COUPLED PROBLEMS IN MICROSYSTEM TECHNOLOGY

Hans-Joachim Bungartz^1, Stefan Schulte^2

1 Institut für Informatik der Technischen Universität München D - 80290 München, Germany

bungartz@informatik.tu-muenchen.de

2 Siemens AG, Zentralabteilung Forschung und Entwicklung D - 91050 Erlangen, Germany

stefan.schulte@zfe.siemens.de

SUMMARY

In microsystem technology, the numerical simulation of coupled problems is one of the principal challenges. We present a classification of the most important occurring couplings, and we give a survey of existing solution techniques with emphasis on the so-called partitioned solution. Here, there is no joint model, neither continuous nor discrete, but the coupled problem is solved by an outer iteration for the coupling and by arbitrary inner solution processes for each single problem. The coupling is done via changed boundary conditions, geometries, or parameters after each step of iteration. This approach seems to be advantageous, since its modularity allows the use of existing and efficient codes for each sub-problem. Thus, only the outer iteration has to be organized with some kind of interface for the coupling. Furthermore, this technique is perfectly suited for parallelization, especially for the use of (heterogeneous) workstation clusters. For the simulation of a micro-miniaturized two-valve membrane pump, first numerical results are presented.

INTRODUCTION

In the last years, the advances in semiconductor technology concerning both the numerical simulation and the production of microchips have led to growing endeavours to profit from the experiences and progresses there in other fields of industrial relevance, too. Especially the efforts for micro-miniaturized sensors like acceleration sensors in modern airbag systems and for microactuators like microvalves or micropumps in medicine, e. g., finally resulted in what we call microsystem technology today. Since a realistic prototyping and the following production are often very costly, the numerical simulation of such microsystems turns out to be imperative.

When we try to tackle the numerical simulation of a microsystem, we learn immediately that we can’t avoid to deal with the numerical treatment of coupled problems. There are three main reasons for the fact that, here, the coupling of different physical effects (structural dynamics, fluid dynamics, heat transfer, or electromagnetics, e.g.) and the coupling of the physical level with the system level (integration of a device simulation into the simulation of the surrounding electric circuit, e. g.) are more frequently encountered than in the macro world: First, aspects of scaling often lead to a dominance of surface effects over volume dependent effects. Second, especially in sensors a lot of different physical phenomena are used for signal conversion. Finally, in some microsystems different physical effects may have an influence on each other, which can result in so-called cross talk effects between different closely related conductors, e. g.

Furthermore, the variety of physical effects possibly involved in a microsystem and the resulting great variety of possible couplings show the disadvantages of the standard approach of defining a model for one particular coupled problem or one class of coupled problems and of finding a way for its numerical treatment by adding new features to existing programs. The development of such complex models usually takes a lot of time, and the resulting codes can often be neither applied easily to other problems nor extended in a simple manner if growing accuracy requirements demand a more precise model, e. g. This is the reason why modular solution techniques based on the connection of different existing codes for different sub-problems seem to be a very promising approach for an efficient numerical simulation of coupled problems.

MICROSYSTEMS

As mentioned above, a microsystem could be defined as the integration of microelectronic components like integrated circuits and non-microelectronic components like micromechanical sensors or actuators into one complete system. Typically, the overall dimensions of such systems are in the range of a few thousand μm. The principal structure of a microsystem is illustrated in the following figure (1).

Fig. 1 Principal structure of a microsystem.

An example for a microsystem which is in the development stage now is the future generation of airbag systems. These systems must combine sensors for measuring the acceleration and electric circuits for processing the measured data and comparing them with the reference data in order to decide whether the airbag has to be blown up or not. Finally, if a crash is indicated, the actuators must inflame the explosive. In such complex systems, some components like the so-called force balance accelerometers [13] can be microsystems themselves (sensors, actuators, or electronic control units). Since a microsystem contains components from different disciplines like microelectronics or micromechanics, the term microelectromechanical system to describe such devices is often used.

Starting out from the above interpretation of a microsystem, we can think of microsystem technology as a combination of different microtechnologies by the application of system technologies like packaging, interconnections, and testing. Moreover, especially in the context of chemo- and bio-sensitive materials or piezo technologies, material sciences are in the centre of interest, too. Finally, one of the main tasks of system technologies is the development of methods and tools for the computer based design of the whole microsystem (cf. MEMCAD [22]).

The numerical simulation of the behaviour of single components and of the whole system is very important during the design process, because a development based on experiments only would require the fabrication of (very expensive) prototypes and the measuring of the critical parameters. Since the sensors used for that are usually bigger than the whole system to be measured itself, this is often not feasible. Generally, the numerical simulation of the component behaviour means the solution of the partial differential equations which model the most relevant physical effects of this special device, e. g. the mechanical deformation of a cantilever. This kind of simulation is called simulation on the physical level. To describe the behaviour of the whole system, it is necessary to make a more abstract model which can, usually, mathematically be described by systems of ordinary differential equations. An example for this is the simulation of electric circuits. In the future, couplings between different levels like the physical and the system level will have to be taken into account to an increasing degree, especially because of growing requirements concerning accuracy and reliability.

COUPLED PROBLEMS

In the macro world, coupled problems and their numerical treatment have a rather long tradition that goes back to the late sixties. The main emphasis has always been put on topics like fluid-structure interaction, thermo-elasticity, or soil-pore interaction. For fluid-structure interaction, e. g., the examples range from aero-elasticity in the design of aircraft wings to reactor safety [33] and from the earthquake-proof construction of dams [19] to examinations concerning the vibration of bridges — a problem that attained a lot of popularity after the spectacular collapse of the Tacoma bridge in 1940.

This variety of examples for coupled problems from all kinds of areas of application led to a very broad interpretation of the term coupled problems and to the development of very different techniques for their numerical treatment [11, 16]. A first kind of a unifying approach was done by Zienkiewicz [32]. There, a coupled problem is defined as a set of n bidirectionally combined sub-problems P_i, 1 ≤ i ≤ n,

[L_i(x_1, ..., x_i�_1, x_{i+1}, ..., x_n)] (x_i) = f_i(x_i; x_1, ..., x_i�_1, x_{i+1}, ..., x_n), (1)

with operators L_i, right hand sides f_i, unknowns x_i, and parameters x_1, ..., x_i�_1, x_{i+1}, ..., x_n. Here, the principal requirement is the bidirectional coupling, i. e. the fact that there is neither any possibility for an explicit elimination of parameters which link the different sub-problems nor any way of an independent solution of any P_i.

Following this definition of a coupled problem, Zienkiewicz in [32] also presents a first classification of coupled problems. He distinguishes between two classes of problems: those with totally or partially overlapping domains and those with different domains. In the first case, the coupling takes place via the differential equations that, usually, refer to different underlying physical phenomena. The second class, however, is characterized by a coupling that occurs on the domain interfaces, i. e. via the boundary conditions.

Here, a further distinction is made between problems with different underlying physics or different variables (fluid-structure interaction or structure-electrostatics interaction, e. g.) and problems with identical physics and variables (structure-structure interaction, e. g.).

In contrast to the above definition of a coupled problem by Zienkiewicz, the terms coupled problems or coupled methods are often used in a broader sense. Then, these also include the so-called mixed problems, which allow both a reducible coupled and an irreducible single problem formulation, but also domain decomposition methods, where all P_i describe identical physical phenomena on different sub-domains, or the coupling of different discretization schemes like finite element and boundary element methods. Furthermore, even systems of linear or non-linear algebraic equations or ordinary differential equations, to some extent, can be seen as coupled problems.

Finally, it must not be forgotten that the topic of coupled problems has been tackled by researchers from other disciplines than numerical simulation. For instance, the field of multidisciplinary design optimization that is concerned with how to analyse efficiently and design optimally a system governed by multiple coupled disciplines or made up of coupled components works on coupled problems, too [1]. Since the approaches discussed there come from the theory of systems, they are much more generally orientated and do not start from a specific problem.

When we are looking for efficient modular strategies to deal with the numerical solution of coupled problems in a flexible manner that is independent of a specific problem, those various approaches from other disciplines, but also methods known from the iterative solution of large systems of linear equations [10], e. g., can be very helpful. Furthermore, since we want to solve coupled problems from microsystem technology, we have to take into account the special conditions and requirements of the micro world.

COUPLED PROBLEMS IN MICROSYSTEM TECHNOLOGY

The importance of cross coupled effects in micro technology results from three different facts which are closely related to what characterizes a microsystem.

Most of the couplings observed on the physical level can be seen as a consequence of the scaling behaviour of the basic quantities length, surface, and volume. When the dimensions of a system represented by the characteristic length L tend towards zero, the surface and the volume tend towards zero like L^2 and L^3, respectively. Because of that, for decreasing L, there is a growing importance of all terms proportional to the surface. Consequently, surface forces like pressure or electrostatic loads dominate volume forces, for example magnetic or mass dependent loads like inertial forces. Coupled problems resulting from these scaling properties naturally belong to the second class in the scheme of Zienkiewicz, because the interaction occurs only on the domain interfaces.

Especially in sensor design, a lot of different physical phenomena have often to be used for the conversion of the quantity to be measured into a signal which is well suited for further data processing steps. This characteristic transformation of an input signal into an (electric) output signal can be used for a definition of sensors [8]. Here, a unidirectional coupling of different effects is the basic principle of a sensor. Since some of the phenomena used for signal conversion are closely connected, a bidirectional coupling can not always be avoided.

The third reason for the importance of couplings in the micro world stems from the high integration density caused by the small overall dimensions. For example, in so-called smart sensors where the sensor device is combined with electric circuits for the signal conversion and for the compensation of secondary effects, the heat emission of the electronic device can cause thermal strains in the mechanical part of the sensor, if the distances are too small. Furthermore, the field of the so-called electromagnetic compatibilities (EMC) deals with mutual influences or cross talks between electric conductors. Especially problems of this type could require the combination of the simulation on the system level (circuit behaviour) and the simulation on the physical level.

Fig. 2 Piezoresistive accelerometer with seismic mass.

Now, let us look at some micromechanical components whose behaviour is dominated by couplings between different phenomena on the physical level. Figure (2) shows the basic structure of most of today’s accelerometers. Here, the deflection of a movable mass caused by the acceleration forces and determined by different possible techniques (capacitive principle, piezoresistive films) is used as a measure for the actual acceleration. In fact, each sensor of this type is a resonator with its main degree of freedom in the direction in which the acceleration shall be measured. The damping behaviour of such a device is strongly influenced by the pressure and the viscosity of the surrounding gas. In [27], the influences of the different parameters such as the distance of the movable mass from the ground plate or the viscosity of the surrounding fluid are analysed, and it is shown that there is a close connection between the fluid flow and the structural dynamic problem. Furthermore, a mathematical model to handle this problem like a squeeze film damper is suggested. The basic idea of this approach, the modeling of the fluid flow with the Reynolds equation from lubrication theory [24], goes back to the sixties [9]. Note that, for lubrication problems, a lot of interesting (and modular) solution approaches have been developed [11, 12, 15].

Fig. 3 Hydraulically actuated valve (left, taken from [26]) and two-valve membrane micropump (right, taken from [31]). The micropump has outer dimensions of 14:5 � 8:5 � 1:43 mm^3. It is designed for flow rates of about 75 ml/min and a system pressure level of about 6 bar.

Other examples for problems with fluid-structure interaction in micro technology are shown in figure (3). Here, the fluid flow has to be modeled by the complete Navier-Stokes equations. Micropumps like the one of figure (3) will have a broad range of applications in the future (medical drug infiltration systems [23], microfluidic systems for chemical analysis, or environmental applications, e. g.).

To get an overview of the cross coupling problems in microsystem technology, a systematic analysis including both an application based and a theoretical approach with the derivation of the mathematical models of the different considered single field effects in a unique notation has been done. As a result, the ’coupling matrix’ in figure (4) summarizes the different couplings on the physical level. In the lower diagonal part, the results from the theoretical approach are indicated, and the upper part shows examples from the different areas of application. As already mentioned above, some types of microsystems require to consider the interaction of phenomena occurring on the physical level with those on the system level. Simulation problems with both kinds of phenomena have turned out to be typical for microsystems (see figure (5)).

Fig. 4 Coupling matrix on the physical level.

A SOLUTION APPROACH

The broad spectrum of applications of coupled problems and the heterogeneous way they appear in different disciplines led to numerous suggestions for their numerical treatment [21]. Among these approaches that have nearly all originally been developed with one special problem in mind and have afterwards been generalized, it is possible to distinguish two classes (see figure (6)).

First, the connection of the different mathematical models via their coupling condition

Fig. 5 Coupling matrix on the system level.

Fig. 6 Classification of the solution approaches.

is the most natural way and results in a system of partial differential equations with appropriate boundary and initial conditions. An example for that is thermo-elasticity [2]. Here, the equations from structural dynamics which regard thermally induced strains and temperature dependent material properties have to be coupled with the heat equation, in which the source term is given by a time dependent change of the strain tensor. An alternative way of deriving combined mathematical models is that of considering the energy functional [6], which finally leads to bond graph techniques [20, 25]. Used especially for the simulation of problems in thermo-electricity, the so-called tailored modeling [28] starts from a mathematical model that contains each relevant effect of the considered class of problems. Thus, the couplings are taken into account automatically. In order to reduce the model, only the important variables are considered in the further modeling steps, i. e., the model is tailored according to the given problem.

In contrast to the realization of the coupling on the continuous level, we can also couple the different semi-discrete models (cf. figure (6)) which have the form of algebraic equations if the problems do not depend on time, and which are ordinary differential equations otherwise. The resulting block-structured systems can be handled in two different ways.

In the first method called simultaneous solution, standard methods like Gauss elimination or block Gauss elimination in the case of linear equations are used to solve the equations of the combined model. A general disadvantage of the simultaneous solution is the fact that symmetry and sparsity of the resulting matrix may get lost due to the coupling terms even if each single problem is symmetric and sparse. Furthermore, in the case of time dependent problems, the system of ordinary differential equations which results from the combination of two problems which show different time behaviour could be stiff.

To avoid these difficulties and to get a modular approach, the so-called partitioned solution shown in figure (7) has been developed [4, 5]. Here, there is no joint model, neither continuous nor discrete, but the coupled problem is solved by an outer iteration for the coupling and by arbitrary inner solution processes for each single problem. The coupling is done via changed boundary conditions, geometries, or parameters after each step of iteration. Concerning the organization of the outer iteration, Jacobi-, Gauss-Seidel-, or SOR-type methods are the state of the art. In the latter case, the relaxation parameters are normally fixed by experiment and strongly problem dependent. The convergence behaviour of such methods can not be guaranteed in general [29] and has been studied for a few specific problems only.

Fig. 7 Partitioned solution.

Whereas most of the techniques introduced so far have been developed starting from a specific problem, the partitioned solution leads to a more general and methodical point of view. Following this idea, we suggest an approach in which the coupled solution shows the same structure as the coupled problem to be solved. We start from a description of the coupled problem by its different underlying single field phenomena P_i, represented by the operators L_i of their mathematical models (cf. (1)), and the corresponding coupling operators C_{ij} for the couplings from P_i to P_j . For the numerical treatment of the whole coupled problem, each P_i gets its own solver S_i attached, and C_{ij} and C_{ji} are taken into account by an appropriate iterative strategy It_{ij} (see figure (8)).

Fig. 8 Coupled problem (left) and its coupled solution (right).

The realization of such an algorithm can be seen as a typical task of scientific computing, because aspects from numerical analysis, computer science, and the respective area of application (microsystem design, e. g.) have to be considered.

From the point of view of numerical analysis, the construction of outer iteration schemes for both stationary and time dependent problems as well as the development of strategies for the variable transformation at the problem interfaces (non-matching discretizations with self-adaptive sub-problem solvers, e. g.) are in the centre of interest. Furthermore, we need error indicators and estimators for the overall procedure in order to be able to decide which sub-problem has to be solved more exactly.

Considering the aspects of computer science, one has to organize the communication between the different solvers at the interfaces as well as the control of the overall procedure. Moreover, there is the question of how to implement the coupled solution process in a heterogeneous computer environment when sub-problem solvers with licences restricted to special nodes have to be used.

Finally, the main task on the part of the applications is the preparation of appropriate mathematical models for the single effects and for the couplings between them. Especially for the derivation of the coupling operators C_{ij} , there are often several alternatives, and the choice of the most suitable one may depend on the respective outer iteration strategy.

The main objective of our work in that context is to analyse the connections between the different components like outer iteration scheme, single field solvers, coupling and interface operators, and so on, in order to optimize the overall procedure introduced in figure (8). As a result of such an analysis, we want to get some kind of list of requirements which should be fulfilled by each single field solver to facilitate its efficient use in coupled solution processes. On the other hand, if a problem and the corresponding available single field solvers are given, we want to provide criteria for the proper decision which solution strategy should be used.

FIRST NUMERICAL EXAMPLES

In micropumps like the one shown in figure (3), different kinds of couplings can be observed. The development of one single model for the whole device would require the consideration of the electrostatics-structure interaction used in the actuation unit and the fluid-structure interaction in the valve unit. Furthermore, the actuation unit is coupled to an electric circuit in order to control the flow rate. For a first model, however, we restrict ourselves to the fluid-structure interaction and model the actuation unit via velocity boundary conditions. Furthermore, since our main interest are the algorithmic aspects of coupled solution, we only look at the 2D case, first. The following figure (9) shows the physical model used and explains the principal structure of such a device.

Fig. 9 Principal structure and functional description of the model.

First, we concentrate on the stationary form of the problem: The fluid flow influences the structure via pressure loads at the wetted surface of the structure (interface). As a result, the corresponding coupling operator is given as the identity restricted to the interface nodes. On the other hand, the deformation of the structure changes the geometry of the fluid domain. This leads to a non-linear form of the coupled problem even in the case of a linear model for the fluid flow like a potential flow, because changes in domain geometry result in a changed discretized form of the fluid flow operator.

For modeling the fluid problem, the incompressible form of the stationary Navier- Stokes equations is taken. Based on measured flow rates and the underlying geometry of the flaps [30], the Reynolds number was estimated to take values of about 300. Laminar flow conditions are supposed for the whole domain and for each position of the valve. Note that this might be unrealistic, especially around the valves, but on the other hand, the small dimensions and an appropriate choice of the geometry like in figure (3) should help to prevent turbulence. Anyway, it is a crucial task to find an accurate physical model for the flow around an opening flap, because the flow conditions change form squeeze film flow for very small slots (Reynolds equation from lubrication theory) to the one which can be described by the full Navier-Stokes equations only.

For the flow simulation, a Navier-Stokes solver based on the MAC-technique and implemented by Griebel et. al. [3] was used. The main advantage of this code from our point of view is that it makes possible a very simple and flexible handling of complicated geometries and moving boundaries. For a detailed description of the code and its main properties, see [3].

To calculate the deflection of an arbitrary elastic structure in 3D caused by a pressure distribution on the surface, the equations of linear elasticity (Navier equation) have to be used. Due to the special geometry (high aspect ratio of the flap length to its thickness), the use of the simpler plate equation is possible. For 2D problems, this results in an ordinary differential equation known from the bending of beams. Thus, for the description of the mechanical part of the valve behaviour, the model is based on the one of a cantilever fixed at one end and loaded by a continuous pressure distribution on its surface.

To get an idea of the strength of the coupling and the general flow situation inside such a device, the modeling was done in three main steps. First, the flaps were taken as non-flexible plates opened and closed in order to control the flow inside the pump (see figure (9)). In the second step, the deformation of the valves was calculated using the plate equation, which can be solved analytically (see figure (10)).

Fig. 10 Streaklines during inlet (left) and outlet (right) period.

Finally, we modeled the deformation of the flaps assuming a plain strain problem. For this simulation task from structural mechanics, we used the commercial finite element package ADINA. Now, the coupled solution was realized with a partitioned solution scheme like the one of figure (7). For the first tests, each iteration step started with the creation of a new input file based on the results of the previous run. Note that this is not necessary, because in the structural problem only the right hand side (load vector) has to be modified, whereas the factorized stiffness matrix can still be used. First of all, Jacobi- and Gauss-Seidel-type iterations were tested. As in [29], a strongly problem dependent convergence behaviour could be observed. For the coupled stationary simulation of the inlet valve, table (1) shows the influence of the stiffness of the valve itself (Young’s modulus) and the influence of the viscosity of the surrounding fluid (Reynolds number) on the number of (outer) iteration steps that are necessary till the flap has reached its final (open) position or a state where it alternates between two or three neighbouring positions.

CONCLUDING REMARKS

In this paper, we gave a short survey of both the relevance and the numerical treatment of coupled problems in microsystem technology, and we presented a modular strategy based on the partitioned solution approach as well as first numerical results concerning the simulation of a two-valve membrane pump. We can summarize that the coupled problems which have been observed in the micro world up to now are very heterogeneous. It depends strongly on the specific problem whether the coupling has to be considered or not and which mathematical model has to be used for an efficient numerical treatment. Another interesting problem which shall not be discussed in detail here is the question of the validity of the classical models from the macro world. Especially for flow problems with low Knudsen numbers, e. g., a modification of the models is necessary [17].

Table 1 Dependence of the convergence behaviour on problem parameters.

Outer iteration Problem parameters Number of iterations

Young’s modulus Reynolds number^�: alternating states

100 7

2.0 · 10^{11} 200 10

Gauss-Seidel 333 8�

100 9� 1.5 · 10^{11} 200 13�

Of course, one of the most essential parts in partitioned solution is the outer iteration scheme. Here, it should be mentioned that most coupled problems are non-linear, even if all of the underlying sub-problems are linear (electrostatics-structure interaction, e. g.). Starting on the semi-discrete level and formulating the coupled problem as a blockstructured system of algebraic equations or ordinary differential equations, its solution is in principle the same as the treatment of systems of non-linear equations [18], and the techniques mentioned above can be seen as generalized linear methods described in [18]. Furthermore, the application of modern minimization techniques for the solution of nonlinear equations to the iteration procedures used for solving coupled problems may lead to an acceleration of those procedures [14]. Finally, time dependent coupled problems described by block-structured systems of ordinary differential equations or by differential algebraic ones can be treated with techniques developed for the parallel solution of systems of ordinary differential equations [7]. Those aspects and the integration of multilevel approaches into our coupled solution context will be in the centre of our future work.

REFERENCES

[1] R. J. Balling and J. Sobieszczanski-Sobieski, Optimization of coupled problems: A critical overview of approaches, Technical Report, ICASE: Institute for Computer Applications in Science and Engineering, NASA Langley Research Center, Hampton, VA, USA, 1994.

[2] A. Boley and H. Weiner, Theory of thermal stresses, Wiley, New York, 1962.

[3] T. Dornseifer, M. Griebel, and T. Neunhoeffer, Numerische Simulation — Eine praxisorientierte Einführung am Beispiel der Strömungsmechanik, Vieweg Verlag, to appear.

[4] C. A. Felippa and T. L. Geers, Partitioned analysis for coupled mechanical systems, Eng. Comput., 7 (1988), pp. 331–342.

[5] C. A. Felippa and K. C. Park, Staggered transient analysis procedures for coupled mechanical systems, Computer Methods in Applied Mechanics and Engineering, 24 (1980), pp. 61–111.

[6] H. Fujita and T. Ikoma, Numerical determination of the electromechanical field for a micro servosystem, Sensors and Actuators, A21-A23 (1990), pp. 215–218.

[7] C. Gear, The potential for parallelism in ordinary differential equations, tech. report, University of Illinois at Urbana-Champaign, 1986.

[8] W. Göpel, J. Hesse, and J. Zemel, Sensors, A Comprehensive Survey, vol. 1:

Fundamentals and General Aspects, VCH Verlagsgesellschaft mbH, Weinheim, 1989.

[9] W. S. Griffin, H. H. Richardson, and S. Yamanami, A study of fluid squeezefilm damping, Transactions of the ASME, Journal of Basic Engineering, (1966), pp. 451–456.

[10] W. Hackbusch, Iterative Lösung großer schwachbesetzter Gleichungssysteme, Teubner, Stuttgart, 1991.

[11] E. Hinton, P. Bettess, and R. W. Lewis, eds., Numerical Methods for Coupled Problems — Proceedings of the International Conference Held at the University College, Swansea, 7.–11. 9. 1981, Pineridge Press, 1981.

[12] J. Itoh, T. Ebihara, Y. Kubota, and A. Takahashi, Simulation of tape floating behavior in VTR, Trans. ASME, Journal of Tribology, 115 (1993), pp. 561–565.

[13] P. Kaufmann, Force balance accelerometer for cost-sensitive application, Sensors, (1988), p. 19.

[14] T. Kerkhoven and Y. Saad, On acceleration methods for coupled nonlinear elliptic systems, Numerische Mathematik, (1992), pp. 525–548.

[15] K. Kohno, S. Takahashi, and K. Saki, Elasto-hydrodynamic lubrication analysis of journal bearings with combined use of boundary elements and finite elements, Engineering Analysis with Boundary Elements, 13 (1994), pp. 273–281.

[16] R. W. Lewis, P. Bettess, and E. Hinton, eds., Numerical Methods in Coupled Systems, John Wiley & Sons, 1984.

[17] Y. Mitsuya, Modified Reynolds equation for ultra-thin film gas lubrication using 1.5-order slip-flow model and considering surface accommodation coefficient, ASME Journal of Tribology, 115 (1993), pp. 289–294.

[18] J. Ortega and W. Rheinboldt, Iterative Solution of Nonlinear Equations in Several Variables, Academic Press, Inc., 1970.

[19] D. K. Paul, O. C. Zienkiewicz, and E. Hinton, Transient dynamic analysis of reservoir-dam interaction using staggered solution schemes, in Numerical Methods for Coupled Problems, Pineridge Press, 1981.

[20] R. Rosenberg and D. Karnopp, Introduction to Physical Dynamics, McGraw- Hill, New York, 1983.

[21] S. Schulte, Simulation of cross coupled effects in physical sensors, vde-verlag gmbh Berlin, Offenbach, 1994, pp. 833–842.

[22] S. Senturia, R. Harris, B. Johnson, S. Kim, and K. Nabors, A computeraided design system for microelectromechanical systems (MEMCAD), Journal of Microelectromechanical Systems, 1 (1992), pp. 3–13.

[23] W. Spencer, W. Corbett, L. Dominguez, and B. Shafer, An electronically controlled piezoelectric insulin pump and valves, IEEE Transactions On Sonics And Ultrasonics, SU-25 (1978), pp. 153–156.

[24] J. B. Starr, Squeeze-film damping in solid-state accelerometers, in Tech. Digest of IEEE Solid-State Sensor and Actuator Workshop, Hilton Head Island, USA, 1990, pp. 44–47.

[25] J. Thoma, Simulation by Bondgraphs. Introduction to a Graphical Method, Springer- Verlag, Berlin-Heidelberg, 1990.

[26] H.-P. Trah, H. Baumann, C. Döring, H. Goebel, T. Grauer, and M. Mettner, Micromachined valve with hydraulically actuated membrane subsequent to a thermoelectrically controlled bimorph cantilever, Sensors and Actuators A, 39 (1993), pp. 169–176.

[27] T. Tschan, Simulation, Design and Characterization of a Silicon Piezoresistive Accelerometer, Fabricated by a Bipolar-Compatible Industrial Process, PhD thesis, University of Neuchatel, Switzerland, 1992.

[28] G. Wachutka, Tailored modeling of miniaturized electrothermomechanical systems using thermodynamic methods, in Micromechanical Systems, D. Cho, J. Peterson, A. Pisano, and C. Friedrich, eds., vol. 40, 1992.

[29] H. Yie, X. Cai, and J. White, Convergence properties of relaxation versus the surface-Newton generalized-conjugate residual algorithm for self-consistent electromechanical analysis of 3-d micro-electro-mechanical structures, in International Workshop on Numerical Modeling of Processes and Devices for Integrated Circuits: NU- PAD V (Cat. No.94TH0640-3), Honolulu, IEEE 0 7803 1867 6, June 1994, pp. 137– 140.

[30] R. Zengerle, Mikro-Membranpumpen als Komponenten für Mikro-Fluidsysteme, PhD thesis, Universität der Bundeswehr München, 1994.

[31] R. Zengerle, S. Kluge, M. Richter, and A. Richter, A bidirectional silicon micropump. To be published, 1995.

[32] O. C. Zienkiewicz, Coupled problems and their numerical solution, in Numerical Methods in Coupled Systems, R. W. Lewis, P. Bettess, and E. Hinton, eds., John Wiley & Sons, 1984.

[33] O. C. Zienkiewicz and R. E. Newton, Coupled vibrations of a structure submerged in a compressible fluid, in Proc. Int. Symp. on Finite Element Techniques, Stuttgart, 1.–15. 5. 1969.

SFB 342: Methoden und Werkzeuge für die Nutzung paralleler Rechnerarchitekturen

bisher erschienen :

Reihe A

342/1/90 A Robert Gold, Walter Vogler: Quality Criteria for Partial Order Semantics of Place/Transition-Nets, Januar 1990 342/2/90 A Reinhard Fößmeier: Die Rolle der Lastverteilung bei der numerischen Parallelprogrammierung, Februar 1990 342/3/90 A Klaus-Jörn Lange, Peter Rossmanith: Two Results on Unambiguous Circuits, Februar 1990 342/4/90 A Michael Griebel: Zur Lösung von Finite-Differenzen- und Finite- Element-Gleichungen mittels der Hierarchischen Transformations- Mehrgitter-Methode 342/5/90 A Reinhold Letz, Johann Schumann, Stephan Bayerl, Wolfgang Bibel: SETHEO: A High-Performance Theorem Prover 342/6/90 A Johann Schumann, Reinhold Letz: PARTHEO: A High Performance Parallel Theorem Prover 342/7/90 A Johann Schumann, Norbert Trapp, Martin van der Koelen: SE- THEO/PARTHEO Users Manual 342/8/90 A Christian Suttner, Wolfgang Ertel: Using Connectionist Networks for Guiding the Search of a Theorem Prover 342/9/90 A Hans-Jörg Beier, Thomas Bemmerl, Arndt Bode, Hubert Ertl, Olav Hansen, Josef Haunerdinger, Paul Hofstetter, Jaroslav Kremenek, Robert Lindhof, Thomas Ludwig, Peter Luksch, Thomas Treml: TOPSYS, Tools for Parallel Systems (Artikelsammlung) 342/10/90 A Walter Vogler: Bisimulation and Action Refinement 342/11/90 A Jörg Desel, Javier Esparza: Reachability in Reversible Free- Choice Systems 342/12/90 A Rob van Glabbeek, Ursula Goltz: Equivalences and Refinement 342/13/90 A Rob van Glabbeek: The Linear Time - Branching Time Spectrum 342/14/90 A Johannes Bauer, Thomas Bemmerl, Thomas Treml: Leistungsanalyse von verteilten Beobachtungs- und Bewertungswerkzeugen 342/15/90 A Peter Rossmanith: The Owner Concept for PRAMs 342/16/90 A G. Böckle, S. Trosch: A Simulator for VLIW-Architectures 342/17/90 A P. Slavkovsky, U. Rüde: Schnellere Berechnung klassischer Matrix- Multiplikationen 342/18/90 A Christoph Zenger: SPARSE GRIDS

Reihe A

342/19/90 A Michael Griebel, Michael Schneider, Christoph Zenger: A combination technique for the solution of sparse grid problems 342/20/90 A Michael Griebel: A Parallelizable and Vectorizable Multi- Level- Algorithm on Sparse Grids 342/21/90 A V. Diekert, E. Ochmanski, K. Reinhardt: On confluent semicommutations-decidability and complexity results 342/22/90 A Manfred Broy, Claus Dendorfer: Functional Modelling of Operating System Structures by Timed Higher Order Stream Processing Functions 342/23/90 A Rob van Glabbeek, Ursula Goltz: A Deadlock-sensitive Congruence for Action Refinement 342/24/90 A Manfred Broy: On the Design and Verification of a Simple Distributed Spanning Tree Algorithm 342/25/90 A Thomas Bemmerl, Arndt Bode, Peter Braun, Olav Hansen, Peter Luksch, Roland Wismüller: TOPSYS - Tools for Parallel Systems (User’s Overview and User’s Manuals) 342/26/90 A Thomas Bemmerl, Arndt Bode, Thomas Ludwig, Stefan Tritscher: MMK - Multiprocessor Multitasking Kernel (User’s Guide and User’s Reference Manual) 342/27/90 A Wolfgang Ertel: Random Competition: A Simple, but Efficient Method for Parallelizing Inference Systems 342/28/90 A Rob van Glabbeek, Frits Vaandrager: Modular Specification of Process Algebras 342/29/90 A Rob van Glabbeek, Peter Weijland: Branching Time and Abstraction in Bisimulation Semantics 342/30/90 A Michael Griebel: Parallel Multigrid Methods on Sparse Grids 342/31/90 A Rolf Niedermeier, Peter Rossmanith: Unambiguous Simulations of Auxiliary Pushdown Automata and Circuits 342/32/90 A Inga Niepel, Peter Rossmanith: Uniform Circuits and Exclusive Read PRAMs 342/33/90 A Dr. Hermann Hellwagner: A Survey of Virtually Shared Memory Schemes 342/1/91 A Walter Vogler: Is Partial Order Semantics Necessary for Action Refinement?

342/2/91 A Manfred Broy, Frank Dederichs, Claus Dendorfer, Rainer Weber: Characterizing the Behaviour of Reactive Systems by Trace Sets 342/3/91 A Ulrich Furbach, Christian Suttner, Bertram Fronhöfer: Massively Parallel Inference Systems 342/4/91 A Rudolf Bayer: Non-deterministic Computing, Transactions and Recursive Atomicity 342/5/91 A Robert Gold: Dataflow semantics for Petri nets

Reihe A

342/6/91 A A. Heise; C. Dimitrovici: Transformation und Komposition von P/T-Netzen unter Erhaltung wesentlicher Eigenschaften 342/7/91 A Walter Vogler: Asynchronous Communication of Petri Nets and the Refinement of Transitions 342/8/91 A Walter Vogler: Generalized OM-Bisimulation 342/9/91 A Christoph Zenger, Klaus Hallatschek: Fouriertransformation auf dünnen Gittern mit hierarchischen Basen 342/10/91 A Erwin Loibl, Hans Obermaier, Markus Pawlowski: Towards Parallelism in a Relational Database System 342/11/91 A Michael Werner: Implementierung von Algorithmen zur Kompaktifizierung von Programmen für VLIW-Architekturen 342/12/91 A Reiner Müller: Implementierung von Algorithmen zur Optimierung von Schleifen mit Hilfe von Software-Pipelining Techniken 342/13/91 A Sally Baker, Hans-Jörg Beier, Thomas Bemmerl, Arndt Bode, Hubert Ertl, Udo Graf, Olav Hansen, Josef Haunerdinger, Paul Hofstetter, Rainer Knödlseder, Jaroslav Kremenek, Siegfried Langenbuch, Robert Lindhof, Thomas Ludwig, Peter Luksch, Roy Milner, Bernhard Ries, Thomas Treml: TOPSYS - Tools for Parallel Systems (Artikelsammlung); 2., erweiterte Auflage 342/14/91 A Michael Griebel: The combination technique for the sparse grid solution of PDE’s on multiprocessor machines 342/15/91 A Thomas F. Gritzner, Manfred Broy: A Link Between Process Algebras and Abstract Relation Algebras?

342/16/91 A Thomas Bemmerl, Arndt Bode, Peter Braun, Olav Hansen, Thomas Treml, Roland Wismüller: The Design and Implementation of TOPSYS 342/17/91 A Ulrich Furbach: Answers for disjunctive logic programs 342/18/91 A Ulrich Furbach: Splitting as a source of parallelism in disjunctive logic programs 342/19/91 A Gerhard W. Zumbusch: Adaptive parallele Multilevel-Methoden zur Lösung elliptischer Randwertprobleme 342/20/91 A M. Jobmann, J. Schumann: Modelling and Performance Analysis of a Parallel Theorem Prover 342/21/91 A Hans-Joachim Bungartz: An Adaptive Poisson Solver Using Hierarchical Bases and Sparse Grids 342/22/91 A Wolfgang Ertel, Theodor Gemenis, Johann M. Ph. Schumann, Christian B. Suttner, Rainer Weber, Zongyan Qiu: Formalisms and Languages for Specifying Parallel Inference Systems 342/23/91 A Astrid Kiehn: Local and Global Causes 342/24/91 A Johann M.Ph. Schumann: Parallelization of Inference Systems by using an Abstract Machine

Reihe A

342/25/91 A Eike Jessen: Speedup Analysis by Hierarchical Load Decomposition 342/26/91 A Thomas F. Gritzner: A Simple Toy Example of a Distributed System: On the Design of a Connecting Switch 342/27/91 A Thomas Schnekenburger, Andreas Weininger, Michael Friedrich: Introduction to the Parallel and Distributed Programming Language ParMod-C 342/28/91 A Claus Dendorfer: Funktionale Modellierung eines Postsystems 342/29/91 A Michael Griebel: Multilevel algorithms considered as iterative methods on indefinite systems 342/30/91 A W. Reisig: Parallel Composition of Liveness 342/31/91 A Thomas Bemmerl, Christian Kasperbauer, Martin Mairandres, Bernhard Ries: Programming Tools for Distributed Multiprocessor Computing Environments 342/32/91 A Frank Leßke: On constructive specifications of abstract data types using temporal logic 342/1/92 A L. Kanal, C.B. Suttner (Editors): Informal Proceedings of the Workshop on Parallel Processing for AI 342/2/92 A Manfred Broy, Frank Dederichs, Claus Dendorfer, Max Fuchs, Thomas F. Gritzner, Rainer Weber: The Design of Distributed Systems - An Introduction to FOCUS 342/2-2/92 A Manfred Broy, Frank Dederichs, Claus Dendorfer, Max Fuchs, Thomas F. Gritzner, Rainer Weber: The Design of Distributed Systems - An Introduction to FOCUS - Revised Version (erschienen im Januar 1993) 342/3/92 A Manfred Broy, Frank Dederichs, Claus Dendorfer, Max Fuchs, Thomas F. Gritzner, Rainer Weber: Summary of Case Studies in FO- CUS - a Design Method for Distributed Systems 342/4/92 A Claus Dendorfer, Rainer Weber: Development and Implementation of a Communication Protocol - An Exercise in FOCUS 342/5/92 A Michael Friedrich: Sprachmittel und Werkzeuge zur Unterstüt- zung paralleler und verteilter Programmierung 342/6/92 A Thomas F. Gritzner: The Action Graph Model as a Link between Abstract Relation Algebras and Process-Algebraic Specifications 342/7/92 A Sergei Gorlatch: Parallel Program Development for a Recursive Numerical Algorithm: a Case Study 342/8/92 A Henning Spruth, Georg Sigl, Frank Johannes: Parallel Algorithms for Slicing Based Final Placement 342/9/92 A Herbert Bauer, Christian Sporrer, Thomas Krodel: On Distributed Logic Simulation Using Time Warp 342/10/92 A H. Bungartz, M. Griebel, U. Rüde: Extrapolation, Combination and Sparse Grid Techniques for Elliptic Boundary Value Problems

Reihe A

342/11/92 A M. Griebel, W. Huber, U. Rüde, T. Störtkuhl: The Combination Technique for Parallel Sparse-Grid-Preconditioning and -Solution of PDEs on Multiprocessor Machines and Workstation Networks 342/12/92 A Rolf Niedermeier, Peter Rossmanith: Optimal Parallel Algorithms for Computing Recursively Defined Functions 342/13/92 A Rainer Weber: Eine Methodik für die formale Anforderungsspezifkation verteilter Systeme 342/14/92 A Michael Griebel: Grid– and point–oriented multilevel algorithms 342/15/92 A M. Griebel, C. Zenger, S. Zimmer: Improved multilevel algorithms for full and sparse grid problems 342/16/92 A J. Desel, D. Gomm, E. Kindler, B. Paech, R. Walter: Bausteine eines kompositionalen Beweiskalküls für netzmodellierte Systeme 342/17/92 A Frank Dederichs: Transformation verteilter Systeme: Von applikativen zu prozeduralen Darstellungen 342/18/92 A Andreas Listl, Markus Pawlowski: Parallel Cache Management of a RDBMS 342/19/92 A Erwin Loibl, Markus Pawlowski, Christian Roth: PART: A Parallel Relational Toolbox as Basis for the Optimization and Interpretation of Parallel Queries 342/20/92 A Jörg Desel, Wolfgang Reisig: The Synthesis Problem of Petri Nets 342/21/92 A Robert Balder, Christoph Zenger: The d-dimensional Helmholtz equation on sparse Grids 342/22/92 A Ilko Michler: Neuronale Netzwerk-Paradigmen zum Erlernen von Heuristiken 342/23/92 A Wolfgang Reisig: Elements of a Temporal Logic. Coping with Concurrency 342/24/92 A T. Störtkuhl, Chr. Zenger, S. Zimmer: An asymptotic solution for the singularity at the angular point of the lid driven cavity 342/25/92 A Ekkart Kindler: Invariants, Compositionality and Substitution 342/26/92 A Thomas Bonk, Ulrich Rüde: Performance Analysis and Optimization of Numerically Intensive Programs 342/1/93 A M. Griebel, V. Thurner: The Efficient Solution of Fluid Dynamics Problems by the Combination Technique 342/2/93 A Ketil Stølen, Frank Dederichs, Rainer Weber: Assumption / Commitment Rules for Networks of Asynchronously Communicating Agents 342/3/93 A Thomas Schnekenburger: A Definition of Efficiency of Parallel Programs in Multi-Tasking Environments 342/4/93 A Hans-Joachim Bungartz, Michael Griebel, Dierk Röschke, Christoph Zenger: A Proof of Convergence for the Combination Technique for the Laplace Equation Using Tools of Symbolic Computation

Reihe A

342/5/93 A Manfred Kunde, Rolf Niedermeier, Peter Rossmanith: Faster Sorting and Routing on Grids with Diagonals 342/6/93 A Michael Griebel, Peter Oswald: Remarks on the Abstract Theory of Additive and Multiplicative Schwarz Algorithms 342/7/93 A Christian Sporrer, Herbert Bauer: Corolla Partitioning for Distributed Logic Simulation of VLSI Circuits 342/8/93 A Herbert Bauer, Christian Sporrer: Reducing Rollback Overhead in Time-Warp Based Distributed Simulation with Optimized Incremental State Saving 342/9/93 A Peter Slavkovsky: The Visibility Problem for Single-Valued Surface (z = f(x,y)): The Analysis and the Parallelization of Algorithms 342/10/93 A Ulrich Rüde: Multilevel, Extrapolation, and Sparse Grid Methods 342/11/93 A Hans Regler, Ulrich Rüde: Layout Optimization with Algebraic Multigrid Methods 342/12/93 A Dieter Barnard, Angelika Mader: Model Checking for the Modal Mu-Calculus using Gauß Elimination 342/13/93 A Christoph Pflaum, Ulrich Rüde: Gauß’ Adaptive Relaxation for the Multilevel Solution of Partial Differential Equations on Sparse Grids 342/14/93 A Christoph Pflaum: Convergence of the Combination Technique for the Finite Element Solution of Poisson’s Equation 342/15/93 A Michael Luby, Wolfgang Ertel: Optimal Parallelization of Las Vegas Algorithms 342/16/93 A Hans-Joachim Bungartz, Michael Griebel, Dierk Röschke, Christoph Zenger: Pointwise Convergence of the Combination Technique for Laplace’s Equation 342/17/93 A Georg Stellner, Matthias Schumann, Stefan Lamberts, Thomas Ludwig, Arndt Bode, Martin Kiehl und Rainer Mehlhorn: Developing Multicomputer Applications on Networks of Workstations Using NXLib 342/18/93 A Max Fuchs, Ketil Stølen: Development of a Distributed Min/Max Component 342/19/93 A Johann K. Obermaier: Recovery and Transaction Management in Write-optimized Database Systems 342/20/93 A Sergej Gorlatch: Deriving Efficient Parallel Programs by Systemating Coarsing Specification Parallelism 342/01/94 A Reiner Hüttl, Michael Schneider: Parallel Adaptive Numerical Simulation 342/02/94 A Henning Spruth, Frank Johannes: Parallel Routing of VLSI Circuits Based on Net Independency 342/03/94 A Henning Spruth, Frank Johannes, Kurt Antreich: PHIroute: A Parallel Hierarchical Sea-of-Gates Router

Reihe A

342/04/94 A Martin Kiehl, Rainer Mehlhorn, Matthias Schumann: Parallel Multiple Shooting for Optimal Control Problems Under NX/2 342/05/94 A Christian Suttner, Christoph Goller, Peter Krauss, Klaus-Jörn Lange, Ludwig Thomas, Thomas Schnekenburger: Heuristic Optimization of Parallel Computations 342/06/94 A Andreas Listl: Using Subpages for Cache Coherency Control in Parallel Database Systems 342/07/94 A Manfred Broy, Ketil Stølen: Specification and Refinement of Finite Dataflow Networks - a Relational Approach 342/08/94 A Katharina Spies: Funktionale Spezifikation eines Kommunikationsprotokolls 342/09/94 A Peter A. Krauss: Applying a New Search Space Partitioning Method to Parallel Test Generation for Sequential Circuits 342/10/94 A Manfred Broy: A Functional Rephrasing of the Assumption/Commitment Specification Style 342/11/94 A Eckhardt Holz, Ketil Stølen: An Attempt to Embed a Restricted Version of SDL as a Target Language in Focus 342/12/94 A Christoph Pflaum: A Multi-Level-Algorithm for the Finite- Element-Solution of General Second Order Elliptic Differential Equations on Adaptive Sparse Grids 342/13/94 A Manfred Broy, Max Fuchs, Thomas F. Gritzner, Bernhard Schätz, Katharina Spies, Ketil Stølen: Summary of Case Studies in FOCUS - a Design Method for Distributed Systems 342/14/94 A Maximilian Fuchs: Technologieabhängigkeit von Spezifikationen digitaler Hardware 342/15/94 A M. Griebel, P. Oswald: Tensor Product Type Subspace Splittings And Multilevel Iterative Methods For Anisotropic Problems 342/16/94 A Gheorghe Ştefǎnescu: Algebra of Flownomials 342/17/94 A Ketil Stølen: A Refinement Relation Supporting the Transition from Unbounded to Bounded Communication Buffers 342/18/94 A Michael Griebel, Tilman Neuhoeffer: A Domain-Oriented Multilevel Algorithm-Implementation and Parallelization 342/19/94 A Michael Griebel, Walter Huber: Turbulence Simulation on Sparse Grids Using the Combination Method 342/20/94 A Johann Schumann: Using the Theorem Prover SETHEO for verifying the development of a Communication Protocol in FOCUS - A Case Study - 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

Reihe A

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

SFB 342: Methoden und Werkzeuge für die Nutzung paralleler Rechnerarchitekturen

bisher erschienen :

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