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Abstract. The present study is an extension of the work done by Peddle, Haut, and Wingate
[SIAM J. Sci. Comput., 41 (2019), pp. A3476-A3497] and Haut and Wingate [SIAM J. Sci. Com-
put., 36 (2014), pp. A693-A713], where a two-level Parareal method with mapping and averaging
is examined. The method proposed in this paper is a multilevel Parareal method with arbitrarily
many levels, which is not restricted to the two-level case. We give an asymptotic error estimate
which reduces to the two-level estimate for the case when only two levels are considered. Introducing
more than two levels has important consequences for the averaging procedure, as we choose sepa-
rate averaging windows for each of the different levels, which is an additional new feature of the
present study. The different averaging windows make the proposed method especially appropriate
for nonlinear multiscale problems, because we can introduce a level for each intrinsic scale of the
problem and adapt the averaging procedure such that we reproduce the behavior of the model on
the particular scale resolved by the level. The method is applied to nonlinear differential equations.
The nonlinearities can generate a range of frequencies in the problem. The computational cost of
the new method is investigated and studied on several examples.
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1. Introduction. The main motivation for this study is the application and
analysis of a multilevel Parareal method to oscillatory PDEs of type (1.1); see below.
These types of PDEs are important in geophysical and astrophysical fluid dynamics
and represent the underpinning equations used in climate and weather prediction.
Furthermore, numerical discretizations of these equations are posing significant chal-
lenges for contemporary computer architectures, so there is a strong motivation to
explore new ways of exploiting the increasing parallelism [15]. The multiscale equa-
tions of type (1.1) can have more than one oscillatory linear term and hence more than
one small parameter, and have a nonlinear term that can generate a wide range of
frequencies. In [12, 18] a two-level Parareal method was shown to have the potential
for significant parallel speedups. However, given the wide range of frequencies possible
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in PDEs of type (1.1), in this paper we ask the following question: Given a two-level
Parareal method with a fixed number of iterations, can we find a multilevel Parareal
method that achieves the same accuracy with a faster wall clock time, assuming we
have as many processors as we need? This central question is illustrated graphically
in Figure 1.

The focus of this paper is on the Parareal method, a time-parallel method first
proposed in [17]. Since its publication a lot of research has been done on the method
with the aim to exploit the advantages of parallelism in time. For instance, [18] and
[12] combine the Parareal method with averaging to solve fluid-dominated problems.
Several studies treat the well-known stability issues related to problems of this type;
see, for instance, [19] or [24]. Convergence of the Parareal method is also discussed in
[11], [9], or [1]. Moreover, the authors of [8] give several interpretations of the Parareal
algorithm and especially show its relation to the MGRIT algorithm [6]. Standard
Parareal has been shown to be a special case of MGRIT with particular projection and
prolongation operators. Further comparisons of MGRIT and Parareal were made in
[8, 10, 6, 23]. As such, MGRIT is a more general framework than multilevel Parareal.
Our combination of multilevel Parareal with hierarchical nonlinear averaging methods
can also be used with MGRIT and is a topic for future research. Investigations of
the error and convergence can be found, for example, in [23], [22], or [7]. There are
also attempts to improve the understanding of hyperbolic or advection-dominated
problems; see [2], [13], or [25], just to name a few. The study [16] introduces a micro-
macro Parareal algorithm. The coarse propagator computes a cheap approximation
to a slow, macroscopic model, whereas the fine propagator solves the full microscopic
problem. The idea to use simpler models for the coarse propagator is related to the
construction of the coarse propagators in the present study, which relies on a mapping
and averaging method.

The problems under consideration in the present study are oscillatory equations
of the following form:

(1.1) du+12”:1£ =N(
. e i:1€—i u=AN(u).

The linear operators L£; are skew Hermitian, i.e., they have purely imaginary eigen-
values and are responsible for temporal oscillations in the solution. The parameters
g; with ;41 <e; can be small and can make the system stiff. Furthermore, the non-
linear term N is a quadratic nonlinearity and can produce a wide range of temporal
frequencies. In addition, a diffusive term D can be added in (1.1). In this study we
are interested in developing a multilevel Parareal scheme, which we define below, that
has the potential to handle a range of different frequencies. Though many choices are
possible, for this work we consider the following cases:

1. a single linear oscillatory term e; = ¢ and a range of frequencies from N (see
Examples 5.3 and 5.2),

2. two different linear oscillatory terms and a range of frequencies from A (see
Example 5.4 with e, =1/10,e2 =1/100),

3. two different linear oscillatory terms with €; = €5 and a range of frequencies
from N (see Example 5.4, €; = €2 = 1/10). Though this case can be written as
case 1, above, the comparison of this case with case 2 occurs in applications
and will be considered in the examples.

In the following sections we analyze case 1 in the list above, but will provide example
calculations for all three cases in section 5. We apply a transformation to (1.1); see
subsection 2.1.1. In this paper, we will use transformation and mapping interchange-
ably. The resulting system is solved with a method combining the Parareal method
and an averaging technique; see subsection 2.1.2.

(© 2024 SIAM. Published by SIAM under the terms of the Creative Commons 4.0 license



Downloaded 08/22/24 to 144.173.255.234 . Redistribution subject to CCBY license

MULTILEVEL PARAREAL ALGORITHM WITH AVERAGING A2711

The Parareal method was first presented in [17]. It is a time-parallel method with
two levels. For the exposition in this study we enumerate the levels, i.e., for the two-
level method we have level 1 and level 0. On level 1 a coarse time grid is introduced
and on level 0 we have several fine time grids. On the coarse time grid of level 1
a coarse propagator, for instance, a Runge-Kutta method, is applied to compute a
numerical approximation to a differential equation. This numerical approximation is
then improved iteratively using solutions computed with the fine propagator on level
0 in parallel. We can define the multilevel Parareal algorithm recursively in the levels
until we reach the two-level case. The idea of the multilevel Parareal algorithm with
L levels is that the coarse propagator provides a solution on the coarsest level and
the fine propagator is a multilevel Parareal algorithm with L —1 levels. More detailed
descriptions of the two-level and multilevel methods can be found in subsections 2.2
and 2.3. To mitigate the oscillatory stiffness caused by the skew Hermitian linear
operator £, an averaging method is applied on coarse levels; see subsection 2.1.2.
This leads the multilevel Parareal method with averaging.

A major achievement of the present work is an asymptotic convergence proof.
The error estimate for a two-level Parareal method is extended to the case of multiple
levels with and without averaging. This is a generalization of the classical proof found
in [9] and the convergence proof for the APinT method found in [18]. The new proof
has two main steps. In the mentioned literature, error estimates for the two-level case
can be found; however, the fine propagator is assumed to be the exact propagator.
When we introduce multiple levels we cannot make this assumption, because we want
to know how the error contributions that emerge on the finer levels propagate through
the different coarser levels and we will find that they are amplified by an amplification
factor that depends on the details of the scheme. Consequently, the first step of the
new proof is to refine the two-level estimate to the case where the fine propagator
is not exact. The second main step is to apply an inductive argument to obtain an
estimate for the multilevel case. This might be beneficial for identifying on which
level the dominant error contribution emerges and therefore how the time-steps or
the number of iterations on the different levels should be chosen to reach a certain
error tolerance. For this idea error estimators would be needed. This is a possible
future extension of the presented work.

We want to answer the question if multilevel methods can have a faster runtime
than two-level methods while achieving the same accuracy. As a measure for the
runtime, we count the number of serial steps, which are explained in the next para-
graph and section 4. Let us suppose that we are given a two-level method with a
fixed number of iterations and consequently a fixed accuracy. The aim is to design a
multilevel method which is as accurate and faster. If we do not compute too many
iterations with the multilevel method, the number of serial steps done with the mul-
tilevel method is less than the number of serial steps done with the two-level method.
However, we expect that we have to do several iterations with the multilevel method
to reach the accuracy of the two-level method. This is illustrated in Figure 1. An
example will be discussed in subsection 5.4.

In the present study, a numerical time-stepping method is said to be efficient if
it computes a solution with good accuracy in a short amount of time; thus efficiency
relates accuracy and runtime. Accuracy is determined by the error of the numerical
time-stepping method. The number of right-hand-side evaluations is a measure for the
runtime if the code is not parallelized. In the special case of the Parareal method, some
right-hand-side evaluations can be computed at the same time when a parallelized
numerical code is run. Therefore, the notion of serial steps is introduced in section
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FI1G. 1. The blue dots in the upper/lower
figure show that the error/computational
cost of a multilevel Parareal method de-
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of iterations. For comparison, the dashed gray
line in the upper/lower figure illustrates the er-
ror/computational cost of a two-level Parareal
method with a fized number of iterations. The
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Fic. 2. Parareal algorithm with three lev-
els, ko = 1 iteration on level 2 and k1 = 1 it-
eration on level 1. (I) Compute initial guess
on coarsest level, level 2; (II) get initial values
from level 2, compute initial guess on level 1
in parallel; (II1) apply fine propagator in paral-
lel, get initial values from level 1; (IV) compute
Parareal iteration with fine solution from level
0; (V) compute Parareal iteration with fine so-
lution from level 1.

shaded blue area shows how many iterations
can be done when the multilevel method is both
more exact and less computationally erpensive
than the two-level method.

4. If two right-hand-side evaluations can be computed at the same time, they belong
to the same serial step. Efficiency, as explained above, must be distinguished from
parallel efficiency of a parallel algorithm, which is defined as the speedup divided by
the number of processors used.

The paper is organized as follows. The algorithms are described in section 2.
Especially, subsection 2.1 shows the reformulation of (1.1) for the case M = 1. The
exposition in subsection 2.2 is about the two-level Parareal schemes, and subsection
2.3 contains a description of the new multilevel schemes. Asymptotic convergence
results with and without averaging can be found in section 3. In section 4 the issue
of computational cost of the multilevel Parareal schemes is discussed. Numerical
examples can be found in section 5. Finally, in section 6 a discussion of the results
and a conclusion are given.

2. Formulation of the algorithm. The Parareal method was first formulated
in [17]. Versions with mapping and averaging incorporated can be found in [12] or
[18]. Further, subsection 2.2 summarizes the methods. Then, subsection 2.3 presents
multilevel versions.

2.1. Reformulation of the problem.

2.1.1. The transformation. We analyze the problem by taking M =1 in (1.1)
and dropping the subscripts. The following transformation, also used in [21] and
related to the method of cancellation of oscillations, is applied to the above system
to eliminate the linear term

© 2024 SIAM. Published by SIAM under the terms of the Creative Commons 4.0 license



Downloaded 08/22/24 to 144.173.255.234 . Redistribution subject to CCBY license

MULTILEVEL PARAREAL ALGORITHM WITH AVERAGING A2713

(2.1) w(t) = exp (ft) u(t).

The transformed system, denoted as the modulation equation, since its time evolution
is more regular than (1.1), admits the form

» e (£0) (o () ).

There exist numerous scientific applications which have the form of (1.1), includ-
ing examples that occur in atmospheric and oceanic simulations, like the swinging
spring [14], also called the elastic pendulum, or the rotating shallow water equations
(RSWEs); see [4].

As the operator £ is skew Hermitian, the norm of the right-hand side of (2.2) can
be bounded independent of e. Especially, applying the transformation (2.1) to the
problem (1.1) eliminated the linear term and made the problem smoother. However,
taking higher order derivatives of w we see that with each order we get an additional
power of 1/€ in the derivative. To further mitigate the oscillatory stiffness we apply
averaging techniques. This is important when numerical time-stepping schemes are
applied, since the truncation error depends on higher order derivatives.

Here, the importance of applying the transformation and solving the modulation
equation instead of the system without transformation is explained. First, using the
modulation equation is the first step which makes the equations smoother. Second, for
an autonomous oscillatory problem, the information if the solution reaches a valley or
a peak of an oscillation at time ¢ is in the initial conditions. That means if we average
the initial data of an autonomous, oscillatory differential equation, we cannot expect
to compute the phase correctly. In subsection 5.2 we will show for the nonautonomous
modulation equation that the phase is computed correctly with the proposed method,
although the averaging removes almost all the information about the phase on the
coarse levels.

2.1.2. Averaging. In order to explain how an averaging integral mitigates the
oscillatory stiffness due to fast oscillations, let us assume that a slow function is
superimposed by a fast periodic function with zero mean, that is, we consider a
function f(t) = faow(t) + frast(t). An example for a fast function would be fest(t) =
e2™nt where |n| > 0. Integrating the fast function over an interval of length n where
1 is as large as a few times the period of the fast periodic function, i.e., computing
1/n fjv/z 32 frast(t + s)ds, the positive and negative contributions cancel each other.
However, for the averaging the integrand is weighted by a scaled kernel function p with
compact support, which decays fast close to the boundary of the compact support.
Moreover, the knowledge of the exact period is not assumed in the method. More
precisely, an integral of the form 1/n f1/732 p(s/n)f(t+ s)ds is evaluated. Therefore,
in general we do not observe an exact cancellation of the oscillations but rather a
mitigation; see, for example, Figure 4. The technical details can be found in [5] in
Lemma 2.2.

Let us now formulate an averaged version of the modulation equation. In the
averaged equation the right-hand side of (2.2) is replaced. In particular, when the
coarse propagator is applied, an approximation to the following equation is computed:

(2.3) dv%” - % /://22,0 (;) exp (f(s +t)> N (exp (-f(s + t)) v—v(t)) ds,
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where 7 is the averaging window and p is the kernel function. We use

1 1
(2.4) p(s) = oo P ((s —1/2)(s + 1/2)> ’

where po normalizes the function. In the right-hand side of (2.3) we write W(¢) to
emphasize that the equation depends on ¢ only and not on s. The oscillations in the
equation with period <7 are averaged. The exponential oscillates fast in s, whereas
the nonlinearity is slowly varying. The scaled filter function is slowly varying too. In
that case, we integrate the oscillations which come from the exponential over a few
periods. The length of the integration interval is not necessarily an integer multiple
of the period and damped oscillations remain after the integration. The ideas of
temporal averaging were also investigated in related contexts such as ODEs [20], in
the context of heterogeneous multiscale methods [3], [5], and in PDEs analysis [4].

The averaging process requires the formulation of analytical equations. In par-
ticular, for each level [,l # 0, we formulate an averaged, analytical equation which
depends on a level-dependent averaging window 7; and shows the same behavior as
the original system, that is, the modulation equation, on the coarser scales up to
the smallest scale that can still be resolved when the averaging window n; is used,
but whose behavior on the finer scales is different. Especially, the features on the
finer scales are averaged in the averaged equation. The step of formulating analyti-
cal equations is skipped when other strategies to deal with the fast components, for
example, applying implicit methods, are used. However, the analytical equations pro-
vide descriptions of physical phenomena and are therefore a link to the theory and
modeling of the physical application considered.

2.2. Two-level Parareal and two-level Parareal with averaging. The two-
level Parareal method has two levels, denoted as level 1 and level 0. Level 1 is the
coarse level where we do N time-steps on a coarse grid, which has N + 1 grid points.
Two neighboring grid points of the coarse grid form an interval. In total we have N
such small intervals and on each small interval we introduce a fine grid. These are
the fine grids of level 0.

The Parareal method is a parallel-in-time method which has two basic solvers, a
coarse propagator denoted as G'! and a fine propagator denoted as P°. The upper
indices refer to the levels on which the propagators are applied. The coarse and the
fine propagators can be Runge—Kutta methods, but other choices are possible too.
First, the coarse propagator is applied on level 1 to compute initial guesses U, where
the index n counts the time-steps on level 1. The initial guesses are computed in
serial and are improved iteratively. The values provided through the initial guess at
the end of a coarse step are passed to the fine grids on level 0 as initial values. Then
the fine propagator Py is applied in parallel. The results of the fine propagator are
passed back to the coarse level 1. Applying the coarse propagator again, a Parareal
iteration step can be computed:

(2.5) Upti =G U + PO(Uy) = GHUy).

n

The upper index of the numerical solutions counts the iterations. Once the first
iteration is computed, it can be used as a new initial guess and the next iteration can
be done.

This procedure is modified in the APinT method where averaging is incorporated;
see [12] and [18]. Here, the coarse propagator, denoted as G, provides a numerical
solution to an averaged problem (2.3) and not the original system (2.2). Solving
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an averaged problem has the advantage that the fast oscillations, which are still in
the modulation equation, are further mitigated, provided the averaging window 7 is
chosen appropriately. Thus, the oscillatory stiffness is mitigated and taking large
time-steps is possible when the numerical method of the coarse propagator is applied.
This can be beneficial for the efficiency of the algorithm. We can formulate a Parareal
iteration step with averaging incorporated as follows:

(2.6) Unty =GHUY) + PO(Uy) - GH(Uy),

where G denotes the coarse propagator, which provides a numerical solution to the
averaged problem (2.3) on the coarse level, level 1.

2.3. Multilevel Parareal and multilevel Parareal with averaging. Here
we state again the idea behind the multilevel Parareal algorithm: The multilevel
Parareal algorithm uses a recursion in the levels. Especially, the multilevel Parareal
algorithm with L levels is a two-level Parareal algorithm where we compute a coarse
solution with the coarse propagator on the coarsest level and the fine propagator is
a multilevel Parareal algorithm with L — 1 levels applied on the finer levels. Then
applying the multilevel Parareal algorithm can be iterated until we reach the two-level
case, where the two-level Parareal algorithm, described in the previous subsection, is
applied.

To distinguish between the different levels, we introduce the subsequent notation:
When we consider a multilevel Parareal method with L levels, level L — 1 denotes the
coarsest level and level 0 is the finest level. If I3 > Iy for I3,l5 € {0,...L — 1}, then
level [ is the coarser and level l5 the finer level. The coarse propagator applied on
level [ is denoted by G' or in the case when an averaged equation is solved by G'.
The fine propagator needed to compute the Parareal solution on level [ is denoted as
P'=1 or P!~ if the fine propagator solves an averaged problem.

Here, the multilevel Parareal method with and without averaging is explained.
Algorithms 2.1, 2.3, and 2.4 show the method without averaging. The case with
averaging can be found in Algorithms 2.2, 2.3, 2.4, 2.5, 2.6, and 2.7. Moreover,
the multilevel algorithm with averaging included is illustrated in the supplemental
material in Figure SM1.

We assume that a method with L levels is applied. On the coarsest level, which is
denoted as level L —1, a coarse propagator is applied. The biggest time-steps are used
on that level. For the method without averaging, the coarse propagator solves the
unaveraged modulation equation (2.2). When the method with averaging is applied,
the coarse propagator solves an averaged modulation equation of the form (2.3). For
the averaging, the averaging window 7z_1 is used. Note the index L — 1.

The coarse propagator provides the initial values for the fine propagator, which
can be applied in parallel. The following two cases must be distinguished for the
method with L levels:

e [ > 2: For that case, the fine propagator is a multilevel Parareal method
with L —1 levels, which consists of a coarse propagator applied on level L —2
and a fine propagator. If the method without averaging is used, the coarse
propagator on level L — 2 is applied to problem (2.2). For the method with
averaging, (2.3) is solved on level L—2 with an averaging window 71,2, which
satisfies np_o <np_1.

e [ =2: To compute solutions with the fine propagator, the unaveraged mod-
ulation equation (2.2) is solved for the method without averaging as well as
with averaging on the finest level, level 0.

© 2024 SIAM. Published by SIAM under the terms of the Creative Commons 4.0 license
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As the fine solution is computed, a correction iteration can be done. For this,
the coarse propagator must be evaluated again. To improve the accuracy of the
approximation, the process of computing corrections can be iterated.

Algorithm 2.1 Multilevel Parareal method without averaging.

multi_level method(wy, tg, N, At,1):
w%! < propagator(wo,to, N, At)
for k=0,..., Kpax — 1:
parfor n=0,...,N —1:
if [ >1:
wi=1 < multi_level method(w*![n],ty + nAt, N,At/N,l —1)
else:
wi=1 < propagator(w*![n],to +nAt, N, At/N)
end if
end parfor
forn=0,...,N —1:
whtLln + 1] + step(w* Tl [n], t,,, At) + wiN] — whi[n + 1]
end for
end for
return w

Kimax,!

Algorithm 2.2 Multilevel Parareal method with averaging.

av_multi_level_method(wy, to, N, At,1,n;):
wO! < av_propagator(wo, to, N, At,n;)
for k=0,..., Kpax — 1:

parfor n=0,...,N —1:

ifI>1:
wi=1 < av_multi_level method(w*![n],tq +nAt, N, At/N,1—1,m_1)
else:
wi~1 < propagator(w*![n],to +nAt, N, At/N)
end if
end parfor

forn=0,...,N—1:
wrtLln + 1] + av_step(wFtLin), t,, At, ) + Wi HN] — whi[n + 1]
end for
end for

return wimax!

Algorithm 2.3 Basic propagator.

propagator(wg, to, N, At):
w|0] + wo
forn=0,...,N —1:
wn + 1] < step(wn], t,,, At)
end for
return w

(© 2024 SIAM. Published by SIAM under the terms of the Creative Commons 4.0 license
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Algorithm 2.4 One step with RK2 as a basic propagator.

step(z, t, At):

by« eﬁ/et./\/‘(e_ﬁ/dx); ko eﬁ/e(t+1/2At)N(e—£/e(t+1/2At)(x + At/?kl))
T+ x+ At/Q(k/’l + k‘g)

return 7

Algorithm 2.5 Averaged basic propagator.

av_propagator(wg, to, N, At,n):
W[O] — Wo
forn=0,...,N —1:
wiln + 1] < av_step(w[n],t,, At,n)
end for
return w

Algorithm 2.6 One step for an averaged equation with RK2 as a basic propagator.

av_step(z,t, At,n):
k1 <—av_RHS(x,t,n), ko<+av_ RHS(z + At/2k;,t+ At/2,n)
T+ T+ At/Z(kl + kg)

return 7

Algorithm 2.7 Evaluate averaged right-hand side with trapezium rule.
av_RHS(w, t,n, M = 100):
parfor i=1,...,M —1
s;—n/2+1i/Mn
end parfor
@ =1/(nM) sum(p(s; /) ETIN (e~ £/elF50)0))
return w

A basic principle of the Parareal method is that an initial guess is iteratively

improved. These correction iterations are done on the levels L — 1,L — 2,...,1 in
the multilevel case, and inspired by multigrid methods we can adopt the terminology
of cycles. The case when only one iteration is computed on the levels 1,...,L — 1

is denoted as a V-cycle. Illustrations of methods with three levels can be found in
Figure 2 and in the supplemental material in Figure SM2. Figure 2 shows the case
if one iteration is done on level 1 and level 2; in Figure SM2 we do two iterations on
levels 1 and 2.

The algorithm with averaging is particularly promising for multiscale problems.
The strategy for the application of the method to such problems can be formulated as
follows. Suppose we are given a problem with several time scales. For each intrinsic
scale of the problem we can introduce a level and resolve the properties of the system
which are the specific for that scale, i.e., every scale is assigned a level and the scale
specific properties are resolved on the level assigned. We average such that we keep
the features of the original system, for instance, a modulation equation, on that
scale, but the finer components of the equation vanish through the averaging process.
This step requires a convenient choice of the averaging windows 7;. The averaging
windows define the lengths of the intervals over which filter integrals are computed;
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see subsection 2.1.2. In the multilevel case, they are level-dependent. As the averaging
procedure makes the system more well-behaved for numerical time-stepping methods,
the time-steps, which can be used for the averaged problems, are larger than the ones
required for the unaveraged problem. Note that only on the finest level, level 0, the
full, unaveraged system is solved.

3. Convergence results for the multilevel methods. The proof for the
multilevel method is an inductive proof for which we can apply similar arguments as
in the two-level case. The difference is that the fine propagator is not a basic ODE
solver, like a Runge-Kutta scheme, but it is the multilevel Parareal method on the
finer grids. Only on the finest level, level 0, the finest propagator is a basic ODE
solver.

Moreover, we introduce a coarsening factor N which relates the time-steps on the
different levels. Let ATy be the time-step on the finest grids on level 0. Then, the
grids on level 1 have a coarser time-step, given by AT} = NATy. For level 2, we have
a time-step ATy = NAT; = N?AT, and so on. See the relations (B.11) and (B.12).

THEOREM 3.1. Let the coarse propagators G; applied on the levelsl=1,... L —1
satisfy the conditions

(31)  E(@) - G') = ¢l (AT 4o n@AT L, and

(3.2) IG" () = G' ()l < (1 + C3AT) [l — I,

where E(x) denotes the exact propagator, i.e., E(x) is the exact solution of the initial
valued problem with initial value x when the time span ATy has passed. Suppose that
the error of the fine propagator, on level 0, is bounded by cATg‘)H. Then we can
show the following error bound for the multilevel Parareal method without averaging:

l l
(3.3) e, <> B [ Ai+6]]Ar

where eﬁ’,l denotes the bound of an error on level | after k; iterations. The index n
counts the grid points. In addition, the following notation is used:

n ki pN—k;—1 T
(3.4) g U)o B =1
: =93/ N\ kigN—k—1 7
(k)10 B; U<
(35) (50 = CATl AT(];O,

A= NﬁlN_l(l + OéON,l)N_l-

We have oy = CHATIPH,,BI =1+ Cq,ATy), v = 0371A7}p+1, and oo, €10, 0y -

Especially, the derived error estimate is a sum. The different terms of the sum
are composed of the errors Ej emerging on level [ and amplification factors A; which
amplify the errors made on the finer levels as the fine solutions are passed to the
coarser levels. This result can be concluded from the more general result in Theorem
3.3 by setting n=0.

COROLLARY 3.2. Assuming that a constant coarsening factor N relates the dif-
ferent levels and the number of iterations on the levels is constant, i.e., k; =k for all
=1,...,L—1, we get the following error bound:
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1-1/NFE 1—1/NL@+D
k1 P P
lu(Ty) — U || < T AT exp (CQTl 1N +CiTAT} = 1/NeT

CoT CiTAT,
3.7
(3.7) +6Xp<1—1/N+1—1/NP+1

N 1
k kp+k+p+1
x G0y (k n 1) Sy '

(The notational conventions from Appendix B are used. The coarse propagators are
assumed to have the accuracy order p.) Particularly, we recover the accuracy order of
the two-level scheme.

Proof. The corollary is an immediate consequence of the results given in Theorem
3.1, Lemma B.5, and Lemma B.6. 0

A convergence result for the multilevel Parareal algorithm with averaging is pre-
sented. Assuming we have L levels in total, the averaging is done on the levels
1,...,L — 1. Only on level 0, the level with the finest grids, the full, unaveraged
system is solved by the finest propagator.

Especially, the finest propagator solves the following exact equation:

(3.8) ‘%"(t) BN (et (t)) = 0,

The coarse propagators do not solve the exact equation. Instead, they solve
averaged equations, given through

7 m/2
(3.9) dun(t) (t) —e%tl/ P <S) e TSN (e €+, (1)) ds =0.
dt mJn2 \N

This is the crucial difference between the Parareal algorithms with and without aver-
aging. We will use the following notation to denote the propagators relevant for this
section:
e FE—analytically exact solver for the unaveraged equation (3.8).
e B! —analytically exact solver for the averaged equation (3.9).
e G'—numerical solver of the averaged problem (3.9)onlevell,l=1,...,L—1,
also the coarse propagator of the multilevel method P'.
e Pl —multilevel Parareal method with [ levels with averaging, the coarse prop-
agator is G, and the fine propagator is P'~! for [ > 1 (or P for [ =1).
e P’ —numerical solver of the unaveraged problem (3.8) on level 0.

For the propagators Gy, [ =1,...,L — 1, we impose the following conditions on
the truncation error:
(3.10) BE(z) — G'x) =y (@) ATP + 6L, (x)ATP + ..., and
(3.11) IG! (z) = G'(y)]| < (1 + C3AT ||z — y.

THEOREM 3.3. Suppose that the coarse propagators G' satisfy (3.10) and the
Lipschitz condition (3.11) for 1l =1,...,L — 1. Let the truncation error of the fine
propagator, on level 0, be bounded by cATé’O'H. Then we can show that the following
error estimate for the multilevel Parareal method with averaging holds:

l

l l
(3.12) e, <> B [ Ai+6]]Ar
I =1

=1  j=I+1
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where

(313) B = {(k% O G
(k;+1)7failﬂi SRR

(3.14) 8o = cATAtP,

(3.15) A =NBY 1+ aon) VNt

We have

(3.16) oy = C’1,znze + CLIATZP+1 golgx {‘5‘ n(e,nhw)} ,

(3.17) B = (1+ Co  AT),

(3.18) Y= Came| M| + Cs AT gg}f}{‘ﬂ fi(e,m,W)} |Moll, and

(3.19) aon, € [0, &)

Remarks.

1. The error constants, which arise as numerical time-stepping schemes, are
applied to the differential equations specific to the different levels and should
be level-dependent. For stiff problems the constants are big; for nonstiff
problems they are smaller. Moreover, the error constants grow with the length
of the integration interval. Consequently, when the averaging windows are
chosen appropriately, the constants can be roughly the same for each level.

2. The structure of the amplification factor is the same as in the case without
averaging. However, the terms &; and #4;, which cause the contraction in the
error, have an additional term that accounts for the error due to averaging.

The proof can be found in Appendix A.1 and is a generalization of the two-level
proofs given in [9, 18].

4. Computational cost. In this section, we distinguish between the total num-
ber of steps done on a level and the serial number of steps. Suppose on the coarsest
level we do X steps with the coarse propagator, for example, to compute the initial
guess. Then the total number of steps on that level is X and the serial number of
steps on that level is X, too. Now, we go to the next finer level and the coarsening
factor is N. We then have N X as the total number of steps and N as the number of
serial steps (done on X grids in parallel). Refining again leads to N2X as the total
number of steps and N serial steps (done on NX grids in parallel) and so on.

Figure 3 shows the example of a two-level method with X = 3 steps on the coarse
level and a coarsening factor N = 3. Consequently, on the coarse level, 3 steps must be
computed sequentially. On the fine level, we have 9 steps in total, but parallelization
leads to only 3 serial steps. (As an example for the parallelism on the fine level, all
steps, which belong to serial step d, can be computed at the same time.)

We define the cost of an algorithm as the number of serial steps. The computa-
tional cost of a two-level method is given by

(4.1) C? =k (Ny + Ng) + Ny.
The cost of the three-level Parareal algorithm can be defined as
(4.2) C? = ko (Na + ki (N1 + No) + N1) + Na,

where N; is the number of serial steps on level i and k; is the number of iterations on
level i. For a V-cycle we have k; = 1.
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serial step a serial step ¢

R R

|
Level 1
] | | |

serial  serial serial serial serial serial serial serial = serial
step d step e step f step d step e step f step d step e step f

V. V. Y V. V. V. V. VR

Level 0 | 1 1 | 1 1 | 1 1 |

Fic. 3. Illustration of serial steps. Same colors stand for steps which can be computed at the
same time and therefore belong to the same serial step. The figure shows the example of a two-level
method with N1 = 3 steps on the coarse level and a coarsening factor of N = 3. The steps on the
coarse level must be computed sequentially. On the fine level, 9 steps must be computed in total, but
3 steps can be computed at the same time. An example is the steps colored in bluish green, which
belong to serial step d. So we have 3 serial steps, that is, serial steps d, e, and f, that must be
computed sequentially.

We may hypothesize that increasing the number of levels pays off when we have
a broad range of scales or strong scale separation. We investigate the computational
cost of a V-cycle in more detail. Suppose X is the total number of fine steps on the
finest level that must be done and N is the coarsening factor which relates the time-
steps of the different levels, i.e., X would be the number of serial steps that must be
done when a nonparallelizable basic ODE solver is applied. (We might assume that
two neighboring levels are related by the different coarsening factors. To keep the
computation simple we will not do that here and leave it for future work.) We assume
that we do N serial steps on all levels except the coarsest level. The computational
cost for a V-cycle, which depends on the number of levels, can be computed as follows:

1 level: f1(N
2 levels: fo(N
3 levels: f3(N
L levels: fr(N

X serial steps,

N + QX/N serial steps,

N +2N +2X /N? =3N +2X /N? serial steps,
2(L —2)N + N +2X /N =1 serial steps.

)
)
)
)

Note that when a V-cycle is applied, only one correction iteration is computed on
the levels 1,...,L — 1. It is possible to find the coarsening factor N which minimizes
the number of serial steps, depending on the number of levels. Solving f; (N)=0, we
find

(4.7) Nopt = (X + X /(2L — 3))V/ L.

However, when we choose a coarsening factor N which is computed in the described
way, we adapt the algorithm to the behavior of the model on the finest scale only. It
may be necessary to account for the behavior of the model on other scales too.

For a V-cycle, the total number of evaluations of the right-hand side for all the
levels is not that much bigger than that of a serial time-stepper. On the finest level
we do the same number of evaluations of the right-hand side that we would do with a
serial time-stepping scheme, provided we apply the multilevel Parareal algorithm with
averaging. When we do in total X evaluations of the right-hand side on the finest
level, level 0, the total number of right-hand-side evaluations on level 1 is 2X /N, for
level 2 we get 2X /N2, and so on. That means that the number of evaluations of the
right-hand side decreases exponentially with the levels. Considering the multilevel
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Parareal algorithm without averaging, we can possibly not coarsen in the same way
because the time-step might become too large on the coarser levels and as a result
the numerical solver might be unstable for the oscillatory problems.

The model for the computational cost does not distinguish between averaged
and unaveraged right-hand-side evaluations; especially, the time needed to compute
a serial step is the same for the different levels. The reason for this, as pointed out
by [12], is that the averaging can be done in parallel and is therefore not assumed
to have an impact on the wall clock speed. Furthermore, we make the assumption
that the right-hand-side evaluations cause the computational cost. The exponential
operator is both in the right-hand side of the averaged and unaveraged equations.
As the evaluation of the averaging integral can be parallelized, we assume that the
evaluation of the exponential of the linear operator causes the same cost for the
averaged and unaveraged right-hand sides. In the present study, a spectral method
was used and the £ operator can be applied very rapidly via FFTs.

5. Numerical examples. For the numerical examples the explicit midpoint rule
(RK2) is used as a basic integrator unless stated differently. The results presented in
subsections 5.2, 5.3, and 5.4 are computed solving the modulation equations of the
systems.

5.1. One-dimensional single scale example. Let us consider the problem

dx
dt
which does not admit form (1.1). This problem does not have a skew Hermitian linear
operator. The numerical tests will show results, which are not satisfactory. Equation
(5.1) is to be solved with the multilevel Parareal algorithm without averaging and
without transformation. We compute the error for one V-cycle and increase the
number of levels. The time-step on the coarsest level for all the computations in
Table 1 is constant AT = 0.25. We choose a coarsening factor of N =10. This means
that when we have a time-step At on level [, the time-step on level I — 1 is At/10.
We see in Table 1 that increasing the number of levels while keeping the time-
step on the coarsest level constant barely changes the error of the approximations of
problem (5.1). This example leads to the following observation. Adding levels while
keeping the time-step on the coarsest level constant does not increase the accuracy
but more computational work must be done. Therefore, using the multilevel method
with a V-cycle is an unfortunate choice for problems of type (5.1). From the error
bound in Theorem 3.1 it is known that every level contributes to the total error. The
results for example (5.1) indicate that the main part of the error arises on the coarsest
levels. For the next example in subsection 5.2 the error is not expected to come from
the coarsest level. In contrast to the example in this subsection, the next example

(51) -, x(()):l, te [0’2]3

TABLE 1
Error of the multilevel Parareal algorithm without averaging for a wvarying number of levels
applied to problem (5.1) where the step size on the coarsest level is 0.25. We see the relative error
in the discrete l1 norm.

Number of levels Error Number of levels Error
2 1.2566212807763046¢-05 6 1.9809615854133382¢-05
3 1.9562958164422008e-05 7 1.9809616125891306e-05
4 1.9807099440426344¢-05 8 1.980961620086837¢-05
5 1.9809587023590493e-05
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exhibits oscillatory stiffness. Therefore, it is convenient to mitigate the stiffness with
an averaging method.

5.2. One-dimensional example with fast oscillations. Let us now suppose
the following situation. We have to solve a multiscale problem with very fast oscilla-
tions on the finest scale, which is resolved by the finest level. Therefore, the time-step
on the finest level must be chosen small enough to resolve the very fast oscillations.
In particular, the fastest scale dictates the time-step on level 0.

An example for such a problem is given by

dw

i exp(irt)w?

(5.2)
for large values of r. This equation can be interpreted as the one-dimensional modu-
lation equation of the problem

d
(5.3) d—ltt = iru —u?.

In contrast to the previous example, the tests for this example show benefits of
the increased parallelism if the method with averaging and transformation is applied.
Moreover, the effect of the transformation is explained in this subsection. In the
following we will consider r = 100, 7 = 1000, and r = 10000. The exact solution of the
problem (5.2) is given by

(5.4) w(t) = "o

—iwg exp(irt) + dwg + 1’
The averaged problem obeys the following relation:

div 12
M4 (s) exp(irs) ds exp(irt) wy(t)>.
dt m

(5.5) — p
S —n. /2

damping factor

The problem (5.2) will be solved on the interval [0,1] with multilevel Parareal
methods including averaging. Numerical studies show that for » = 100 the fastest
period in the solution is of order 0.1. Therefore we choose averaging windows 77 =
0.2 and 7 = 2. This case is solved with a two- and a three-level method. In addition,
for r = 1000 the fastest period in the solution is of order 0.01. Thus the averaging
windows 77 = 0.02,m2 = 0.2, and 13 = 2 are a reasonable choice and methods with
two, three, and four levels are applied. For the case » = 10000 the fastest period in the
solution is of order 0.001. Therefore, the computations are done with the averaging
windows 71 = 0.002, 172 =0.02,173 = 0.2, and 74 = 2 and multilevel methods with two,
three, four, and five levels are used to solve the problem. The length of the solution
interval is always 1 and the coarsening factor is always 10. To solve problem (5.2) a
V-cycle is applied. Depending on the value for r» we choose different step sizes on the
finest level:

e r=100: The step size on the finest level is ATy = 1073,
e 1=1000: The step size on the finest level is ATy = 1074,
e 1=10000: The step size on the finest level is ATy =2.5-107°.

Now consider the case r = 1000. A time-step of ATy =10"% means that the total
number of steps which must be done on the finest level is X =10* The number of
serial steps for a V-cycle with a coarsening factor of N = 10 and two levels is given
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TABLE 2
Errors at ttme t =1 for a V-cycle including averaging with a varying number of levels applied
to problem (5.2) with r = 100,1000, and 10000. The time-step on the finest level is At =1-103,1-
10~%, and 2.5-10~5 depending on r. The coarsening factor to relate the levels is N = 10.

Number of levels r =100 r = 1000 r = 10000
0.0002169750591733674 2.1847140061040485e-06  3.0668862104273734e-07
0.00019811199764541986 2.106413305540747e-06 3.0480547757705495e-07
2.251750942815333¢-06 3.0357016877934065e-07
2.7011063136189545e-07

Tk W N

by f2(10) = 2010 according to (4.4). For three levels we get f5(10) = 230 serial steps;
applying (4.5) and with four levels f4(10) =70 serial steps must be done according to
(4.6). However, we note that for the tests we did not choose the optimal coarsening
factors, which can be computed with (4.7). In section 4 it was mentioned that for
complex models possibly the time-step on the levels and thus the coarsening factor
must be adapted to the problem behavior on different scales which might prevent
an optimal choice of the coarsening factor according to (4.7). But also for optimal
coarsening factors the number of serial steps is the smallest for the four-level method
and the most steps must be done for the two-level method.

In Table 2, we find the errors at time ¢t = 1. The time-step on the finest level
was adapted to the fast oscillations in the problem which depend on the parameter r.
Fixing one value for r, we see that the errors hardly change in the number of levels.
We can draw the following conclusions. First, for the parameters chosen for the model
runs the increased parallelism of the methods with 3, 4, or 5 levels should lead to a
better efficiency due to a smaller number of serial steps and thus a shorter runtime.
Second, having a third, fourth, or fifth level does not change the error significantly.
The bound in Theorem 3.3 shows that the errors from all the levels contribute to the
total error. A possible explanation for the findings in this subsection is that the main
part of the error arises on the finest level, where the fast oscillations are resolved and
computed numerically.

The results indicate that increasing the number of levels and thus the parallelism
can lead to more efficient algorithms. A gain in efficiency, when a V-cycle is applied,
should come from a combination of increased parallelism and larger time-steps on
the coarser levels. For oscillatory problems larger time-steps can lead to unstable
behavior of the algorithm. For example, when the case with » = 1000 is solved with
RK2, which is an explicit Runge-Kutta method, using a time-step larger than the
period of the oscillations leads to instabilities. This can be circumvented when the
averaging is applied to mitigate the oscillations on the coarser levels.

In section 1, we mentioned the importance of the transformation, especially for
the correct computation of the phase. This is now illustrated in Figure 4. The figure
shows a solution of the averaged system (5.5) and unaveraged system (5.2), as well
as the initial guess and the first two correction iterations of a three-level Parareal
method with transformation and averaging. The initial guess, which was computed
with the coarsest propagator of the three-level method, has a strongly attenuated
amplitude. We can make the following observations for the method which solves
the modulation equation (5.2): (1) The coarse propagator gives (almost) the same
initial values for each fine time interval on which the fine propagator is applied. (2)
Applying only the coarse propagator, we cannot compute solutions to (5.2) with the
correct amplitude, as the solutions from the coarse propagator have strongly damped
amplitudes. As Figure 4 shows, the Parareal method with averaging computes the
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—— exact solution ¢ initial guess --#-- second iterate
= averaged solution  =—@= first iterate

0.99 1

0.0 0.5 1.0

FiG. 4. The figure shows the initial guess and the first two iterations of the multilevel Parareal
method with averaging. The initial guess has strongly damped oscillations. Therefore, the fine propa-
gator gets almost the same initial values for each interval. However, the Parareal iterations compute
the phase correctly, that is, the departures from the mean behavior due to the fast oscillations are
computed correctly.

phase and amplitude correctly. Therefore, we can draw the following conclusions:
(1) The correct amplitude comes from the corrections of the fine propagator, which
computes a solution to the unaveraged system and (2) the information about the
phase is in the right-hand side of the modulation equation, which is nonautonomous
and depends on e£/¢t. Thus, the corrections with the fine propagator compute the
correct phase, i.e., the departures from the mean behavior are computed correctly.
In contrast, for the method with averaging applied to an autonomous problem, we
cannot expect to compute the correct phase when the fine propagator starts with
(almost) the same initial values on each fine grid.

5.3. Swinging spring (elastic pendulum). In this subsection we do a first
test on a fluid-related, more complicated problem, the swinging spring, also denoted
as the elastic pendulum. In the tests a two-level method is compared to three-level
methods with different averaging windows to study the effect of the averaging. The
swinging spring can be rewritten as a first order system and is given by

1 0 1 0 0 0 0 T 0
i‘g —w% 0 0 0 0 0 xZo )\.’)3121
du 1 0 0 0 1 0 0 Y1 0
5.6 — =" | =
(5.6) dt Uo 0 0 —w% 0 0 0 Yo * Ay121
21 0 0 0 0 0 1 21 0
29 0 0 0 0 —w? 0/ \2x Nz +y3)

For the numerical computation, we use the following parameters: wg = T,wz =
2wp, and A = 1.2w%. The initial value of the modulation equation is given by wy =
(0.006,0.,0.,0.00489,0.012,0). Multilevel Parareal algorithms with transformation
and averaging are applied to solve the system. We compare a three-level method
with a two-level method and investigate the errors at time T,., = 50 for the first
component of the system. For the two-level method we choose time-steps AT} =5
and ATy = 0.05. The time-step ATy is small enough to resolve the fast oscillations in
the problem. With the time-step ATj the coarse dynamics is resolved. Additionally,
the averaging window 7 = 2 guarantees that the fast oscillations are averaged on the
coarse level, level 1.

When applying the three-level method, two iterations are done on the interme-
diate level, level 1. The number of iterations on the coarse level, level 2, is varied in

(© 2024 SIAM. Published by SIAM under the terms of the Creative Commons 4.0 license



Downloaded 08/22/24 to 144.173.255.234 . Redistribution subject to CCBY license

A2726 JULIANE ROSEMEIER, TERRY HAUT, AND BETH WINGATE

the test. Moreover, the coarse and fine time-steps are the same as in the two-level
case. Especially, we have AT, =5 and ATy = 0.05. But we introduce an intermediate
level and increase the parallelism. The time-step of the intermediate level, level 1,
is ATy = 0.5. In particular, the coarsening factor is N = 10. For the coarsest level
the averaging window is chosen as 75 = 2. We test different averaging windows on
the intermediate level, that is, n; = 0.2,0.75, and 2. When we choose 7, = 0.2 we
relate the averaging windows on the levels by the same coarsening factor that relates
the time-steps. The choice 177 = 2 is inspired by the dynamics of the system, be-
cause this window ensures that we average the fast oscillations also on level 1. The
value 1; = 0.75 is an intermediate choice to see how the error develops for changing
averaging windows.

The reference solution is computed with the RK2 method with a time-step of
At = 0.001. This choice makes sure that the reference solution is more accurate
than the fine solver of the two-level method. The errors for the two- and three-level
methods can be found in Table 3. We may observe that with an increasing number of
iterations on the coarse level the accuracy of both the two- and three-level methods
increases until the methods converge to the fine solver. The approximation error
and thus also the efficiency of the three-level methods strongly depend on the choice
of the averaging window on the intermediate level, ;. For n; = 2 the convergence
for the three-level method is almost the same as for the two-level method, whereas
the accuracy deteriorates for smaller intermediate averaging windows. Consequently
for the case 71 = 2 we can benefit from more parallelism of the three-level method.
Choosing 171 = 12 = 2 means that the same frequencies are averaged on the coarsest
and second coarsest levels. Thus, for that case the solutions computed on level 1
do not represent the model behavior of an intermediate scale. Table 4 shows the
number of serial steps done for the two- and three-level methods depending on the
iterations. Especially, we see that we do fewer serial steps when the three-level method
is applied.

TABLE 3
Errors of the first component at time Tmax = 50.

Iteration n1 =0.2 n1 =0.75 n =2 Two-level method
1 5.96698264213838e-04 7.08281803419343e-04 7.175950573062584e-04 7.175766438230063e-04
2 1.4503391511486857e-04  4.627682726392884e-06 7.244961778282016e-06 7.2234487876014775e-06
3 1.6846111177755765e-04 3.6002717718981725e-05 2.4794370887603473e-05 2.4824342166950703e-05

I

1.5175374381607917e-04  1.977436923063236e-05 8.614816726031094e-06 8.641258080730602e-06
1.5190431144367772e-04  1.980929225765815e-05 8.639280904016583e-06 8.665761458456767e-06

ot

TABLE 4
Computational cost. Number of serial steps for a two- and a three-level method, computed with
(4.1) and (4.2). For the three-level method the number of iterations on level 1 is k1 = 2. Varying
number of iterations on the coarsest level for both the two- and three-level methods.

Iteration Two-level method Three-level method

1 120 70

2 230 130
3 340 190
4 450 250
5 560 310

(© 2024 SIAM. Published by SIAM under the terms of the Creative Commons 4.0 license



Downloaded 08/22/24 to 144.173.255.234 . Redistribution subject to CCBY license

MULTILEVEL PARAREAL ALGORITHM WITH AVERAGING A2727

5.4. One-dimensional rotating shallow water equations. Here solutions
to the RSWE
81}1 1 1 0h 61}1

— _—— —_—— = 4

(5.7) o + o Vg + o 01 U1 oz noL v,
81]2 1 81}2 - 4

(58) E + g’Ul +U1% == ,U/azvg,
oh  10v, 0 o

are computed. This is the same example investigated in [12] where convergence of
the two-level method with averaging is shown. A similar notation is used here. With
h(z,t) we denote the surface height and vy (z,t),ve(x,t) are the horizontal velocity.
Moreover, a hyperviscosity term with diffusion coefficient z = 10~% is used. Addition-
ally, we impose periodic boundary conditions and use the initial data

vl =0, v2=0,

5.10
(5.10) h=c (6(74(””*”/4)2) sin(3(x — w/2)) + e(~2(@=m)?) sin(8(x — W))) + ca,

where the constants ¢; and ¢y are chosen such that
27
(5.11) / h(z,0)dx =0, max |h(z,0)] =1.
0 xT

To solve the RSWE numerically a pseudospectral method with 128 spatial Fourier
modes is applied. For the time-stepping we use a three-level Parareal scheme with
averaging and a second order Strang splitting method as a basic integrator. The
numerical time-stepping method is tested for two different parameter regimes. The
Rossby number, €7, is chosen as 0.1 in both cases. The Froude number, €5, is given
by the relation F'/2¢;, where F' is the Burger number. In the first test, an important
limiting case in geophysical fluid dynamics, the Burger number F' is chosen to be 1,
thus €; = €2 = 1/10. This test is done with coarsening factors N = 10,20,40 and an
interval length 48. In the second test the Burger number F' is chosen to be 1/100,
thus there are two linear intrinsic frequencies with e; = 1/10 and e; = 1/100. The
coarsening factors are N = 10,20, 30 and the interval length is 45. For both tests, the
time-step on the finest level is 1/2000. The time-steps on levels 1 and 2 are determined
by the fine time-step and the coarsening factor. The averaging windows on levels 1
and 2 are chosen to be equal to the time-steps used on levels 1 and 2. The initial guess
is computed on the entire length of the solution interval before the first correction
iteration. In Figures 5 and 6 the errors in the relative L°° norm, the same norm used
for the errors in [12], are shown. We can see that the numerical method converges
with an increasing number of iterations. For the case F'=1/100 fewer iterations are
needed for convergence compared to the case F'=1.

Suppose we are given a two-level method to solve the case with F' = 1. The
two-level method uses a coarsening factor N = 40 and two correction iterations are
done. The solution interval in time is [0,48]. Then we want to answer the question if
it is possible to design a three-level method which is more efficient than the two-level
method. The two-level method gives an error of 1.80e —05. The computational cost of
the two-level method is computed by applying (4.1) and is given by C? = 7280 serial
steps. We compare it to a three-level method with a coarsening factor of N = 20.
With ko we denote the number of iterations on the coarse level and we do ki =3
iterations on the intermediate level. Then the three-level method converges to a
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Fic. 5. Error and computational cost of
the numerical solution to the RSWE with a
three-level Parareal method with averaging, pa-
rameter choice: € =0.1, F =1. The dashed gray
lines show the error and computational cost of
a two-level method with a fized number of iter-
ations.
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FiG. 6. Error and computational cost of
the numerical solution to the RSWE with a
three-level Parareal method with averaging, pa-
rameter choice: e =0.1, F =1/100. The dashed
gray lines show the error and computational
cost of a two-level method with a fixed number
of iterations.

two-level method with three iterations, which guarantees that the three-level method
converges to a two-level method, which is more exact than the two-level method with
two iterations. The computational cost can be computed with (4.2) and is given
by C? = 240(ky + 1) + 140ko, where ko denotes the number of iterations on level 2.
When £ < 28, we do fewer serial steps with the three-level method than with two-level
method with two iterations. With the three-level method we reach the accuracy of
the two-level method with two iterations after 13 iterations already. Therefore, we
can find a three-level method which is more efficient than the two-level method with
two iterations; for a comparison see Figure 5.

Now we consider the case F' = 1/100. We choose a two-level method with a
coarsening factor of N =60 and do two correction iterations. Thus, according to (4.1)
C? = 4620 serial steps must be done. We compare this method to the three-level
method with a coarsening factor of N = 30 and k; = 3 iterations on level 1. Thus,
depending on the number of iterations ko we do C® = 310k, + 100 serial steps with
the three-level method. The computational cost C3 is computed with (4.2). If we do
no more that 14 iterations with the three-level method, the computational cost of the
three-level method is less than the computational cost of the two-level method. The
three-level method is more accurate than the two-level method after eight iterations
already, as the two-level method gives an error of 1.90e — 4; see Figure 6.

6. Discussion and conclusion. In the present study, a multilevel Parareal
method with and without averaging is proposed and investigated, with a special focus
on oscillatory problems. The averaging technique and transformation play a cen-
tral role when oscillatory problems are solved because they mitigate the oscillatory
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stiffness. Therefore, big time-steps can be used on the coarse levels, which is demon-
strated in the numerical examples.

One important result is the derivation of error bounds for the methods building on
results in the literature and underpinning theoretically the convergence of the method.
In particular, the basic time-stepping methods applied on the levels cause an error,
denoted as Ej and dp. The errors are amplified as a solution from one level is passed
to coarser grids. In the error bound the amplification is given by the amplification
factors A;. Increasing the number of iterations on a level [ changes Ej. Additionally,
the computational cost of the multilevel Parareal method is discussed.

Finally, several numerical examples are studied. The investigation of the numer-
ical examples includes a discussion when multiple levels can be more efficient than
the Parareal method with only two levels. If the algorithms without averaging and
mapping are used, the multilevel approach can lead to algorithms which are not ben-
eficial in terms of efficiency; see the example in subsection 5.1. However, combined
with averaging and the transformation, methods with multiple levels are promising
for oscillatory problems, as they allow us to take big time-steps on the coarse levels
and we do not have to satisfy severe stability constraints imposed by fast oscillations;
see the other examples. The example in subsection 5.3 also shows that a good choice
of the averaging windows is crucial for the accuracy. Moreover, the computations
in subsection 5.4 show that multilevel methods can be more efficient than a given
two-level method with a fixed number of iterations.

For the subsections 5.3 and 5.4 different strategies for increasing the number of
levels and thus the parallelism were examined. In subsection 5.3 a three-level method
was compared to a two-level method. The coarsest and finest time-steps are the same
for the two- and three-level methods, but for the three-level method an intermediate
level was introduced. In subsection 5.4 the time-steps on the finest level and the
second finest level are comparable for the two- and three-level methods, but for the
three-level method an even coarser level was introduced as the coarsest level. The
investigations concerning the choice of the time-steps on the levels are not exhaustive
and can be a topic for future studies.

The examinations on the example in subsection 5.3 also inspire an interesting
variant of the multilevel Parareal method. When introducing an intermediate level,
which bridges the scales for the numerical computations and does not represent the
model behavior on an intermediate scale, we might use a constant function as an initial
guess on the grids of level 1. In particular, the constant functions on level 1 would
admit the initial values provided by level 2. Possibly, this would not increase the error
significantly, because the level 1 solutions only have to capture the coarse dynamics
which is already resolved by the solution from level 2. Additionally, we would save
the serial steps needed to compute the initial guess on level 1. The investigations
concerning computational cost and efficiency shall be continued in the future on more
complex examples including many scales or a continuous range of scales.

Appendix A. Proof of the theorem.

A.1. Theorem 3.3.

Proof. The proof has two building blocks. First, we build upon the two-level
proof in [18], but additionally assume that the fine propagator is not exact. Second,
an inductive argument is applied to obtain a multilevel result.
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One Parareal correction at time T, is given by
u(Tn) = Up™ = E(u(Ta-1)) = Gi(u(Tn-1)) +G1(Uy_y) = E(Uy_y)
+G1(u(Tn-1)) = GL(UYE) + E(Uy_y) = P'(Uy_y).

The estimate for the last line is given through the accuracy estimate of the fine
propagator

(A.2) 1E(U, 1) = PO(Uy 1)l < cATIATE".

(A1)

The first two lines can be rewritten as
E(u(T,-1)) = Gi(u(To1)) + G (U 1) — E(US_4)
= E(u(T-1)) = EY(u(Tn-1)) + E* (w(Tp-1)) = Gi(w(Tp1)) + - --
(A.3) +G(Uy 1) = B (Up 1) + BN Uy 1) — E(U; )
=My 1 (u(Th-1),€6m) + Mo 1 (w(Th1 6;7717AT)-~-
— Mo (Up_y,6,m,AT) = My 1 (US_y, 6,m).

The function Mo ;(v,€,m;, AT), where the index [ refers to the level, has a represen-
tation of the form

(A4) Mo (v, e,m, AT) < CATPT max {‘5‘ K(E,m,W)}MO(U)~

UJow

\_/\_/

Moreover, Mg (v, €, m, AT) is Lipschitz continuous in the first component.
In addition, for the function Mj ;(v,€,n) a relation of the form

(A.5) M (v, e,m) < CmeM, (v)

can be found where M (v,¢,n) is Lipschitz continuous in v. The aforementioned
results about Mo, and M;; can be found in [18]. We take M, and M, as the
maximum of M; 1 and ./\/lo ; over all levels [.

We use the subsequent relations which are given in [18],

A.6) G (u(T ))*@z(Uk“)ll<(1+CAT1)IIU( -0 = U,
(A7) IMy(u(To),€m) = Maa(Uy g, e;m)ll < Cmel|u(Tm1) = Uy,

HMOl( ( ) nl7AT) MO[( n— 1,€ 777I7ATZ)H
€
< AT max {| | w(em,) f [u(T0) = UF .

wo<w

(A.8)

where UF denote Parareal solutions of level [.
Thus, the following estimate can be obtained for the two-level case:

(A.9)
[u(T) = US| < Conella(Ta) = US|
+C’ATP+1 max{‘E’H(G,m,w)}||U(Tn—1)—U7’ff1||

+ (1 4+ CATY)|[u(T,—1) — U+ 4+ eAT  ATP?

wlemos) }) u(T0) - U
(1+CAT1)||u( _1) = UFH 4 eAT ATE?

k+1
—alen 1—|—ﬂ18+ + do;

<C’7]1€ + C’ATerl max {

UJ[)UJ
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this gives us a recurrence relation, where k counts the Parareal iterations and n counts
the steps through the time grid.
For k=0 we have

(A.10)
u(Ty) = U]l < € = |1 E(u(To-1)) = G (US|
< E@(Ta-1)) = G (@(Ta)) | + |G ((T-1)) = G (US|
< B @(Ta1)) = B (T )| + 1B (T 1)) = G (T 1))
G (@l Ta1)) = GO
< Cme| M| + CATY ! ma {| <] wle,niw) | [ Mol
+ (1 CATY) (T 1) = Uy | =71 + Brehoy -

We have used the following notation further above:

_ €
(A1) a=Cme+ CATY max {] S| wem.w)
(A.12) Bi=1+CATy, 8= cATL AP,
~ € ~
(A.13) 1= Copel| Ma| + CATY max { | <[ (e, m,w) } IVl
wo<w w

Thus, we find the recurrence relation from Lemma B.1. For a two-level result
with nonexact fine propagator Lemma B.1 can be applied. The inductive step for the
multilevel result can be found in Lemma B.4. 0

Appendix B. Useful results for the convergence proofs.

LEMMA B.1. Suppose we are given the following recurrence relation:
(Bl) efLJrl :aefz—l +56Zt11 +§n, 62,:7+B69L—13

with 60 =0 and 6, =9 forn>1. Then the e’; can be written in nonrecursive form as

(B.2) ey < (k i 1)70/“5"_’“_1 +n6p" M1+ ao)" forn>k.

Proof. The proof uses generating functions pr, =3, -, ek (™ and arguments very

similar to the ones given in [9]. In particular, we find

1 ¥¢ ¢
B.3 = — d = o——.
(B3)  po e Pt = 0GPk + Blprn + 07
The rest follows by induction and the results in Lemmas B.2 and B.3. O
LEMMA B.2. Suppose 5>1 and 0 < <1/8. Then the following inequality holds:
¢t 1 J kpj—k—14j
B.4 § < J 7
(B.4) 10 s T gy < D Ly et

j>k+1

Proof. Assuming that 0 < ¢ <1/8 and 8 > 1, we have 1/(1 — () < 1/(1 — ().
Applying the binomial theorem, we can derive the following relation:

(B.5)
k+1 k ; ) ) ; ) )
70/67(1 fﬂC)k” => ( +; +j)7akﬂ]Ck+1+J = (k i 1) S A E G I s

5>0 j>k+1
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LEMMA B.3. Suppose we are given S > 1. Choose ¢ such that 5 < 1 and
13%4 < 1. Then, we can find the following estimate:

k—1 ,
(B.6) o¢ Z (2¢) < Znéﬁ" Y1+ agn) "¢, where agy, €10, 0].
1—C = (1-pQ)r+!

Proof. Newton’s generalized binomial theorem is applied and we find

k—1

5r<—7‘+1 o +1+
CZ 1—54: _Z YRGS Z§O¢C+1Z<T : ‘7>5JCJ

>0
(B.8) -y ¥ ( H)aaw g,

r=0j5>r+1

/\

?r‘\
H O

For the summands we define

(B.9) So=a’s 3 ( )ﬂﬂ 1,

j>r+1
Ordering relation (B.8) with respect to orders of ¢ we find

min(n,k)

min(n,k)
gn 5 Z ( )5nmam1 < 6,8”71071 z <:1) o™

m=1

<oB"~ 1 ((1 +a)"-1)< 56"*10710471(1 + aOn)”*l = néﬂnfl(l + a(m)"*l,

where 1+ g, € [1,1+ «]. The value of «g,, can be different for different n. The third
inequality follows from the intermediate value theorem. Thus, we have

(B.10) C Z ( 1—5C — Z r < ;”55"—1(14-0&0”)"—1@).

Remark. In order to reorder the terms in the last inequality we need uncondi-
tional convergence of the sum over the S,. Unconditional convergence is equivalent
to absolute convergence in R™. As a finite sum over absolutely convergent series, the
sum over the S, is absolutely convergent too. O

For the remaining results we use the subsequent notational conventions:
1. To avoid cumbersome notation the constants are not indexed with the level
I. Instead we assume that C; = max;{C;,;}, where | counts the levels.
2. The propagators on the levels 1,...,L — 1 have at least an accuracy order of
p,ie,p= minl:l,..A,L—l{pl}-
In Lemmas B.5, B.6, B.7, and B.8, we assume that we have a coarsening factor N
which relates the levels. Then the time-steps on the different levels obey the following
relations:

(B.11) AT, = N'ATy,
(B.12) AT, = N"=E=YDAT, 4,

where ATy is the time-step on the finest level, level 0, and AT,_1 is the time-step on
the coarsest level, level L — 1.
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LEMMA B.4. We consider the recursively formulated inequality
eﬁlyl <E +Aid1

with 6_1 = e];\,l 1 and ek it < ekl  Jor alll, n < N. Then we can show the inequality

(B.13)

l 1
H G+ do H Al—,
j= =1
which depends on &y and is independent of 6,1 (if l—1>1).
Proof. For the proof induction can be applied. 0
LEMMA B.5. Suppose §g and A; satisfy the following relations:

AT T ATy,
(B14) 50:Cm, Al SNeXp <C2NL—1—I +ClTN(L1l)(p+l))
(see Lemma B.8 for A;). Then, we can find the following bound:
= . 1—-1/NE , 1—1/NL@+)
— 0

=1

Proof. We use the estimate for A; from Lemma B.8. In addition, we apply the
finite geometric series and the relation NAT,_1=T.

ATt C,T Ci\TATY
% H Al S T o1 H Nexp <NL—1—z + N<p+1><Lll>>

AT 1\ 1-1/NE . 1—1/NLG+D
_cT( NI ) exp CzTilfl/N +01TATL—1—1,1/N10+1 .

LEMMA B.6. Suppose E; and A; can be bounded by the relations (B.26) and
(B.27). Then the following estimate can be shown:

L—1
CeT CiTATy, 4
. P <
w3 I s (75 )

N
X max <(kl N 1> C’gC’fl

Proof. We use the result from Lemma B.7.

ATPHRP
1— (1/N)kp+k+p ’

L-1 -
N
(B17) ZE[ H A Z <]<J +1)CnglA7’lk1P+kz+PATL_l
-1 j=it1 =1 M
CeT e TAT 4
SP\TN T TN
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CT TAT?
(B18) SexP(l—l/N+Cll—1/NP+1 ATL—l

N L-1
k kip+ki+
({2 e K

=1
GT ., TATY,
1-1/N " '1—1/NpHT

N ki
X max <<k'l N 1) CsCY

where we used k=min;—;  —1{k/} and the geometric series in the last inequality. O

LEMMA B.7. Let E; and A; be bounded by the relations (B.26) and (B.27). For
the expression Ej Hf:_li_l A; we find the following estimate:

(B.19) <exp

ATfp?Hp
) 1— (1/N)kp+k+p’

(B.20)
L-1 N
E A< ki AT kip+ki+p)
l,H ]—(kl+1>cl 03( l)
Jj=Il+1
1—1/NE=1=D . 1-— 1/Np+D(E-1-0)
X ATL,1 exp (C2T]_1/]V+CITATL_1 1— 1/N(p+1) )

Proof. The bounds (B.26) and (B.27) from Lemma B.8 are used:

(B.21)
L-1 N T
- b (AT, D D) -
(B.22) XNL—l—leXp< CoT(1+1/N +...1/NE=1=1=h
(B.23) FOTATY (1 /NP 1 N1y
N k kiptkitp) ATL-1 \ro1
(B.24) < (kz +1>01’C3(AT1)( ptk p)mN
1-1/N@=1-D , 11— 1/NE+DE-1-0
(B.25) X exp <CQT1—1/N + O\ TAT 1—1/N®+D) > a

LEMMA B.8. Using the relations (3.4) and (3.6) to define E; and A; we can show
the following bounds:

N T
(B26) E < <kl n 1) Cfl Cg(ATl)(k-‘rl)(P-‘rl) exp (Czij_H) 5
T ATg—l
(B.27) A< Nexp | Corm + O T i )

where the propagator on level | for | > 1 has an accuracy order of at least p.

Proof. According to (3.4) and (3.6) we have

n ke — _ _
(B.28) El:<kl+1>%a§wﬂlf\r Ky L AI:N@’[N 1(1+a0N,z)N 1
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Then the following relations hold:

AT N\ ATy
OélzclATlp-H:Cl (]\/'Lll> 5 /Bl:1+02Aﬂ: (1+02]VLL11[>7
AT B p+1 ATPO+1
_ +1 L—1 . . L—1
’Yl —C3ACZ—1lp —03 (]\7[4”) 3 60—CAT1AT(§JD —Cm.

Thus we get for E)

ki

N AT \PH AT \PH AT, \ VRt
E = Cs (o o 1+ Cyr iy
B+ 1 NL-1-1 NL-1-1 NL-1-1

N T
: (kl + 1) Oy C3(AT) D+ exp (CzNle> ’

where Ty, T1, ..., Ty denote the grid points on the coarsest level.
In addition, for A; we find
(B.29) A =N A+ aon )V TSN L )N
1
AT\ ATy, \P™
T AT?
(B.Sl) S Nexp <C2]\]'Lll + ClT <]\[(Lll)(p+1))> .

In the last inequality we exploit that NATy 1 = T, where T is the length of the
integration interval (on the coarsest level). d
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