, or division. Let x and y be two numbers in the e-precision arithmetic.
Assuming that x oy is in the range of the e-precision arithmetic, we assume that
computing x o y in e-precision results in

roy+d, [0 <elzoyl

Further, when using this model, we always assume that the inputs and outputs are
within the range of the considered finite precision arithmetic, i.e., the computation
does not break down due to overflow or underflow, which is a standard assumption
in the literature. We comment on practical issues regarding underflow and overflow
later in Section [3.7] In the text we use the hat symbol to highlight that a term is
computed in finite precision arithmetic; for example, for s = z o y computed in
e-precision, we write § = s + 9, |§] < ¢|s|.
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Based on the model the following results, which will be used below, can be
shown; see, e.g., [18| Section 2] and |17, Section 2|. Let v and w be two vectors
and let K be a matrix. Let mg denote the maximum number of nonzero entries
in a row of K and let my denote the maximum number of nonzero entries in a
row or a column of K. The constants mg . and my . are defined as

mg m g
mK,z—:

Mmge = 9
1-— mpgé

- 1-— megée i
Rounding the vector v to e-precision arithmetic results in

v+d, [lofl <ellv]. (3.1)
Rounding the matrix K to e-precision results in

K+ AK, |AK|<¢[K], (3.2)

where the inequality is understood entry by entry.
Assuming the entries of v and w and K belong to the e-precision arithmetic,
computing v + w and Kw both in e-precision results in, respectively,

v+w+d, 8] <elv+wl, (3.3)
Kw +4, |[ofl < emu|[[K[|[[[w]- (34)

Assume that v and w belong to the e-precision arithmetic. Let K + AK
be the matrix obtained by rounding matrix K to e-precision, i.e., |AK]| < ¢|K].
Computing (K + AK)w and v — (K + AK)w both in e-precision results in (see

Appendix [3.10.2)), respectively,

Kw 40, [|0]] < (e(mre + 1) + mpc ) K[| [ w]], (3.5)
v—Kw+4, [0 < (e(mie+2)+e*(2mre +1+empe)) (VI + [[K][[w]]).
(3.6)

3.3 Iterative refinement

In this section, we present the mixed precision iterative refinement (IR) method
(see, e.g., |7, 117]) for computing an approximate solution to the problem

Ax =D,

where A € R™™" is a sparse SPD matrix with a maximum of m 4 nonzero elements
per row, and b € R". We have in mind that the matrix A may be coming from a
discretization of an elliptic PDE. In such a case, the matrix is rounded to a floating
point arithmetic. We assume that both A and b are rounded to a floating point
arithmetic with unit roundoff Z, resulting in A = A + AA, where \AA[ < E|A]
and b = b + Ab, where |Ab| < Z|b|.

We consider the IR method described in Algorithm cf. |17, 25]. We assume
that the residual is computed in a precision with a unit roundoff £, where & < &.
We assume that the application of the inner solver in finite precision reduces the
A-norm of the error by a least a factor p < 1, i.e., for any right-hand side r the
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approximate solution y;, of Ay = r computed using the inner solver in finite
precision satisfies

Iy — ¥illa < pllylla-

We assume that the computed approximation y,, belongs a precision with a unit
roundoff €, where € > £. Note that there are no explicit assumptions on the finite
precision arithmetic used inside the inner solver. The requirements on the finite
precision are implicitly included in the assumption on the reduction of the A-norm
of the error. In order to use Algorithm we also need to specify a number of
iterations /N and a stopping criterion.

Algorithm 3.1 Iterative refinement, IR(B,)%(O), N).
1: fort=0,1,...,N —1do

2.t =b—A%® {Compute residual in z-precision. }
3. if stopping criterion is satisfied then

4: return %
5
6
7

end if
Vi, = InnerSolver(t) {Approximately solve Ay =r.}
coxD =20y Vin {Correct the approximation in e-precision. }
8: end for
9: % the stopping criterion was not satisfied after N iterations

The convergence of the IR method in the A-norm including finite precision
errors was studied in [17, 25]. The convergence result derived in [25, Theorem 4.5]
reads as follows; we refer also to the discussion in [17, Remark 4.2]. Let X" be the
approximate solution of Ax = b computed after one iteration of the IR method
Algorithm using finite precision computation starting with an approximation
xP™v bhelonging to the é-precision arithmetic. One iteration of the IR method
reduces the relative A-norm of the error by a least a factor, p + dr, up to an
absolute additional limiting factor y, i.e.,

2.1

I — %™ [a

(23[7

=

< (p + 5IR) + X.

1x[|a
The term ;g can be seen as a bound on a potential delay in the rate of convergence
occurring due to finite precision errors and the term y as the bound on the limiting
accuracy. Assuming that k4 and k4 are approximately the same and that £ and
€ are small enough such that éxy, < 1 and m4erks < 1, the bound on the delay
of convergence 0ir and the bound on the limiting accuracy y are on the order of

ER3.

3.4 Two-grid correction scheme

In this section, we present a mixed precision formulation of the two-grid (TG)
correction scheme and its rounding error analysis. For an introduction to multigrid
methods we refer to, e.g., |6, [27].

We consider the TG correction scheme for computing an approximate solution
of Ay = f, where f € R". The TG correction scheme is based on having
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two formulations of the problem, the original problem with matrix A which is
called the fine-grid problem and a projection of the original problem to a smaller
dimensional subspace called the coarse-grid problem. The approximate solution is
computed using so-called smoothing on the fine grid and a so-called coarse-grid
correction. We describe the mentioned routines, state assumptions on their parts,
and subsequently formulate the TG correction scheme.

Smoothing usually consists of applying few iterations of a stationary iterative
method. One iteration of such a method consists of computing the residual, solving
an error equation with a simple approximation of the matrix A, and correcting
the previous approximation. For simplicity of the forthcoming rounding error
analysis, we consider only one smoothing iteration starting with a zero initial
approximation. The smoothing thus reduces to solving an error equation where
the matrix A is replaced by its simple approximation.

We assume that the application of smoothing in infinite precision can be for any
vector f written as Mf, where M € R™*" is a non-singular matrix approximating
the inverse of A in the sense

JT— MA[, < 1. (3.7)

where I denotes the identity matrix. This is a standard assumption in the multigrid
literature; see, e.g., |17, Section 5], [34, p. 293] or [33].

We assume that before the application of the smoother, the right-hand side is
rounded to a finite precision with unit roundoff £. Rather than assuming that the
smoothing is applied in finite precision with a certain unit roundoff, we assume
that there exists a positive constant A,; such that the application of the smoother
in finite precision for any vector f results in

MF +dar, [0 < Ane[E]] (3.8)

We assume that the resulting vector belongs to the é-precision arithmetic. This
modular approach allows us to also analyze mixed precision smoothers.

The coarse-grid correction consists of computing the residual, restricting it to
the coarse-grid, applying the coarse-grid solver to an error equation on the coarse-
grid, prolongation of the computed correction to the fine-grid, and correcting the
previous approximation. We consider that the residual is computed in é-precision
and that the matrix A is rounded to é-precision for the residual computation,
resulting in A = A + AA, where |AA| < £|A].

We assume that there exists an SPD coarse-grid matrix A¢ € R*e*"¢ and
a full rank prolongation matrix P € R"*"¢ such that the Galerkin condition is
satisfied, i.e.,

Ac=PTAP. (3.9)

We assume that the restriction matrix is transpose of the prolongation matrix,
and that both the restriction and prolongation are performed in é-precision. We
further assume that when computing with the prolongation matrix, it is rounded
to &-precision, resulting in P = P 4+ AP, where |AP| < ¢|P|. Note that in
geometric multigrid, the Galerkin condition may hold only in infinite precision.

We assume that for any vector fc, the application of the coarse-grid solver
in infinite precision can be written as Mcfc, where M¢ is a non-singular matrix
approximating the inverse of A in the sense that

[Ic — McAcllac <1, (3.10)
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where I denotes the identity matrix on the coarse level. We note that the standard
TG correction scheme assumes an exact coarse-grid solve, i.e., Mc = Ag!, for
which the assumption is automatically satisfied. The formulation here
allows for using approximate linear solvers. The TG scheme is generalized to the
multilevel V-cycle scheme in the next section.

To take into account the finite precision errors which may occur during the
coarse-level solve, we assume that there exists a positive constant A¢ such that
the application of the coarse-grid solver in finite precision for any vector f¢ results
in

Mcfc +dc,  [loc]lac < AcllAg'fellac (3.11)

We assume that the computed approximation belongs to the é-precision arithmetic
and that the addition of the prolonged correction is done in é-precision.

The TG correction scheme is formulated in Algorithm [3.2] For simplicity, we
consider a version where smoothing is done only before the coarse-level correction.
This version is called a TG correction scheme with pre-smoothing in the literature.
There are other versions where smoothing is done both before and after the
coarse-level correction (TG scheme with pre- and post-smoothing) or just after
the coarse-level correction (TG scheme with post-smoothing); see, e.g., [6, [27].

Algorithm 3.2 Two-grid correction scheme, TG(f).

f = Round(f, ¢) {Round the right-hand side f to &-precision.}
I = Mf {Apply smoothing.}

r

U= f — Av!Y {Compute residual in é-precision.}
—p 'l {Restrict the residual to the coarse grid in é-precision. }
= Mcf“[é] {Approximately solve Agve = r[é}.}

L)

= P@E] {Prolongate the correction to the fine level in é-precision. }
= vl 4 o2 {Correct the previous approximation in é-precision. }
return o = v

<>
Q

Let yrq be the approximation computed by Algorithm in infinite precision,
by which we mean that all computations are done exactly without rounding errors
and the matrices A and P and vector f are not rounded. We assume that the
two-grid correction scheme applied in infinite precision reduces the A-norm of the
error, i.e., there exists a constant prg < 1 such that

ly — yralla < prcllylla- (3.12)

For convergence analysis of multigrid methods in infinite precision see, e.g., [34,
27, 20, |19].

We present the following result on the effects of finite precision errors on the

convergence of the TG correction scheme. Its proof can be found below.

Theorem 3.1. Let yrg and ¥ be the approximate solution of Ay = f computed
using the TG correction scheme applied in infinite and finite precision, respectively.
Then

lyre — ¥rclla < drcllylla, (3.13)
1y = ¥rclla < (pre + dra)llylla, (3.14)
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and dtg can be expressed as

1
dora =Ac + 3[|Al[Ax + eni (CLl[A[[[IM] + Cs) + e[| A[[[M]| + R,

where Cy and Cy are positive constants depending only on ||P||, |||P||, mae, mp,
and the ratio ||AG"||2/||[A~Y|2. The quantity R contains higher order terms, i.e.,
terms which involve at least second powers of at least one of &, Ac, Ay, or a
product of at least two of them. The TG correction scheme reduces the A-norm
of the error if prq + orq < 1.

We intentionally present this theorem without any additional assumptions on
the individual terms in the estimates so that it can be used in various different
settings. An even more detailed expression with explicit formulas for C and Cs
can be found inside the proof if needed.

An important feature of the estimate is that it provides insight into how the
finite precision errors coming from applying the smoother or the coarse-level solver
may affect the overall finite precision error. In particular, we see that the bound
on the relative finite precision error of the coarsest-level solver A is present as a
standalone term. The bound on the relative finite precision error of the smoother

is present multiplied by 3||A |, but not for example by |[A~!||z or /{i. Another
useful observation is that the choice of the smoother may affect the requirements
on the é-precision through the term ||M]||. The larger the term ||[M]|| is, the smaller
€ may have to be in order to have a sufficiently small finite precision error.

We generalize the result of this theorem to a multigrid V-cycle correction
scheme in the next section.

Proof of Theorem[3.1 The proof is inspired by the proofs of [18, Theorem 1], [17,
Theorem 7.2, and |25, Theorem 4.5].

We let v, rlll r[cl], V[g], v, and vl denote the infinite-precision counterparts
of the terms in Algorithm [3.2] i.e., the terms that result when all computations
are done exactly without finite precision errors and the matrices A and P and
the vector f are not rounded.

We first present a series of bounds which are used below. For any fine-level
vector v, it holds that

IAG'P ' v]ac < [A7V] 4. (3.15)

This is a key inequality for the derivation below. As we will see, it is a consequence
of the orthogonality of a certain projection. If we consider v to be a right-hand side
vector on the fine level, the above inequality can be interpreted as the Ac-norm
of the approximation to the solution computed on the coarse level being less than
the A-norm of the solution.
We will also make use of the following bound involving the matrix representing
the coarse-level solver:
||MCAC||AC < 2, (316)
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and the following bounds of the norms of intermediate results in Algorithm

IVE[a < 2]ly]la. (3.17)

1A ][4 < [lylla, (3.18)
e < A2 ]]y]la, (3.19)
IAG T A < llyla. (3.20)
V& lac < 2llylla- (3.21)

Variants of the bounds @—3.21 can be found, e.g., in [18]. We include their
derivation in Appendix [3.10.3] for self consistency of the text.

We focus on deriving a bound on the A-norm of the error caused by computa-
tion in finite precision arithmetic in the TG correction scheme (3.13), i.e.,

lyre — ¥ralla < orcllylla-

Analogously as in the proof of [18, Theorem 1], we go line by line in Algorithm
and bound the finite precision errors. Our goal is to derive a bound on the relative
error in the A-norm. Since some of the assumptions or bounds we use contain
the Euclidean norm and some the A-norm, we switch between these norms in the
derivation.

Line 1: Rounding f to é-precision results in f=f+¢ 7, where, using ,

1

16711 < £l = el Ayl < El|A[l> [lylla- (3.22)
——

Ko

Line 2: Applying the smoothing to f=f+ dy in finite precision results in
M(f + d¢) + 6,1, where, using the assumption (3.8) and (3.22),

10 || < Anr(N[E[] =+ [l04[) < (AnllA[Z + An o) [[y]]a- (3.23)

K

The computed term v can be written as ¢1Y = vl ¢ A, where A pp =

M6 + 9,1 is the accumulated error and, using ((3.22)) and ([3.23)),

1A | < [IMG¢[] + [, ]| < (IM]| Ko + K1) [[y][a- (3.24)

K>

Line 3: Computing (f 4 d;) — (A + AA) (vl + A 1y) in &-precision results in

f+06; — AV + A) + 6,0, where, using (B8.6), vI'l = Mf, (3.22), and (3.24),

18, < (2(maz+2) + % 2mag + L+ mae)) (I + 05l + (AL - v+ Aml])
Ka

< (E(mag +2) + EKa) (Il + 101+ HANAVT+ 1A 1))
< (E(maz +2) + &Ko) (|A]2 + Ko + [AJIIMIJA[2 + K2)) [ly]]a-

K3

(3.25)
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The computed term #1 can be written as #1 = ¢l + Ay, where
Ar[u = 5f — AAv[u + (5T[1]
is the accumulated error, and using (3.22)), (3.24)), and (3.25)),
1Al = 1107 = AA 4 G || < (04[] 4+ AL A || + (167 ]
< (Ko + [[A]|Ks + K3) [[y|a- (3.26)

Ky

Line 4: Computing (P 4+ AP)T(rl) 4+ A 1)) in é-precision results in P (rl!) +

A,m) + 0, where, using (3.5), (3.19), and ({3.26)),
C
16,01l < ((mpe + 1) + Empe) [P+ [[A01])
)

) ) 1
< (é(mpe + 1) + Emp)[[|P[|(JA]12 + K4) [ly]la- (3.27)
Ks
The computed term f'g] can be written as f'[é] = rg] + Ar[”’ where Ar[l] =
C C

PTA,p + 6 is the accumulated error and, using (3.15), (8.24), (8.22), (3.29),
C

and (3.27),
1A A mllac = [AG (PTA,m + 0,m)lac

= JAG (PT(6; — AAu + 6,m1) + 0,m0)lac

< |AG'PTAA wllag + |AG (P (87 + 6,) + 9,00l ac

< 1A lla + A2 IPT (67 + 8y0) + 8,00

< N2 la + HAG 2 PG+ 18,00]1) + 116,011

< (|A|2 K + [|AGH 2 (Pl (Ko + K3) + K5) llylla. (3.28)

Keg

Line 5: Applying the coarse-level solver to r[é} + A 1 in finite precision results
C
in
MC(I‘[(%} + AT[Cu) + 6@5]’
where, using the assumption (3.11)) and the estimates (3.20]) and (3.28)),
16,lac < AclAg! (e + A w)ac

_ 1 _
< Ac(lAc'relac + AG'A llac)

< Ac(1+ Ks) |lylla- (3.29)
—_———
K7
The computed term \Af[é] can be written as V[CQ] = V[é] + AU[Q], where Avm =

C
MCcA g+ 2 is the accumulated error and, using (3.16)), (3.28)), and (3.29)),
C C
1Az llac < ||McAcA61ATgJ||Ac + 110,211l ac
< [[McAc]ac - HAélﬁrgJHAc + 110,21l ac
< (2Ks + K7) [lylla- (3.30)
[ —

Ks
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Line 6: Computing (P + AP)(V[CZ] + A j21) in &-precision results in P(vg] +

AU[Q]) + 51}[2]7 Wherea USng " " and "
C

1
[10uta1 [l a < | A2 {]0ta

. —1i 2
+Empa) [Pl - [AG I21vE + A o ac

. . —_1n i
e(mpe + 1)+ mp ) [IIP]]| - A2 2llylla + 1A 21 [lac)

C

( )
( ) )

E(mps +1) + Empe) [Pl - A2 (v ac + 12 2illac)
( ) )
( ) )

< A2 (E(mpe +1) +mp)[IP]] - [AGI2(2+ Ks) [lylla- (331

Ky

The computed term 9% can be written as v = v[2 + A, 21, where

Ayl = PA 2 + 0,02
C

is the accumulated error, and using (3.9)), (3.30)), and (3.31]),
1A lla < [PA 2 +della < [PApla + 10,01 ]la = 1A @llac + 10,04
< (Ks+ Ko) [[y]la- (3.32)
———

Ko
Line 7: Computing v 4 Ay + v+ A, 2 in é-precision result in
v A+ v A+ 0y,
where, using , v = vl 4 yBl, , , and ,

16, < [V + Ay + vE 4+ A |
< e(IIVE + 1Ay | + 1Ay
< (AT VA + Al + AT Z (A e la)
< 22 ATE + Ko + |[A7YZKy) [lylla- (3.33)

K11

Finally the computed approximation B can be written as v = v 4 JANE
where
Ay = Ay + Ayizr + Oyim

is the accumulated error and using (3.24)), (3.32), and ({3.33)),
[Aualla < 1A,mlla + 1A lla + 10,6 a
1
< (|A)2 Ky + Ko + [|Al|2 K1) [l a-

gvel

Since v1% = Yo and vl = yTa, we have A s = Yrq — Y16, and
lyra = ¥ralla < drallylla-
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Consequently,

ly = ¥rclla <y —yrclla + |yre = Yrclla < (pra + o) ||yla-

We simplify the expression for drg by grouping higher order terms in a
remainder R. We say that a term is of higher order when it involves at least
second powers of at least one of &, Ag, Ay, or a product of at least two of them.
All remainder terms Ry, k = 1,...,6 defined below contain only high order terms.

Listing and rewriting the constants K, K;, Ky, K,, and K3 leads to

Ko =¢|| A,
Ky = (A Al + AyrEo) = (A + M) Al2,
Ky = ||M|| Ko + Ky = (|M]}¢ + Ay + Ayé) | A2,
Ko=(2maes+1+éma,),
K3 = (é(mas +2) + 2K (|Al17 + Ko + [[|A[[[(IM]|A[|? + K>))

= (maz +2)(| A2 + Ko + | |A[[(IM][|A]|Z + )

+EKa(| A2 + Ko+ [|Al(IM[[|A]Z + K>))
= (mag +2)l| Al (1 + ||| A]l]|M])
+é(mag+2)(Ko + [|Al| K2) + E@ Ko (Al + Ko + [[|A][(IM][|A]2 + K>)) .

Ry

The constants K, and K¢ can be rewritten as

Ky =Ko+ ||A|| K2 + K3
= (& + A (IMI|z + Ay + Apd)) || A2
+e(mag +2) A2+ |JA[IM]) + Ry,
K5 = (¢(mpe + 1) + 2mp:)[IP| (1A F + Ky)
= e(mp; + D[P (IA2 + Ka) + &2mp | [P A7 + )
= &(mpe + DIIPAI + &(mps + V)| [P + mp || [PII(JA]lZ + Ky).

Ro

Let & denote the ratio |Ag'||2/|[A~||2. The constant K¢ can be rewritten as

Ko = |A||Z K> + [|AGH| 2 (IIP]| (Ko + K3) + K5)
= |A[[ (M€ + Anr)
1
+erFE(IP (L + (mag +2)(1+ [JA][IM]) + (mpe + D)|P]])
+ A AwE + [|AGH|Z PRy + [|AGH|2 Re .
R3

The constant K; can be expressed as

K7 == Ac(l + Kﬁ) - AC + AcK6 .
N——

Ry
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Rewriting the constants Kg and Ky yields
Ky =2K¢+ K7 = 2K + Ac + Ry,
Ko = ||Al|2 (€(mpe + 1) + Emp, I[P - |AGH|2 (2 + Ks)
— 2¢(mpe + 1)w5€]| [P
+ &(mpe + VEEEIP| K + 2mp 3¢ [P (2 + Ks)

Rs

The constants K7y and K1, can be expressed as

Kig = Kg + Ky
Ki = 2| A7Y2 + Ky + A2 Ky)
= 2| A2 + Ky + E||ATH|Z K.

Rg

Finally, 01¢ can be simplified as
orc = [|A]|2 Kz + Ko + ||A]|2 K
1
= [[A[[(IM]lé + Anr) + 2K6 + Ac + Ry + 2(mp. + 1)ér;E| [P
1 1
+ Rs +2¢r3 + ||A]|2Rs
1
= 3[|A[|([|M]|& + Arr) + ErZECIP|(1 + (mae +2)(1 + [[[A[]][[M]))

+4(mpe + D]|P]]) + Ac + 2265 + 2Rs + Ry + Rs + || A]|2 Ry,
R

where R is a remainder containing higher order terms. [

3.5 V-cycle correction scheme

In this section, we present a mixed precision formulation of the V-cycle
correction scheme and its finite precision error analysis. The V-cycle correction
scheme can be seen as a generalization of the two-grid correction scheme to
multiple levels.

We consider using the V-cycle correction scheme for computing an approximate
solution of Ay = f, where f € R"™. The approximate solution is computed using a
hierarchy of J + 1 levels numbered from 0 to J. Each level contains a stiffness
matrix A; € R%>*" 5 =0,...,J, with Ay = A. The information is transferred
between the (j — 1)th and jth levels using the full-rank prolongation matrix
P, ¢ Rw*™-1 5 =1,...,J, and its transpose. We assume that the stiffness
matrices satisfy the Galerkin condition i.e., A;_; = P/A;P;, j=1,...,J. We
denote by I; the identity matrix on level j.

The computation consists of smoothing on fine levels and solving a system of
linear equations on the coarsest-level. We assume that all operations on a fine
level j, 5 =1,...,J, besides the smoothing, are done in finite precision arithmetic
with unit roundoff £;. We consider that the precision used on level j, j =2,...,J,
is higher or equal to the precision used on the coarser level j — 1, i.e., &; < ;4.
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We assume that the matrices A; and P; on level j are rounded to the é-precision
for the residual computation and for computing the restriction and prolongation,
resulting in A; = A; + AA;, where |[AA;| < &;]A)|, and P; = P, + AP, where

|AP;| < &Pyl
Analogously, as in the TG correction scheme, we assume that the application
of smoothing in infinite precision on level j, j =1,...,J, can, for any vector f;,

be expressed as M;f;, where M; € R"*"™ is a non-singular matrix approximating
the inverse of A; in the sense

I, — M,A;[la, < 1. (3.34)

We assume that there exists a positive constant Ay, such that for any vector fj,
the application of smoothing in finite precision on the jth level results in

ML+ Suye 1100l < A 15, (3.35)

and the result belongs to the &;-precision arithmetic.

For any vector fy, we assume that we can write the application of the coarsest-
level solver in infinite precision as Mgyfy, where My is a non-singular matrix
satisfying

||IO — MOAO”AO < 1. (336)

We consider that there exists a positive constant Ay such that the application of
the coarsest-level solver in finite precision for any vector fy results in

Mofo + o, [|dollay, < AollAg ' follay, (3.37)

and the result belongs to the &;-precision arithmetic.

The V-cycle correction scheme is described in Algorithm [3.3} variants in which
the smoothing is applied after the recursive call or both before and after the
recursive call can be found in the literature; see, e.g., (6} 27].

Algorithm 3.3 V-cycle correction scheme, V(f;, 7).

1: if j # 0 then
f = Round(fj, ;) {Round the right-hand side f; to €;-precision. }
= M,f; {Apply smoothing. }

:.

f‘g —f;, — A¥ Vs 1 {Compute residual in €;-precision. }

f'glll = P] Agl {Restrict the residual to level j in €;-precision. }
Bll = V(& gl]l,j — 1) {Recursive call.}

\752 P, V] 1 {Prolongate the correction to level j in €;-precision. }
B _ [1]

+ V[ ] {Correct the previous approximation in €j-precision. }
ol

<>

return Yvj=V;
else

11:  return Myf, {Approximately solve Agvy = fj.}
12: end if

,_
e

We assume that the V-cycle correction scheme converges uniformly in the
following sense. Let f;, 7 = 1,...,J, be the right-hand side vector on the jth
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level and let y;, 7 =1,...,J, be the solution of A;y; =f;. We assume that the
V-cycle correction scheme with 7 + 1 levels, 0, ..., 7, in infinite precision reduces
the Aj;-norm of the error by at least a factor py < 1, which is independent of j,
ie.,

ly; = yvilla; < pvllyjlla, (3.38)

where yv ; is the approximation computed using the V-cycle correction scheme
with j + 1 levels, 0,..., .

We present the following result on the effects of finite precision errors on the
convergence of the V-cycle correction scheme. Its proof, based on consecutive
usage of Theorem |3.1] is presented below.

Theorem 3.2. Let yy and ¥y be the approximate solution of Ay = f computed
using the V-cycle correction scheme, Algorithm with J + 1 levels, applied in
infinite and in finite precision, respectively. Then

J
lyv —Fvila <D ovllylla,

j=0
J
Iy = Fvlla < | pv+ 2 dv; | lIylla,
3=0
where dy o = Ao and for j =1,...,J, 0y ; is expressed as

l .
v, = 3| A [ Ang; + &5(Crir, [[[AG IV || 4+ Coy) + 385 (| A IV ]| + R,

where Cy j and Cyj are constants depending only on ||P;||, [[|P]l|, ma,z;, mp, .,

and the ratio ||A]__11||%/||AJ_1||% The remainder R; contains higher order terms,
i.e., terms which involve at least second powers of at least one of £;, Aj = Z{;& ov 4,
Ang;, or a product of at least two of them. The V-cycle correction scheme reduces
the A-norm of the error if py + Z;-IZO ov; < 1.

This theorem provides insight into how the finite precision errors coming
from the coarsest-level solver, the smoothers and the error term resulting from
computing the residual, restriction, prolongation and correction in € -precision on
the individual levels may affect the overall finite precision error. We see that the
requirement on the €;-precision as well as the finite precision error of the smoother
may differ on each fine level based on the properties of the corresponding system
and prolongation matrices and the chosen smoother.

In Section we present a mixed precision IC smoothing routine and its finite
precision error analysis with bounds on the corresponding Ay, and ||M]|. We
utilize the result of Theorem in Section 3.8, when discussing requirements on
the finite precisions used in the V-cycle scheme with IC smoothers for solving
systems obtained by FE discretization of elliptic PDEs.

Proof of Theorem[3.3. We prove the theorem using induction on the number of
levels. The V-cycle correction scheme with two levels can be seen as the TG
correction scheme with M = M; and Mc = M,. Since the assumptions of
Theorem are satisfied, the statement holds for j = 1.
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Let V;, 7 =1,...,J, be the matrix corresponding to applying the V-cycle
correction scheme in infinite precision with j + 1 levels 0, ..., 7. Such a matrix
exists; see e.g., [27, Theorem 2.4.1]. The assumption (3.38)) yields

I(L; — V;A,)y;lla,

IL; — V;A,|la, = max <pv <L (3.39)
Vi hare

We assume that the statement of the theorem holds for the V-cycle correction
scheme with j levels. We can view the V-cycle correction scheme with j+1 levels as
a two-grid correction scheme where the coarse-grid solver is the V-cycle correction
scheme with j levels, i.e., M = M; and M¢ = V;_;. Since the smoothing routine
on level j and the coarse-grid solver satisfy the assumptions of Theorem [3.1], in
particular,

[Tc = McAcllac = [[Tj-1 = V1A 1], <1,

j—1
Ac =01 =) by,
=0
the result also holds for the V-cycle correction scheme with j + 1 levels. [

3.6 Smoothing based on incomplete Cholesky
factorization

In this section, we formulate a mixed precision smoothing routine based
on incomplete Cholesky factorization (IC) and present its finite precision error
analysis.

A smoothing routine computes an approximate solution of Ay = f, where
f € R”. In this text, we for simplicity, consider only one smoothing iteration
starting with a zero initial approximation. The smoothing thus reduces to solving
an error equation where the matrix A is replaced by its approximation. We consider
that the matrix A is approximated by an incomplete Cholesky factorization LLT,
where L is a lower triangular matrix; see, e.g., [22, Chapter 10], [23, Chapter 10].
There are many variants of incomplete Cholesky factorization, e.g., variants with
dropping based on a given tolerance, dropping based on the degree of fill-in and
others. In this paper, we do not study which variant is the most effective. We
rather assume that the selected variant works well and we focus on the finite
precision error analysis of the corresponding smoothing routine.

The application of the smoother consists of solving two triangular systems
with the matrix L and its transpose. We consider that the right-hand side f is
first rounded to a precision with unit roundoff €5. We assume that the factor L is
rounded to a precision]l] with unit roundoff e®, e® > 5 resulting in L} = L+ ARL,
where |ARL| < e®|L|. We consider that the triangular problems are solved using
substitution (see, e.g., [11, Chapter 8]) performed in £5-precision. We include here
the rounding to a lower e®-precision, since the factor L may be in practice stored

!The subscripts S and R here stand for Solve and stoRe, respectively. They indicate that the
corresponding £5- and eR-precision are used for solving the triangular systems and for storing
the matrix, respectively.
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in a lower precision than which is used for solving the triangular systems. This
may yield to faster memory movements and thus to a faster runtime.
The smoothing routine based on incomplete Cholesky factorization is described

in Algorithm [3.4]

Algorithm 3.4 IC smoother, ICS(f).

f = Round(f, %) {Round the right-hand side f to 5-precision. }

¥ = Substitution(L®, f, %) {Apply substitution in £5-precision.}

W = Substitution((L®)T, ¥, &%) {Apply substitution in £5-precision.}
return wic =w.

Further we present finite precision analysis of the smoothing routine. As
previously mentioned, we do not take into account the finite precision errors
occurring when computing the factor L. To our knowledge there is no finite
precision error analysis of incomplete Cholesky factorization for general SPD
matrices in the literature.

We first present a bound on the finite precision error of a general perturbed
triangular solve via substitution.

3.6.1 Finite precision error analysis of solving sparse per-
turbed triangular system via substitution

Let T € R™ ™ be a sparse invertible triangular matrix with maximum mg
nonzero entries in any of its rows and b € R” a right-hand side vector. We
consider computing an approximate solution of the problem

Tx=b (3.40)

using substitution in finite precision. By modifying the proof of [11, Theorem 8.5],
using that there are maximum my nonzero entries in a row of T, we can get the
following result; we present its proof in Appendix [3.10.4]

Lemma 3.1. Assume that the entries of matriz T belong to the €5-precision arith-
metic. Let X be the approximate solution of Tx = b computed using substitution
in finite precision with unit roundoff 5. There exists a matriz E such that the
computed solution X satisfies

(T+E)x=Db, |E|<cmps|T). (3.41)

We use this result to prove the following lemma containing a bound on the finite
precision error of an approximate solution of Tx = b computed via substitution
applied to a problem with matrix T rounded to a lower precision and perturbed
right-hand side.

Lemma 3.2. Let TR be the matriz obtained from rounding matriz T to precision
with unit roundoff e®. Let Ab be a perturbation of the right-hand side b satisfying
|Ab|| < &||bl| for a positive constant &,. Let X be the approzimate solution of
Tx = b computed using substitution in finite precision with an unit roundoff €5,
e < eR applied to

T"% = b + Ab. (3.42)
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Let b ps = et +e5myp s + el

bounds hold:

mr.s. Assuming that o rs-kr < 1, the following

IIx — x|| < OpkT + OT RS " Kr (3.43)
Bl 1 —drrs-kr
ST bl + 6 .
g < T+ drs -] (3.4

1 —0rRs- Ky

Proof. The proof goes as follows. We first use the bound on the error when
rounding a matrix to a lower precision and Lemma to write down a perturbed
equation which the computed approximation X satisfies. Further we use this
equation to derive the bounds ([3.43]) and (3.44]).

Using we get that TR = T + AT, |AT| < e®|T|. Using Lemma [3.1] for
the perturbed problem (|3.42]), we get that there exist a matrix F,

F| < Sy ares T + AT, (3.45)
such that the approximate solution X computed using substitution satisfies
(T+AT+F)%X=b+ Ab. (3.46)

Note that rounding a matrix can only result in it having fewer non-zero elements,
thus mriar < mp and consequently mopyaps < myps.
From Tx = b and (3.46|) we have

T(x—%)=b—-—b—-Ab+ (AT + F)x
= —Ab+ (AT +F)(x —x) + (AT + F)x.
Consequently,
Xx—%=-T'Ab+ T AT + F)(x —x) + T"}(AT + F)x,
and
e —%|| < [T Ab]|+ [T [|AT + F|[[|% — ||+ [T~ [ |AT + F|l[|x]. (3.47)
Using |AT| < e®|T| and the bound (3.45)), |]AT + F| can be bounded as
|AT + F| < |AT| + [F|
< MT| + 5mpes| T + AT
< SR’Tl + €SmT,ES‘T’ + 5SmT,SS|AT|

< (8R + 5SmT,€S + gRESmT,ES) ‘T|

0T ,R,S
This yields (see, e.g., [11, Lemma 6.6, case (b)]) the estimate
|AT + F|| < orrsl|Tl. (3.48)

Using ||Ab|| < §]|b|| and (3.48) to bound the corresponding terms in (3.47) and
using the definition of k; leads to

e = %|| < [IT~lob][bll + 1T~ lorr sIITI% — x]| + T~ {[or.rs I TI]x]

= 6| T[||b]| + OrRrs - by - [|[X = x| +drrs - Er - %],
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and subsequently,
(1 —drrs - sp)|x — %[ < 5b||T_1||||b|| +drRrs - Brlx]|-

Utilizing the assumption dppr g - £r < 1 we have

S| TH[I[bIl + 0rk.s - [l

x —X|| <
| I= 1 —0rRs - Ky

Bounding ||b]] < ||T||||x|| and dividing both sides by ||x|| leads to (3.43). O

3.6.2 Finite precision error analysis of mixed precision IC
smoother

In this section we use the results from the previous section and present a
bound on the finite precision errors in the application of the IC smoother.

Theorem 3.3. Let wic and Wi¢ be the approximations computed by applying the
IC smoother, Algorithm|[3.4}, to a vector £ in infinite precision and in finite precision,
respectively. Let oprs = eR 4 5SmL7€s + eResmLES. Assuming dprs - K, < 1 the
difference of wic and Wic in the Euclidean norm can be bounded as

Iwic = Wic|l < (%kz + 26%my shy, + 2%k, + R)IILTH? ], (3.49)

where the remainder R, contains higher order terms, i.e., terms which involve
(e9)2, (eR)?, or %R,

Proof. Rounding f to e-precision results in f = £ + Af, [|Af]] < &5|f||; see
. Let v be the exact solution of Lv = f. Let ¥ be the approximate solution
computed in line 2 of Algorithm [3.4

Let 6 rs =™ +e%my s + efemy s. Using Lemma , bound ([3.43), the
relative error of the intermediate result v in line 2 of Algorithm [3.4|{can be bounded

S
o S R S RS
- —L —1,,E° = Y], er Y
! v =7 _ ekp+e k +e’my sk +e e my sk,

Ivil - — 1 —0LRs KL

Expanding (1 —drrs - k)t as (1 —0rrs k) ' =1—0rRrs - £y + Ry, where

the remainder R; containing higher order terms, i.e., terms involving (£%)2, (e®)2,

or e5¢R we get

| < (Skp+ets, + 5SmL,aSEL + ERgsmL,eSﬁL)(l — 0 rs - Kp + R)

< 8SliL + €REL + €SmL7€sﬁL + R,

by

where Ry is a reminder containing higher order terms.
The approximation wic can be expressed as wic = L~ "v. Using bound ({3.44)
from Lemma [3.2] the result wic in line 3 of Algorithm [3.4] can be bounded as

OBV + 0rms - [l Wic]

1 —=0rRrs KL

|Wic — Wie|| <
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Since wic = (LT)7'L7'f and v = L7!f, we have |[|[wic| < ||L7?[f||, and
vl < L. Using again the expansion (1— 8y ps-k) " = 1—bsns-5,+ B
and combining the previous yields

[wWic — Wil < (60 +0rs - £20)(1 = Opr,s - s + Ra) [L7[I£]
< (¥kp +28%my, sy, + 26wy, + R) L2 £,
where the remainder R contains higher order terms. 0

We remark that the estimate (3.49)) is the worst case scenario estimate. The
actual error could be significantly smaller. An important feature of the bound
is that it depends only m;, i.e., the maximum number of non-zero elements in a
row or a column of L, but not on the matrix size of L. The number m; depends
on the sparsity pattern of matrix A and the fill-in occurring in the incomplete
factorization.

Assuming that x, is approximately the same as x; and the e®- and 5-precisions
are sufficiently small such that

26, ILP < 1, 255y o IV < 1,

the relative finite precision error of the IC smoother ||wic — Wic/||/||f]| is small.
We see that the requirements on the e®- and e5-precisions differ only in the
multiplicative constant m, s.

3.6.3 V-cycle correction scheme with IC smoothing

In this section, we discuss application of the IC smoothers inside the V-cycle
correction scheme Algorithm [3.3]

We consider that the IC smoothers are used on all fine levels. We have that
M; = L]-_TL]-_l, j =1,...,J, in infinite precision arithmetic. We consider that the
5?— and EJS-—precisions are lower than or equal to the £;- precision on the jth level
of the V-cycle, i.e. 5? > 5? > ¢;. Using Theorem we see that the assumption
on the finite precision errors when applying the smoother holds with

Ay, = (5?/-@];]. + 25]5-ij7€§,@,;], + 255”@,—%) L%
We note that we are not able to theoretically verify the assumption . It can
be however done numerically. In Section [3.8] we combine the result of this section
and the results of Theorem to discussing requirements on the finite precisions
used inside a V-cycle scheme with IC smoothing when solving elliptic PDEs.

3.7 Scaling system matrices and right-hand sides

Rounding matrices or vectors to a low precision arithmetic can result in
overflow or underflow; we refer e.g., to the discussions in [13] and [24]. Scaling
the data before rounding can help to partially overcome this issue.

We present a simple scaling strategy for the system and prolongation matrices
in a multigrid hierarchy, which preserves the Galerkin condition. The matrix A, on
the jth level, j =0,...,J, is scaled as Aj = s5;A;, where s; = 1/ maxy ¢ |[A;]xe
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The prolongation matrix on the jth level, 5 = 0,...,J — 1, is scaled as f’j =

V\jgle. The Galerkin condition holds (in infinite precision) also for the scaled

matrices

- T - _ \/Si_ A/Si—
Pj Aij = ;}P;SJ’A]‘ \/;_F Pj = sj_leTAij = Sj—lAj—l = Aj—l-

J J

An approximate solution of the original problem on the finest level A ;y = f;
can be computed using the multigrid V-cycle correction scheme with the scaled
matrices applied to Ay = s,£;.

Scaling can be also applied to a right-hand side vector before calling a correction
scheme or a smoothing routine, where the right-hand side is rounded to a lower
precision arithmetic; see 7, Section 6]. We first compute the infinity norm of the
right-hand side vector f, i.e., sy = ||f||o. The right-hand side is then scaled as
f = s/?lf and the correction routine is called with the scaled vector f. The result
of the correction routine is subsequently re-scaled back by multiplying with s;.

We remark that the discussed scaling may partially help with staying inside
a range of a low precision arithmetic; however, it does not guarantee that the
subsequent computation in low precision arithmetic will not break down due to
overflow or underflow.

3.8 Numerical experiments

In this section, we present a series of numerical experiments illustrating
the theoretical results. We consider solving elliptic PDEs discretized using the
continuous Galerkin finite element method. We use the IR method with a geometric
multigrid V-cycle correction scheme (IR-V-cycle) with IC smoothing. We first
describe the model problems and their discretization and subsequently present
the numerical experiments.

3.8.1 Model problems, discretization, and data generation
We consider the following 1D and 3D elliptic PDEs. The 1D problem consists
of finding w : (0,1) — R such that
—u"=f in(0,1), u(0)=u(l)=0,

where the right-hand side function f is chosen to correspond to the manufactured
solution
uw(z) = z(x — 1)sin(2rz) x € (0,1).

The 3D problems feature different anisotropy in the z-axis. We aim to find
u: (0,1)3> — R such that

~V - (KVu) =1, in(0,1)*, K = diag(e,1,1),
u=0, ond(0,1)3

where e = 1,1072, 1074, or 107,
The 1D problem is discretized by the continuous Galerkin FE method with
piecewise polynomials of degree five on a hierarchy of 15 uniformly refined meshes.
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We choose this high order element space since it leads to systems which are
more difficult to solve. When choosing lower order FE spaces, the systems were
approximated to a required tolerance after only one iteration of IR-V-cycle with
IC, in settings where we allowed fill-in when computing the IC factors. We note
that IC smoothing may not be the most effective smoothing routine for this
concrete problem. We, however, still consider the 1D problem since we are able to
run the computation with V-cycle corrections schemes with up to 15 levels. This
would not be possible for 2D or 3D problems with high anisotropy (where using
the IC smoothers may make more sense) due to the size of the problems. The 3D
problems are discretized using the continuous Galerkin FE method with piecewise
linear functions on a hierarchy of 7 uniformly refined triangulations. We discretize
the problems on each level obtaining a geometric multigrid hierarchy. We consider
the standard prolongation matrices associated with the finite elements spaces.

The matrices are assembled in the finite element software FEniCS [3] in
double precision. The FEniCS matrix assembly uses all nodes of the mesh. The
homogeneous Dirichlet boundary condition is then applied by setting to zero
all non-diagonal elements in rows and columns which correspond to nodes on
the boundary and setting to zero the corresponding elements in the right-hand
side vector. We modify the stiffness matrices, the prolongation matrices, and
the right-hand side vectors so that the resulting systems contain just free-node
variables. The Galerkin condition is then satisfied on all coarse levels. The
numbers of degrees of freedom (DoFs) on each level can be found in Table We
scale the system and prolongation matrices and the right-hand side vectors using
the strategy described in Section [3.7 We also filter values at around the level of
double precision unit roundoff; these values would most likely be equal to zero
in exact precision, but are present due to the use of finite precision computation.
The data and codes for reproducing the results of the experiments can be found
at https://doi.org/10.5281/zenodo.13858607.

level 1D 3D
1 24 8
2 49 125
3 99 1,331
4 199 12,167
5 399 103,823
6 799 857,375
7 1,599 | 6,967,871
8 3,199
9 6,399
10 12,799
11 25,599
12 51,199
13 102,399
14 204,799
15 409,599

Table 3.1 Number of DoF on individual levels of multigrid hierarchies.
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3.8.2 Experiment 1: Finding the lowest precisions for the
inner V-cycle solver while preserving the IR double
precision convergence rate

We solve the discretized 1D problem using the IR-V-cycle method (Algo-
rithms and with smoothing based on IC factorization (Algorithm [3.4]).
The computation is done in MATLAB version 2023a. The data are imported from
FEniCS. The goals of this experiment are to

e show that the 5?’- and 5?-precisions used when applying the IC smoother
on the jth level of the V-cycle correction scheme can be significantly lower
than the £;-precision used for computing the residual, restriction, projection,
and correction on the jth level, and

e show that the requirements on the ejs--, 55‘— and ¢&;-precisions for a V-cycle
scheme with smoothing based on IC factorization with fill-in may be higher
than for the IC factorization with zero fill-in.

We run the experiment in several different settings. We assume that the
coarsest level is fixed and we solve the problems A ;x; =by,, J=2,...,14, using
the IR-V-cycle method with J + 1 levels. We consider the V-cycle correction
scheme formulated above; in particular, we use only one pre-smoothing step
and no post-smoothing. The ¢;-precision is fixed on all fine levels i.e., é; = &y,
= 1,...,J. The same holds for the precisions used in IC smoothers, where we
additionally assume that the g?—precision is the same as the 5JS-—precision, ie.,
a? = JS =&5, j=1,...,J. We consider two variants of IC smoothers based on
different 1C factorizations. Both factorizations are computed using the MATLAB
ichol function in double precision. We use the factorizations with zero fill-in, IC(0),
and the factorizations with local dropping tolerance 5 - 1073, ICT(dpt=>5 - 1073);
see the MATLAB ichol documentation. Allowing fill-in in the IC factorization
typically yields a better approximation of the matrix A by LL" and consequently
leads to a faster convergence rate of the V-cycle scheme with the corresponding IC
smoothing. The solver on the coarsest-level is the MATLAB backslash operator

applied in double precision.

Expectations based on theory

Before describing the experiment in more detail and presenting its result, we
look at the properties of the system matrices and the IC factors and discuss
the expected requirements on the &;-precision and e5-precision based on the
theoretical results presented in Section 3.6.3

The approximate values of £}, kr,;, £y, and IL;'||? are summarized in

Table We see that /@%‘Hl is approximately twice as large as Iiij. The condition
numbers KL, and Kp, for the same variant of the IC factorization do not differ
substantially. Their values also do not significantly change on different fine levels.
The same holds for the terms [|[L;'||>. We have also approximately computed the
following properties (they are nearly the same on all levels) ||A;|| ~ |[|A;]|| =~ 2.55,

— 1 —1d
1AL 12 /AT 2 = 2, (1P| ~ [[[P]]| & 3.14, ma, = 11, mp, = 11, my, = 10 for
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A; 1C(0) ICT(dpt=5 - 10~3)
T

level nij KL; KL ”L;l 12 KL, r,, ||L;1 12

1 3.75E+01 | 1.06E+01 | 1.06E401 | 3.92E401 | 2.83E4-01 | 3.47E+01 | 3.16E+02
2 7.50E+01 | 1.08E4-01 1.08E4+01 | 3.98E401 | 3.50E4-01 | 4.34E+01 | 4.80E+02
3 1.50E+02 | 1.08E+401 | 1.08E401 | 3.99E401 | 3.74E401 | 4.67E+01 | 5.50E+02
4 3.00E+02 | 1.08E+01 | 1.08E+401 | 3.99E+401 | 3.81E401 | 4.76E+01 | 5.70E+02
5 6.01E4+02 | 1.08E+01 | 1.08E+401 | 3.99E+401 | 3.83E+401 | 4.78E+01 | 5.76E+02
6 1.20E+03 | 1.08E+401 | 1.08E+401 | 3.99E+401 | 3.84E+401 | 4.79E+01 | 5.77E+02
7 2.40E+03 | 1.08E+01 | 1.08E+401 | 3.99E+401 | 3.84E+401 | 4.79E+01 | 5.77E+02
8 4.81E403 | 1.08E401 | 1.08E+01 | 3.99E401 | 3.84E+01 | 4.79E401 | 5.77E+02
9 9.61E+03 | 1.08E4-01 | 1.08E4+01 | 3.99E401 | 3.84E401 | 4.79E+01 | 5.77E402
10 1.92E404 | 1.08E4+01 | 1.08E4-01 | 3.99E+4+01 | 3.84E401 | 4.79E401 | 5.77E402
11 3.84E4+04 | 1.08E+01 | 1.08E401 | 3.99E401 | 3.84E401 | 4.79E+01 | 5.77E+02
12 7.69E4+04 | 1.08E+01 | 1.08E401 | 3.99E401 | 3.84E401 | 4.79E+01 | 5.77E+02
13 1.54E+05 | 1.08E4+01 | 1.08E401 | 3.99E401 | 3.84E401 | 4.79E+01 | 5.77E+02
14 3.08E+05 | 1.08E+01 | 1.08E+401 | 3.99E+401 | 3.84E401 | 4.79E+01 | 5.77E+02
15 6.15E4+05 | 1.08E+01 | 1.08E+401 | 3.99E+401 | 3.84E401 | 4.79E+01 | 5.77E+02

Table 3.2 1D problem. Properties of A; and L;.

both IC(0) and ICT(dpt=>5 - 107%); we note that m;, is the maximum number of
nonzero entries in both a row or a column of L;.

Knowing approximate values of these properties, we can use the results from
Theorems and and discuss the requirements on the finite precisions used
inside the V-cycle scheme. The following discussion works for both variants of the
IC factorization. Since we are using the IC smoother, we have M; = Lj_TLj_1 in
the notation from Section [3.5] As stated before, we consider that the precisions
used When applylng the smoothers are fixed on all levels, i. e 5 5 =5, Let
dLrs=¢+eimy, s+ (£5)*m,, 5- We assume that the e5- precmon is chosen
such that o, rs - Kr, < 1. Since IiLJ KL, & Kp, ® K, and mp, is constant on
all levels, using Theorem [3.3] yields

AM ~ AMJ ~ 25JmLJ/-§LJ||L 1H2 (350)

Since the coarsest-level solver is applied in double precision to a small well-
conditioned problem, we expect the associated finite precision error to be negligible.
We also assume that the theoretical assumptions on the convergence of the
smoothers and the uniform convergence of the V-cycle scheme are
satisfied, although we do not verify them here. Theorem yields the following
estimate on the finite precision error of the V-cycle correction scheme

HYVJ yVJHA
: <Z?»HA -2 e5my ko, 1L
lyslla, 4

J 1
+ > &(Curd NAG LT + Cay) (3.51)
=1
J
. 12
+3> &AL P,
j=1

where the constants C’lj and Cy; depends only on |||, [|P;[l, ma,z;, mp, .

and the ratio ||A;- 1HE/HA Y.

Since é; = ¢ -precision is fixed on all levels, 25 A, R /<a A,,, and the values
of ma,, mp, my_, [|A;l, [[|A]]| [P;ll, and |HPJ\H do not 51gn1ﬁcantly differ on
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different levels, we can estimate the folowing sum as

1
2

-1
nzw

< LA P -2 13, (3.52)

J
> i 1AL

where we have also used the upper bound on a sum of geometric sequence.

Using and neglecting the terms >>7_, £;Cy; and 337, &5 A;]l||L; "%,
which are much smaller that the other terms in the estimate , the estimate
(3.51) can be approximately simplified to

||YV J YV J||AJ <
lyslla,

S 6Jemyp, s [ AS LS Prr, + 22,C0 0| JASIILS RS, -
(3.53)

If £ ;- and &5-precisions are chosen such that the right-hand side of is much
smaller than one, the convergence rate of the V-cycle correction scheme should not
be significantly influenced by the finite precision errors. Estimate allows us
to make the following predictions.

Since ky,, is constant on the fine levels (for larger J = 6,...,14), whereas
H%J grows approximately by a factor of 2 with each finer level, we expect that
on fine levels (for larger J =8, ..., 14), €5 could be significantly smaller than &
while preserving the same convergence rate. This is valid for both the IC(0) and
ICT(dpt=>5 - 10~?) variants.
Since the values of ||L;'||> and xj,, are larger for the variant with ICT(dpt=>5-
1073) than the corresponding values for the variant IC(0), we expect that the & ;-
and e5-precisions for the variant with ICT(dpt=5 - 10~%) might have to be chosen

higher than for the IC(0) variant.

Detailed description of the experiments

We describe the details of the experiment. We consider that the residual
computation and the correction in IR are both done in double precision. The
solver on the coarsest-level, the MATLAB backslash operator, is applied in
double precision to a problem with matrix Ay rounded to the & -precision, and
the computed coarsest-level approximation is rounded to the & -precision. As
previously stated, we assume that the coarsest level is fixed and we solve problems
A;x; =by, J=2,...,14, using IR-V-cycle with J + 1 levels. The IR-V-cycle
method is run starting with zero initial approximation and stopped when the
absolute error in the A j-norm is (approximately) less than 107° (the solution
for computing the error is approximated by the MATLAB backslash operator in
double precision). The initial error is approximately 107!, The level of attainable
accuracy in the A j-norm is different for each problem. It is approximately 10713
for the problem with J = 2 and it grows up to 2-107° for the problem with J = 14.
The stopping tolerance 107° is chosen since it is attainable for all problems.

We use the Advanpix toolbox [2], version 5.1.0.15432, for simulating low
precision floating point arithmetic. It allows only to specify the number of decimal
digits d, simulating the floating point precision with approximate unit roundoff
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1074, It has 64 bits for representing the exponent, beside the variant with d = 34
where it is 15 bits; see e.g., [25] Section 8]. The large number of bits for representing
the exponent yields that the computation is not affected by the limited range as
when using the standard single and especially half precision, which have 8 and 5
bits for storing the exponent, respectively.

We first run the Computation with all the precisions set to double. Then we
assume that the &,- and £5-precisions are the same and we run the computation
using the Advanpix toolbox simulating ¢; = 10~ dy ford; =1,2,.... We find the
smallest d 7, denoted as d Jmin, for which the method converges in the same number
of IR iterations as the corresponding variant in double prec151on Further, we fix
dJ = dJmm and run the experiments simulating 5J = 5J =101 d§ =1,2,.

We again find the minimal d5, denoted as d5 Jmin» for which the method converges in
the same number of IR iteratlons as the corresponding variant in double precision.

Results

The results of the experiments containing the values of d Jmin and ds 7 min for
the variants with IC(0) or ICT(dpt=5 - 1073) are summarized in Figure
together with the required number of IR iterations. We see that the variants
with ICT(dpt=>5 - 1072) requires significantly fewer IR iterations to reach the
chosen tolerance than the variants with IC(0). Regardless of the variant of the

IC factorization, the values of d5,,;, corresponding to the &5-precision used in

the smoothing are smaller than the corresponding values of d Jmin corresponding
to the &,-precision. Moreover d Jomin 1ncreases when increasing J, while d5 Tomin
stays constant. This illustrates that the 5-precision may be, in some settings,
significantly lower than the & -precision. We observe that the values of d Jmin fOT
the variant with ICT(dpt=5 - 1073) are larger than or equal to the corresponding
values for the variant with IC(0). The same holds for the values of dj ;. We see
that the variant with ICT(dpt=5 - 1072) requires higher or equal & j-precision and
e5-precision than the variant with IC(0). On the other hand, the convergence rate
of the variant with IC(0) is lower. We conclude that the results are in alignment
with the predictions made based on the theory.

Even though we run the experiments with the & j-precision fixed for all levels,
this experiment also illustrates that the &;-precision j = 1...,J, could be chosen
to be lower on the coarse levels and progressively increased.

3.8.3 Experiment 2: solving 3D elliptic PDEs with high
anisotropy on GPUs using the Ginkgo library

We solve the discretized 3D problems with different values of anisotropy in
the x-axis, e = 1,1072,107%,107%, using the IR-V-cycle (Algorithms 3.1 and
with smoothing based on IC factorization (Algorithm . The computation
is done using the Ginkgo library [5, [§] on a GPU. The data are imported from
FEniCS. The goal of this experiment is to show that applying the IC smoothers
in low-precision when solving complicated problems on GPUs may result in a
significant speedup in the runtime in comparison to using uniform double precision.

We use a V-cycle correction scheme with 7 levels, with one pre-smoothing
iteration of the IC smoother and no post-smoothing. We again assume that
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Figure 3.1 Result of Experiment 1. 1D problem solved by IR-V-cycle with IC
smoother. The plot on the left contains the values of d jmin and dS Jmin i.e., the minimal
values of d; and d such that the variant with é; = 10~ dy -precision and &5 5= =R 7 =107 d5_
precision converges in the same number of IR iterations as the corresponding variant
in double precision. The lines are labeled as d J.min D d5 J.min D for the variant

with IC(0) and djmin =), dJmm (- +-) for the variant with ICT(dpt=>5-1073). The
plot on the right contalns the number of IR iterations required for convergence for the
variant with IC(0 D and ICT(dpt=5-107?) (——].

the ¢;-, 5?— and 5;3 precisions are fixed on all fine levels, i.e., &, = &/, z—:‘lfL = ek,
and 5]5 =¢e5,j=1,...,J. In contrast to the previous experiment, we consider
that the £5- and e%-precisions may differ. We consider two variants of the IC
factorization: the variant with zero fill-in, IC(0), and the variant which limits
the fill-in to the maximum of two times the number of nonzeros of the system
matrix, I[CT(fill-in=2). The factorizations are computed in double precision on
CPUs and subsequently moved to the GPU. The coarsest-level solver is a direct

solver applied in double precision.

Expectations based on theory

Before describing the experiment in more detail, we again look at properties
of the system matrices and the IC factors and discuss the expected requirements
1
on the finite precisions inside the V-cycle scheme. The approximate values of K2,
and L;'||? approximately computed in MATLAB are summarized in
Tables 3 3.3[ to [3.6} 3 6| for the problems with € = 1,1072,107%, and 10~°, respectively.
Due to the size of the problems on the finest level, we were not able to approximate
1
the values of /ijlj, J = 5,6, we include in the tables their extrapolated values

1 1 1
using k3 = 2k3 . We see that for all values of the anisotropy e, K2, 8rows

by approximately a factor of two with each finer level. For the problems with

higher anisotropy, the values of mij are slightly larger than the corresponding
values for the problems with lower anisotropy. The condition numbers £, and £,
for the same size of the anisotropy and the same variant of the IC factorization
do not significantly differ. Their values also do not substantially change on
finer levels. The same holds for the terms ||L;'[|>. For the problems with
higher anisotropy, the values of rr;, K, and ||L !||? are slightly larger than
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A IC(0) ICT(Rl-in=2)
1
level nij KL, Ep, ||Lj_1||2 KL, Ky, HLj_1||2
2 3.84E+00 2.66E+00 | 2.66E400 | 4.48E4+00 | 3.38E400 | 3.77E400 | 7.76E+00
3 7.80E4-00 3.09E+00 | 3.09E4+00 | 5.66E4+00 | 4.48E+400 | 5.13E4+00 | 1.31E+01
4 1.56E4-01 3.23E4-00 | 3.23E400 | 6.07TE+00 | 4.90E4+00 | 5.65E4-00 1.55E4-01
5 3.13E401 3.27E400 | 3.27E400 | 6.21E+00 | 5.10E400 | 5.89E+00 | 1.67E401
6 6.27E401 * | 3.29E+4+00 | 3.29E+00 | 6.26E4+00 | 5.12E400 | 5.93E400 | 1.69E+401
7 1.25E+02 * | 3.29E4+00 | 3.29E400 | 6.26E400 | 5.15E400 | 5.96E+00 | 1.70E+01

1
Table 3.3 3D problem, € = 1. Properties of A; and L;. *)Values of /ﬂjj, j=25,6are

1 1
extrapolated using /@'124], = 2@1171'

A; 1C(0) ICT(fll-in=2)

1
level ni] KL, Er ||L;1||2 KL, Er, HL;1||2

3.93E400 3.00E4-00 | 3.00E4-00 | 5.50E+00 | 3.90E+00 | 4.36E400 | 9.89E4-00
7.95E4-00 3.58E4-00 | 3.58E400 | 7.18E+00 | 7.02E+00 | 8.57TE400 | 3.06E4-01
1.60E+01 3.77TE400 | 3.77E400 | 7.89E+00 | 9.39E+00 | 1.17TE401 | 5.41E401
3.19E+401 3.88E4-00 | 3.88E400 | 8.28E+00 | 1.04E+01 | 1.31E401 | 6.62E401
6.39E4+01 * | 3.92E400 | 3.92E+00 | 8.40E+00 | 1.07E+401 | 1.35E401 | 6.95E+01
1.28E+02 * | 3.97E4+00 | 3.97TE400 | 8.55E400 | 1.07E+401 | 1.36E+01 | 6.96E+01

| O U | W N

1
Table 3.4 3D problem, ¢ = 1072, Properties of A; and L. *)Values of /@ij, j=25,6
1 1
are extrapolated using Hjj = 2/@31],71.

the corresponding values for the problems with lower anisotropy. We have also
approximately computed the following properties: regardless the size of the
anisotropy €, max; ||A;|| =~ max; |||A,||| & 1.64, max; |||P;||| = max; [|P;| ~ 2.3,
HA]:llH%/HAj—lH% ~ 2, max;my; = 7, max;mp = 99, and max; m;, = 7 for
IC(0). The value of max;m, for ICT(fill-in=2) are 31,89,91 and 91 for the
problems with anisotropy € equals to 1,1072,10~* and 107, respectively.

As for the previous experiment, knowing approximate values of these properties
we can again use the results from Theorems and and discuss the require-
ments on the finite precisions used inside the V-cycle scheme. Using analogous
discussion as for the previous experiment, with the difference that 5 and % might
differ, it can be shown that

yv—y _ . _ L
v =3l < 67(cSim, s+ e AL 2, + 26, Cosll AL PR,

[ylla
where the constant C} ; depends only on [P, [[|P |||, ma,c,, mp, ., and the
A; 1C(0) ICT(All-in=2)
l — —

level ﬁjj KL, Er, IL; 12 KL, Kp, IL; 12

2 3.93E400 | 3.02E+00 | 3.02E+00 | 5.57E+00 | 3.9364+00 | 4.41E+00 | LOIE+0L
3 7.96E+00 | 3.616+00 | 3.616+00 | 7.30B100 | 7.43E+00 | 9.11E+00 | 3.42E+01
1 1.60E+01 | 3.826100 | 3.82B400 | 8.04E+00 | 1.03E+01 | 1.29E+01 | 6.49E+01
5 3.19E+01 | 3.9364+00 | 3.936+00 | 8.45E100 | 1.I5E+01 | 1.46E+01 | 8.11E+01
6 6.39E+01 * | 3.9764+00 | 3.976+00 | 8576100 | L.ISE+0L | L5IE+01 | 8.52E+01
7 1.28E+02 * | 4.01E400 | 4.01E+00 | 8.73E+00 | 1.20E+01 | 1.53E+01 | 8.73E401

1
Table 3.5 3D problem, ¢ = 10~%. Properties of Aj and L;. *)Values of njj, j=25,6

1 1
are extrapolated using mjj =2K3 .
i
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A IC(0) ICT(Rl-in=2)
1
level nij KL, Ep, ||Lj_1||2 KL, Ky, HLj_1||2
2 3.93E+00 3.02E400 | 3.02E4-00 | 5.57E+00 | 3.93E400 | 4.41E+00 | 1.01E401
3 7.96E4-00 3.61E400 | 3.61E400 | 7.30E+00 | 7.43E+400 | 9.11E+00 | 3.42E401
4 1.60E+4-01 3.82E400 | 3.82E400 | 8.04E+00 | 1.03E401 1.29E401 | 6.49E+01
5 3.19E401 3.93E400 | 3.93E400 | 8.45E+00 | 1.15E401 1.46E401 | 8.11E+01
6 6.39E4+01 * | 3.97E+00 | 3.97E+00 | 8.57E4+00 | 1.18E401 | 1.51E401 | 8.52E+01
7 1.28E+02 * 4.02E4-00 | 4.02E400 | 8.73E+00 | 1.20E+01 1.53E401 | 8.73E+01

1
Table 3.6 3D problem, e = 1075. Properties of A; and L;. *)Values of /ﬁjj, j=25,6

1
are extrapolated using :‘<.7124j = QHjjil.

|

ratio ||A71,[|2/|A;]|2. This allows us to make the following predictions.

We see that the requirements on €5 and €% are lower than on &, regardless of
the values of the anisotropy €. Based on the values of the terms, we may be able
to use single precision (unit roundoff &~ 1078) for solving the triangular systems
when applying the smoothers, and for storing the matrices L; possibly even half
precision (unit roundoff ~ 1074).

Detailed description of the experiment

We describe the details of the experiment. We run the IR method with zero
initial approximation and stop when the Euclidean norm of the relative residual
is less than 1078, ie., |[b — A%”|/||b|| < 108. The computation is done in
double precision arithmetic except for the application of the IC smoothers. We
consider the following three subvariants of the method based on the use of different
finite precision(s) when applying the smoothers: a subvariant double, where the
computation is done in double precision; a subvariant single, where the matrix L;
and the right-hand side vector are rounded to single precision and the triangular
solves are done in single precision, i.e., €5 = eR; and a subvariant half, in which
the matrix L; and the right-hand side vector are rounded to half precision, the
triangular solve routine uses single precision in the arithmetic operations, but
uses half precision to store the values in global memory unless the value has been
computed by a thread of the same thread block and can thus be communicated
cheaply in single precision via shared memory.

We use scaling of the right-hand side vectors described in Section when
applying the smoothing. For comparison we also use IR-V-cycle with one iteration
of Jacobi smoothing in double precision. The computation is done on NVIDIA
A100-SXM4-80GB GPU, with CUDA version 12.1, V12.1.105, on system Guyot
at the Innovative Computing Laboratory, University of Tennessee.

Results

Results of the variants in double precision are summarized in Figure We
plot the execution time, which does not involve computing the IC factorization.
We see that the variant with the Jacobi smoother is the fastest for the problem
with € = 1. For problems with higher anisotropy, the variant with ICT(fill-in=2)
requires the least amount of time.

The variants which use low precision for application of the smoother converge in
the same number of IR iterations as the corresponding variants in double precision,
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Figure 3.2 Results of Experiment 2. 3D elliptic PDEs with different values of
anisotropy € in the z-axis, solved by IR-V-cycle with Jacobi smoother , 1C(0)
smoother (]:D and ICT(fill-in=2) smoother . The problems have 6,967,871
DoFs. All variants are computed in double precision. The plot on the right contains
the execution time of the method, which does not include the time needed for the IC
factorization.

except the setting ¢ = 10™* with IC(0) half, which requires one additional IR
iteration. The speedups of the variants using low precision over the corresponding
double precision variants are plotted in Figure [3.3] We see significant speedups
when using the low precision variants for all problems. The speedups of the
half precision variants are larger than the corresponding speedups of the single
precision variants.

Comparing the problems with different anisotropy, the speedups are the largest
for the problem with ¢ = 1. For this problem the speedup of the variants with
ICT(fill-in=2) is significantly larger than for the corresponding variants with IC(0).
This is the opposite for the problems with higher anisotropy. We currently do
not have an explanation for this behavior. We would like to investigate it further
using, e.g., available profiling tools.

3.9 Conclusions

We present a mixed precision formulation of the V-cycle correction scheme
with general assumptions on the finite precision errors of the coarsest-level solver
and smoothers. Inspired by existing analysis, we derive a bound on the relative
finite precision error of the V-cycle scheme which involves bounds on the finite
precision errors of the coarsest-level solver, the smoothing routines, and error terms
coming from computing the residuals, restrictions, projections, and corrections
on the individual levels. Our results give insight into how the finite precision
errors from the individual components of the V-cycle scheme may affect the overall
finite precision error. The presented approach enables analyses of V-cycle schemes
with various (mixed precision) coarsest-level solvers and smoothers. This was not
possible in the previous approaches in the literature.

In this work, we focus on mixed precision smoothers based on IC factorization.
We derive a bound on the finite precision error resulting from their application.

118



Speedup over corresponding variant in double precision
| | | |

speedup

1072 ] 1074 1076
IC(0) single'1C(0) halflIICT(fill-in=2) singlef 8ICT(fill-in=2) half

Figure 3.3 Results of Experiment 2. 3D elliptic PDEs with different values of
anisotropy € in the x-axis. The problems have 6,967,871 DoFs.

We test the theoretical results and proposed methods in numerical experiments.
We solve systems coming from FE discretization of elliptic PDEs. The experiments
illustrate the theoretical findings and show that in the considered settings the IC
smoothers can be applied in low precisions, resulting in significant speedups over
their corresponding double precision variant.

Further we list several interesting open problems. For the simplicity of the
analysis in this work we consider only V-cycle schemes with one iteration of
pre-smoothing and no post-smoothing. Based on the related work in [17, |18] we
believe that it should be possible to extend our results to cover multiple smoothing
iterations and post-smoothing.

In this work, we focus on the V-cycle scheme with IC smoothing. In future
work we would like to use the theoretical results to compare requirements on the
finite precisions inside the V-cycle scheme when using other smoothing routines
such as the Jacobi or the Gauss-Seidel method.

When deriving the bound on the finite precision error of the V-cycle scheme,
we assume that the solver on the coarsest-level is linear. However, in practice,
multigrid methods are also applied with iterative coarsest-level solvers, for example
with CG [10] or GMRES [21] stopped with residual-based stopping criteria. It
is not obvious whether the presented analysis can be generalized to cover such
coarsest-level solvers and what assumptions on the error reduction or stability of
the solver should be imposed.

We present numerical experiments on GPUs using the Ginkgo library which
illustrate the theoretical results and show significant speedups when applying the
IC smoothers in low precision. In future work, we would like to perform more
numerical experiments and focus more on the performance of the methods. We
would like to test the presented mixed precision methods on large-scale problems
involving different anisotropy tensors or in settings with algebraic multigrid
methods. It would be also interesting to study variants of the V-cycle schemes
where the precisions on the individual levels vary.

In the presented experiments, we compute the IC factorizations on CPUs in
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double precision. Computing IC factorizations in low precision arithmetics (see,
e.g., [24]), and/or using parallel versions of the IC algorithm on GPUs (e.g., [4])
are worth investigating as well.

Another series of open problems lies in the theoretical analysis of the approxi-
mation and stability properties of the IC factorization. Having more theoretical
results at least for certain problem classes would be beneficial.

3.10 Appendix

3.10.1 Relations between Euclidean and A vector norms
We present derivations of the following four inequalities
1
[viia < [[A]Z]v],
il
IVl < [[A7YZ [ v]]a,
1
[AV][ < [|A[[Z[|v]|a,
_ 1k
AT A < [AT2 ]IV
Derivation of the first inequality
[vIA = (Av,v) < [[A[[(v,v) = [[A]]v].

Derivation of the second inequality

IVI[* = (v, v)

=

(A"3A%v, A 3A%v) = (A"ZA"3A%v, A3v)

= (A7TAV, A%v) < |ATT[(A v, Ay) = [|ATY(AV, V) = A7 [|v]A.

Derivation of the third inequality

|AV|? = (Av,Av) = (A2AZv, A2Azv) = (A2A2AZv, A2v) = (AAzv, A2v)
< [A{A2v, A2v) = [|A[(Av,v) = [A][|v].

Derivation of the forth inequality

AT V]la = (AA™ v, A7ly) = (v, A7) < AT (v, v) = [ATY][Iv]]*.

3.10.2 Derivation of bounds on finite precision errors of
certain basic routines

Derivation of (3.5): Rounding K to e-precision, results in K + AK, |[AK]| <
¢|K|. Computing (K + AK)w in e-precision results in (K + AK)w + 0, where

192 < emeo (1 + &) [[[K| || w]]
< e(mice +empce)|[[K| || w].

Computing Kw in e-precision results in Kw + 01, where 6; = AKw + 65 is the
accumulated error and

10211 = [IAKfwl| + 02| < el K[ [HIwl[ + [102]] < e(mrce +1 4 emu ) [|[K][[[wl.
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Derivation of (3.6): We may use the previous result and add the error occurring
due to the subsequent addition. Computing v + (Kw + ¢;) in e-precision results
in v+ Kw + d4, where (using the previous)

10a] < e([lv]l + [[Kwl| + [[d:]])
< e(lIvIl + IE[Iwll + lov]})
< eIVl + (1 +e(mue + 1+ empce)) K[| [ w]])
<e(l+e(mie +1+empe)) (VI + [IK[[[w]]).

Accumulating the errors in 03 = d; + d, we have

103]] < e(mice + 2+ e(@mue + 1+ empe)) (VI + [ K[[[[w]]).

3.10.3 Derivation of multigrid related bounds
Derivation of (3.15): We rewrite |AG'PTv|3 as
||A61PTV||3; (AcAC'P v, AP TY)
= (P'v,A;'P'vV)
= (v, PAclPT )
(A TA Iy PAclPTA AT 2V>
= (A 2v, A2PAS'PTAZA 2v). (3.54)
Since
AZPAZ'PTAz = A:P(PTAP) 'PT Az
— A?P((A2P)TAzP) ' (A2P)T
is the orthogonal projection onto the range of A%P, there holds
|A2PAZ'PTAZ| < 1.
Combining this and leads to

1

IAG'P VIR, < (A72v, A73v)
= (v, } (AA v, A7)
= [lA” VHA

Derivation of (3.16)). Using assumption (3.10) yields
IMcAc|lac < [[Tellac + e = McAc|lac < 2.
Derivation of (3.17): Using the assumption (3.12) yields

IV¥la = llyzclla < llyre —ylla + lylla <2[ylla-
Derivation of (3.18)): Using Ay = f, rl'l = f — AMF, and the assumption ([3.7)

results in

IA™ e Y][a = AT — AMS)la = [ly - MAy/|a
< [T = MA[allylla <1lylla-
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Derivation of (3.19): Using ({3.18)) yields

1 _ 1
[ a < JAJF A |s < AL y]la.

Derivation of (3.20)): Using rg] =Pl (3.15) and (3.18) results in

_ 1 _ _
JAG Y [l = [AGP rY A, < A e 5 < |ly]la.

Derivation of (3.21): Using the expressions V[CQ} = Mcr[cl] and bound (3.16])

and ((3.20)) results in

_ 1
IV ae = [MoAcAG T |ae < [MoAc]acllAG T ac < 2]y

3.10.4 Proof of Lemma [3.1]

We present a proof for a lower-triangular matrix T. Proof for an upper-
triangular matrix T is analogous. The proof is based on using the following
lemma.

Lemma 3.3. [11, Lemma 8.4] Let k be a natural number an let §, o;, i =
1,....,0k—=1, B, i = 1,...,k be real numbers belonging to a finite precision
arithmetic with unit roundoff €5. Computing

k—1
- Z Oéiﬁi)/ Br
i=1
in €S-precision results in 4 satisfying, no matter the order of evaluation,
Be(1+60)3 =6 — Zazﬁz (1+69),

where |c9,(f)| <keS/(1—-ke®),i=0,1,...,k.

We use induction on size of the leading sub-matrices. Let 7} ; and E; ; denote
the entries of matrices T and E, respectively, in the ith row and jth column, and
let b; denote the ith entry of the right-hand side vector b.

We start by showing that the statement holds for the leading sub-matrix of
size 1 x 1. Using Lemma for k = 1, computing x; = by /Ty, in e5-precision
results in #; satisfying 77 (1 + 6§0))§:1 = by, where ]9%0)] <&%/(1 —£%). We can
take E171 = TM@gO)

Assume that the statement holds for the leading sub-matrix of size n x n. We
will show that it holds also for the leading sub-matrix of size (n + 1) x (n + 1).
The induction assumption and the fact that T is a lower triangular matrix yields
that it only remains to show existence of suitable entries in the (n + 1)th row
of E. Let z;,7=1,...,n denote the computed entries of X after n steps of the
substitution. The n + 1 substitution step consists of computing

Tp+1 = n+1 Z xz n+1 z)/Tn+1 n+1-
=1
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Since we assume there is maximum my nonzero elements in a row of T, the sum
consist of maximum my — 1 nonzero terms. The equation can be rewritten as

Top1 = (bnp1 — Y, ZTni10)/Tns1nt1
e§Tn+1,Z7£O

Using Lemma, in this setting yields

Tn+1»n+1(1 + 97&9;):%714-1 = bn+1 - Z ing+17g(1 + 97(7?71),
4T 41,070

where [00) | < (m7e®)/(1 —mzpe®), i =0,...,mp — 1. Taking Epy10 = Tni1,00%)

for ¢ such that T},11, # 0 and E, 4141 = Tn+1,n+16’§2; yields that the statement
hold also for the (n 4 1) x (n + 1) leading sub-matrix.
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Conclusion

In this thesis, we study multigrid methods and multilevel a posteriori error
estimates. The work is motivated by computational challenges arising when solving
large-scale problems. We demonstrate that certain parts of the computation can
be done approximately, either using an approximate coarsest-level solver, or using
low precision arithmetic, while preserving the convergence of the methods or
properties of a posteriori error estimates. The approximate techniques have to be,
however, used with caution and should be based on theoretical analysis.

Further, we restate the research questions formulated in the introduction and
summarize the obtained results:

a) Can we analytically describe how the accuracy of the coarsest-level solver
affects the convergence behavior of the multigrid method?

b) Can we design effective stopping criteria for an iterative coarsest-level solver
such that the multigrid method converges in nearly the same number of
iterations as its variant with an exact coarsest-level solver?

We focus on these questions in Chapter 1. We present a novel approach to
analyzing the effects of approximate coarsest-level solves on the convergence of
the V-cycle method for symmetric positive definite problems. The approach is
used to derive new coarsest-level stopping criterion with the required properties in
question b). The theoretical results can also be used to obtain insights into how
the convergence of the V-cycle method may be affected by the choice of tolerance
in the coarsest-level stopping criterion based on the Euclidean norm of the relative
residual.

c¢) Consider the residual-based multilevel a posteriori error estimates such as
in [1, Section 2.6]. Is it possible to compute the term associated with the
coarsest-level approximately while preserving the efficiency and accuracy of
the estimate?

We address this question in Chapter 2. We show that this is possible by proposing
a new approximation of the coarsest-level term, which relies on using the conjugate
gradient method with an appropriate stopping criterion. We provide theoretical
analysis showing that the resulting estimates have the desired properties.

d) Can the execution time of the mixed precision V-cycle method with IC
smoothers be reduced by introducing additional precisions for the applica-
tions of the smoothers? For example, using different precisions for storing
the IC factors or solving the triangular systems. Can we analytically describe
the requirements on these individual precisions?

We focus on this question in Chapter 3. We formulate a mixed precision V-
cycle scheme with general smoothers (not necessarily based on IC factorization).
Our approach is based on imposing assumptions on the finite precision error
resulting from the application of a smoother or the coarsest-level solver, rather
than assuming that it is applied in a precision with a certain unit roundoff. This
enables the analysis of mixed precision smoothers and coarsest-level solvers. We
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derive a bound on the finite precision error of the V-cycle scheme, which gives
insight into how the finite precision errors from the individual parts of the V-cycle
scheme may affect the overall finite precision error. Further, we focus on the IC
smoother, we present its mixed precision formulation, and derive a bound on the
finite precision error of its application. The theoretical results can be used to
describe the requirements on the individual finite precisions in concrete settings.
Numerical experiments on GPUs using the Ginkgo library show a significant
speedup when applying IC smoothers in low precisions.

We believe that the presented results can be beneficial when designing and
implementing multigrid solvers for large-scale problems.

We list several open problems, which we would like to investigate in the future.
In the first chapter we focus on multigrid methods as a standalone solvers. In
practice, multigrid methods are also frequently used as preconditioners for Krylov
subspace methods. It is therefore an interesting question of how the approximate
coarsest-level solve affects the behavior of multigrid methods as preconditioners.
We note that in general a multigrid method with an approximate coarsest-level
solver would have to be applied as a flexible preconditioner.

In the second chapter we assume that the computation of the terms in the
a posteriori error estimate is done in infinite precision arithmetic. It would be
useful to understand the effects of the finite precision errors on the accuracy and
efficiency of the estimate. Would it make sense to compute the terms associated
with different levels in different precisions?

The derivation of the bound on the finite precision error of the V-cycle scheme in
the third chapter was done assuming that the coarsest-level solver is linear. As we
discuss in the first chapter, this assumption is not satisfied for all solvers which are
used in practice. It is an interesting open question whether the presented analysis
can be generalized to cover general coarsest-level solvers and what assumptions
on the error reduction or stability of the solver should be imposed.
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