=—————ecture Notesin Computational
fence and Engineering

40

Edtoril
Boa

Tchick

RalfKornhuber ~ Ronald Hoppe
Jacques Périaux  Olivier Pironneau
OlofWidlund  Jinchao Xu
Editors

Domain Decomposition
Methods

in Science and Engineering

@ Springer



Lecture Notes in Computational

Science and Engineering

40

Editorial
Board:

T.).Barth
M.Griebel
D.E.Keyes
R.M.Nieminen
D.Roose
T.Schlick

Ralf Kornhuber  Ronald Hoppe
Jacques Périaux  Olivier Pironneau
OlofWidlund  Jinchao Xu

Editors

Domain Decomposition
Methods
in Science and Engineering

@ Springer



Lecture Notes
in Computational Science
and Engineering

Editors

Timothy J. Barth, Moffett Field, CA
Michael Griebel, Bonn

David E. Keyes, New York

Risto M. Nieminen, Espoo

Dirk Roose, Leuven

Tamar Schlick, New York

40



Ralf Kornhuber
Ronald Hoppe
Jacques Périaux
Olivier Pironneau
Olof Widlund
Jinchao Xu

Editors

Domain Decomposition
Methods
inScienceandEngineering

With 184 Figures

@ Springer



Editors

Ralf Kornhuber

Fachbereich Mathematik und
Informatik

Freie Universitit Berlin

Arnimallee 2-6

14195 Berlin, Germany

e-mail: kornhuber@math.fu-berlin.de

Ronald Hoppe

Department of Mathematics
University of Houston

Philip G. Hoffman Hall 651
77204-3008 Houston, TX, USA
e-mail: rohop@math.uh.edu

Jacques Périaux

Dassault Aviation

78 Quai Marcel Dassault

Cedex 300

92552 St. Cloud, France

e-mail:
jacques.periaux@dassault-aviation.fr

Library of Congress Control Number: 2004111962

Olivier Pironneau

Laboratoire Jacques-Louis Lions
Université Paris VI

175 Rue de Chevaleret

75013 Paris, France

e-mail:
olivier.pironneau@ann.jussieu.fr

Olof Widlund

Courant Institute of Mathematical
Science

New York University

Mercer Street 251

10012 New York, USA

e-mail: widlund@cims.nyu.edu

Jinchao Xu

Department of Mathematics
Eberly College of Science
Pennsylvania Sate University
McAllister Building 218

16802 University Park, PA, USA
e-mail: xu@math.psu.edu

Mathematics Subject Classification (2000): 65M55, 65Y05

ISSN 1439-7358

ISBN 3-540-22523-4 Springer Berlin Heidelberg New York

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broad-
casting, reproduction on microfilm or in any other way, and storage in data banks. Duplication of
this publication or parts thereof is permitted only under the provisions of the German Copyright Law
of September 9, 1965, in its current version, and permission for use must always be obtained from
Springer. Violations are liable for prosecution under the German Copyright Law.

Springer is a part of Springer Science+Business Media
springeronline.com

© Springer-Verlag Berlin Heidelberg 2005

Printed in Germany

The use of general descriptive names, registered names, trademarks, etc. in this publication does
not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

Cover Design: Friedhelm Steinen-Broo, Estudio Calamar, Spain
Cover production: design & production, Heidelberg

Typeset by the authors using a Springer TgX macro package
Production: LE-TgX Jeloneck, Schmidt & Vockler GbR, Leipzig

Printed on acid-free paper 46/3142/YL-543210



Preface

This volume contains a selection of 72 papers presented at the 15" Interna-
tional Conference on Domain Decomposition which was hosted by Freie Uni-
versitét Berlin (FU) in cooperation with Zuse Institute Berlin (ZIB), Weier-
strass Institute Berlin (WIAS) and the DFG Research Center ‘Mathematics
for Key Technologies’ in Berlin, Germany, July 21 - 25, 2003. The attendance
of 167 scientists from 24 countries accentuates the relevance of this series of
almost annual meetings. In addition, an introductory tutorial by William D.
Gropp and David E. Keyes arranged in the run up to the conference attracted
31 participants from all parts of the world, most of which were students. The
conference itself included 15 plenary lectures delivered by leading experts in
the field, 12 Minisymposia, 37 contributed talks and a poster session. A total
of 144 presentations made this meeting one of the largest in the series of do-
main decomposition conferences. Since three parallel sessions were employed
in order to accommodate as many presenters as possible, attendees and non-
attendees alike may turn to this volume to keep up with future trends that
might be guessed from the diversity of subjects.

Domain decomposition conferences have become the most important mar-
ket place world wide for exchanging and discussing new ideas about the old
algorithmic paradigm of ‘divide and conquer’. Much of this reputation stems
from the close interaction of experts in numerical analysis and practitioners
from various fields of application concerning fast and reliable iterative methods
for discretized partial differential equations: Schwarz methods and substruc-
turing techniques form today’s basis for large scale parallel computing. The
unified view on the decomposition into subdomains and the decomposition
into frequencies in terms of abstract Schwarz methods or subspace correction
bridged the gap between domain decomposition and multigrid. Sophisticated
finite element tearing and interconnecting techniques opened new perspectives
(not only) in linear elasticity.

While classical domain decomposition concentrates on a given discretized
PDE, coupling/decoupling techniques have meanwhile been applied success-
fully to derive efficient solution procedures including the discretization itself:
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Mortar finite elements are most famous for their flexibility, e.g., with respect to
non-matching grids, a property which is particularly attractive in multi-body
contact. Other promising results concern the fast solution of time-dependent
problems by waveform relaxations with optimized coupling conditions or by
parareal algorithms.

The two latter approaches are motivated by parallel computation. On the
other hand, it is the underlying physical background that motivates, e.g., the
splitting of problems on an unbounded domain into a bounded and an un-
bounded part and gives rise to different discretizations in these subdomains
together with suitable coupling conditions. Many other physical problems
involve the localisation of the physics and their transient variability across
the geometric domain. For the mathematical description of such heteroge-
neous processes it is important to understand various options of coupling
subdomains in relation to the overall multi-physics problem. In this way, het-
erogeneous domain decomposition can be regarded as a new and promising
approach to the mathematical modeling of complex phenomena on multiple
scales.

This volume reviews recent developments in mathematical modeling, dis-
cretization, and fast and reliable solution by domain decomposition or related
techniques, including implementation issues. Applications comprise biocom-
puting, computational mechanics, combustion, electromagnetics, electronic
packaging, electrodynamics, fluid dynamics, medicine, metallurgy, microwave
technology, optimal control, porous media flow, and voice generation. For the
convenience of readers coming recently into the subject, a bibliography of
previous proceedings is provided below, along with some major recent review
articles and related special interest volumes. This list will inevitably be found
embarrassingly incomplete. (No attempt has been made to supplement this
list with the larger and closely related literature of multigrid and general it-
erative methods, except for the books by Hackbusch and Saad, which have
significant domain decomposition components.)

P. Bjorstad, M. Espedal, and D. Keyes, editors. Proc. Ninth Int. Conf.
on Domain Decomposition Methods for Partial Differential Equations, Ul-
lensvang, 1997. Wiley, New York, 1999.

T. Chan, R. Glowinski, J. Périaux, and O. Widlund, editors. Proc. Sec-
ond Int. Symp. on Domain Decomposition Methods for Partial Differential
Equations, Los Angeles, 1988. STAM, Philadelphia, 1989.

T. Chan, R. Glowinski, J. Périaux, and O. Widlund, editors. Proc. Third Int.
Symp. on Domain Decomposition Methods for Partial Differential Equa-
tions, Houston, 1989. STAM, Philadelphia, 1990.

T. Chan, T. Kako, H. Kawarada, and O. Pironneau, editors. Proc. Twelfth
Int. Conf. on Domain Decomposition Methods for Partial Differential Equa-
tions, Chiba, 1999. DDM.org, Bergen, 2001.
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T. Chan and T. Mathew. Domain decomposition algorithms. Acta Numerica,
pages 61-143, 1994.

M. Débit, M. Garbey, R. Hoppe, D. Keyes, Y. Kuznetsov, and J. Périaux,
editors. Proc. Thirteenth Int. Conf. on Domain Decomposition Methods for
Partial Differential Equations, Lyon, 2000. CINME, Barcelona, 2002.

C. Farhat and F.-X. Roux. Implicit parallel processing in structural mechan-
ics. Computational Mechanics Advances, 2:1-124, 1994.

R. Glowinski, G. Golub, G. Meurant, and J. Périaux, editors. Proc. First Int.
Symp. on Domain Decomposition Methods for Partial Differential Fqua-
tions, Paris, 1987. SIAM, Philadelphia, 1988.

R. Glowinski, Y. Kuznetsov, G. Meurant, J. Périaux, and O. Widlund, editors.
Proc. Fourth Int. Symp. on Domain Decomposition Methods for Partial
Differential Equations, Moscow, 1990. STAM, Philadelphia, 1991.

R. Glowinski, J. Périaux, Z.-C. Shi, and O. Widlund, editors. Proc. Fighth
Int. Conf. on Domain Decomposition Methods for Partial Differential Equa-
tions, Beijing, 1995. Wiley, Strasbourg, 1997.

W. Hackbusch. Iterative Methods for Large Sparse Linear Systems. Springer,
Heidelberg, 1993.

I. Herrera, D. Keyes, O. Widlund, and R. Yates, editors. Proc. Fourteenth
Int. Conf. on Domain Decomposition Methods in Science and Engineering,
Cocoyoc, 2002. UNAM, Mexico City, 2003.

D. Keyes, T. Chan, G. Meurant, J. Scroggs, and R. Voigt, editors. Proc.
Fifth Int. Conf. on Domain Decomposition Methods for Partial Differential
Equations, Norfolk, 1991. STAM, Philadelphia, 1992.

D. Keyes, Y. Saad, and D. Truhlar, editors. Domain-based Parallelism and
Problem Decomposition Methods in Science and Engineering, 1995. STAM,
Philadelphia.

D. Keyes and J. Xu, editors. Proc. Seventh Int. Conf. on Domain Decompo-
sition Methods for Partial Differential Equations, PennState, 1993. AMS,
Providence, 1995.

B. Khoromskij and G. Wittum. Numerical Solution of Elliptic Differential
Equations by Reduction to the Interface. Springer, 2004.

C.-H. Lai, P. Bjgrstad, M. Cross, and O. Widlund, editors. Proc. FEleventh
Int. Conf. on Domain Decomposition Methods for Partial Differential Equa-
tions, Greenwich, 1999. DDM.org, Bergen, 2000.

P. Le Tallec. Domain decomposition methods in computational mechanics.
Computational Mechanics Advances, 2:121-220, 1994.

J. Mandel, C. Farhat, and X.-C. Cai, editors. Proc. Tenth Int. Conf. on
Domain Decomposition Methods for Partial Differential Equations, Boulder,
1998. AMS, Providence, 1999.

L. Pavarino and A. Toselli. Recent Developments in Domain Decomposition
Methods, volume 23 of Lecture Notes in Computational Science € Engineer-
ing. Springer, 2002.
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A. Quarteroni, J. Périaux, Y. Kuznetsov, and O. Widlund, editors. Proc.
Sixth Int. Conf. on Domain Decomposition Methods for Partial Differential
Equations, Como, 1992. AMS, Providence, 1994.

A. Quarteroni and A. Valli. Domain Decomposition Methods for Partial Dif-
ferential Equations. Oxford, 1999.

Y. Saad. Iterative Methods for Sparse Linear Systems. PWS, Boston, 1996.

B. Smith, P. Bjgrstad, and W. Gropp. Domain Decomposition: Parallel Mul-
tilevel Algorithms for Elliptic Partial Differential Equations. Cambridge
Univ. Press, Cambridge, 1996.

A. Toselli and O. Widlund. Domain Decomposition Methods. Springer, 2004.

B. Wohlmuth. Discretization Methods and Iterative Solvers on Domain De-
composition. Springer, 2001.

J. Xu. Iterative methods by space decomposition and subspace correction.
SIAM Review, 34:581-613, 1991.

We also recommend the homepage for domain decomposition on the World
Wide Web www.ddm.org maintained by Martin Gander. This site features
links to past and future conferences, a growing number of conference proceed-
ings together with updated bibliographic and personal information pertaining
to domain decomposition.

We wish to thank all members of the Scientific Committee for Domain
Decomposition Conferences, and in particular the chair Ronald H.W. Hoppe,
for their help in setting the scientific direction of this conference. We are also
grateful to the organizers of the minisymposia for shaping the profile of the
scientific program and attracting high-quality presentations. The conference
offered a fruitful integration of scientific excellence of speakers with a great
level of interaction not only during the sessions but also along the friendly
conference dinner under the ‘communication tent’, bringing a pleasant and
relaxed atmosphere for exchanging information among attendees and lectur-
ers. The local organization was carried out by a wonderful team of almost
50 members of FU Berlin, Zuse Institute Berlin (ZIB), and Weierstrass Insti-
tute Berlin (WIAS). We thank all members of the local organizing committee
chaired by Ralf Kornhuber and, most notably, the conference manager Sa-
brina Nordt for perfectly taking care of all aspects of preparing and running
DD15.

We gratefully acknowledge the financial and logistic support of this con-
ference by FU Berlin, WIAS, ZIB, the German Research Foundation (DFG),
and, last but not least, by the DFG Research Center ‘Mathematics for Key
Technologies’.

The timely production of these proceedings would not have been possible
without the excellent cooperation of the authors and the referees. We would
like to thank all of them for their graceful and timely response to our various
demands. Special thanks are due to the technical editors Rainer Roitzsch and
Uwe Pohle for patiently eliminating all kinds of bugs from the final BTEX
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source and for presenting these proceedings on the web. Finally we wish to
thank Martin Peters and Thanh-Ha Le Thi from Springer for a friendly, reli-
able, and efficient collaboration.

Ralf Kornhuber
Berlin, Germany

Ronald H.W. Hoppe
Augsburg, Germany and Houston, USA

Jacques Périaux
Paris, France

Olivier Pironneau
Paris, France

Olof B. Widlund
New York, USA

Jinchao Xu
PennState, USA



Contents

Part I Invited Talks

Non-matching Grids and Lagrange Multipliers
S. Bertoluzza, F. Brezzi, L.D. Marini, G. Sangalli ...................

A FETI Method for a Class of Indefinite or Complex Second-
or Fourth-Order Problems
Charbel Farhat, Jing Li, Michel Lesoinne, Philippe Avery .............

Hybrid Schwarz-Multigrid Methods for the Spectral Element
Method: Extensions to Navier-Stokes
Paul F. Fischer, James W. Lottes. .. .........c. i,

Numerical Approximation of Dirichlet-to-Neumann Mapping
and its Application to Voice Generation Problem
Takashi Kako, Kentarou Touda ........... ... .. . . . . . i .

Selecting Constraints in Dual-Primal FETI Methods for
Elasticity in Three Dimensions
Azxel Klawonn, Olof B. Widlund ........ ... .. .. . ...

Coupled Boundary and Finite Element Tearing and
Interconnecting Methods
Ulrich Langer, Olaf Steinbach ....... ... . .. . . . . . . . . . i,

Parallel Simulation of Multiphase/Multicomponent Flow
Models
Erlend Oian, Magne S. Espedal, I. Garrido, G. E. Fladmark ..........

Uncoupling-Coupling Techniques for Metastable Dynamical
Systems
Christof Schiitte, Ralf Forster, Fike Meerbach, Alexander Fischer . ... ..



Xii Contents

Part II Minisymposium: Domain Decomposition Methods for
Wave Propagation
in Unbounded Media

On the Construction of Approximate Boundary Conditions

for Solving the Interior Problem of the Acoustic Scattering
Transmission Problem

X. Antoine, H. Barucq. . .. ..o u i e e 133

Approximation and Fast Calculation of Non-local Boundary
Conditions for the Time-dependent Schrédinger Equation
Anton Arnold, Matthias Ehrhardt, Tvan Sofronov..................... 141

Domain Decomposition and Additive Schwarz Techniques

in the Solution of a TE Model of the Scattering by an
Electrically Deep Cavity

Nolwenn Balin, Abderrahmane Bendali, Francis Collino. .............. 149

Part III Minisymposium:
Parallel Finite Element Software

A Model for Parallel Adaptive Finite Element Software
Krzysztof Banas . ........o . 159

Towards a Unified Framework for Scientific Computing
Peter Bastian, Mark Droske, Christian Engwer, Robert Klofkorn,
Thimo Neubauer, Mario Ohlberger, Martin Rumpf ................ ... 167

Distributed Point Objects. A New Concept for Parallel Finite
Elements
Christian WIEners .. ... ..o e e 175

Part IV Minisymposium: Collaborating Subdomains for Multi-
Scale Multi-Physics Modelling

Local Defect Correction Techniques Applied to a Combustion
Problem
Martign AnthOonissen . ........ .. .o 185

Electronic Packaging and Reduction in Modelling Time Using
Domain Decomposition
Peter Chow, Choi-Hong Lai . ...........c.. ... 193



Contents xiii

Improving Robustness and Parallel Scalability of Newton
Method Through Nonlinear Preconditioning
Feng-Nan Hwang, Xiao-Chuan Cai............. ... 201

Iterative Substructuring Methods for Indoor Air Flow
Simulation
Tobias Knopp, Gert Lube, Ralf Gritzki, Markus Rosler................ 209

Fluid-Structure Interaction Using Nonconforming Finite
Element Methods
Edward Swim, Padmanabhan Seshaiyer .......... ... ... ... ... ... ... 217

Interaction Laws in Viscous-Inviscid Coupling
Arthur E. P. Veldman, Edith G.M. Coenen................c.c.ou.... 225

Part V Minisymposium: Recent Developments
for Schwarz Methods

Comparison of the Dirichlet-Neumann and Optimal Schwarz
Method on the Sphere
J. Coté, M. J. Gander, L. Laayouni, S. Loisel ....................... 235

Finite Volume Methods on Non-Matching Grids with

Arbitrary Interface Conditions and Highly Heterogeneous

Media

I. Faille, F. Nataf, L. Saas, F. Willien............ ... ... .. ... .... 243

Nonlinear Advection Problems and Overlapping Schwarz
Waveform Relaxation
Martin J. Gander, Christian Rohde .......... .. ... . ... i, 251

A New Cement to Glue Nonconforming Grids with Robin
Interface Conditions: The Finite Element Case
Martin J. Gander, Caroline Japhet, Yvon Maday, Frédéric Nataf . ... .. 259

Acceleration of a Domain Decomposition Method for
Advection-Diffusion Problems
Gert Lube, Tobias Knopp, Gerd Rapin . ......... ... i, 267

A Stabilized Three-Field Formulation and its Decoupling for
Advection-Diffusion Problems
Gerd Rapin, Gert Lube .. ... ... .. . .. . .. 275

Approximation of Optimal Interface Boundary Conditions for
Two-Lagrange Multiplier FETT Method
F.-X. Rouz, F. Magoulés, L. Series, Y. Boubendir ................... 283



Xiv Contents

Optimized Overlapping Schwarz Methods for Parabolic PDEs
with Time-Delay
Stefan Vandewalle, Martin J. Gander....... ... .. .. ... ... ... ... ... 291

Part VI Minisymposium: Trefftz-Methods

A More General Version of the Hybrid-Trefftz Finite Element
Model by Application of TH-Domain Decomposition
Ismael Herrera, Martin Diaz, Robert Yates .......... .. .. ... .. ... 301

Part VII Minisymposium: Domain Decomposition
on Nonmatching Grids

Mixed Finite Element Methods for Diffusion Equations on
Nonmatching Grids
Yurt Kuznetsov ... ..o 311

Mortar Finite Elements with Dual Lagrange Multipliers:
Some Applications
Bishnu P. Lamichhane, Barbara I. Wohlmuth. ... ..... ... ... ....... 319

Non-Conforming Finite Element Methods for Nonmatching
Grids in Three Dimensions
Wayne McGee, Padmanabhan Seshaiyer .......... ... .. ... ... .... 327

On an Additive Schwarz Preconditioner for the Crouzeix-
Raviart Mortar Finite Element
Talal Rahman, Xuejun Xu, Ronald H-W. Hoppe ..................... 335

Part VIII Minisymposium: FETI and Neumann-Neumann Domain
Decomposition Methods

A FETI-DP Method for the Mortar Discretization of Elliptic
Problems with Discontinuous Coefficients
Maksymilian Dryja, Wlodek Proskurowski ............ .. ... .. ... ... 345

A FETI-DP Formulation for Two-dimensional Stokes Problem
on Nonmatching Grids
Hyea Hyun Kim, Chang-Ock Lee .. ....... ... ... 353

Some Computational Results for Dual-Primal FETI Methods
for Elliptic Problems in 3D
Azxel Klawonn, Oliver Rheinbach, Olof B. Widlund . .................. 361



Contents

The FETI Based Domain Decomposition Method for Solving
3D-Multibody Contact Problems with Coulomb Friction

Radek Kucera, Jaroslav Haslinger, Zdenéek Dostdl ...................

Choosing Nonmortars: Does it Influence the Performance of
FETI-DP Algorithms?

Dan Stefanica ........ ...

Part IX Minisymposium:
Heterogeneous Domain Decomposition
with Applications in Multiphysics

Domain Decomposition Methods in Electrothermomechanical
Coupling Problems
Ronald H-W. Hoppe, Yuri Iliash, Siegfried Ramminger, Gerhard

Wachutka . . .. ... e

A Multiphysics Strategy for Free Surface Flows

Edie Miglio, Simona Perotto, Fausto Saleri.........................

Part X Minisymposium: Robust Decomposition Methods for
Parameter Dependent Problems

Weighted Norm-Equivalences for Preconditioning

Karl Scherer . ... .. .

Preconditioning for Heterogeneous Problems

Sergey V. Nepomnyaschikh, Fun-Jae Park..........................

Part XI Minisymposium: Recent Advances
for the Parareal in Time Algorithm

On the Convergence and the Stability of the Parareal
Algorithm to Solve Partial Differential Equations

Guillaumne Bal . ... ... . . .

A Parareal in Time Semi-implicit Approximation of the
Navier-Stokes Equations

Paul F. Fischer, Frédéric Hecht, Yvon Maday ......................

The Parareal in Time Iterative Solver: a Further Direction to
Parallel Implementation

Yvon Maday, Gabriel Turinici .............o i .

XV



