Hierarchical Bases for the Indefinite Helmholtz Equation

Michael Bader, Markus Schimper and Christoph Zenger

Institut für Informatik Technische Universität München

D-80290 München, Germany e-mail: fbader,zengerg@in.tum.de

February 2, 1999

Abstract

For the indefinite Helmholtz equation, straightforward multigrid solvers lose their efficiency and show slow convergence or even divergence for high wave numbers. An equally insufficient performance can be observed with a standard hierarchical basis approach. The reason for this is that not all of the error frequencies can be treated by standard multigrid. Especially those frequencies which are solutions of the homogenous equation can be totally invisible for the standard solvers because of their small residuals. Brandt and Livshits suggested an approach by introducing so-called ray cycles into their multigrid scheme which consider the irremovable errors as a superposition of plane waves. We adopt this approach by using a special hierarchical basis in which the piecewise linear basis functions are multiplied by wave functions with the appropriate wave length.

Key words: hierarchical finite elements, multigrid methods, Helmholtz equation

AMS(MOS) subject classifications: 35J05, 65N22, 65N30, 65N55

1 Introduction

Brandt and Livshits [1] recently introduced a wave-ray approach for constructing an efficient multigrid solver for the 2D indefinite Helmholtz equation. The basic idea of their algorithm is that, in order to remove the error components on all scales, you have to use the appropriate tool on each level. For the high-frequency components, the Gauss-Seidel relaxation is still a good smoother. The low frequencies, for which the Gauss-Seidel relaxation diverges, can be dealt with by the slow but converging Kaczmarc-relaxation [2].

However, there remain certain error components that cannot be dealt with by any relaxation method on any grid. Brandt and Livshits call them the principal components as they are in fact the solutions of the homogeneous Helmholtz equation — e^{±ikx} in 1D, e^{±i(⃗k·⃗x)} in higher dimensions. As a result of this, the principal error components produce arbitrary small residuals on the fine grids, so they cannot be removed by residual-based relaxation methods. On the coarse grids, they are not resolved and therefore invisible for any relaxation method. Thus, there is no standard grid on which these error components get removed efficiently.

Brandt and Livshits therefore add so-called ray-cycles to their multigrid scheme. Each ray cycle operates on a transformed equation and reduces the principal error in one certain direction. To remove all principal error components Brandt and Livshits use a discretization of the principal circle — i.e. the circle of the principal frequencies in the frequency space — and apply ray-correction cycles in all discretized wave directions.

As a result of analysis done on Toeplitz matrices, Huckle [3] found some similar results for the special case of the Helmholtz equation:

For Toeplitz matrices, the range of eigenvalues is given by a characteristic function, which can be read directly from the coefficients of the matrix. Using the characteristic function, one can identify the error frequencies which cause the near-zero-eigenvalues and, therefore, the bad condition and slow convergence. It is then possible to design preconditioners that move the spectrum of the eigenvalues away from zero.

In 1D, it can be shown that the Helmholtz equation can be transformed into two Laplace equations. Each each of them can be interpreted as a transformed wave equation representing one of the two possible wave directions. Both Laplace equations can be solved efficiently by standard multigrid solvers.

In the 2D case, the near-zero-eigenvalues approximately build a circle in the frequency space (similar to the principal circle used by Brandt and Livshits). Using a discretization of this ”circle” and applying preconditioners in every discretized direction results in a matrix with bounded condition and, therefore, leads to a fast iterative solution method (using cg, for example).

The third aspect which is important for the construction of our Helmholtz solver is the explicit use of hierarchical bases in finite element methods. It is well known that using the canonical hierarchical basis for discretizing the Poisson equation leads to a diagonal stiffness matrix in 1D. For convection or convection diffusion problems, one can design hierarchical bases or generating systems which — at least in the 1D case — result in diagonal matrices or at least matrices of O(1) condition [4].

We will show in this paper that for the Helmholtz equation hierarchical bases can be constructed in a similar way and with similar success. The solution procedure integrates the ideas of the ray-correction. Thus, one gets an 1D-algorithm featuring two correction cycles. Each cycle uses a FEM method with a special hierarchical basis resulting in a diagonal stiffness matrix which is trivial to solve. For the higher dimensional case, the proposed hierarchical bases form the principle for constructing efficient multilevel methods for the ray-correction cycles.

2 The Model Problem

From now on we will focus on the 1D Helmholtz equation with constant wave number k:

Lu = u^{′′} + k^2u = f. (1)

Both the solution u and the right-hand side f may have complex values. We will especially examine the highly indefinite case meaning that the wavelength λ =^{2π}_k shall be much smaller than the size of the computational domain.

The right-hand side f is assumed to be zero outside a compact set which shall be enclosed by the computational domain. We use the radiation boundary conditions which, in 1D, are reduced to the condition that the incoming waves are fixed at the boundaries whereas the outgoing waves may vary freely depending on the solution.

We want to find an efficient solver for the solution of the discretized equation (with standard second-order discretization): 1 h^2

(−u_{i−1} + 2u_i − u_{i+1}) + ^k^2u_i = f_i, k̂^2 = 2 h^2

(1 − cos kh) . (2)

The mesh size h is chosen so that the wave length is well resolved, i.e. h ≪ 2π k . Using the modified wave number ^k in the discretized equation ensures that its solutions have the same wavelength as the continuous equation.

3 Solution scheme

Adopting the idea of Brandt and Livshits [1], we write the error as the product of a smooth function û and a principal error component of the type e^{ikx}. Then, the 1D Helmholtz equation (1) simplifies to ( ûe^{ikx} )′′ + k^2ûe^{ikx} = f ⇐⇒ ( û^{′′} + 2ikû^′ − k^2û + k^2û ) e^{ikx} = f ⇐⇒ û^{′′} + 2ikû^′ = f̂. (3) This equation resembles a convection diffusion equation in a certain way.

The physical interpretation is a switch to ray optics, where the propagation of the waves follows one certain direction, given by the 1D wave vector +k (or −k, respectively).

Because rays in the two possible directions can superpose each other, one has to solve a ray-correction equation of type (3) for both wave directions (which differs from the convection-diffusion case, where only one direction is possible). Thus, we get two equations — the one above and one for e^{−ikx}.

To ensure the consistency of the iteration scheme, the solution algorithm will be based on the residual equations. By solving the transformed equations in both possible wave directions we will compute corrections which remove the principal error components. The numerical examples will show that in 1D all error components get removed. Thus no further relaxation will be necessary.

4 Correction cycles

The correction cycles are constructed from the residual equation Lε = r, r = f − Lu. (4) After replacing the residual r with ∑ r_jw_j(x) and the error ε with ∑ u_jw_j(x), we get the weak formulation of equation (4): ∫ v_l(x) L ∑ j u_jw_j(x) dx = ∫ v_l(x) ∑ j r_jw_j(x) dx. (5) To achieve the transformation of equation (3), the ansatz functions w_j are chosen as a product of a smooth envelope function ŵ_j and the wave term e^{±ikx}: w_j(x) = { ŵ_j(x) · e^{ik(x−xj )} ŵ_j(x) · e^{−ik(x−xj )} We construct the test functions in the same way, except — in order to eliminate the principal components — we have to change the sign in the exponential term:

v_l(x) = { v̂_l(x) · e^{−ik(x−xl)} v̂_l(x) · e^{ik(x−xl)} As a result of this, the stiffness matrix L — analogous to equation (3) — solely depends on the choice of the envelope functions ŵ_j and v̂_l:

L_{lj} = ∫ v_lLw_j dx = ∫ v̂_l (ŵ_j^{′′} + 2ikŵ_j^′) dx = 2ik ∫ v̂_lŵ_j^′ dx − ∫ v̂_l^′ŵ_j^′ dx. (6) The first choice is to take the canonical hierarchical basis for the ŵ_j. To get a diagonal stiffness matrix L, we chose the envelope test functions v̂_l piecewise constant as shown in figure 1. Then, as it can be seen from the plots in figure 1, the integral ∫ v̂_l^′ŵ_j^′ dx is always zero. The integral ∫ v̂_lŵ_j^′ dx is non-zero only for l = j. Thus, L = diag(4ik, . . . , 4ik) is in fact a diagonal matrix.

Figure 3 shows another suitable set of ansatz and test functions which has the advantage of having an intuitive physical interpretation. The envelope

- -: v̂_l —: ŵ^′_j - -: v̂^′_l —: ŵ^′_j

Figure 1: See equation (6): The integral ∫ v̂_l^′ŵ_j^′ dx is always zero, the integral ∫ v̂_lŵ_j^′ dx is non-zero only for l = j.

functions ŵ_j and v̂_l are piecewise constant like they would be chosen for a convection-diffusion equation. To avoid Dirac functions in the first derivative we add a ramp at the ”edges”.

Again, one can see from equation (6) and figure 4 that the stiffness matrix L becomes diagonal: L_{lj} = 2ik ∫ v̂_lŵ_j^′ dx − ∫ v̂_l^′ŵ_j^′ dx = 2ki · δ_{lj}. Thus, each test function directly produces a correction via its corresponding ansatz function. The test function integral is a phase correct summation of all residuals inside its support. Scaled with (L_{jj})^{−1}, it produces the correct amplitude for the correction. This correction is applied via the corresponding ansatz function which can be interpreted as being a ray function of the correct wave length and anplitude, starting at the index point and running in positive direction.

- -: test functions v_l = v̂_l · e^{−ik(x−xl)} —: envelope functions v̂_l

- -: ansatz functions w_j = ŵ_j · e^{ik(x−xj )} —: envelope functions ŵ_j

Figure 2: FEM basis functions (only the real parts are plotted) using the canonical hierarchical basis for the ŵ_j . Note that the v_l change their phase at the jump of the according envelope function v̂_l.

5 Boundary conditions

As already mentioned, we want to use radiation boundary conditions, which in 1D mean that at the boundaries incoming waves of a fixed amplitude may be prescribed, f.e. A · e^{ikx} at the left or B · e^{−ikx} at the right boundary. The value of the outgoing waves must not be fixed at the boundary.

Therefore, when constructing the correction space we leave out the ansatz function and its according test function at the incoming boundary. See the two plots at the top of figure 4 as an example.

As the incoming waves are not touched by the correction cycles, we can set the boundary conditions by prescribing them in the initial approximation. As an alternative, one can enlarge the computational domain and reserve a few extra discretization points at the boundaries to prescribe the incoming waves.

- -: test functions v_l = v̂_l · e^{−ik(x−xl)} —: envelope functions v̂_l

- -: ansatz functions w_j = ŵ_j · e^{ik(x−xj )} —: envelope functions ŵ_j Figure 3: The hierarchical basis based on piecewise constant functions.

6 Algorithm

Now that all the components have been introduced, we can have a look at the final algorithm and discuss some details of the implementation.

The basic algorithm is:

1. Set the initial solution (incl. the boundary conditions) 2. Compute the residual r from the finite difference equation (2) 3. For both wave directions:

(a) Compute right hand side: ∫ v_l ( ∑ r_jw_j) dx (b) ”Solve” diagonal system of equations (c) add the correction 4. Repeat with step 2 until the residuals are small enough The steps (3a) and (3c) deserve special attention as we have to take some extra effort when dealing with the hierarchical bases.

- -: v̂_l —: ŵ^′_j - -: v̂^′_l —: ŵ^′_j

Figure 4: The second hierarchical basis. Again the integral ∫ v̂_l^′ŵ_j^′ dx is always zero. The integral ∫ v̂_lŵ_j^′ dx is nonzero only for l = j.

The computation of the right-hand side is done via the corresponding generating system of the test space. When using the test functions from figure 2, every coarse level test functions can be computed from three lower level functions. For the e^{ikx}-correction, this is done via the following identity:

v^l_i(x) = e^{ik(2l}

�1_{h)}

v^{l−1}_{i−2l}�_1 (x) + 2v^{l−1}_i (x) + e^{−ik(2l}

�1_{h)} v^{l−1}_{i+2l}�_1 (x). (7)

When using the test functions from figure 3, every test function is a summation of two lower level functions:

v^l_i(x) = e^{ik(2l}

�1_{h)} v^{l−1}_{i−2l}�_1 (x) + v^{l−1}_i (x). (8)

For the e^{−ikx}-correction, we get basically the same equations up to some sign changes.

Thus, for both bases the right-hand side integrals are first computed on the finest level (i.e. a transformed nodal base of test functions). Then the right-hand side is constructed level by level from equation (7) or (8), respectively.

After computing the ray-correction in step (3b), the correction has to be transformed back to the nodal basis. This is done in a similar way levelwise via the generating system for the ansatz space.

7 Numerical Examples

For the numerical examples, we chose the interval [0, 1] as the computational domain. The discretization was done with different mesh sizes h = 2^{−ν}, ν = 7, 8, 9, 10, and we took the values k = 60, 90, 120, 150 for the wave number.

We ran computations for two different test problems:

a) We gave the solution u(x) = sin^2(πx)e^{ikx} and set the incoming waves to zero as boundary condition. Then the right-hand side computes to f(x) = (2π^2 cos(2πx) + 2πik sin(2πx)) e^{ikx}. With the initial solution u ≡ 0 we try to recover the given solution.

b) We set e^{ikx} as the boundary condition at the left border (x = 0). The right-hand side is f(x) = { 0 if |x − 0.5| > 0.4, random(x) if |x − 0.5| ≤ 0.4,

where random(x) returns a random complex number with an absolute value less than k^2.

The following tables show the number of iterations necesseary to reduce the Euclidean norm of the residual by the factor 10^{−8}.

test problem a k\h 2^{−7} 2^{−8} 2^{−9} 2^{−10} 60 6 4 4 3 90 8 5 4 3 120 10 6 4 4 150 13 7 5 4 test problem b k\h 2^{−7} 2^{−8} 2^{−9} 2^{−10} 60 6 4 4 3 90 8 5 4 3 120 10 6 4 4 150 12 7 5 4

The next tables show the number of iterations when the product kh is constant while the mesh size is reduced:

test problem a kh\h 2^{−7} 2^{−8} 2^{−9} 2^{−10} 0.125 4 4 4 4 0.25 5 5 5 5 0.5 6 6 6 6 1 11 11 11 11 test problem b kh\h 2^{−7} 2^{−8} 2^{−9} 2^{−10} 0.125 4 4 4 4 0.25 5 5 5 5 0.5 6 6 6 6 1 11 11 11 11

The numbers show clearly that the convergence rate is only depending on the product kh and not on the mesh size h itself. The kh-dependency is a result of the transformation of the residual — remember the term ∑ r_jw_j(x) in equation (5). The convergence slows down quickly when the product kh gets larger than 1. This is no serious problem as this violates the condition that h should be small against the wavelength. For kh > 1, the discretized equation (2) no longer corresponds to the analytic equation (1). For the interesting case kh < 1, our algorithm solves the Helmholtz problem in just a few iterations.

8 Conclusion and Outlook to a 2D scheme

In this paper we demonstrated how the ray-correction idea of Brandt and Livshits can be formulated using a specially designed hierarchical basis. For the 1D case the hierarchical ray-corrections turned out to be highly effective for removing all error components including the principal error.

Future work will see the generalization to the 2D case. We expect that the hierarchical bases provide us with a straightforward approach for the design of efficient ray-correction cycles that get by without some of the rather technical aspects of the algorithm by Brandt and Livshits. Hierarchical bases for a 2D ray-correction will focus on the principal error component in one direction each and will be the tensor product of a hierarchical basis in wave direction — like those that were introduced in this paper — and a standard nodal basis in the perpendicular direction. Since, in 2D, one cannot hope that the ray-corrections are sufficient to remove all error components, the ray-corrections will have to be added to a standard multigrid algorithm.

References

[1] Brandt, A. ; Livshits, I.: Wave Ray Multigrid Method For Standing Wave

Equations, Electronical Transactions on Numerical Analysis 6, 162-181 (1997)

[2] Brandt, A.; Ta’asan, S.: Multigrid Methods for nearly Singular and Slightly Indefinite Problems, In Multigrid Methods II, Proceedings, Cologne, 1985, Lecture Notes in Mathematics 1228, W. Hackbusch and U. Trottenberg, eds., Springer-Verlag, pp. 100-122

[3] Huckle, T.: Multigrid Preconditioning and Toeplitz Matrices, Preprint, 1999

[4] Griebel, M.: Multilevelmethoden als Iterationsvefahren über Erzeugendensystemen, B.G. Teubner, Stuttgart (1994)

[5] Griebel, M.: Multilevel algorithms considered as iterative methods on indefinite systems, TUM-I9143, SFB-Bericht Nr. 342/29/91 A, München, 1991

[6] Griebel, M.: Zur Lösung von Finite-Differenzen und Finite-Element- Gleichungen mittels der Hierarchischen-Transformations-Mehrgitter- Methode, TUM-I9007, SFB-Bericht Nr. 342/4/90 A, München, 1990

SFB 342: Methoden und Werkzeuge für die Nutzung paralleler Rechnerarchitekturen

bisher erschienen :

Reihe A

Liste aller erschienenen Berichte von 1990-1994 auf besondere Anforderung

342/01/95 A Hans-Joachim Bungartz: Higher Order Finite Elements on Sparse Grids 342/02/95 A Tao Zhang, Seonglim Kang, Lester R. Lipsky: The Performance of Parallel Computers: Order Statistics and Amdahl’s Law 342/03/95 A Lester R. Lipsky, Appie van de Liefvoort: Transformation of the Kronecker Product of Identical Servers to a Reduced Product Space 342/04/95 A Pierre Fiorini, Lester R. Lipsky, Wen-Jung Hsin, Appie van de Liefvoort: Auto-Correlation of Lag-k For Customers Departing From Semi-Markov Processes 342/05/95 A Sascha Hilgenfeldt, Robert Balder, Christoph Zenger: Sparse Grids: Applications to Multi-dimensional Schrödinger Problems 342/06/95 A Maximilian Fuchs: Formal Design of a Model-N Counter 342/07/95 A Hans-Joachim Bungartz, Stefan Schulte: Coupled Problems in Microsystem Technology 342/08/95 A Alexander Pfaffinger: Parallel Communication on Workstation Networks with Complex Topologies 342/09/95 A Ketil Stølen: Assumption/Commitment Rules for Data-flow Networks - with an Emphasis on Completeness 342/10/95 A Ketil Stølen, Max Fuchs: A Formal Method for Hardware/Software Co-Design 342/11/95 A Thomas Schnekenburger: The ALDY Load Distribution System 342/12/95 A Javier Esparza, Stefan Römer, Walter Vogler: An Improvement of McMillan’s Unfolding Algorithm 342/13/95 A Stephan Melzer, Javier Esparza: Checking System Properties via Integer Programming 342/14/95 A Radu Grosu, Ketil Stølen: A Denotational Model for Mobile Pointto-Point Dataflow Networks 342/15/95 A Andrei Kovalyov, Javier Esparza: A Polynomial Algorithm to Compute the Concurrency Relation of Free-Choice Signal Transition Graphs 342/16/95 A Bernhard Schätz, Katharina Spies: Formale Syntax zur logischen Kernsprache der Focus-Entwicklungsmethodik 342/17/95 A Georg Stellner: Using CoCheck on a Network of Workstations

Reihe A

342/18/95 A Arndt Bode, Thomas Ludwig, Vaidy Sunderam, Roland Wismüller: Workshop on PVM, MPI, Tools and Applications 342/19/95 A Thomas Schnekenburger: Integration of Load Distribution into ParMod-C 342/20/95 A Ketil Stølen: Refinement Principles Supporting the Transition from Asynchronous to Synchronous Communication 342/21/95 A Andreas Listl, Giannis Bozas: Performance Gains Using Subpages for Cache Coherency Control 342/22/95 A Volker Heun, Ernst W. Mayr: Embedding Graphs with Bounded Treewidth into Optimal Hypercubes 342/23/95 A Petr Jančar, Javier Esparza: Deciding Finiteness of Petri Nets up to Bisimulation 342/24/95 A M. Jung, U. Rüde: Implicit Extrapolation Methods for Variable Coefficient Problems 342/01/96 A Michael Griebel, Tilman Neunhoeffer, Hans Regler: Algebraic Multigrid Methods for the Solution of the Navier-Stokes Equations in Complicated Geometries 342/02/96 A Thomas Grauschopf, Michael Griebel, Hans Regler: Additive Multilevel-Preconditioners based on Bilinear Interpolation, Matrix Dependent Geometric Coarsening and Algebraic-Multigrid Coarsening for Second Order Elliptic PDEs 342/03/96 A Volker Heun, Ernst W. Mayr: Optimal Dynamic Edge-Disjoint Embeddings of Complete Binary Trees into Hypercubes 342/04/96 A Thomas Huckle: Efficient Computation of Sparse Approximate Inverses 342/05/96 A Thomas Ludwig, Roland Wismüller, Vaidy Sunderam, Arndt Bode: OMIS — On-line Monitoring Interface Specification 342/06/96 A Ekkart Kindler: A Compositional Partial Order Semantics for Petri Net Components 342/07/96 A Richard Mayr: Some Results on Basic Parallel Processes 342/08/96 A Ralph Radermacher, Frank Weimer: INSEL Syntax-Bericht 342/09/96 A P.P. Spies, C. Eckert, M. Lange, D. Marek, R. Radermacher, F. Weimer, H.-M. Windisch: Sprachkonzepte zur Konstruktion verteilter Systeme 342/10/96 A Stefan Lamberts, Thomas Ludwig, Christian Röder, Arndt Bode: PFSLib – A File System for Parallel Programming Environments 342/11/96 A Manfred Broy, Gheorghe Ştefănescu: The Algebra of Stream Processing Functions 342/12/96 A Javier Esparza: Reachability in Live and Safe Free-Choice Petri Nets is NP-complete 342/13/96 A Radu Grosu, Ketil Stølen: A Denotational Model for Mobile Manyto-Many Data-flow Networks

Reihe A

342/14/96 A Giannis Bozas, Michael Jaedicke, Andreas Listl, Bernhard Mitschang, Angelika Reiser, Stephan Zimmermann: On Transforming a Sequential SQL-DBMS into a Parallel One: First Results and Experiences of the MIDAS Project 342/15/96 A Richard Mayr: A Tableau System for Model Checking Petri Nets with a Fragment of the Linear Time μ -Calculus 342/16/96 A Ursula Hinkel, Katharina Spies: Anleitung zur Spezifikation von mobilen, dynamischen Focus-Netzen 342/17/96 A Richard Mayr: Model Checking PA-Processes 342/18/96 A Michaela Huhn, Peter Niebert, Frank Wallner: Put your Model Checker on Diet: Verification on Local States 342/01/97 A Tobias Müller, Stefan Lamberts, Ursula Maier, Georg Stellner: Evaluierung der Leistungsf”ahigkeit eines ATM-Netzes mit parallelen Programmierbibliotheken 342/02/97 A Hans-Joachim Bungartz and Thomas Dornseifer: Sparse Grids: Recent Developments for Elliptic Partial Differential Equations 342/03/97 A Bernhard Mitschang: Technologie f”ur Parallele Datenbanken - Bericht zum Workshop 342/04/97 A nicht erschienen 342/05/97 A Hans-Joachim Bungartz, Ralf Ebner, Stefan Schulte: Hierarchische Basen zur effizienten Kopplung substrukturierter Probleme der Strukturmechanik 342/06/97 A Hans-Joachim Bungartz, Anton Frank, Florian Meier, Tilman Neunhoeffer, Stefan Schulte: Fluid Structure Interaction: 3D Numerical Simulation and Visualization of a Micropump 342/07/97 A Javier Esparza, Stephan Melzer: Model Checking LTL using Constraint Programming 342/08/97 A Niels Reimer: Untersuchung von Strategien für verteiltes Last- und Ressourcenmanagement 342/09/97 A Markus Pizka: Design and Implementation of the GNU INSEL- Compiler gic 342/10/97 A Manfred Broy, Franz Regensburger, Bernhard Schätz, Katharina Spies: The Steamboiler Specification - A Case Study in Focus 342/11/97 A Christine Röckl: How to Make Substitution Preserve Strong Bisimilarity 342/12/97 A Christian B. Czech: Architektur und Konzept des Dycos-Kerns 342/13/97 A Jan Philipps, Alexander Schmidt: Traffic Flow by Data Flow 342/14/97 A Norbert Fröhlich, Rolf Schlagenhaft, Josef Fleischmann: Partitioning VLSI-Circuits for Parallel Simulation on Transistor Level 342/15/97 A Frank Weimer: DaViT: Ein System zur interaktiven Ausführung und zur Visualisierung von INSEL-Programmen 342/16/97 A Niels Reimer, Jürgen Rudolph, Katharina Spies: Von FOCUS nach INSEL - Eine Aufzugssteuerung

Reihe A

342/17/97 A Radu Grosu, Ketil Stølen, Manfred Broy: A Denotational Model for Mobile Point-to-Point Data-flow Networks with Channel Sharing 342/18/97 A Christian Röder, Georg Stellner: Design of Load Management for Parallel Applications in Networks of Heterogenous Workstations 342/19/97 A Frank Wallner: Model Checking LTL Using Net Unfoldings 342/20/97 A Andreas Wolf, Andreas Kmoch: Einsatz eines automatischen Theorembeweisers in einer taktikgesteuerten Beweisumgebung zur Lösung eines Beispiels aus der Hardware-Verifikation – Fallstudie – 342/21/97 A Andreas Wolf, Marc Fuchs: Cooperative Parallel Automated Theorem Proving 342/22/97 A T. Ludwig, R. Wismüller, V. Sunderam, A. Bode: OMIS - On-line Monitoring Interface Specification (Version 2.0) 342/23/97 A Stephan Merkel: Verification of Fault Tolerant Algorithms Using PEP 342/24/97 A Manfred Broy, Max Breitling, Bernhard Schätz, Katharina Spies: Summary of Case Studies in Focus - Part II 342/25/97 A Michael Jaedicke, Bernhard Mitschang: A Framework for Parallel Processing of Aggregat and Scalar Functions in Object-Relational DBMS 342/26/97 A Marc Fuchs: Similarity-Based Lemma Generation with Lemma- Delaying Tableau Enumeration 342/27/97 A Max Breitling: Formalizing and Verifying TimeWarp with FOCUS 342/28/97 A Peter Jakobi, Andreas Wolf: DBFW: A Simple DataBase Frame- Work for the Evaluation and Maintenance of Automated Theorem Prover Data (incl. Documentation) 342/29/97 A Radu Grosu, Ketil Stølen: Compositional Specification of Mobile Systems 342/01/98 A A. Bode, A. Ganz, C. Gold, S. Petri, N. Reimer, B. Schiemann, T. Schnekenburger (Herausgeber): ”‘Anwendungsbezogene Lastverteilung”’, ALV’98 342/02/98 A Ursula Hinkel: Home Shopping - Die Spezifikation einer Kommunikationsanwendung in Focus 342/03/98 A Katharina Spies: Eine Methode zur formalen Modellierung von Betriebssystemkonzepten 342/04/98 A Stefan Bischof, Ernst-W. Mayr: On-Line Scheduling of Parallel Jobs with Runtime Restrictions 342/05/98 A St. Bischof, R. Ebner, Th. Erlebach: Load Balancing for Problems with Good Bisectors and Applications in Finite Element Simulations: Worst-case Analysis and Practical Results 342/06/98 A Giannis Bozas, Susanne Kober: Logging and Crash Recovery in Shared-Disk Database Systems 342/07/98 A Markus Pizka: Distributed Virtual Address Space Management in the MoDiS-OS

Reihe A

342/08/98 A Niels Reimer: Strategien für ein verteiltes Last- und Ressourcenmanagement 342/09/98 A Javier Esparza, Editor: Proceedings of INFINITY’98 342/10/98 A Richard Mayr: Lossy Counter Machines 342/11/98 A Thomas Huckle: Matrix Multilevel Methods and Preconditioning 342/12/98 A Thomas Huckle: Approximate Sparsity Patterns for the Inverse of a Matrix and Preconditioning 342/13/98 A Antonin Kucera, Richard Mayr: Weak Bisimilarity with Infinite- State Systems can be Decided in Polynomial Time 342/01/99 A Antonin Kucera, Richard Mayr: Simulation Preorder on Simple Process Algebras 342/02/99 A Johann Schumann, Max Breitling: Formalisierung und Beweis einer Verfeinerung aus FOCUS mit automatischen Theorembeweisern – Fallstudie –

SFB 342 : Methoden und Werkzeuge für die Nutzung paralleler Rechnerarchitekturen

Reihe B

342/1/90 B Wolfgang Reisig: Petri Nets and Algebraic Specifications 342/2/90 B Jörg Desel: On Abstraction of Nets 342/3/90 B Jörg Desel: Reduction and Design of Well-behaved Free-choice Systems 342/4/90 B Franz Abstreiter, Michael Friedrich, Hans-Jürgen Plewan: Das Werkzeug runtime zur Beobachtung verteilter und paralleler Programme 342/1/91 B Barbara Paech1: Concurrency as a Modality 342/2/91 B Birgit Kandler, Markus Pawlowski: SAM: Eine Sortier- Toolbox -Anwenderbeschreibung 342/3/91 B Erwin Loibl, Hans Obermaier, Markus Pawlowski: 2. Workshop über Parallelisierung von Datenbanksystemen 342/4/91 B Werner Pohlmann: A Limitation of Distributed Simulation Methods 342/5/91 B Dominik Gomm, Ekkart Kindler: A Weakly Coherent Virtually Shared Memory Scheme: Formal Specification and Analysis 342/6/91 B Dominik Gomm, Ekkart Kindler: Causality Based Specification and Correctness Proof of a Virtually Shared Memory Scheme 342/7/91 B W. Reisig: Concurrent Temporal Logic 342/1/92 B Malte Grosse, Christian B. Suttner: A Parallel Algorithm for Setof-Support Christian B. Suttner: Parallel Computation of Multiple Sets-of- Support 342/2/92 B Arndt Bode, Hartmut Wedekind: Parallelrechner: Theorie, Hardware, Software, Anwendungen 342/1/93 B Max Fuchs: Funktionale Spezifikation einer Geschwindigkeitsregelung 342/2/93 B Ekkart Kindler: Sicherheits- und Lebendigkeitseigenschaften: Ein Literaturüberblick 342/1/94 B Andreas Listl; Thomas Schnekenburger; Michael Friedrich: Zum Entwurf eines Prototypen für MIDAS