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Organising Committee:
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Additional Organisational Hints

Internet Access
The Wolfsburg offers free internet access. Access details can be obtained from the Wolfsburgreception.

Food
The conference fee includes:

• Lunch from 12:30 to 13:30 on all three days of the symposium
• Tea and coffee during breaks
• Conference dinner on Monday.

For participants staying at the Wolfsburg there is a breakfast buffet from 7:45 up to 9:30.

Conference Dinner
The conference dinner will start on Monday at 19:00 at the Wolfsburg.

Excursion
The excursion will take place on Tuesday. We will meet at 14:00 in front of the Wolfsburg. Forthe ”Hike-group” the walking distance to the ”Sechs-Seen-Platte” is approximately 6 km. For theway back to the Wolfsburg the participants of the ”Hike-group” have the option to hike back or touse the public transport. For both options there are two guides. For the way to the Harbour andback we will use the tram 901. The tram leaves from station ”Monning” (10 minutes away from theWolfsburg).
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Programme for Monday, September 9, 2019
09:00 Opening Room: 1

Scientific Computing
Chair: Arnd Rösch Room: 1

09:05 Stefan Turek . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8Massively parallel & low precision accelerator hardware as trends in HPC - How to useit for large scale simulations allowing high computational, numerical and energyefficiency with application to CFD
09:55 Jan Philipp Thiele . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9A parallel FE solver for the NSE with adaptive grid refinement using PU-DWR
10:20 Coffee Break -10:50

Scientific Computing Space Time
Chair: Stefan Turek Room: 1 Chair: Steffen Münzenmaier Room: 2

10:50 Mathias Anselmann . . . . . . . . . . . . . . . 11Higher order Galerkin-collocation timediscretization for the Navier-Stokesequations with Nitsche’s method

Ulrich Langer . . . . . . . . . . . . . . . . . . . . . 16Space-time Finite Element Methods forparabolic initial-boundary value problemswith non-smooth solutions
11:15 Aurora Ferrja . . . . . . . . . . . . . . . . . . . . . 12A parallel procedure of optimization andforecasting techniques applied in energydemand

Julia Hauser . . . . . . . . . . . . . . . . . . . . . 17Space-time Finite Element Methods forMaxwell’s equations
11:40 Roland Herzog . . . . . . . . . . . . . . . . . . . 13A discretize-then-optimize approach forPDE-constrained shape optimizationproblems

Gunar Matthies . . . . . . . . . . . . . . . . . . . 18Time step control for variational timediscretisations of higher order and higherregularity
12:05 Max Winkler . . . . . . . . . . . . . . . . . . . . . 14Optimal control of pedestrian dynamics Douglas Ramalho Queiroz Pacheco . 19Stable space-time Finite Elements forviscous flows
12:30 Lunch -13:45
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Programme for Monday, September 9, 2019 (continued)
Preconditioning A Posteriori
Chair: Ulrich Langer Room: 1 Chair: Gerhard Starke Room: 2

13:45 Jan Blechta . . . . . . . . . . . . . . . . . . . . . . 21On PCD preconditioner for Navier-Stokesequations
Ullrich Heupel . . . . . . . . . . . . . . . . . . . . 25A general framework for applying the DWRmethod on variational inequalities

14:10 Stephan Köhler . . . . . . . . . . . . . . . . . . . 22FETI-DP solvers and deal.II for problems indislocation mechanics
Andreas Rademacher . . . . . . . . . . . . . 26Dual weighted residual method basederror indicators for the local choice of theFinite Element

14:35 Friederike Röver . . . . . . . . . . . . . . . . . . 23A Three-Level extension for the Fast andRobust Overlapping Schwarz (FROSch)preconditioner

Kemal Suntay . . . . . . . . . . . . . . . . . . . . 27Flux-reconstruction for obstacle problemand a posteriori error estimation
15:00 Coffee Break -15:30

Fractional and Nonlinear PDEs Optimal Control
Chair: Gundolf Haase Room: 1 Chair: Roland Herzog Room: 2

15:30 Nabi Chegini . . . . . . . . . . . . . . . . . . . . . 29Wavelet regularization for the Cauchyproblem of fractional Helmholtz equation
Livia Betz . . . . . . . . . . . . . . . . . . . . . . . . 33Second-order sufficient conditions foroptimal control of non-smooth, semilinearequations

15:55 Mohadese Ramezani . . . . . . . . . . . . . . 30Application of some high-order numericalformulae in solving time-fractionaldiffusion equations

Arnd Rösch . . . . . . . . . . . . . . . . . . . . . . 34Optimal control of nonmonotonesemilinear elliptic equations
16:20 Reza Mokhtari . . . . . . . . . . . . . . . . . . . . 31Solving generalized KdV-Burgers’equations using a hybridizeddiscontinuous Galerkin method

Monika Weymuth . . . . . . . . . . . . . . . . . 35A priori error analysis for an optimalcontrol problem governed by a variationalinequality of the second kind
16:45 Break -17:00

Applications Optimal Control
Chair: Andreas Rademacher Room: 1 Chair: Thomas Apel Room: 2

17:00 Gonzalo G. de Diego . . . . . . . . . . . . . . 37An analysis of the scaled boundary FiniteElement Method
Jens Baumgartner . . . . . . . . . . . . . . . . 42Optimal control problems and algebraicflux correction schemes

17:25 Aurora Ferrja . . . . . . . . . . . . . . . . . . . . . 38A modified Arnoldi algorithm to computetransmission eigenvalue of an interiortransmission eigenvalue problem

Fernando Gaspoz . . . . . . . . . . . . . . . . . 43Quasi-best approximation in PDEconstraint optimization
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Programme for Monday, September 9, 2019 (continued)
17:50 Lucas Schöbel-Kröhn . . . . . . . . . . . . . 39Numerical approximation of a chemotaxissystem with logistic growth on networks

Marita Holtmannspötter . . . . . . . . . . . 44Numerical analysis for coupled parabolicPDE-ODE systems
18:15 Hendrik Pasing . . . . . . . . . . . . . . . . . . . 40Some approaches on a posteriori errorestimation in shape optimization

Huidong Yang . . . . . . . . . . . . . . . . . . . . 45Numerical optimal control for parabolicPDEs using a space-time Finite ElementMethod
19:00 Conference Dinner
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Programme for Tuesday, September 10, 2019
Computational Mechanics
Chair: Oliver Rheinbach Room: 1

09:00 Philipp Junker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47Novel continuum mechanical material models and their treatment by use of the FiniteElement Method
09:50 Marco Favino . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48An accuracy condition for the finite element discretization of Biot’s equations
10:15 Coffee Break -10:45

Computational Mechanics Numerical Analysis
Chair: Philipp Junker Room: 1 Chair: Gunar Matthies Room: 2

10:45 Bernhard Kober . . . . . . . . . . . . . . . . . . 50Reconstruction-based a-posteriori errorestimation in stress-based FEM forfrictional contact problems

Philipp Morgenstern . . . . . . . . . . . . . . 55Construction of AS T-splines through localhigher-dimensional representations
11:10 Marcel Moldenhauer . . . . . . . . . . . . . . 51Weakly symmetric stress equilibration anda posteriori error estimation forhyperelasticity

Johannes Riesselmann . . . . . . . . . . . 56Curl-free Finite Elements for gradientelasticity at finite strains
11:35 Lisa Julia Nebel . . . . . . . . . . . . . . . . . . 52Formation of wrinkles on a coated elasticsubstrate

Michael Sievers . . . . . . . . . . . . . . . . . . 57Approximation of rate-independentevolution with non-convex energies
12:00 Korinna Rosin . . . . . . . . . . . . . . . . . . . . 53Adaptive finite cell methods for contactproblems

Timo Sprekeler . . . . . . . . . . . . . . . . . . . 58Finite Element approximation of elliptichomogenization problems innondivergence-form
12:30 Lunch -14:00
14:00 Excursion
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Programme for Wednesday, September 11, 2019
Least-Squares Finite Element Method
Chair: Sven Beuchler Room: 1

09:00 Fleurianne Bertrand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60Stress approximations in solid mechanics
09:50 Maximilian Bernkopf . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61Optimal convergence rates in L2 for a first order system least-squares Finite ElementMethod
10:15 Coffee Break -10:45

Least-Squares Finite Element Method and High Order
Chair: Fleurianne Bertrand Room: 1

10:45 Solveigh Averweg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63Least-squares formulations with application to FE-simulations of fluid-structureinteraction problems
11:10 Steffen Münzenmaier . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64Least-squares Finite Element Methods for sea ice modelling
11:35 Tim Haubold . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65Symbolic evaluation of hp-FEM element matrices on simplices
12:00 Gozel Judakova . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66A locally modified high order Finite Element Method for interface problems
12:25 Closing Room: 1
12:30 Lunch
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Massively parallel & low precision accelerator hardware as trends
in HPC - How to use it for large scale simulations allowing high
computational, numerical and energy efficiency with application

to CFD

Stefan Turek1

The aim of this talk is to present and to discuss how modern, resp., future High PerformanceComputing (HPC) facilities regarding massively parallel hardware with millions of cores togetherwith very fast, but low precision accelerator hardware can be exploited in numerical simulationsso that a very high computational, numerical and hence energy efficiency can be obtained. Here,as prototypical extreme-scale PDE-based applications, we concentrate on nonstationary flow sim-ulations with hundreds of millions or even billions of spatial unknowns in long-time computationswith many thousands up to millions of time steps. For the expected huge computational resourcesin the coming exascale era, such type of spatially discretized problems which typically are treatedsequentially, that means one time after the other, are still too small to exploit adequately the hugenumber of compute nodes, resp., cores so that further parallelism, for instance w.r.t. time, mightget necessary.In this context, we discuss how ”parallel-in-space simultaneous-in-time” Newton-Multigrid ap-proaches can be designed which allow a much higher degree of parallelism. Moreover, to exploitcurrent accelerator hardware in low precision (for instance, GPUs or TPUs), that means mainlyworking in single precision or even half precision, we discuss the concept of ”prehandling” (incontrast to ”preconditioning”) of the corresponding ill-conditioned systems of equations, for in-stance arising from Poisson-like problems. Here, we assume a transformation into an equivalentlinear system with similar sparsity but with much lower condition numbers so that the use oflow-precision hardware might get feasible. In our talk, we provide for both aspects preliminarynumerical results as ”proof-of-concept” and discuss the open problems, but also the challenges,particularly for incompressible flow problems.

1Fakultät für Mathematik, Universität Dortmund
Stefan.Turek@math.tu-dortmund.de
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A parallel FE solver for the NSE with adaptive grid refinement
using PU-DWR

Jan Philipp Thiele1 Prof. Dr. Thomas Wick2

An ongoing trend in Computational Fluid Dynamics the usage of the adaptive finite elementmethod. A common problem arises in the evaluation of specific goal functionals. These func-tionals could be technical quantities like drag or lift coefficients as well as point-values or (local)averages. The Dual Weighted Residual Method (DWR) described in [3] is successful in solvingthese problems and has been used in many different CFD applications e.g. [1],[2]
In [4] a different approach to error localization using a partition of unity (PU) for the DWRmethod was proposed. In this work the PU-DWR is used for goal oriented mesh adaptivity. Forthis the formulation of the error estimator is derived. Since practical problems - especially in 3D -require a considerable amount of degrees of freedom - regardless of the discretization - a focusin this talk lies in the parallel solution. To validate the method the 2D-1, 3D-1Z and 3D-1Q (steady)test cases as described in [5] are computed. These test cases allow for effectivity analysis ondrag, lift and pressure difference goal functionals.

References:
[1] https://arc.aiaa.org/doi/pdf/10.2514/6.2014-0917

[2] https://www.sciencedirect.com/science/article/pii/S0045782512000564

[3] https://www.researchgate.net/profile/Roland_Becker2/publication/

2615233_Weighted_A_Posteriori_Error_Control_in_FE_Methods/links/

0f31752de623968697000000/Weighted-A-Posteriori-Error-Control-in-FE-Methods.pdf

[4] https://www.sciencedirect.com/science/article/pii/S0377042714004798

[5] https://link.springer.com/chapter/10.1007/978-3-322-89849-4_39

1Institute for Applied Mathematics, Leibniz University Hannover
thiele@ifam.uni-hannover.de

2Institute for Applied Mathematics, Leibniz University Hannover
wick@ifam.uni-hannover.de



10 32nd Chemnitz FE Symposium 2019
Symposium

Chemnitz

Notes on session “Scientific Computing”



Symposium

Chemnitz

32nd Chemnitz FE Symposium 2019 11

Higher order Galerkin-collocation time discretization for the
Navier-Stokes equations with Nitsche’s method

Mathias Anselmann1 Markus Bause2

We present families of families of Galerkin–collocation time discretization schemes for theincompressible Navier–Stokes equations
∂tv + (v · ∇)v − ν∆v +∇p = f , ∇ · v = 0 .

The conceptual basis of these schemes is the establishment of a direct connection between theGalerkin method and the classical collocation methods, with the perspective of achieving the ac-curacy of the former with reduced computational costs in terms of less complex algebraic systemsof the latter. Higher regularity in time of the discrete solutions is also ensured; cf. [1,3].As a further ingredient of our approach, we employ the Nitsche method to impose all types ofboundary conditions in a weak form. Thereby, the essential building block for capturing problemsof fluid-structure interaction in the future is provided by our approach. For an application of ourdiscretization techniques to elastodynamics and wave problems we refer to [1,2].
References:
[1] M. Anselmann, M. Bause, S. Becher, G. Matthies, Galerkin–collocation approximation in time for wave
equations, to appear (2019), pp. 1–25
[2] M. Bause, U. Köcher, F. A. Radu, F. Schieweck, Post-processed Galerkin approximation of improved order
for wave equations, Math. Comp., accepted (2018), pp. 1–34; arXiv:1803.03005
[3] S. Becher, G. Matthies, D. Wenzel, Variational methods for stable time discretization of first-order differ-
ential equations, in K. Georgiev, M. Todorov M, I. Georgiev (eds), Advanced Computing in Industrial Mathe-
matics. BGSIAM, Springer, Cham, 2018, pp. 63–75

1Helmut-Schmidt-University Hamburg, Department of Mechanical Engineering / Numerical Mathematics
mathias.anselmann@hsu-hh.de

2Helmut-Schmidt-University Hamburg, Department of Mechanical Engineering / Numerical Mathematics
bause@hsu-hh.de
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A parallel procedure of optimization and forecasting techniques
applied in energy demand

Aurora Ferrja1 Eralda Dhamo2 Besiana Çobani3 Arbesa Kamberi4

The energetic field is one of the most fundamental sector in the development of the economyof a country. To optimize the energy production it is important to obtain an accurate forecastfor the demand. The combination of the optimization techniques with time series forecast tech-niques is studied in other works as well. In this paper we present a parallel algorithm to obtainone day ahead forecasting which consist of combining an evolutionary method and forecastingtechniques. The optimization method used is PSO (Particle Swarm Optimization). This methodcontrols a considerable number of restrictions, specifically in our work: the total volume, the max-imum and minimum level in HPP, etc, so, it is necessary a parallelization of the work. On the otherhand, the forecasting procedure utilize some exogenous variables in a dynamic way to obtain themost accurate forecast which serves as an input to PSO. To achieve the required result in a fasterexecution time a parallel implementation procedure of these two techniques is used. Daily dataof energy production are analyzed and forecast.
References:
[1] Makridakis S, Spiliotis E, Assimakopoulos V (2018) Statistical and Machine Learning forecasting meth-ods: Concerns and ways forward. PLoS ONE 13(3): e0194889. https://doi.org/10.1371/journal.pone.0194889
[2] David A. Harpman, 2009 Scoping report-new algorithms for hydropower optimization U.S Bureau ofReclamation’s Science and Technology

1Tirana University, Applied Mathematics
aurora.simoni@fshn.edu.al

2Tirana University, Department of Applied Mathematics
eralda.dhamo@fshn.edu.al

3Tirana University, Department of Mathematics
besiana.hamzallari@fshn.edu.al

44Albanian Power Corporation, Operation Department, Analyses Programming Sector Tirana, Albania
kamberia@kesh.al
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A discretize-then-optimize approach for PDE-constrained shape
optimization problems

Roland Herzog1 Estefania Loayza2

In the traditional approach to algorithmic PDE-constrained shape optimization, one derives aformula for the shape derivative (involving an adjoint PDE) either in volume or boundary formula-tion, then converts it into a shape gradient (vector field), which drives the transformation of thecurrent into an updated domain. When implementing a discrete version of this procedure, themesh quality often degrades.In this talk, we propose a fully discrete approach to PDE-constrained shape optimization. Wedefine a finite dimensional manifold of discrete shapes represented by computational meshes andperform mesh updates along the geodesics of a complete Riemannian metric. This procedureavoids mesh degradation by design. Numerical examples will be included.

1TU Chemnitz, Fakultät für Mathematik
roland.herzog@mathematik.tu-chemnitz.de

2TU Chemnitz, Fakultät für Mathematik
estefania.loayza@mathematik.tu-chemnitz.de
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Optimal control of pedestrian dynamics

Max Winkler1

This talk is devoted to optimal control problems for the Hughes model which is a mathematicaldescription of pedestrian dynamics. As an application, we consider the optimal evacuation of acrowd in e. g. a burning building. The typical observation is that all people run to the closest exitand depending on the initial distribution of the crowd some exits slightly further away are notminded. Thus, we modified the model and introduced so-called agents which may also attractthe crowd and the aim is to control the movement of these agents such that the evacuation isoptimized by evenly spreading the crowd to all exits.The model is based on a coupled system of a transport equation for the crowd, an Eikonalequation for the potential and an ODE system for the agent dynamics. The problem is discretizedwith a discontinuous Galerkin scheme. Moreover, we investigate first-order necessary optimalityconditions and gradient based optimization methods for the optimal control problem.

1TU Chemnitz, AG Numerische Mathematik (Partielle Differentialgleichungen)
max.winkler@mathematik.tu-chemnitz.de
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Notes on session “Scientific Computing”
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Space-time Finite Element Methods for parabolic initial-boundary
value problems with non-smooth solutions

Ulrich Langer1 Andreas Schafelner2

We consider locally stabilized, conforming finite element schemes on completely unstructuredsimplicial space-time meshes for the numerical solution of parabolic initial-boundary value prob-lems with variable, possibly discontinuous in space and time coefficients. Discontinuous coeffi-cients, non-smooth boundaries, changing boundary conditions, non-smooth or incompatible ini-tial conditions, and non-smooth right-hand sides can lead to non-smooth solutions. For instance,in electromagnetics, permanent magnets cause line-delta-distributions in the source term in 2dquasi-magnetostatic simulations of electrical machines.We present new a priori and a posteriori error estimates for low-regularity solutions. In orderto avoid reduced convergence rates appearing in the case of uniform mesh refinement, we alsoconsider adaptive refinement procedures based on residual a posteriori error indicators and func-tional a posteriori error estimators. The latter provides guaranteed upper bounds on the error. Thehuge system of space-time finite element equations is then solved by means of GMRES precon-ditioned by space-time algebraic multigrid. In particular, in the 4d space-time case that is 3d inspace, simultaneous space-time parallelization can considerably reduce the computational time.We present and discuss numerical results for several examples possessing different regularityfeatures. The implementation is performed within MFEM.The authors would like to thank the Austrian Science Fund (FWF) for the financial supportunder the grant DK W1214-04.

1Johannes Kepler University Linz, Institute for Computational Mathematics
ulanger@numa.uni-linz.ac.at

2Johannes Kepler University Linz, Doctoral Program ”Computational Mathematics”
andreas.schafelner@dk-compmath.jku.at
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Space-time Finite Element Methods for Maxwell’s equations

Julia Hauser1 Olaf Steinbach2

We consider Maxwell’s equations in a space-time setting and the corresponding variationalformulations. In particular we take a look at the vectorial wave equation for the electric field Eincluding the spatial curl operator. By applying integration by parts in both time and space wederive a Galerkin-Petrov formulation for which we will discuss unique solvability under differentassumptions on the given data. Although the numerical discretization in a 4D space-time settingseems to be ambitious at a first glance, it allows for an adaptive resolution simultaneously intime and space and for a parallel implementation. In the end we will consider examples and openproblems.

1Graz University of Technology, Institute of Applied Mathematics
jhauser@math.tugraz.at

2Graz University of Technology, Institute of Applied Mathematics
o.steinbach@tugraz.at
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Time step control for variational time discretisations of higher
order and higher regularity

Gunar Matthies1 Simon Becher2

As generalisation of the well-known discontinuous Galerkin (dG) and continuous Galerkin-Petrov (cGP) methods, a two-parametric family of variational time discretisations has been pro-posed recently. The two family parameters allow to control the ansatz order and global smooth-ness of the solution. Hence, higher order schemes with higher order regularity can be obtained byadjusting the family parameters in the right way.Many variational time discretisation methods provide a cheap post-processing leading to a so-lution that converges in integral-based norm of one order higher than those of the original meth-ods. Hence, the difference between the original and the post-processed solution can be usedwithin an adaptive time-step control. We will discuss the behaviour in dependence of the twofamily parameters of the variational time discretisation schemes.

1Technische Universität Dresden, Institut für Numerische Mathematik
gunar.matthies@tu-dresden.de

2Technische Universität Dresden, Institut für Numerische Mathematik
simon.becher@tu-dresden.de
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Stable space-time Finite Elements for viscous flows

Douglas Ramalho Queiroz Pacheco1 Olaf Steinbach2

Space-time finite element formulations differ from conventional methods by treating time andspace in a similar manner. This means that time is considered as an additional dimension, sothat the whole space-time domain is discretized with finite elements. Such formulations haveproven attractive for the solution of various problems, for instance, by offering a natural frame-work to tackle flow problems with time-dependent domains. In the present work, the well-knownconcept of the Taylor-Hood element is extended for the Galerkin space-time variational formula-tion of the Stokes system. Classical spatial Taylor-Hood elements are constructed by interpolatingflow velocities with a one order higher polynomial degree than the pressure. This guarantees thefulfillment of a discrete inf-sup condition, thereby yielding a stable method. As our main contribu-tion, we construct space-time Taylor-Hood elements by using second-order interpolation for thevelocity and first-order interpolation for the pressure – with the same degree for space and time.This yields an unconditionally stable and optimally convergent method. We further consider twotypes of elements, namely, prismatic (simplicial in space, tensor product in time) and tetrahedral(fully simplicial). A comparative study between these two different Taylor-Hood-type elements iscarried out, and numerical simulations reveal the potential of the method.

1Graz University of Technology, Institute of Applied Mathematics, Graz, Austria
pacheco@math.tugraz.at

2Graz University of Technology, Institute of Applied Mathematics, Graz, Austria
o.steinbach@tugraz.at
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On PCD preconditioner for Navier-Stokes equations

Jan Blechta1

We provide a novel analysis for the pressure convection-diffusion (PCD) preconditioner for theincompressible Navier-Stokes equations. We first develop a theory for the preconditioner consid-ered as an operator in infinite-dimensional spaces. We then provide a methodology for construct-ing discrete PCD operators for a broad class of pressure discretizations. The principal contributionof the work is that a clear and pronounced methodology for dealing with the artificial boundaryconditions is given, including the inflow-outflow case, which has not been adequately addressedin the existing literature. In particular, new forms of discrete PCD are derived, which are, unlike thepreviously published variants, proven to be invertible and robust in data.
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FETI-DP solvers and deal.II for problems in dislocation mechanics

Stephan Köhler1 Oliver Rheinbach2 Stefan Sandfeld3 Dominik Steinberger4

FETI-DP (Finite Element Tearing and Interconnecting Dual-Primal) solvers and the deal.II adap-tive finite element library are combined to solve dislocation eigenstrain problems in micromechan-ics. Computational results using adaptive finite elements with millions of unknowns are presented.
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A Three-Level extension for the Fast and Robust Overlapping
Schwarz (FROSch) preconditioner

Friederike Röver1 Alexander Heinlein2 Axel Klawonn3 Oliver Rheinbach4

The Fast and Robust Overlapping Schwarz (FROSch) framework in the Trilinos software librarycontains a parallel implementation of the two-level GDSW overlapping Schwarz preconditionerusing an energy-minimizing coarse space. It can be constructed algebraically from the assembledmatrix. To improve the parallel scalability of the two-level method, a three-level extension hasbeen introduced, recently. Numerical results in two and three dimensions are presented. A furtherimprovement of the scalability can be obtained by an approach using a reduced coarse space.Results for the three- and two-level method applying the reduced coarse space are also presented.Regarding the size of the coarse problem, the new methods can be expected to scale when theclassical method will be out of memory.
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A general framework for applying the DWR method on variational
inequalities

Ullrich Heupel1 Andreas Rademacher2

In this talk, we consider variational inequalities of first and second kind including a smoothnonlinear differential operator. We rewrite the variational inequality with the help of nonlinearcomplementarity (NCP) functions as a nonlinear problem. However, due to the nonsmoothnessof the NCP functions, the resulting problem is not smooth. Furthermore we have potentially toassume additional properties of the analytic solution to do the reformulation. We want to applythe dual weighted residual (DWR) method to estimate the discretization error in a user definedquantity of interest. Due to the nonsmoothness of our formulation, we cannot directly apply theclassic DWR approach, where the problem is linearized on the basis of the directional derivativeof the underlying semi linearform. Instead, we use the active sets provided by the NCP functionsto do the linearization w.r.t. them, while the differential operator is treated in the classic way. Thearising dual problem is closely connected to the linear system of equations, which has to be solvedin the last step of a semi smooth Newton method applied to the original problem. We derive anerror identity, which consists in the primal residual, the dual residual and a remainder term. Theremainder term is neglectable. The primal residual and the dual residual are weighted by the dualand the primal discretization error, respectively. Thus, their evaluation has to be approximatednumerically. Finally, the error estimate is localized to the mesh cells by a filtering approach toutilize it in an adaptive strategy. As an example for the application of this framework we discussSignorini’s problem with friction discretized by a mixed method. Finally, we give an outlook onthermoplastic contact problems.
References:
[1] R. Rannacher, J. Vihharev: Adaptive finite element analysis of nonlinear problems: Balancing of dis-cretization and iteration errors. Journal of Numerical Mathematics, 21(1): 23-62, 2013.
[2] A. Rademacher: Mesh and model adaptivity for frictional contact problems. Numerische Mathematik,142(3): 465-523, 2019.
[3] A. Rademacher: NCP-function based dual weighted residual error estimators for Signorini’s problem.SIAM Journal of Scientific Computing, 38(3): A1743-1769, 2016.
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Dual weighted residual method based error indicators for the local
choice of the Finite Element

Andreas Rademacher1 Dustin Kumor2

The contribution at hand deals with locking effects within the simulation of problems withlocal regions of nearly incompressible material behaviour and the possibility to cope with thesedifficulties by an adaptive choice of the finite element. Here, we consider the problem of linearelasticity, which is discretised with standard bilinear finite elements. It is a well known fact, thatthis kind of discretisation leads to locking phenomena in the case that Poisson’s ratio is closeto 0.5. The modification of the continuous bilinear form on the discrete level is one possibilityto overcome the drawback of the initial formulation. We discretise the bilinear form by using adiscrete divergence operator leading to the discretised bilinear form, which is realised by applyinga one point Gaussian quadrature rule for the corresponding scalar product. This approach is knownas selective reduced integration.The discretisation error with respect to a user defined quantity of interest can be estimatedapplying the dual weighted residual (DWR) method. Since the discrete solution is computed byusing a modified discrete bilinear form, the standard approach of the DWR method is not applicableand needs to be modified. We derive an error identity involving some additional terms due to thedifferent bilinear forms and discuss the numerical approximation of it, which has to be handledwith special care.A further aim is to consider the adaptive local choice of the bilinear form to compute theelement matrix. The adaptive choice of the bilinear form on element level describes a problem withmodel adaptive character. We use the DWR method to estimate the difference between the twoarising discretisation errors. Finally, numerical results substantiate the accuracy of the presentederror estimator and the efficiency of the adaptive algorithms.
References:
[1] D. Kumor, A. Rademacher: Goal-oriented a posteriori error estimates in nearly incompressible linearelasticity. In F. A. Radu, K. Kumar, I. Berre, J. M. Nordbotten and I. S. Pop, Editors, Numerical Mathematicsand Advanced Applications, ENUMATH 2017, Springer, pp. 399-406, 2019
[2]D. Kumor, A. Rademacher: Goal oriented a posteriori error estimators for problems with modified discreteformulations based on the dual weighted residual method. Submitted to Journal of Numerical Mathematics
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Flux-reconstruction for obstacle problem and a posteriori error
estimation

Kemal Suntay1 Gerhard Starke2

In this talk we consider the elliptic obstacle problem for a membrane. We solve this problemwith P2 nonconforming finite elements the so-called Fortin-Soulie elements, see [1]. In [2] Fortin-Soulie elements were used successfully to reconstruct a H(div)-conforming flux with applicationto a-posteriori error estimation. We reconstruct a flux for the obstacle problem using these P2noncorming finite element and use this flux for a a- posteriori error estimation based on the dualformulation of the obstacle problem. The basic idea of the estimation can be traced back to Pragerand Synge [3]. Finally numerical results will be presented.
References:
[1]M. Fortin, M. Soulie, A nonconforming piecewise quadratic finite element on triangles, Internat. J. Numer.Methods Engrg. 19 (1983) 505–520.
[2] Kwang-Yeon, Kim,Flux reconstruction for the P2 nonconforming finite element method with applicationto a posteriori error estimation, Applied Numerical Mathematics 62, 1701-1717, 2012.
[3] Prager W., Synge J.L., Approximations in elasticity based on the concept of function space, Quart. Appl.Math. 5 (1947) 241–269.
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Wavelet regularization for the Cauchy problem of fractional
Helmholtz equation

Nabi Chegini1 Hussein Lotfinia2

This talk is devoted to the solution of the Cauchy problem related to fractional Helmholtzequation. Since this problem is ill-posed, a regularization method is needed to overcome the ill-posedness. For this task, we combine two powerful tools that are Fourier transform and waveletfiltering. To regularize this problem with noisy measured data, we use Meyer wavelet with a suit-able level of approximation, as a low-pass filter to remove high frequencies which cause the ill-posedness. Then we transform the problem to frequency space to solve it by Fourier transform.In practical examples we use fast Fourier transform that makes the method very fast and effec-tive. An analytic discussion, indicates the convergence of the method rather than a numericalimplementation is proposed in details.
References:
[1] H. Lotfinia, N. Chegini, and R. Mokhtari. Meyer wavelet regularization for the Cauchy problem of thebi-Helmholtz equation. Under Review.
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Application of some high-order numerical formulae in solving
time-fractional diffusion equations

Mohadese Ramezani1 Reza Mokhtari2 Gundolf Haase3

A time-fractional diffusion equation with the Caputo fractional derivative is considered andsolved by using a numerical scheme based on finite element method and/or finite differencemethod in space. For the Caputo fractional derivative of order α, 0 < α < 1, some formulaesuch as L1, L1-2 and L1-2-3 had been constructed previously by using the piecewise Lagrangeinterpolation and some new formulae based on B-spline interpolations had been introduced andcalled S1, S2 and S3 with 2−α, 3−α and 4−α order of convergence, respectively. The advantageof the B-spline based formulae lies in the fact that the form of these new formulae is as simple asL1 formula with fixed accuracy in the whole interval of integration while the previous formulae suchas L1-2 have lower accuracy at the beginning of the interval. Finally, some numerical examples aretested in order to demonstrate the applicability and accuracy of the new formulae.
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Solving generalized KdV-Burgers’ equations using a hybridized
discontinuous Galerkin method

Reza Mokhtari1 Shima Baharlouei2

In this talk, we aim to proceed to construct and analyze a hybridized discontinuous Galerkin(HDG) method for solving generalized KdV-Burgers’ (KdVB) equations. Following KdVB equationis considered
ut + f(u)x − (a(u)ux)x + (r′(u)g(r(u)x)x)x = 0, x ∈ Ω ⊂ R, t ∈ (0, T ] (1)

where f , a, r and g are some given functions. For the sake of simplicity, we consider a specialcase of equation (1) as follows
ut + f(u)x − α1uxx + α2uxxx = 0, x ∈ Ω ⊂ R, t ∈ (0, T ] (2)

in which α1 > 0, α2 ∈ R, and f is a suitable function which is in most problems as f(u) =
α0

n+1
un+1. We focus on equation (2) because it is more applicable in engineering and physics inparticular it has many applications in plasmas and fluids. On the other hand, the HDG method isone of the outstanding and successful methods for solving nonlinear evolution equations. Hence,we exploit an HDG discretization in space and an Euler method in time. A theorem related tothe stability of the proposed method is proved. More precisely, we prove that if equation (2) isequipped with periodic or appropriate homogeneous Dirichlet boundary conditions then the pro-posed HDG method is stable subject to proper choice of stabilization parameters. We examinesome different examples to observe optimal convergence in both approximate solution and itsderivative. Propagation and interaction of some solitons such as the bell-type and/or kink-typeand the evolution of the shock-wave solutions are tested to demonstrate the effectiveness andapplicability of the proposed method.
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Second-order sufficient conditions for optimal control of
non-smooth, semilinear equations

Livia Betz1

This talk is concerned with an optimal control problem governed by a non-smooth, semilinearelliptic PDE. The nonlinearity in the state equation is only directionally differentiable, locally Lips-chitz continuous, and is allowed to have infinitely many non-differentiable points. By employing itslimited properties, Bouligand-differentiability of the control-to-state map is shown. This enablesus to establish second-order sufficient optimality conditions.

1University of Duisburg-Essen, Optimal Control of PDEs, Essen
livia.betz@uni-due.de



34 32nd Chemnitz FE Symposium 2019
Symposium

Chemnitz

Optimal control of nonmonotone semilinear elliptic equations

Arnd Rösch1 Eduardo Casas2 Mariano Mateos3

In this talk we study optimal control problems governed by a semilinear elliptic equation. Theequation is nonmonotone due to the presence of a convection term, despite the monotonicity ofthe nonlinear term. The resulting operator is neither monotone nor coercive. We present severaltheoretical and numerical results.

1Universität Duisburg-Essen
arnd.roesch@uni-due.de

2Universidad de Cantabria
eduardo.casas@unican.es

3Universidad de Oviedo
mmateos@uniovi.es



Symposium

Chemnitz

32nd Chemnitz FE Symposium 2019 35

A priori error analysis for an optimal control problem governed by
a variational inequality of the second kind

Monika Weymuth1 Christian Meyer2

We consider an optimal control problem governed by an elliptic variational inequality of thesecond kind. The problem is discretized by linear finite elements for the state and a variationaldiscrete approach for the control. We present nearly optimal a priori error estimates, i.e. we provesecond order convergence (up to logarithmic terms) for the state and first order convergence (upto logarithmic terms) for the control. The key tools for the proof are strong stationarity conditionsand a quadratic growth condition. The derivation of these strong stationarity conditions is basedon differentiability properties of the control-to-state operator and needs only mild assumptions onthe active set.
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An analysis of the scaled boundary Finite Element Method

Gonzalo G. de Diego1 Fleurianne Bertrand2

The scaled boundary finite element method (SBFEM) is a relatively novel approach to theapproximation of the solution of a PDE introduced in the engineering community. Given a star-shaped domain, the scaled boundary transformation is performed such that the domain can berepresented in terms of a radial coordinate and circumferential coordinates. By discretising alongthe circumferential coordinates only, the PDE can be rewritten as an ODE for which an analyticalsolution can be found under certain conditions.In this presentation, a theoretical framework for the analysis of SBFEM is proposed. In par-ticular, the Poisson equation is considered on a “Pacman” domain and an adequate subspaceof H1(Ω) is defined in which to seek solutions constructed with SBFEM. The well-posedness ofSBFEM, a priori error estimates and several numerical examples are discussed.
References:
[1] Song, C. and Wolf, J. P. (1999), The scaled boundary finite element method—alias consistent infinitesimalfinite element cell method—for diffusion. Int. J. Numer. Meth. Engng., 45: 1403-1431.
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A modified Arnoldi algorithm to compute transmission eigenvalue
of an interior transmission eigenvalue problem

Aurora Ferrja1 Besiana Çobani2 Eralda Dhamo3 Fatmir Hoxha4

The inverse scattering plays a crucial role in the modern field of partial differential equations.It is a special field of interest for many mathematicians who deal with partial differential equationstheory and it is in continuous process. The nature of the inverse problem is generally ill-posed,more specifically the third condition fails (the solution does not depend on the initial data), so itis a real challenge to find a solution to the given problem. In this paper we deal with an interiortransmission problem which is a boundary value problem compounded of two partial differentialequations of second order defined in a bounded domain that correspond to the scatterer. Itshomogeneous version is referred to as the transmission eigenvalue problem, which is nonlinearand non self-adjoint eigenvalue problem. After proving the discreetness and the existence of thefollowing problem
∆w + k2 nw = 0 in Ω

∆v + k2 v = 0 in Ω

w − v = −η ∂v/∂ϑ in ∂Ω

∂w/∂ϑ− ∂v/∂ϑ = 0 in ∂Ω

we focus in a numerical method that gives the first value of k. (the first eigenvalue) . More pre-cisely, we use the finite element method. We transform the transmission problem into a weakproblem. Then we use standard piecewise linear finite elements to discretize this problem. Weneed only a few lowest real values of transmission eigenvalue in inverse scattering theory, so amodified algorithm using Arnoldi method is used to compute these eigenvalues. We use Matlabfor the implementation because it is more convenient to use the finite element method.
References:
[1] Cakoni, F and Gintides,D 2010 New results on transmission eigenvalues Inverse Problems Imaging 4,39-48
[2] XIa JI, JIGUANG SUN and Tiara Turner, 2012 Algorithm 922 A mixed Finite Element Method for HelmholtzTransmission eigenvalues, ACM Transactions on Mathematical Software, Vol 38, No.4 Article 29
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Numerical approximation of a chemotaxis system with logistic
growth on networks

Lucas Schöbel-Kröhn1

In this talk we consider a chemotaxis system with a logistic growth term on a network struc-ture. It is shown that there exists a unique weak solution which is bounded polynomially in timeand, as a consequence, exists globally. Moreover, a finite element method which is modified bymass lumping and upwinding techniques to ensure conservation of mass and positivity on thediscrete level is developed. Convergence of the method is proved under general assumptions onthe data and optimal convergence rates are obtained if the solution is sufficiently regular. Thetheoretical findings are illustrated by some numerical examples. This work generalizes the resultsobtained in the paper ”Chemotaxis on networks: Analysis and numerical approximation” by H.Egger and the author by considering additionally a logistic growth term.
References:
[1] https://arxiv.org/abs/1805.00925
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Some approaches on a posteriori error estimation in shape
optimization

Hendrik Pasing1

After a brief introduction to shape optimization we will discuss approaches on a posteriorierror estimation, including a posteriori error estimation of the compliance and shape gradientapproximation. In addition to the aforementioned approaches we will present associated open orpending questions. In general we will assume models of elastic structures if necessary.
References:
[1] Allarie, G. ”Conception optimale de structures”
[2]https://www.researchgate.net/publication/311769810_Quantitative_a_posteriori_

error_estimators_in_Finite_Element-based_shape_optimization

[3]http://www.esaim-cocv.org/articles/cocv/abs/2017/03/cocv160021-s/cocv160021-s.

html
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Optimal control problems and algebraic flux correction schemes

Jens Baumgartner1 Arnd Rösch2

Solutions of convection-diffusion-reaction equations may possess layers, i.e., narrow regionswhere the solution has a large gradient (in particular for convection dominated equations). Stan-dard finite element methods lead to discrete solutions which are polluted by spurious oscillations.The main motivation for the construction of the so-called algebraic flux correction (AFC) schemesis the satisfaction of the DMP to avoid spurious oscillations in the discrete solutions. We apply anAFC scheme to an optimal control problem governed by a convection-diffusion-reaction equation.Due to the fact that the AFC schemes are nonlinear and usually non-differentiable the approaches”optimize-then-discretize” and ”discretize-then-optimize” do not commute. We use the ”optimize-then-discretize” approach, i.e., we discretize the state equation and besides the adjoint equationwith the AFC method.
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Quasi-best approximation in PDE constraint optimization

Fernando Gaspoz1 Christian Kreuzer2 Andreas Veeser3 Winnifried Wollner4

We consider finite element solutions to quadratic optimization problems, where the state de-pends on the control via a well-posed linear partial differential equation. Exploiting the structureof a suitably reduced optimality system, we prove that the combined error in the state and adjointstate of the variational discretization on FEM spaces is bounded by the best approximation errorin the underlying discrete spaces. The constant in this bound depends on the inverse square-root of the Tikhonov regularization parameter. Furthermore, if the operators of control-action andobservation are compact, this quasi-best-approximation constant becomes independent of theTikhonov parameter as the meshsize tends to 0 and we give quantitative relationships betweenmeshsize and Tikhonov parameter ensuring this independence. We also derive generalizations ofthese results when the control variable is discretized or when it is taken from a convex set.
References:
[1] https://arxiv.org/abs/1904.07049
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Numerical analysis for coupled parabolic PDE-ODE systems

Marita Holtmannspötter1

In this talk we investigate a priori error estimates for the space-time Galerkin finite elementdiscretization of an optimal control problem governed by a simplified damage model. The modelequations are of a special structure as the state equation consists of a coupled parabolic PDE-ODE system. Among other things, challenges for the derivation of error estimates arise from lowregularity properties of solutions provided by this system. The state equation is discretized bya piecewise constant discontinuous Galerkin method in time and usual conforming linear finiteelements in space. We provide error estimates both for the discretization of the state equation aswell as for the optimal control. Numerical experiments are added to illustrate the proven rates ofconvergence.
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Numerical optimal control for parabolic PDEs using a space-time
Finite Element Method

Huidong Yang1 Ulrich Langer2 Olaf Steinbach3 Fredi Tröltzsch4

In this talk, we will present some numerical methods for optimal control of parabolic PDEs. Inparticular, we aim to minimize certain objective functionals subject to linear/nonlinear parabolicPDEs, under proper constraints on the control variables. We use a space-time finite elementmethod, based on a Galerkin–Petrov variational formulation employing piecewise linear finite ele-ments simultaneously in space and time, to discretize the optimality system, which includes boththe state and adjoint state equations. In contrast to the main drawback of conventional time step-ping methods, such an approach provides a flexibility to perform local refinements in space andtime simultaneously for the coupled optimality system, in which time is considered as anotherspatial coordinate. On the other hand, it often becomes a bottleneck to efficiently solve the largescale linear/linearized system of equations arising from the space-time finite element discretiza-tion, for which we have considered an algebraic multigrid preconditioned GMRES method.
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Novel continuum mechanical material models and their treatment
by use of the Finite Element Method

Philipp Junker1

The system of principal physical equations is not closed for until additional equations areformulated which take the specific material behavior into account. Usually, additional, so-calledinternal variables are introduced that describe the time dependent microstructure and whose evo-lution is modeled in terms of ordinary differential equations (ODEs) or partial differential equations(PDEs), respectively. This general approach of material modeling has successfully been appliedto various problems of engineering interest.This talk aims at presenting a short overview on how the finite element method can be used tofind approximate solutions to the mentioned system of coupled differential equations by focusingon novel approaches for two different problems: visco-elastic materials with stochastic propertiesand thermodynamic topology optimization including material nonlinearities.After presenting a variational strategy for general material modeling, the problem of visco-elastic materials with stochastic properties is discussed. In this case, the material behavior is de-scribed by an ODE with stochastic coefficients. The recently developed time-separated stochasticmechanics allows splitting the time-independent, stochastic terms from the time-dependent de-terministic terms. Thereby, both the expectation and the variance for the mechanical stresses canbe computed instantly. In the end, a finite element implementation needs only negligibly morecomputation time than one stochastic realization hundreds of which are needed for referentialMonte Carlo simulations to converge.In the second part of the talk, the thermodynamic topology optimization is presented whichmakes use of a gradient-enhanced energy functional for regularization. The resultant Helmholtzequation is solved in an efficient manner which avoids increasing the number of nodal unknowns.Since the PDE for the density distribution of the topology is derived from thermodynamic concepts,it can be equipped by material models that account for material nonlinearities such as anisotropyand tension/compression asymmetry.
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An accuracy condition for the finite element discretization of
Biot’s equations

Marco Favino1

Biot’s equations are a system of time-dependent partial differential equations, which describethe mechanical behaviour of fluid-saturated porous media [1]. The unknowns of such a system arethe solid displacement and in the pore pressure.Finite element discretizations of Biot’s equations may exhibit unphysical oscillations in thesolid displacement and in the pore pressure, which tend to increase when the time step is reduced[2]. In the one-dimensional case, a lower limit for the time step has been derived, in terms of themesh size and the mechanical properties.Differently from previous works, e.g. [2, 3], we identify the unphysical oscillations as a violationof a generalized discrete maximum principle and, in this way, we extend the lower limit for the time-step to the two- and three-dimensional cases [4].
References:
[1] Biot MA. General theory of three-dimensional consolidation. Journal of Applied Physics 1941; 12(2):155-164, doi:10.1063/1.1712886.
[2] Vermeer PA, Verruijt A. An accuracy condition for consolidation by finite elements. International Journalfor Numerical and Analytical Methods in Geomechanics 1981; 5(1):1-14, doi:10.1002/nag.1610050103.
[3] F. Gaspar, F. Lisbona, P. Vabishchevich. A finite difference analysis of Biot’s consolidation model. Ap-plied Numerical Mathematics, 44:487-506 (2003).
[4] M. Favino, A. Grillo, R. Krause. A stability condition for the numerical simulation of poroelastic sys-tems. Poromechanics V: Proceedings of the Fifth Biot Conference on Poromechanics, pages 919:928. ASCE(2013)a.
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Reconstruction-based a-posteriori error estimation in
stress-based FEM for frictional contact problems

Bernhard Kober1 Gerhard Starke2 Gabriele Rovi3 Rolf Krause4

The use of stress-based finite element methods for the treatment of contact problems ad-mits locking free performance in the incompressible limit as well as direct access to the surfaceforces at the contact zone. Consequently we are studying the application of the stress-based FEMdescribed in [1] featuring next-to-lowest order Raviart-Thomas-Elements to the Signorini contactproblem with Coloumb friction using a dual variational formulation similar to the one studied in[2].Since frictional contact problems tend to feature singularities, adaptive refinement strategies areto be considered and reliable a-posteriori error estimation is needed. We therefore extend thea-posteriori error estimator in [5] to frictional contact and reconstruct a H1-conforming displace-ment following the ideas in [3] and [4]. We prove reliability of our error estimator under similarassumptions as those made in [6] for uniqueness and test its efficiency by numerical experimentsin two and three dimensions.
References:
[1] D.Boffi, F.Brezzi and M.Fortin. Reduced symmetry elements in linear elasticity. Commun. Pure Appl.Anal., 8:95–121, 2009.
[2] A.Capatina. Variational Inequalities and Frictional Contact Problems. Springer International Publishing,2014.
[3] R.Stenberg. Postprocessing schemes for some mixed finite elements. ESIAM: Math. Model. a. Num.Anal., 25:151–167, 1991.
[4] A.Ern and M. Vohraĺık. Polynomial-degree-robust a posteriori estimates in a unified setting for conform-ing, nonconforming, discontinuous Galerkin, and mixed discretizations. SIAM J. Numer. Anal., 53:1058–1081, 2015.
[5] R.Krause, B.Müller and G.Starke. An Adaptive Least-Squares Mixed Finite Element Method for the Sig-norini Problem. Numerical Methods Part. Diff. Eq., 33:276–289, 2017.
[6] Y.Renard. A uniqueness criterion for the Signorini problem with Coulomb friction. SIAM J. Math. Anal.,38:452–467, 2006.
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Weakly symmetric stress equilibration and a posteriori error
estimation for hyperelasticity

Marcel Moldenhauer1 Fleurianne Bertrand2 Gerhard Starke3

By extending the techniques in [1] for the linear elastic case, an algorithm to reconstruct aH(div)-conforming weakly symmetric stress tensor for the non-linear hyperelastic case is pre-sented. This work builds upon [2] where a local weakly symmetric stress reconstruction is derivedfor arbitrary conforming finite elements in linear elasticity. The reconstructed stress tensor is usedas an a posteriori error estimator. Numerical results for the incompressible hyperelastic case arepresented.
References:
[1] F. Bertrand, M. Moldenhauer, G. Starke, A posteriori error estimation for planar linear elasticity by stressreconstruction, Computational Methods in Applied Mathematics (2018), https://doi.org/10.1515/cmam-2018-
0004
[2] F. Bertrand, B. Kober, M. Moldenhauer, G. Starke,Weakly symmetric stress equilibration and a posteriorierror estimation for linear elasticity, in review, available at: https://arxiv.org/abs/1808.02655
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Formation of wrinkles on a coated elastic substrate

Lisa Julia Nebel1

We consider a thin elastic substrate coated with a hard film that forms wrinkles when stretchedor sheared. The elastic substrate is modeled using a hyperelastic, homogeneous and isotropicmaterial. The film is modeled using a Cosserat shell as proposed by Neff. This involves a micro-rotation field of orthonormal director triads on the coated part of the substrate boundary, whichwill be denoted by Ωξ.The material behavior can be described by the sum of two energies:
J(ϕ,R) =

∫
Ω

We(∇ϕ) dV +

∫
Ωξ

Wc(ϕ|Ωξ
, R) dS

where We : GL+(3) → R is the elastic energy density and Wc : GL+(2) × SO(3) → R is theCosserat shell energy density depending on the surface deformation function ϕ and the microro-tation field R.We discretize the problem using finite elements for the substrate displacement and geodesic finiteelements for the microrotation field. Geodesic finite elements are a generalization of standard fi-nite elements to spaces of functions mapping into a Riemannian manifold.We obtain an algebraic optimization problem on a finite-dimensional Riemannian manifold. Tosolve this problem we propose a distributed Riemannian trust-region solver with a monotone multi-grid method for the constraint inner problems. Numerical experiments show that we can efficientlyreproduce wrinkling patterns of the coupled system.
References:
[1] https://arxiv.org/pdf/1412.3668.pdf
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Adaptive finite cell methods for contact problems

Korinna Rosin1 Andreas Rademacher2

In this talk, we extend our work on the adaptive optimal control of contact problems [1] onto thediscretization by means of the finite cell method (FCM), which is a particular combination of thefictitious domain concept and finite element method. We present only the results for the simulationof the contact problems, in order to focus on the FCM. A more complete work on this topic isgiven in [3], which also covers the optimal control of contact problems. The underlying contactproblems lead to variational inequalities, which have non-regular solution operators, yet we wantto apply Newton’s method. Therefore, we regularize the non-smooth problems by penalization andafterwards discretize them using the FCM. The latter method allows for a different domain on thediscrete and the continuous level. This is in particular useful, if the original domain has a difficultshape or changes during a time-dependent process. We briefly discuss the a-priori FCM-error forthe resulting semi-linear problem.As both modifications (penalization and FCM) introduce great challenges to the conditioning,an adaptive algorithm is required to manage these numerical difficulties as well as the discretiza-tion error. Applying the dual weighted residual method, an error identity for the error measuredby a goal functional is derived. This identity respects the different error sources. Extending theideas presented in [1] and [2], we finally deduce computable error estimators concerning the dif-ferent sources. We present the actual estimators as well as numerical results substantiating theaccuracy of the a-posteriori error estimators and the efficiency of the adaptive algorithm.
References:
[1] A. Rademacher, K. Rosin. Adaptive optimal control of Signorini’s problem. Comput. Optim. Appl.,70(2):531–569, June 2018.
[2] P. Di Stolfo, A. Rademacher, A. Schröder. Dual weighted residual error estimation for the finite cellmethod. J. Numer. Math., 2019, published online
[3] K. Rosin. Adaptive Finite Element Methods for Contact Problems embedded in a Fictitious Domain - Sim-
ulation and Optimal Control. Doctoral thesis, TU Dortmund University, May 2019.
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Construction of AS T-splines through local higher-dimensional
representations

Philipp Morgenstern1 Roland Maier2 Thomas Takacs3

In 2003, T-splines were introduced in the context of CAD as a new realization for B-splines onirregular meshes that does not require the bookkeeping of a hierarchical basis, but neverthelessallows for local mesh refinement in order to control small-scale geometry features. Shortly after,IGA was introduced, and T-splines were applied with promising results, however an appropriatelocal refinement strategy needed to be investigated. The main issues have been solved for 2Dmeshes until 2013, but spline-based discretizations and appropriate local refinement strategiesfor unstructured 2D and 3D meshes are still subject of ongoing research.We propose a construction of analysis-suitable T-splines for unstructured two-dimensional T-meshes. This construction makes locally use of higher-dimensional meshes of which the givenunstructured mesh is a lower-dimensional projection. According to this construction, we use keyideas from the local refinement of higher-dimensional structured meshes to develop a local refine-ment strategy for the 2D unstructured case. Finally, we sketch ideas and ongoing work towards atheoretical rate-optimality of the h-adaptive IGA for a second-order elliptic PDE.
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Curl-free Finite Elements for gradient elasticity at finite strains

Johannes Riesselmann1 Jonas Ketteler2 Mira Schedensack3 Daniel Balzani4

Gradient elasticity formulations can be used to model specialized materials, whose elasticbehavior depends on size relations between the microstructure and specimen size. Through en-richment of the internal elastic energy by a higher order gradient term, which contains additionalconstitutive parameters, these so called size effects can be captured. Moreover, singularities ate.g. sharp corners of the modeled specimen, which would appear in classical elasticity formu-lations are avoided and corresponding numerical simulations have the advantage of remainingmesh objective. However, a straightforward discretization requires C1-continuity, for which retain-ing compatibility with standard software and meshing arbitrary structures are known difficulties.Another approach is to use mixed formulations instead. They have the advantage of a relaxationof continuity requirement to C0 and making standard finite element discretizations possible. Sofar, a common approach is to make both displacements, displacement gradients and additionalLagrange multipliers seperate discretization variables leading to finite elements with a relativelyhigh number of degrees of freedom. The present contribution investigates a stable approach inwhich the displacements are decoupled from the formulation shrinking the size of the problem.Moreover, further cost reduction through reduced numerical approaches eliminating the lagrangemultiplier variable are investigated and comparative studies are presented.
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Approximation of rate-independent evolution with non-convex
energies

Michael Sievers1 Christian Meyer2

Rate-independent systems governed by non-convex energies provide a several mathematicalchallenges. Since solutions may in general show discontinuities in time, the design of a suitable,mathematically rigorous notion of solution is all but clear and several different solution conceptsexist, such as weak, differential, and global energetic solutions. In the recent past a new promis-ing solution concept was developed, the so-called parametrized solution. The principal idea is tointroduce an artificial time, in which the solution is continuous, and to interpret the physical timeas a function of the artificial time. A numerical scheme that allows to approximate this class of so-lutions is the so-called local time-incremental minimization scheme. We investigate this scheme(combined with a standard finite element discretization in space) in detail, provide convergenceresults in the general case, and prove convergence rates for problems with (locally) convex ener-gies. Numerical tests confirm our theoretical findings.
References:
[1] https://link.springer.com/article/10.1007/s10092-018-0301-4
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Finite Element approximation of elliptic homogenization problems
in nondivergence-form

Timo Sprekeler1 Yves Capdeboscq2 Endre Süli3

We use uniform W 2,p estimates to obtain corrector results for periodic homogenization prob-lems of the form A(x/ε) : D2uε = f subject to a homogeneous Dirichlet boundary condition.We propose and rigorously analyze a numerical scheme based on finite element approximationsfor such nondivergence-form homogenization problems. The second part of this work focuses onthe approximation of the corrector and numerical homogenization for the case of nonuniformlyoscillating coefficients. Numerical experiments demonstrate the performance of the scheme.
References:
[1] Y. Capdeboscq, T. Sprekeler, and E. Süli. Finite Element Approximation of Elliptic Homogenization Prob-lems in Nondivergence-Form, 2019, submitted. https://arxiv.org/abs/1905.11756
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Stress approximations in solid mechanics

Fleurianne Bertrand1

The usual way to perform computations in solid mechanics is based on the representation ofa primal variable, commonly the displacement or the pressure, by suitable finite element spaces.From such a finite element approximation, other variables like stresses can be reconstructed in apost-processing step. This primal formulation had great success of practical computational en-gineering for advanced problems in solid mechanics. However, it is well-known that the loss ofaccuracy due to the reconstruction step can lead to non-physical solutions, in particular for thesimulation of challenging problems like in fracture mechanics or coupled problems, or for complexboundary value problems with discontinuities, strong anisotropy, heterogeneity, or incompressibil-ity. In order to master these challenges and develop robust numerical schemes, an accurate rep-resentation of the stress-field is needed. To this end, the associated first-order system can be con-sidered, such that the stress-field and the primal variable are both part of the model. This systemallow the use of variational formulations involving the stresses as independent unknowns, whichare approximated simultaneously to the variable of the primal approach. The standard mixed fi-nite element approach leads then to a saddle-point problem, in which the momentum balance isapproximated in an optimal way, if appropriate finite element combinations are used. However,the construction of those finite element spaces is challenging, since a stability condition betweenthe mixed spaces has to be established.In order to avoid the complexity of this stability condition, a positive definite system can beobtained by minimizing the residuals in the partial differential equations. Using theL2-norm leadsto the Least-Squares method, which provides the advantage of an inherent a posteriori error esti-mator. However, there is a strong connection of this stress approximation to that obtained from amixed formulation. In fact, the error associated with the momentum balance can be proved to beof higher order than the overall error of the least-squares approach. This implies that the favor-able conservation properties of the dual-based mixed methods and the error control of the leastsquares method can be combined.
References:
[1] Boffi, Daniele, Franco Brezzi, and Michel Fortin. Mixed finite element methods and applications. Vol. 44.Heidelberg: Springer, 2013.
[2] Bochev, Pavel B., and Max D. Gunzburger. Least-squares finite element methods. Vol. 166. SpringerScience & Business Media, 2009.
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Optimal convergence rates in L2 for a first order system
least-squares Finite Element Method

Maximilian Bernkopf1 Jens Markus Melenk2

We consider a Poisson-like second order model problem written as a system of first orderequations. For the discretization anHHH(Ω, div) × H1(Ω)- conforming least squares formulationis employed. A least squares formulation has the major advantage that regardless of the originalformulation the linear system resulting from a least squares type discretization is always positivesemi-definite, making it easier to solve. Even though our model problem in its standard H1(Ω)formulation is coercive our methods and lines of proof can most certainly be applied to other prob-lems as well, see [2, 3] for an application to the Helmholtz equation. A major drawback of a leastsquares formulation is that the energy norm is somewhat intractable. Deducing error estimatesin other norms, e.g., the L2(Ω) norm of the scalar variable, is more difficult. Numerical examplesin our previous work [2] suggested convergence rates previous results did not cover. Closing thisgap in the literature will be the main focus of the talk. To that end we showcase a duality argu-ment in order to derive L2 error estimates of the scalar variable, which was the best availableestimate in the literature. We then perform a more detailed analysis of the corresponding errorterms. This analysis then leads to optimal convergence rates of the method. The above procedurecan then be applied to more complicated boundary conditions, for which an analogous result isa nontrivial task. As a tool, which is of independent interest, we develop HHH(Ω, div)-conformingapproximation operators satisfying certain orthogonality relations. For the analysis, a crucial toolare recently developed projection based commuting diagram operators, see [4].
References:
[1] M. Bernkopf and J.M. Melenk, Optimal convergence rates in L2 for a first order system least squaresfinite element method, in preparation, 2019.
[2] M. Bernkopf and J.M. Melenk, Analysis of the hp-version of a first order system least squares methodfor the Helmholtz equation, arXiv:1808.07825, 2018.
[3] H. Chen and W. Qiu A first order system least squares method for the Helmholtz equation, Journal of
Computational and Applied Mathematics 309 (2017), pp. 145–162.
[4] J.M. Melenk and C. Rojik, On commuting p-version projection-based interpolation on tetrahedra,arXiv:1802.00197, 2018.
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Least-squares formulations with application to FE-simulations of
fluid-structure interaction problems

Solveigh Averweg1 Alexander Schwarz2 Carina Nisters3 Jörg Schröder4

This contribution deals with an approach to model fluid-structure interaction problems withmonolithic coupling. The discretization of the fluid and the solid domain is based on the least-squares finite element method (LSFEM), whose application results in a minimization problem withsymmetric positive definite equation systems also for non self-adjoint problems. The resultingsecond-order systems are reduced to first-order systems by introducing new variables, leading toleast-squares formulations for both domains based on the stresses and velocities as presented ine.g. [1] and [2]. A conforming discretization of the unknown fields inH1 andH(div) using Lagrangeinterpolation polynomials and vector-valued Raviart-Thomas interpolations functions involves tothe automatic fulfillment of the coupling conditions. In more detail, a discretization inH1 ensurescontinuity of the velocity field and a discretization in H(div) results in continuity of the normalstress components at the interface. The governing equations are based on the incompressibleNavier-Stokes equations in an Arbitrary-Lagrangian-Eulerian (ALE) framework for the fluid domainand on linear elastodynamics for the solid domain.
References:
[1] C. Nisters, A. Schwarz, K. Steeger, and J. Schröder. A stress-velocity least-squares mixed finite elementformulation for incompressible elastodynamics. Proc. Appl. Math. Mech., 15:217-218, 2015.
[2] C. Nisters, and A. Schwarz. Efficient stress-velocity least-squares finite element formulations for theincompressible Navier-Stokes equations. Comput. Methods in Appl. Mech. Eng., 341:333-359, 2018
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Least-squares Finite Element Methods for sea ice modelling

Steffen Münzenmaier1 Fleurianne Bertrand2

In this talk a viscoplastic sea ice model is considered. Sea ice is modelled as a generalizedNewtonian compressible fluid, which satisfies a power law. The nonlinearity caused by the powerlaw for the viscosity is severe and requires careful treatment. The talk considers a first-order sys-tem least squares method (FOSLS), where the velocity, ice height, ice concentration and the stressare approximated. This approach leads to a nonlinear system of partial differential equations andfor the least-squares finite element method to a discrete non-quadratic minimization problem.The talk addresses the numerical challenges that arise while solving this system. After deriv-ing a proper linearization and discussing fitting approximation spaces, numerical experiments willbe presented. Furthermore theoretical results considering the well posedness of the problem willbe discussed. The talk also examines the advantages of adaptive refinement in this setting.

1University of Duisburg-Essen, Faculty of Mathematics
steffen.muenzenmaier@uni-due.de

2Faculty of Mathematics and Natural Sciences, Humboldt-Universität zu Berlin, Germany
fb@math.hu-berlin.de



Symposium

Chemnitz

32nd Chemnitz FE Symposium 2019 65

Symbolic evaluation of hp-FEM element matrices on simplices

Tim Haubold1 Veronika Pillwein2 Sven Beuchler3

In this talk we consider high-order finite element discretizations of linear elliptic boundaryvalue problems. Following e.g. [Beuchler et al., 2012 [1], Karniadakis, Sherwin [2]] a set of hierar-chic basis functions on simplices is chosen. For an affine simplicial triangulation this leads to asparse stiffness matrix. Moreover the L2-inner product of the interior basis functions is sparsewith respect to the polynomial order p. The construction relies on a tensor-product based con-struction with properly weighted Jacobi polynomials.In this talk we present algorithms which compute the remaining non zero entries of mass- andstiffness matrix in optimal arithmetical complexity. In order to obtain this result, recursion formu-las based on symbolic methods [3] are used. The presented techniques can be applied not only toscalar elliptic problems in H1 but also for vector valued problems in H(div) and H(curl), wherean explicit splitting of the higher-order basis functions into solenoidal and non-solenoidal ones isused.
References:
[1] Beuchler, Pillwein, Schöberl, Zaglmayr, Sparsity Optimized High Order Finite Element Functions on Sim-
plices (2012)
[2] Karniadakis, Sherwin, Spectral/HP Element Methods for CFD, (1999)
[3] Manuel Kauers, Guess: A Mathematica package for guessing multivariate recurrence equations
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A locally modified high order Finite Element Method for interface
problems

Gozel Judakova1 Thomas Richter2 Stefan Frei3

We consider the locally modified finite element method [1] for the Laplace equation with adiscontinuous coefficient across an interface line, which is able to resolve weak discontinuitiesin interface problems. Our approach is based on a mixed triangular-quadrilateral mesh as in afitted finite element method. If a patch of elements is cut by the interface, we start by dividing thepatch into four quadrilaterals whose boundaries approximate the interface. Each quadrilateral isthen split into two triangles. We show that all interior angles of the triangles are bounded by 117◦independent of the position of the interface on an edge. We present some numerical examples toshow optimal order of convergence for elliptic problems.
References:
[1] Stefan Frei and Thomas Richter, A locally modified parametric finite element method for interface prob-lems
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