1

Venue
Conference Center Monte Verità
Str. Collina 84, 6612 Ascona
Switzerland

Committee
•
•
•
•
•
•
•

R. Krause (Università della Svizzera italiana)
M. Gander (Université de Genève)
D. Ruprecht (University of Leeds)
R. Speck (Jülich Supercomputing Centre)
M. Bolten (Universität Wuppertal)
J. Schroder (Lawrence Livermore National Laboratory)
G. Wittum (KAUST / Goethe Universität Frankfurt)

We thankfully acknowledge the financial support of:
•
•
•
•
•
•
•
•
•

Congressi Stefano Franscini
Universitá della Svizzera Italiana
ETH Zürich
Institute of Computational Science ICS
Swiss Graduate Program FoMICS “Foundations in Mathematics and
Informatics for Computer Simulations in Science and Engineering”
Swiss National Science Foundation SNSF
Forschungszentrum Jülich GmbH
SPEXXA Software for Exascale Computing
Lawrence Livermore National Laboratory (LLNL)

3

Shuttle with 9
seats between
Locarno train
station and the
hotel on a first
come, first serve
basis. Departure
at 16.10; 16.50;

Welcome Apéro

Benedusi, p.9

11:30-12:00

19:30-20:00

19:00 - 19:30

18:30-19:00

18:00-18:30

17:30-18:00

17:00-17:30

Dinner

Günther, p.20

16:00-16:30

17.35; 18.15; 18.55;
19.35

Knodel, p.27

15:30-16:00

Dinner

Kumbhar, p.31

Coﬀee

15:00-15:30

16:30-17:00

Schreiber, p.50

14:30-15:00

19:30-20:00

19:00 - 19:30

18:30-19:00

18:00-18:30

17:30-18:00

17:00-17:30

16:30-17:00

16:00-16:30

15:30-16:00

15:00-15:30

14:30-15:00

14:00-14:30

13:30-14:00

Philippi, p.45

14:00-14:30

13:00-13:30

13:30-14:00

12:30-13:00

12:00-12:30

11:30-12:00

11:00-11:30

10:30-11:00

9:50-10:30

9:20-9:50

8:30-9:20

Time Tue-Fri

13:00-13:30

12:30-13:00

Mele, p.38

Iizuka, p.23

11:00-11:30

Lunch

Kern, p.25

10:30-11:00

12:00-12:30

Coﬀee

9:50-10:30

Halpern, p.21

Monday

9:00-9:50

Sunday

Welcome ( R. Krause; Lorenzo
Sonognini, director Fondazione
Monte Verità; Chiara Cometta,
CSF)

Sunday travel

8:30-9:00

Time Sun-Mon

Minion, p.40

Lunch

Dinner

18:00
Ruprecht
Community Apéro

workshop
X-Braid, p.5

Schroder, p.53

Coﬀee

Normile, p.42

Goetschel, p.19
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Gander, p.18

Shuttle with 9 seats between
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Lunch

CSF Award Ceremony and closing

Cyr, p.12

Favino, p.15

Coﬀee / check out

Samaey, p.47

Friday

Award
The organizing committee is pleased to announce the CSF Young Scientist Award
for the best presentation by an early career attendee. All PhD students and people
who have finished their PhD in the last three years are eligible, with a maximum
age of 33 years. This generous award, funded by CSF, comes with a prize of CHF
500, and will be formally presented to the winner at the end of the conference.
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Schroder, Jacob, X-Braid
Speck, Robert, pySDC
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Introduction to XBraid
Jacob B. Schroder
Duration: 1 hour
XBraid is an open source, non-intrusive, and general purpose parallel-in-time
code developed at Lawrence Livermore National Lab. XBraid implements the
multigrid reduction in time (MGRIT) algorithm, which allows for the addition
of temporal parallelism to existing codes.
-

Is a scalable, multilevel parallel-in-time method based on multigrid
Non-intrusively wraps existing sequential time integration codes
Supports a variety of time stepping and space-time refinement schemes
Uses FAS multigrid to solve nonlinear problems
Is equivalent to parareal with certain two-level settings

The XBraid code:
- Is written in MPI/C with C++ and F90 interfaces
- Is released under LGPL 2.1
The tutorial can simply be watched. To be interactive, you will need:
- XBraid 2.1 (or higher)
For code and user's manual, see http://llnl.gov/casc/xbraid
- GCC compiler
Recommended:
- MPI
- Python 2.7 (or higher) with NumPy and Matplotlib
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Introduction to pySDC
Robert Speck1
Duration: 1 hour
In this tutorial we will give an introduction to our Python prototyping framework
pySDC, which provides various implementations of spectral deferred corrections
(SDC) and its variants multi-level SDC and PFASST. pySDC is intended for rapid
prototyping and educational purposes. New ideas like e.g. sweepers and
preconditioners can be tested and first toy problems can be easily implemented. It
also provides an interface to the Finite Element library FEniCS. Time-parallel runs
can be performed either in parallel using mpi4py or, in order to avoid technical or
debugging issues, in serial using emulated PFASST implementations.
We will first give a brief introduction to the design, capabilities and
limitations of the code. Then, if installation goes well, participants can create and
run their own examples, going from a simple, single-level time-serial SDC sweep to
a full-fledged PFASST run. This will be done along the lines of the preimplemented tutorials, which are part of the pySDC installation. For more details,
see http://www.parallelintime.org/pySDC.
For the hands-on session, participants need a Python installation (version
2.7 or 3.x) with recent versions of the packages numpy, scipy, nose, future,
matplotlib, pep8 and coloredlogs. An installation script trying to satisfy these
dependencies based on the current Python interpreter will be provided at the
beginning of the session.
1

Jülich Supercomputing Centre, Forschungszentrum Jülich GmbH
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Space Time Approaches in Electrophysiology
P. Benedusi, C. Garoni, S. Serra-Capizzano, R. Krause
We present a parallel and efficient multilevel solution strategy for solving the nonlinear system arising from the space-time discretization of problems in
electrophysiology. In particular, we employ a semi-geometric multigrid method for
a transient diffusion equation discretised with space-time finite elements.
For the construction of the coarse spaces in the spatial domain we employ
L2-projections. This approach allows for an algebraic construction of the operators
on the coarse levels of a multigrid hierarchy which takes into account geometric
information. Nevertheless, the simulation can be performed on arbitrary
geometries. The multilevel hierarchy for the time domain is instead constructed
with geometrically conforming 1D meshes.
While we use continuous finite elements in space, for stability reasons we
adopt a discontinuous Galerkin discretization in time. We perform a spectral
analysis of the space-time matrices raising from this discretization, with finite
elements of arbitrary regularity in space. We show that space-time matrices enjoy
an asymptotic spectral distribution as the mesh fineness increases, and we
determine the associated spectral symbol, i.e., the function which carefully
describes the spectral distribution.
Furthermore, we describe our software framework and some relevant
implementation details. In particular, we solve with a semi-geometric multigrid
method a transient diffusion equation discretised with space-time finite elements.
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Challenges in flow and transport simulations
in porous media
Eleonora Crevacore, Alfio Grillo
Department of Mathematical Sciences (DISMA) “G.L. Lagrange”, Politecnico di
Torino Corso Duca degli Abruzzi 24, 10129, Torino, Italy. E-mail:
eleonora.crevacore@polito.it, alfio.grillo@polito.it
In the wide spectrum of problems associated with the modelling of porous media,
the study of flow and transport phenomena is of interest for both Environmental
and Chemical Engineering as well as for Biomechanics. In environmental sciences,
the knowledge of the nature of particles transport is important to engineer effective
remediation intervention or for improving filtration processes [1]. In Biomechanics,
the understanding of the fluid-structure interactions can lead to relevant insight
into the modelling of the mechanical behaviour of soft biological tissues, thereby
contributing to generate engineered tissues [2] for graft of rehabilitation therapies.
Both in the environmental and in the biomechanical framework, problems are
formulated by nonlinear systems of differential equations that involve several time
scales and different levels of spatial resolution of the addressed phenomenology.
Searching for numerical solutions to these problems often requires the development
of dedicated numerical methods, and the complexity of the systems usually
translates into high numerical costs (see [3] for the analysis of transport in
heterogeneous materials).
In environmental and chemical engineering, computational fluid dynamics
offers an exceptional tool for predicting the dispersion and migration length of
particles as well as their deposition on the solid matrix of a porous medium. From
the point of view of the spatial resolution of these processes, finely discretised
domains are required to catch flow and concentration boundary layers as well as
the development of complex recirculation zones [4]. Moreover, since the majority
of transport and deposition phenomena of interest are transient by nature, a
considerable amount of data is needed for the complete description of the evolution
of the studied systems. This is the case, for instance, for the systems undergoing
tailing effects, for which high precision data are required on extremely long time
10

scales [5].
In Biomechanics, the shape, functioning and properties of tissues are the
result of morphogenetic, remodelling, and growth processes in which phenomena
evolving over fast time scales (e.g., chemical reactions) are accompanied by long
term effects, such as ageing or structural variations of the tissues [6]. This means
that, aside from the physics of the considered problems, to be of actual relevance,
simulations have to be implemented on extended time scales, which is usually not
feasible in standard implementation tools.
We observed that standard simulation techniques do not allow to work with
high quality data at reasonable computational costs, even having access to HPC
resources (HPC@polito and CINECA). This, indeed, imposes a limit to the
explorable operating condition in in-silico experiments. The development of new
sophisticated methods to improve parallelisation is thus of pivotal importance to
extend the feasibility and accuracy of numerical investigations.
References
[1] Vecchia, E. D., Luna, M., and Sethi, R. (2009). Environmental Science &
Technology, 43(23):8942–8947.
[2] Wilson, W., Driessen, N.J.B., van Donkelaar, C.C., Ito, K. (2006).
Osteoarthritis and Cartilage, 11:1196– 1202.
[3] Boccardo, G., Crevacore, E., Passalacqua, A., Icardi, M. (2017). Computing and
visualization in Science, (Submitted)
[4] Crevacore, E., Tosco, T., Sethi, R., Boccardo, G., and Marchisio, D. (2016).
Physical Review E – Statistical, Nonlinear, and Soft Matter Physics, 94(5).
[5] Luo, J., Dentz, M., Cirpka, O. A., & Kitanidis, P. K. (2007). Water Resources
Research, 43(9).
[6] Grillo, A., Prohl, R., Wittum, G. (2016). Continuum Mechanics and
Thermodynamics, 28:579–601.
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Towards Parallel in Time for Full Space Optimization
Eric C. Cyr, and Denis Ridzal
Transient PDE constrained optimization is challenging due to repeated forward
and backward simulation. Using current approaches, when a simulation uses only
a parallel spatial decomposition near the strong scaling limit, the time to solution
for the optimization problem cannot be decreased by adding more computational
resources. Addressing this issue requires algorithmic advancement in optimization
algorithms and solution methods. This talk proposes a new parallel in time
preconditioner for solving transient KKT systems arising in an inexact SQP
algorithm. Our composite-step SQP algorithm utilizes inexact iterative solution of
"benign" KKT systems, corresponding to a sequence of strictly convex quadratic
programs. Its inexactness- handling mechanisms ensure global and fast local
convergence. The preconditioner used to solve the KKT system is critical to the
efficiency of this algorithm. Our preconditioner explicitly exposes continuity in time
constraints using a time domain decomposition technique. These constraints are
relaxed and the coupled forward-adjoint system is solved using a multigrid in time
process. This talk will present the preconditoner and show results in a serial
prototype indicating convergence independent of the number of time steps. The
mesh independence of the preconditioner is demonstrated both standalone and
when used within a Burgers equation constrained optimization problem.
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An Alternative to the Coarse Solver for the Parareal
Algorithm
Federico Danieli
Numerical Analysis Group
Mathematical Institute University of Oxford Oxford, OX2 6GG, UK T: +44 7835
137445 federico.danieli@maths.ox.ac.uk
The Parareal algorithm is one of the simplest and most widely spread techniques
to achieve parallelisation in the computation of the solution of ODEs and PDEs
by splitting their time domain. However, ensuring its stability can be a challenging
task, which for the largest part revolves around the choice of the most apt pair of
fine and coarse solvers for the problem at hand. Stability is also an issue in the
case of advection-dominated equations, where the algorithm has often been shown
to perform poorly. In the attempt to overcome these problems, an alternative
formulation of Parareal is presented. Starting from an interpretation of the
algorithm as a Newton method, we notice how the sensitivity of the solution from
the application of the fine solver, with respect to variations on the initial
conditions, appears in the update formula. Rather than resorting to the application
of a coarse solver in order to approximate this term and consequently propagate
the update along the time domain, we aim to estimate this sensitivity in a direct
manner. The approach chosen is suitable for systems of ODEs of small size and
some simple PDEs, and extensions to general cases are not trivial and still remain
object of further work. However, the first experiments on model problems show the
potential of this method to overcome some of the limitations of Parareal, as well
as to boost its convergence speed.
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Multigrid reduction in time with Richardson extrapolation
Robert D. Falgout1, T. A. Manteuffel2, B. O’Neill2, J. B. Schroder1
1. Lawrence Livermore National Laboratory, USA
2. University of Colorado at Boulder, USA
Since clock speeds are no longer increasing, time integration is becoming a
sequential bottleneck. The multigrid reduction in time (MGRIT) algorithm is an
approach for creating concurrency in the time dimension that can be exploited to
overcome this bottleneck and is designed to build on existing codes and time
integration techniques. The XBraid library is an open source implementation of
MGRIT. The MGRIT approach is typically designed to solve the same space-time
problem as the original sequential time-stepping algorithm. In this talk, we discuss
a non-intrusive enhancement of MGRIT that uses Richardson extrapolation to
improve the accuracy of the space-time solution at virtually no extra cost, while
also providing adaptive time step control. Overall, this leads to a significant
improvement in the accuracy per computational cost of the MGRIT algorithm.
This work was performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344.
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Multigrid Methods for Variational Space-Time Elements
Favino M.1, Quaglino A.1, Ben Bader S.1, Hesch C.2, Schuß S.2, Dittmann M.2,
Eugster S. R.3 and Krause R.1
1Institute of Computational Science, Università della Svizzera Italiana,
Switzerland 2Chair of Computational Mechanics, University of Siegen, Germany
3Institute for Nonlinear Mechanics, University of Stuttgart, Germany

Space-time formulations are usually based on the Petrov-Galerkin formalism, based
on a time- discontinuous Galerkin methods [1, 2]. This leads to a lower triangular
stiffness matrices for the total system to be solved and preserves causality of the
information which flows always in the direction of positive time.
We present a multigrid solver for the novel space-time finite element discretisation
presented in [3]. Differently from the standard space-time methods, it is based on
a Bubnov-Galerkin approach, using continuous finite elements in time and spacetime, i.e. the same shape functions are employed for the solution as well as for the
test functional space. This approach can be derived in a variationally consistent
way and allows to transfer information in positive and negative time directions.
For two-dimensional problems in space, existing solvers for three-dimensional
problems can be applied directly to solve the arising large-scale problem. Even if
the application of multigrid methods is formally straight forward, since we only
have to consider to work in a Rn+1 dimensional space- time, however, certain
modifications might be necessary as the differential operator in time behaves
differently than in space. The main difficulty is that we have to deal with a purely
convective problem in time, hence multigrid solvers require the introduction of a
diffusion stabilization in time in order to recover ellipticity in time direction [2, 4].
For the application of continuous Lagrangian finite elements in time and spacetime, we construct the coarser approximation spaces using semi-geometric
multigrid methods [5]. These methods create a nested hierarchy of finite element
spaces based on a hierarchy of possibly non-nested meshes. Then, a discrete
(pseudo-)L2-projection operator between the finite element spaces is employed to
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restrict the residual from fine to coarse levels.
The proposed formulation is applied to thermal, fluid, and mono-domain system,
this latter representing a highly non-linear system with sharp space-time gradients.
References
[1] Horton, G. and Vandewalle, S. A space time multigrid method for parabolic
partial differential equations SIAM J. Sci. Comput., (1995).
[2] Gander, Martin J. and Neumu ̈ller, Martin Analysis of a New Space-Time
Parallel Multigrid Algorithm for Parabolic Problems. SIAM Journal on Scientific
Computing, 2016.
[3] C. Hesch, S. Schuß, M. Dittmann, S. R. Eugster, M. Favino and R. Krause
Variational Space- Time Elements for Large-Scale Systems, CMAME, 2017.
[4] Krause, D. and Krause, R., Enabling local time stepping in the parallel implicit
solution of re- actiondiffusion equations via space-time finite elements on shallow
tree meshes, Applied Math- ematics and Computation, (2016).
[5] Krause, R. and Zulian, P. A Parallel Approach to the Variational Transfer of
Discrete Fields between Arbitrarily Distributed Unstructured Finite Element
Meshes, SIAM Journal on Scientific Computing, (2016).

16

Performance of Space-time Parallel Multigrid Methods
Stephanie Friedhoff
University of Wuppertal
There are now many available parallel-in-time methods that allow for faster timeto- solution in comparison with classical time-stepping approaches, given enough
computational resources. However, a comparison of the different space-time parallel
approaches does not exist. A comprehensive comparison of all proposed parallel-intime methods would be prohibitively difficult, due to the complexities of generating
fair comparisons. In this talk, we focus on representative approaches of multigrid
type. In particular, we consider the non-intrusive multigrid-reduction-in-time
(MGRIT) algorithm [1] that, similarly to time-stepping, uses an existing time
propagator to integrate from one time to the next, and two invasive space-time
multigrid approaches [2, 3]. We present results which demonstrate that the
performance of the considered multigrid methods with space-time concurrency is
better than that of space-parallel time-stepping. Additionally, we show that the
processor distribution, i. e., the amount of parallelism in the spatial and temporal
directions, affects both the crossover point at which it becomes beneficial to use
one of the three multigrid methods over time-stepping and the parallel performance
of the methods.
References
[1] R. D. Falgout et al., SIAM J. Sci. Comput. 36 (6), pp. C635 – C661, 2014.
[2] G. Horton and S. Vandewalle, SIAM J. Sci. Comput. 16 (4), pp. 848 – 864,
1995.
[3] M. J. Gander and M. Neumu l̈ ler, SIAM J. Sci. Comput. 38 (4), pp. A2173 –
A2208, 2016.
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Multigrid Interpretations of the Parareal Algorithm:
Overlap and MGRIT
Martin J. Gander
The original parareal algorithm is a two level method. If one wants to extend it to
a multilevel method, it is instructive to first interpret the parareal algorithm as a
two grid method, and to identify the corresponding multigrid components like the
smoother, the restriction and prolongation and the coarse grid operator. Different
such interpretations are possible, and will be explained. One of these
interpretations leads to MGRIT, where the F-smoother used in parareal is replaced
by an FCF-smoother. This can in turn be interpreted as an overlapping variant of
the parareal algorithm, and reveals that overlap might be beneficial in some
situations. This is joint work with Felix Kwok and Hui Zhang.
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Parallel in time methods based on PFASST for parabolic
optimal control problems
Sebastian Götschel∗ and Michael Minion†
∗Zuse Institute Berlin, Berlin, Germany, goetschel@zib.de
†Lawrence Berkeley National Laboratory, Berkeley, USA, mlminion@lbl.gov
For the solution of optimal control problems governed by parabolic PDEs, methods
working on the reduced objective functional are often employed to avoid a full
spatio-temporal discretization of the problem. The evaluation of the reduced
gradient requires one solve of the state equation forward in time, and one backward
solve of the adjoint equation. In order to facilitate fully time- parallel gradienttype and nonlinear conjugate gradient methods for the solution of such parabolic
optimal control problems, the crucial ingredient is the parallel in time solution of
state and adjoint equations. In this talk, we consider using PFASST [1] for solving
state and adjoint equations. In addition to enabling time parallelism, the iterative
nature of the temporal integrators within PFASST provides additional flexibility
for reducing the cost of solving nonlinear equations and reusing previous solutions
in the optimization loop. We compare different strategies, discuss benefits and
difficulties, and present numerical examples.
References
[1] Emmett, M., Minion, M. L.: Toward an efficient parallel in time method for
partial differential equations. Comm. App. Math. Comp. Sci. 7, pp. 105–132, 2012.
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Time-Parallel Simultaneous One-shot Optimization
Stefanie Günther∗ Nicolas R. Gauger† Jacob B. Schroder ‡
∗TU Kaiserslautern, Chair for Scientific Computing, Paul-Ehrlich-Straße Geb. 36,
67663 Kaiserslautern, stefanie.guenther@scicomp.uni-kl.de
†TU Kaiserslautern, Chair for Scientific Computing, Paul-Ehrlich-Straße Geb. 36,
67663 Kaiserslautern, nicolas.gauger@scicomp.uni-kl.de
‡Center for Applied Scientific Computing, Lawrence Livermore National
Laboratory, P.O. Box 808, L-561, Livermore, CA 94551, schroder2@llnl.gov

A non-intrusive framework for integrating existing time-marching schemes for
unsteady partial differential equations (PDEs) into a time-parallel simultaneous
optimization algorithm will be presented. An iterative multigrid reduction
technique is applied to the time domain of existing PDE solvers utilizing the nonintrusive software library XBraid[1]. Its general user-interface has been extended
in [2] with the capability of computing adjoint sensitivities such that gradients of
output quantities with respect to design changes can be computed parallel-in-time
alongside with the primal PDE solution. In this talk, the primal and adjoint XBraid
iterations are embedded into a simultaneous optimization framework, namely the
One-shot method, where design updates towards optimality are employed after
each primal and adjoint update. Optimality and feasibility of the design and the
PDE solution are therefore reached simultaneously. Assigning the time domain to
multiple processors allows for a parallel-in-time One-shot optimization where
speedup over time-serial optimization methods can be achieved from greater
concurrency. The time-parallel One-shot algorithm is validated on an advectiondominated flow control problem which shows significant speedup over a
conventional time-serial optimization algorithm.
[1] XBraid: Parallel multigrid in time. http://llnl.gov/casc/xbraid. [2] Stefanie
Gu n
̈ ther, Nicolas R Gauger, and Jacob B Schroder. A non-intrusive parallel-intime adjoint solver with the XBraid library. Computing and Visualization in
Science (submitted), 2017.
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Direct Time Parallel Solvers by Diagonalization for PDE's
Laurence Halpern, Martin J. Gander (Genève), Johann Rannou, and Juliet Ryan
(ONERA)
halpern@math.univ-paris13.fr
With the advent of very large scale parallel computers, it becomes more and more
important to also use the time direction for parallelization when solving evolution
problems. We present here a mathematical analysis of a new method based on the
diagonalization of the time stepping matrix proposed by Maday and Rönquist in
2007. For non-equidistant discretization in time, diagonalization is possible, and
one has to trade off between the accuracy due to necessarily having different time
steps, and round-off errors in the diagonalization process of these almost nondiagonalizable matrices. We study this trade-off mathematically and propose an
optimization strategy for the choice of the time steps. We illustrate our results
with numerical experiments for model wave equations in various dimensions, and
also an industrial test case for the elasticity equations.
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Variational space-time elements
Christian Hesch, Stefan Schuß and Maik Dittmann
Chair of Computational Mechanics, University of Siegen
Paul-Bonatz-Straße 9-11, 57068 Siegen, Germany
e-mail: christian.hesch@uni-siegen.de
In this talk, we introduce a new Galerkin based formulation for transient
continuum problems, governed by partial differential equations in space and time,
see [1] for details. Therefore, we aim at a direct finite element discretization of the
space-time, suitable for massive parallel analysis of the arising large-scale problem.
To be specific, a Bubnov-Galerkin approach with continuous finite elements in the
whole space-time is used, i.e. we apply the same shape functions for the solution
as well as for the test functional space. We will present in detail the application to
mechanical systems, using a direct discretisation of Hamilton’s principle of varying
action in the Hamiltonian framework. This approach has already been addressed
in the fundamental papers of Emmy Noether within a continuous setting. This
allows us to formulate the system in a variationally consistent way in the discrete
space, hence we can demonstrate all necessary conservation properties of the
different systems under consideration. Additionally, thermal problems, fluid
systems as well as higher order formulations for problems in material science have
also been addressed within this joint project between the Chair of Computational
Mechanics in Siegen, the Institute of Nonlinear Mechanics in Stuttgart and the
Institute of Computational Science in Lugano. The application of domaindecomposition methods is formally straight forward, we only have to consider to
work in the R n+1 dimensional space-time. For two-dimensional problems in space,
existing solvers for three-dimensional problems can be applied directly to solve the
arising, massive large-scale problem. Eventually, we will demonstrate the
applicability of the proposed formulations to a wide range of problems.
References
[1] C. Hesch, S. Schuß, M. Dittmann, S.R. Eugster, M. Favino and R. Krause.
Variational space-time elements for large-scale systems. Comput. Methods Appl.
Mech. Engrg., 2017. DOI: 10.1016/j.cma.2017.08.020
22

Investigation of Convergence Characteristics of Parareal
Method for Advection Equation using Accurate Phase
Calculation Method
Mikio Iizuka 1, Kenji Ono 1
1 Research Institute for Information Technology, Kyushu University, 744
Motooka, Nishi-ku, Fukuoka, 819-0395 Japan
The convergence of the parareal method for hyperbolic PDEs, such as the advection
equation, is worse than that of parabolic PDEs. It is reported that, theoretically,
the poor convergence rate of the hyperbolic PDEs is identified by the beating of
waves caused by a discrepancy of the phase between the fine and the coarse solver
[1]. Therefore, we need the method that can improve the phase accuracy calculated
by the coarse solver. In this study, we introduce the CIP scheme (Constrained
Interpolation Profile Scheme or Cubic-Interpolated Pseudo Particle method) [2]
and STRS-CIP scheme (Space- Time Reversal Symmetry CIP Scheme) to improve
a convergence rate of the parareal method for the advection equation. The CIP
scheme performs numerical advection process by the semi-Lagrange method using
the cubic interpolation function of both variables and its gradients. The gradient
is constrained by the advection equation and represents the phase of the variables.
Then, if we use the CIP scheme in a coarse-solver, the phase accuracy is expected
to be improved. STRS scheme [3] is proposed by K.Watanbe and can remove the
numerical diffusion using a space-time reversal symmetry of the advection
equation. Then, it is expected for applying the STRS scheme to the CIP scheme
to increase the accuracy of CIP scheme. Therefore, in this study, we propose STRSCIP scheme that combines the CIP scheme and STRS scheme.
In this presentation, we show the numerical method of the CIP scheme,
STRS-CIP scheme, and preliminary results of the convergence of the parareal
method. Then, we discuss the convergence characteristics of the parareal method
for the advection equation using the high phase accuracy calculation method.
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When should one stop iterations in a domain
decomposition method?
S. Ali Hassan, Project-team Serena, Inria Paris, sarah.ali-hassan@inria.fr
C. Japhet, Laga, University Paris 13, japhet@math.univ-paris13.fr
M. Kern, Project-team Serena, Inria Paris, Michel.Kern@inria.fr
M. Vohralík, Project-team Serena, Inria Paris, martin.vohralik@inria.fr
We present a space-time domain decomposition method for the simulation of
subsurface flow. The method is global in time, and uses the Optimized Schwarz
Waveform Relaxation algorithm. It enables the solving of space-time subproblems
in parallel with local time stepping, so as to adapt to the heterogeneities often
encountered in the subsurface. The parameters in the Robin transmission
conditions can be optimized to accelerate the convergence rate. The problem is
then formulated as a space-time interface problem via a substructuring technique.
In order to decide when to stop the DD iterations, we have developed fully
computable a posteriori error estimates that allow for the separation of the part of
the error due to the space and time discretizations, and that due to the DD
iterations. These error estimates are based on reconstruction techniques, building
a continuous pressure and conforming fluxes. The fluxes require the solution of
local Neumann problems in narrow bands around the interfaces.
The method is illustrated on the case of a transient diffusion problem in
mixed formulation. We show that different time grids can be used. An application
to a (simplified) nuclear waste simulation is shown.
This work has been supported by Andra, the ANR project Dedales and the
European Research Council (ERC) project Gatipor.
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Simulations in medicine and biophysics at realistic
geometries
M. M. Knodel, D. Logashenko, A. Nägel, S. Reiter, S. Di Stefano, G. Wittum &
A. Grillo
The focus of our work relies on the numerical evaluation of mathematical models
within computational virology and continuum mechanics. Our workflow splits into
three steps: (1) Reconstruction of realistic geometries with the aid of NeuRA2 [1,
2] and (2) the application of UG4 [3] for the FV/FE discretization of the models
and (3) the solution of the subsequent linear equation systems with massively
parallel multigrid solvers at supercomputers like the HLRS Hazel Hen. We
investigate the convergence of our results for grid refinement and time step size.
Our computations of anisotropic elastoplastic models of biological tissue
deformations are based upon the GPA algorithm [4]. The GPA algorithm
represents a nested Newton method to solve the system of virtual powers and flow
rule which describe the evolution of elastic and plastic deformations. The
integrations needed for the anisotropic part of the Piola-Kirchhoff strain tensors
are performed by means of a graphical spherical design algorithm (GSDA).
Our models of Hepatitis C replication at a cellular level are based upon surface
partial differential equations (sPDEs) which are evaluated at realistic reconstructed
cell geometries. The mimicking of experimental FRAP (fluorescence recovery after
photobleaching) time series data lead to the estimation of the diffusion constant of
the so-called NS5A viral protein. The FRAP experiments are simulated by means
of sPDEs which describe the dynamics of NS5A on the surface of the curved
intracellular Endoplasmatic Reticulum network.
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Time-parallel Solution of the Time-periodic Eddy Current
Problem
Iryna Kulchytska-Ruchka1,2, Herbert De Gersem1,2, Sebastian Schöps1,2

1Graduate School CE, Technische Universität Darmstadt Dolivostr. 15, 64293
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A standard approach, commonly used for numerical simulation of electric
machines, is based on the method of lines, i.e., spatial discretization of Maxwell’s
equations, followed by a sequential time-stepping procedure of the resulting
differential algebraic equations. During initial design stages, engineers only consider
steady-state operating characteristics of electromagnetic devices. However, when
an analyzed system features long settling time, one typically needs to perform a
large number of (possibly nonlinear) solutions, which results in a highly timeconsuming simulation. For this reason, the goal of our work is to accelerate
convergence to the steady state, thereby shortening the computational time.
The parareal algorithm [1] allows parallelization of the time-marching procedure
by employing discretizations on a coarse and fine grids. It was recently employed
for the eddy current problem by the authors in [2]. In the present contribution,
adapting to the time-periodicity of the desired steady-state solution, we will apply
the parareal approach [3] to the periodic problem of the semi-discrete eddy current
model. Furthermore, since the propagators, used in the method, possess a so-called
“black-box” property, we consider the usage of spectral collocation, i.e., harmonic
balance, as originally proposed in [4], to be a more suitable coarse-grid solution
approach.
Acknowledgement
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Analysis of Overlap in Optimized Waveform Relaxation
Methods for RLCG Transmission Line Type Circuits
Martin J. Gander∗ and Pratik M. Kumbhar†
∗Martin.Gander@unige.ch †Pratik.Kumbhar@unige.ch
Among many applications of parallel computing, solving large systems of ordinary
differential equations (ODEs) which arise from large scale electronic circuits, or
discretizations of partial differential equations (PDEs), form an important part. A
systematic approach for their parallel solution are Waveform Relaxation (WR)
techniques, which were introduced in 1980s for circuit solver applications. These
techniques are based on partitioning large circuits into smaller sub-circuits, which
are then solved separately over multiple time steps, and the overall solution is
obtained by an iteration between the sub-circuits. However, this technique can lead
to non-uniform and potentially slow convergence over large time windows. To
overcome this issue, optimized waveform relaxation techniques were introduced,
which are based on optimizing a parameter. We show how this method improves
the convergence for RLCG transmission line type circuits. We also introduce
overlap between sub circuits and analyze its effect on the convergence factor.
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3d Modeling and Simulation of a Harpsichord
Lukas Larisch and Gabriel Wittum
ECRC, King Abdullah University of Science and Technology (KAUST), Thuwal,
Saudi Arabia
The mathematical characterization of the sound of a musical instrument still
follows Schumann’s laws [1]. According to this theory, the resonances of the
instrument body, the formants, filter the oscillations of the sound generator (e.g.
string) and produce the characteristic “timbre” of an instrument. This is a strong
simplification of the actual situation: It applies to a point source and can be easily
performed by a loudspeaker, disregarding the three dimensional structure of music
instruments. To describe the effect of geometry and material of the instruments,
we set up a three dimensional model and simulate it using the simulation system
UG4 [2, 3].
In our talk, we present FEM based numerical simulations of a harpsichord.
We aim to capture the oscillation behavior of eigenfrequencies of its soundboard.
We resolve the complicated geometry by an unstructured 3d grid and take into
account the anisotropy of wood. The eigenvalue problem is solved using the
PINVIT method with an efficient GMG preconditioner. The latter allows us to
resolve the harpsichord with a high resolution grid, which is required to capture
fine modes of the simulated eigenfrequencies. To verify our results, we compare
them with measurement data obtained from an experimental modal analysis of the
harpsichord that we have modeled. We finally investigate the impact of various
aspects of the geometry on the computed eigenfrequencies [4].
Keywords Eigenvalue problem, finite strain mechanics, FEM, PINVIT, GMG,
musical instrument, harpsichord
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Application of Parareal with spatial coarsening and
explicit time integrators for the Direct Numerical
Simulation of Turbulent Channel Flow
Thibaut Lunet
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Unsteady turbulent flow simulations using the Navier-Stokes equations require
larger and larger problem sizes. Besides, new supercomputer architectures available
in the next decade will be characterized with increased computational power based
on a larger number of cores rather than significantly increased CPU frequency.
Hence most of the current generation CFD software will face critical efficiency
issues if bounded to massive spatial parallelization (O(107−8) cores), and we

consider time parallelization as an a attractive alternative to enhance efficiency on
multi-cores architectures. Among all the algorithms developed in the last decade,
Parareal [4] remains one of the simplest solutions in the case of explicit time
stepping, and of compressible flow solvers.
In this talk, we will focus on the Direct Numerical Simulation (DNS) of Turbulent
Channel Flow (TCF). This classical problem has been widely studied in the CFD
community (see, e.g., [2, 5]), in order to investigate near-wall turbulence. Such a
problem is known as challenging due to the wide range of scales exhibited in the
flow, and the turbulence distortion brought by the wall boundary condition.
Industrial range of Reynolds numbers is very high, which implies a large scale
separation and thus a large grid resolution in order to reach Reynolds numbers
relevant for aeronautical applications. Computational costs may be very high [3],
and computation efficiency can possibly benefit from time parallelization.
We apply here a two-grid version of Parareal with spatial coarsening, using the
massively parallel compressible solver Hybrid [1]. Several coarsening strategies are
investigated, in order to quantify the convergence of Parareal and highlight
34

potential gains of the combined space-time parallelization. Finally, we conclude by
pointing out a few research directions that could be conducted in order to further
improve this parallelization strategy.
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Parallel-in-time multigrid with adaptive spatial coarsening
for the linear advection and inviscid Burgers equations
Scott MacLachlan, Hans De Sterck (Monash Univ.), Alexander Howse (Univ. of
Waterloo), Rob Falgout and Jacob Schroder (Lawrence Livermore National Lab).
The focus of this talk is on the application of the multigrid reduction-in-time
(MGRIT) methodology to 1D hyperbolic partial differential equations. In contrast
to the parabolic case, standard application of the MGRIT methodology fails to be
robust for hyperbolic equations, as has been observed for many parallel-in- time
schemes in the literature. As MGRIT constructs a hierarchy of successively coarser
temporal levels to accelerate the solution on the finest level, we consider adding
spatial coarsening to the MGRIT process. In the case of explicit time-stepping, this
spatial coarsening is likely necessary to ensure that stability conditions are satisfied
on all levels, and it may also be useful for implicit time-stepping by producing
cheaper multigrid cycles. Unfortunately, uniform spatial coarsening results in
extremely slow convergence when the wave speed is near zero, even if only locally.
We present an adaptive spatial coarsening strategy that addresses this issue for
the variable coefficient linear advection equation and the inviscid Burgers equation
using first-order explicit or implicit time-stepping methods. Numerical results show
that this offers significant improvements over classical coarsening, and parallel
scaling tests indicate that improvements over serial time-stepping strategies are
possible.
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Towards better scalability in the Parareal in Time
algorithm
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In this talk, we propose a new presentation of the parareal in time algorithm where
the notion of fine and coarse solver are relaxed and adaptive. For certain PDE
classes, we rigorously prove that the resulting parareal algorithm presents a nearoptimal convergence rate and has a parallel efficiency which is significantly superior
to the traditional version.
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A PETSc Parallel-in-Time Solver based on MGRIT
Valeria Mele1, Emil Costantinescu2, Luisa Carracciuolo3, and Luisa D’Amore1
1University of Naples Federico II, Naples, Italy
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3National Research Council, Rome, Italy
To maximize the availability of PinT algorithms to science, the idea is to
encapsulate their implementation in reusable libraries. The deployment of
application codes by means of the use of scientific libraries, such as PETSc (the
Portable, Extensible Toolkit for Scientific computing) [1], can be considered a good
investment [2]. Here we address a modular implementation of the MGRIT
(MultiGrid-In-Time) algorithm [3, 4, 5] to solve linear and nonlinear systems that
arise from the discretization of evolutionary models with a parallel-in-time
approach in the context of the PETSc (the Portable, Extensible Toolkit for
Scientific computing) library [6]. Indeed, even if today PETSc offer a wide range
of multigrid methods to solve linear and non-linear systems when the spatial
domain is decomposed in subspaces distributed among processors, it doesn’t
provide any parallel-in-time technique. Our final aim is to give the user the
opportunity of predicting the performance gain that she/he can achieve when using
the Multigrid- In-Time approach instead of a sequential Time Stepping integrator
(TS) which is already available in PETSc - when parallelism in the space dimension
is introduced or not. Thus, we analyze the performance parameters of the algorithm
in the mathematical environment previously presented and applied in other works
of the present authors [7] taking into account the model and the results presented
in [5] and [4] intentionally overlooking the spatial parallelism.
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Time Parallel Magnus Integrators
Michael Minion
Lawrence Berkeley National Lab
Magnus integrators for ordinary differential equations are a class of exponential
integrator for problems of the form
y’ = A(t)y for a vector-valued solution y and time dependent matrix A. The
solution is represented by
y(t) = eΩ(t)y(0),
where the matrix Ω(t) is derived from the expansion due to Wilhelm Magnus in
1954. I will introduce the necessary background of how Magnus integrators are
constructed from the Mag- nus expansion and present a time-parallel strategy for
a specific class of Magnus integrators for isospectral flow problems that take the
form of a Lax pair
P’ = [F(P),P],
where P and F are complex matrices and brackets denote the commutator. One
important feature of the methods is that they preserve certain matrix properties of
P. This work is motivated by a collaboration with Brandon Krull and Bert de Jong
at LBNL aimed at developing parallel-in- time methods for real time electron
dynamics simulations using the NWChem quantum chemistry package.
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Communication-Aware Adaptive Parareal (CAAP) with
Application to a Nonlinear Hyperbolic System of PDEs
A.S. Nielsen and J.S. Hesthaven
In this talk we present our experiences using Parareal to accelerate a tsunami
simulation application complete with inundation modelling. The underlying PDE
solved is the shallow water wave equation. The system is in many ways typical of
a purely hyperbolic system of coupled non-linear PDEs, the solutions contain both
shocks and smooth regions interacting in a non-trivial manor. Contrary to what
one might expect, we found that with sufficient care in constructing the coarse
operator, and a clever way of choosing the time-subdomain length, we obtain
parallel speed-up beyond what is possible using a conventional spatial domaindecomposition technique alone. A critical aspect in achieving this was to decouple
the time-subdomain length from the total time to be integrated, combined with
theoretical considerations on how to choose the time-subdomain length so to
optimally balance the rate of convergence with the cost of communication of
solution states at time-subdomain interfaces.
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A unifying framework for parallelizability of implicit onestep and rational time integration methods
Matthew Normile, Jed Brown, Martin Schreiber
External requirements for fast time integration have raised interest in
parallelization of the time dimension, usually at some cost of efficiency. For
example, high-resolution weather prediction is a product of sufficient value to
justify increased simulation costs in exchange for more rapid predictions than are
available solely by saturating other scaling modes (like domain decomposition).
Time integrators that can be expressed as a sum of independent terms are
attractive due to their direct parallelizability, hence exploiting new degrees of
freedom leading which can be exploited for a parallelization- in-time. For example,
a sum of rational approximations for solving the linear PDE system u ̇(t) = Lu(t)
is given by
−1
u(t) = eLtu(0) ≈ βn tL + αn
u(0). (1) n
where the complex coefficients αn and βn represent the specific method and may

be optimized for different classes of operators L and different accuracy
requirements.
A similar structure is available by diagonalizing implicit Runge-Kutta
methods (such as the Gauss and Radau collocation methods [4]), building on
solution algorithms by Butcher[2] and Bickart [1]. We show that these
representations are equivalent.
Haut’s Rational Approximation of the Exponential Integrator (REXI) [5]
derives coefficients directly in the form of (1) by approximating oscillatory
functions in Fourier space. This formulation is uniformly well conditioned with
respect to the number of terms and has been used with parallel distribution in time
[6, 7] to reduce simulation time for the linearized shallow water equations on the
sphere.
We also discuss a derivation of REXI coefficients using a Cauchy Contour
Integral (see e.g.[3]) to approximate diffusive as well as oscillatory terms within a
contour in the complex plane. This contour can be e.g. approximated with a
trapezoidal rule, leading to exponential reduction of the approximation error with
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the number of quadrature nodes (each of which becomes a term in (1)). While
offering much more efficiency per stage than traditional REXI methods, these
coefficients suffer from a similar ill-conditioning to that which afflicts conventional
implicit Runge-Kutta methods like Gauss, leading to large positive and negative
coefficients βn when represented in the form of (1).
In addition to unifying “diagonal” one-step methods, we show how to express
them efficiently in terms of real coefficients and how to control ill-conditioning at
the possible expense of parallelism. We also propose an implementation based on
efficient linear algebraic representation of Kronecker product operators, providing
opportunities for vectorization in time and significant amortization of memory and
communication costs. These techniques are complementary to parallel distribution
in time and provide an opportunity to greatly improve the efficiency of hardware
utilization.

References
[1] Bickart, Theodore A. “An efficient solution process for implicit Runge-Kutta
methods”. In: SIAM Jour- nal on Numerical Analysis 14.6 (1977), pp. 1022–1027.
[2] Butcher, John C. “On the implementation of implicit Runge-Kutta methods”.
In: BIT Numerical Math- ematics 16.3 (1976), pp. 237–240.
[3] Buvoli, Tommaso. “A Class of Exponential Integrators Based on Spectral
Deferred Correction”. In: arXiv preprint arXiv:1504.05543 (2015).
[4] Hairer, Ernst and Wanner, Gerhard. “Solving Ordinary Differential Equations
II”. In: Springer Series in Computational Mathematics 14.2 (1996). doi:
10.1007/978-3-662-09947-6.
[5] Haut, T. S. et al. A high-order time-parallel scheme for solving wave
propagation problems via the direct construction of an approximate time-evolution
operator.
2016.
doi:
10.1093/imanum/drv021.
eprint:
/oup/backfile/content_public/journal/imajna/36/2/10.1093_imanum_drv021/3
/drv021.pdf. url: +%20http://dx.doi.org/10.1093/imanum/drv021.
[6] Schreiber, M. and Loft, R. “SPH-REXI: A Massively Parallel in Time Method
for Solving the Linearized Shallow Water Equations on the Rotating Sphere”.
[7] Schreiber, M. and P. S. Peixoto T. S. Haut, B. A. Wingate. Beyond spatial
scalability limitations with a massively parallel method for linear oscillatory
problems. Feb. 2017.

43

Nonlinear parallel-in-time multilevel Schur complement
solvers for ordinary differential equations
Marc Olm, Santiago Badia
Technical University of Catalonia & CIMNE, Spain
In this work, we propose a parallel-in-time solver for linear and nonlinear ordinary
differential equations. The approach is based on an efficient multilevel solver of the
Schur complement related to a multilevel time partition. For linear problems, the
scheme leads to a fast direct method. Next, two different strategies for solving
nonlinear ODEs are proposed. First, we con- sider a Newton method over the global
nonlinear ODE, using the multilevel Schur complement solver at every nonlinear
iteration. Second, we state the global nonlinear problem in terms of the nonlinear
Schur complement (at an arbitrary level), and perform nonlinear iterations over it.
Numerical experiments show that the proposed schemes are weakly scalable, i.e.,
we can efficiently exploit increasing computational resources to solve for more time
steps the same problem.
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In-time Parallelization of the Rotating Shallow Water
Equations on the Sphere
Benedict Philippi
Christian-Albrechts-Universität Kiel, Department of Computer Science
Algorithmic Optimal Control
In the framework of weather forecasting and climate prediction the rotational
shallow water equations (RSWE) state a reasonable approach when it comes to
the exhibition of the prevailing problems associated with horizontal fluid motion
on spherical geometries. Since Cauchy problems for RSWE on spheres tend to
require high spatial resolutions, and thus lead to long computation times, the
implementation of the Parareal algorithm is standing to reason. Furthermore, the
evolution of physical phenomena often starts to take place after a long period of
time. The parallelization in time of the RSWE is a first step to approach world
climate prediction models, e.g. applied in the PALMOD initiative, where a
complete glacial cycle is simulated covering a timespan of 120,000 years. Hence,
the first objective is to ensure a well performing Parareal algorithm in the context
of a straightforward test case for the RSWE. The second would be the testing and
validation of the algorithm against well-known standard cases of the RSWE in
spherical geometries. The underlying numerical scheme is a finite differences
method solver with explicit time-integration and grid reduction towards the poles.
The parallelization task so far is accomplished by shared memory parallel
programming with OpenMP.
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Matching algorithms and their use in time-parallel
molecular dynamics simulations
Giovanni Samaey, Frederic Legoll, Tony Lelievre, and Keith Myerscough.
We discuss a micro-macro parareal method in which the coarse and fine
propagators are based on mathematical models with different degrees of freedom,
instead of different discretisation of the same mathematical model. The microscopic
model for the fine-scale solver is a stochastic molecular dynamics model, namely
overdamped Langevin dynamics. The coarse-scale solver is the corresponding
Fokker-Planck equation for only the slow degrees of freedom at the fine-scale.
While the decreased computational cost of the coarse propagator can significantly
increase efficiency, additional complications are present: the absence of the fast
degrees of freedom in the coarse propagator, as well as positivity requirements on
the computed densities, require additional algorithmic components in the parareal
algorithm. In this talk, we propose algorithms that deal with these complications
and study convergence of the resulting methods in a number of standard test cases.
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Influence of phase and amplitude error on Parareal
convergence with Burgers’ equation
Andreas Schmitt1,2, Martin Schreiber3, and Michael Schäfer1,2
1Graduate School of Computational Engineering, TU Darmstadt, DE

2Institute of Numerical Methods in Mechanical Engineering, TU Darmstadt, DE
3University of Exeter, UK aschmitt@gsc.tu-darmstadt.de
Finding algorithms which reduce the time to solution further after an efficient
parallelization in space is a topic of interest in the field of computational fluid
dynamics. Therefore, an additional parallelization in time may be interesting. The
simplest algorithm for a parallelization of the time domain is the Parareal
algorithm. Unfortunately, this algorithm loses its speed up potential in case of high
Reynolds number flows. This problem is investigated by the authors applied to the
Burgers’ equation, which can be seen as a simplified version of the Navier-Stokes
equation. The authors have shown in previous work that utilizing a semiLagrangian formulation of the Burgers’ equation can reduce the number of
iterations necessary for convergence of the Parareal algorithm in cases with a
dominating advective term.
In this work a parameter study is carried out with three different time
stepping schemes for the coarse solver. These are an explicit Runge-Kutta, an
implicit-explicit Runge-Kutta, and a semi-Lagrangian formulation with an implicit
Runge-Kutta method. In addition, the parallelization potential of the Adomian
decomposition [Adomian, 1994] as a time stepping scheme is investigated. The
study expands the previous work by examining the phase and amplitude errors of
these schemes and their propagation within the Parareal algorithm. With these
results the effect of the errors on the convergence of the Parareal algorithm is
looked into.
[Adomian, 1994] G. Adomian, "Solving Frontier Problems of Physics: The
Decomposition Method", Kluwer Academic Publishers, 1994. DOI: 10.1007/978-94015-8289-6
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Exponential Integrators for Weather and Climate
Simulations using Global Spectral Methods
Martin Schreiber∗

∗Harrison Building, North Park Road, Exeter, EX4 4QF, United Kingdom
This work studies exponential integrator (EI) methods in the context of climate
and weather simulations. We put our focus on a rational approximation of
exponential integrators (REXI) which can be expressed via U(∆t) ≈ n
βn(∆tL+αn)−1U(0) where α,β ∈ C, L a linear operator (with oscillatory or

diffusive stiffness) and the initial conditions, U (0) (see e.g. [Clancy and Lynch,
2011; Haut et al., 2015]). The additional degrees of freedom for parallelization are
made available by the independent terms in the sum which can be solved in
parallel. This formulation enables us to overcome the time step limitation due to
the linear stiffness. A special focus is put on PDEs relevant for climate and weather
simulations.
Such EI methods have a rich history (see e.g. [Moler and Van Loan, 2003;
Hochbruck and Ostermann, 2010]) and are of increasing interest in the parallel-intime (PinT) community. In the context of PinT methods, these EI formulations
were first mentioned by [Gander and Guettel, 2013] as the ParaEXP method. In
the context of the development of dynamical cores for climate and weather
simulations, recent research [Clancy and Lynch, 2011; Garcia et al., 2014; Clancy
and Pudykiewicz, 2013] exploited EI formulations and also showed promising
results regarding higher accuracy. Additionally, EI are a crucial component when
applying the asymptotic PinT approach [Haut and Wingate, 2014] to a more
realistic problem.
Parallel performance and numerical accuracy studies of the REXI method
were conducted for the linear shallow-water equations (SWE) on the plane
[Schreiber et al., 2016] using spectral solvers for Fourier space and finite-difference
formulations. Up to two orders of magnitude of speedup for oscillatory linear stiff
problems were presented in this work. The successful application of spectral solvers
to solve for each REXI term motivated an investigation of EI to the linearized
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SWE including the effect of a rotating sphere. Spherical Harmonics are used which
exploit the low-bandwidth structure of the linear rotational SWE in spectral space
[Schreiber and Loft, 2017].
In this talk, we will present our current research on extending our previous
work to the full non-linear PDEs. First, we will give a brief overview of the results
to solve the linear SWE on the plane and rotating sphere with EI. Second, we will
discuss time splitting approaches and study the direct application of EI
formulations which can be expressed via the aforementioned sum and their
extension to nonlinearities (see e.g. [Cox and Matthews, 2002; Luan and
Ostermann, 2016]). Finally, we will compare EI formulations with state-of-the art
time stepping methods which are currently used in operational weather forecasts.
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Multigrid Reduction in Time for Non-PDE-Based
Evolution Processes: Powergrid simulations and neural
network training
1
Jacob B. Schroder
R. D. Falgout1, C. Woodward1, M. Lecouvez2
1. Lawrence Livermore National Laboratory, USA
2. CEA, France
The need for parallel-in-time is being driven by changes in computer architectures,
where future speedups will be available through greater concurrency, but not faster
clock speeds, which are stagnant. This leads to a bottleneck for sequential evolution
processes, such as traditional time marching, because they lack parallelism over
the serial evolution process. In this talk, we examine the optimal-scaling multigrid
reduction in time (MGRIT) method, which is able to parallelize over many such
evolution processes. In the traditional PDE-based setting, MGRIT applies
multigrid reduction to the time dimension by solving the (non)linear system that
arises when solving for multiple time steps simultaneously. The result is a parallelin-time method. However, MGRIT is designed to be a nonintrusive method,
capable of wrapping existing codes that simulate fairly general evolution processes,
not just PDE-based problems. In this talk, we present the MGRIT framework and
then discuss some recent results and developments from applying MGRIT to two
such non-PDE-based problems, powergrid simulations and neural network training
runs. We will describe the flexibility of the XBraid library (an open source
implementation of MGRIT) to handle such test problems, and then demonstrate
the feasibility of parallelism over powergrid evolution steps and over neural
network training runs.
This work performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under Contract DE-AC52--07NA27344,
LLNL-ABS-737615
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Strategy and First Steps for Parallel-in-Time Paleo-climate
Simulations
Thomas Slawig,
Dep. of Computer Science, Kiel University, Germany
We present the ideas to realize parallel-in-time computations in long-time paleoclimate modeling and simulation. The initiative ”From the Last Interglacial to the
Anthropocene – Modeling a Complete Glacial Cycle (PalMod)” (www.palmod.de)
is an effort to model and simulate the last 120’000 years using fully coupled Earth
System Models (ESM). Since these models are computationally very expensive and
due to the long time horizon, the applicability of parallel-in-time methods shall be
investigated in the project. Especially, coarse propagators that are based on lower
spatial resolution and/or simplified models are taken into account. This refers to
the ”Micro-Macro” parareal algorithm as presented in [3]. Main challenges are to
capture small-scale features in the coarse (macro) model and the sensitive, highly
tuned model configurations used in climate research. Another one is to realize the
algorithm in the operational model, which includes an appropriate mapping
between different grids. Besides coarser spatial resolutions and a bigger time-step,
also the use of Earth System Models of Inter- mediate Complexity (EMICs, e.g.
[1]) is considered. These models have already shown their ability to compute whole
glacial cycles (see [2]). We moreover present first results with the micro-macro
parareal algorithm on a simple 1-d/0-d Energy Balance Model. This is joint work
with Giovanni Samaey, KU Leuven.
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Solving Space-time Discretizations of the Wave Equation
with Algebraic Multigrid
Ben S. Southworth, John Ruge, and Tom A. Mantueffel
Algebraic multigrid (AMG) is an iterative solver for large sparse linear systems
that, for many applications, scales linearly in complexity with the number of
degrees of freedom. It also scales in parallel to hundreds of thousands of cores,
making it a key component of many high-performance simulation codes. For the
symmetric positive definite case, often resulting from the discretization of elliptic
partial differential equations (PDEs), convergence of AMG is well motivated and
AMG is among the fastest numerical solvers available. However, highlynonsymmetric matrices pose difficulties for AMG in theory and in practice.
Although a number of efforts have been made to develop AMG for nonsymmetric
linear systems, few have considered highly nonsymmetric cases, and those that
have demonstrated success on nonsymmetric systems typically use a multilevel
strategy that does not scale well in parallel (K-cycles or W-cycles). Each of these
issues are likely part of the reason that AMG has yet to be demonstrated as an
effective parallel-in-time solver. Although a number of works have looked at
geometric multigrid and parabolic PDEs, there is a large gap in the parallel-intime literature in terms of algebraic solvers and/or space-time discretizations of
hyperbolic PDEs.
Although hyperbolic PDEs arise frequently in physical simulation, their
solution is often constrained to sequential, explicit time stepping schemes, or
implicit schemes with relatively slow (not O(n)) linear solvers. Recently, we
developed a reduction-based algebraic multigrid (AMG) solver, AMGir [2], and its
generalization LAIR [1], to solve upwind discretizations of the steady- state
transport equation. AMGir/LAIR proved to be a fast and robust solver for the
steady- state transport equation, even on unstructured meshes and with high-order
finite elements. Due to the success of AMGir/LAIR applied to upwind
discretizations of gradients, a natural research direction to consider is further
developing the method with a focus on parallel-in-time applications. Full spacetime discretizations often use some form of upwind or semi-upwind discretization
in time, which leads to a global space-time matrix amenable to AMGir/LAIR.
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Here, we consider a discretization of the 2d-space, 1d-time, wave equation written
in first- order form, corresponding to a system with two variables. A modification
of AMGir/LAIR is developed to account for the system structure, and the method
proves very effective. In particular, the reduction aspect of AMGir/LAIR applied
to the wave equation is striking – initial iterations appear to diverge, but
convergence factors then plummet to ρ ∼ 10−10. AMGir/LAIR is able to seamlessly
handle the system structure and solve the space-time wave equation, a well-known
challenging parallel-in-time problem, showing promise as a robust framework for
parallel-in-time.
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Asymptotic convergence of PFASST for linear problems
Robert Speck, Jülich Supercomputing Centre, Forschungszentrum Jülich GmbH
Matthias Bolten, Institute of Mathematical Modelling, Analysis and
Computational Mathematics, University of Wuppertal
Dieter Moser, Institut für Geometrie und Praktische Mathematik, RWTH
Aachen University
For time-dependent PDEs, parallel-in-time integration using the "parallel full
approximation scheme in space and time" (PFASST) is a promising way to
accelerate existing space-parallel approaches beyond their scaling limits. Inspired
by the classical Parareal method and non-linear multigrid ideas, PFASST allows
to integrate multiple time-steps simultaneously using "multi-level spectral deferred
corrections" with different coarsening strategies in space and time. In numerous
studies, this approach has been successfully coupled to space-parallel solvers which
use finite differences, spectral methods or even particles for discretization in space.
While many use cases and benchmarks exist, a solid and reliable mathematical
foundation is still missing. In this talk, we briefly discuss previous results and
benefits of PFASST and then formulate this algorithm as a specialized FAS
multigrid method. We use spectral deferred corrections for the definition of block
smoothers and define the appropriate coarse grid correction to establish a tight
link between PFASST and standard multigrid methods, providing an easy access
to the mathematical analysis and algorithmic optimization. For linear problems,
we can state the iteration matrix and use this formulation to finally prove
asymptotic convergence of PFASST for CFL numbers going to zero or to infinity.
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On exact controllability methods for the Helmholtz
equation
M. J. Grote, J. H. Tang∗
Department of Mathematics and Computer Science,
University of Basel Spiegelgasse 1, CH-4051 Basel, Switzerland
∗ jet.tang@unibas.ch Abstract
When the Helmholtz equation is discretized by standard finite difference or finite
element methods, the resulting linear system is notoriously difficult to solve, in fact
increasingly so at higher frequencies. Instead we reformulate the Helmholtz
equation as an exact controllability problem in the time domain following [Bristeau,
Glowinski and Périaux, J. Comp. Phys. 1998]. Hence we seek the (unique) initial
conditions that lead to a time-periodic solution of the wave equation by minimizing
an appropriate energy functional. Since the original cost functional used by
Bristeau et al. leads to a unique minimum for sound-soft scattering problems only,
we have devised new cost functionals that yield a unique optimum regardless of
the boundary conditions used. Each Conjugate Gradient iteration of the
Controllability Method (CM) then requires only the solution of a forward and
backward time-dependent wave equation and that of a positive definite elliptic
problem. Hence the controllability approach relies only on standard numerical
methods and is inherently parallel. For spatial discretization, we use standard FEM
with mass-lumping or discontinuous Galerkin methods. For time discretization, we
use recent high-order explicit local time-stepping (LTS) methods, which overcome
the bottleneck from the stringent CFL condition due to local mesh refinement.
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How coarse may coarse propagators be
in hybrid parareal schemes?
Martin Weiser
Zuse Institute Berlin Takustr. 7, 14195 Berlin, Germany weiser@zib.de
Hybrid parareal schemes such as PFASST [1] achieve relatively high parallel
efficiency in practical PDE simulations. A key factor for efficiency is to make the
coarse propagator, which provides global information transport by sequential
integration, much less computationally expensive than the fine propagator steps.
This is challenging in hybrid parareal schemes, as there the fine propagator steps
are already cheap approximate solvers. One way to accelerate the coarse
propagator is to exploit spatial grid hierarchies and run the coarse propagator only
on coarser spatial discretizations. The obvious drawback is that high-frequent
solution components do not benefit from the coarse propagator at all. Depending
on the problem characteristics, this might or might not have an impact on the
overall pre-asymptotic error reduction.
In this talk, we will extend the nonlinear convergence theory for hybrid
parareal schemes [2, 3] to spatial multi-level discretizations and investigate the
level-dependent impact of restricting the coarse propagator to the low grid lev- els.
In particular, we will cover the transfer of error components between grid levels.
The effect will be studied for heat and wave equations and different coarse
propagators. To what extent the theoretical findings translate into actual computation will be shown additionally for some reaction-diffusion equation.
[1] M. Emmett and M.L. Minion. Toward an efficient parallel in time method for
partial differential equations. Comm. Appl. Math. Comp. Sci., 7(1):105–132, 2012.
[2] L. Fischer, S. Goetschel, and M. Weiser. ossy data compression reduces
communication time in hybrid time-parallel integrators. Report 17-25, Zuse
Institute Berlin, 2017.
[3] M.J. Gander and E. Hairer. Nonlinear convergence analysis for the parareal
algorithm. In U. Langer, M. Discacciati, D.E. Keyes, O.B. Widlund, and W.
Zulehner, editors, Domain Decomposition Methods in Science and Engineering
XVII, pages 45–56. Springer Berlin Heidelberg, 2008.
60

