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1. Motivation

Systems Theory originated 30 to 40 years ago from the need to deal with the complex design and analysis problems that were arising in both communication and control engineering and the biological sciences. At the same time the field of cybernetics was developing the mathematical and logical concepts for modeling intelligent behavior.

  Systems Theory and Cybernetics have since become part of the standard Computer and Information Sciences curriculum at European universities. The rapid development of these disciplines over the last years has created new needs for modeling methodology and modeling tools. As systems become increasingly complex, what we previously considered as “systems” are today reusable “components” which do not need any redesign or analysis. Instead what is needed are modeling methods for today’s increasingly complex systems.

  This project addresses and solicits answers to these open question with the goal  towards contributing to the design of Systems Theory courses within the Computer and Information Sciences curriculum.

2. Systems Theory and Application Domains

Systems Theory considers the development of domain-specific models in a formal manner.

Examples of the domains (engineering disciplines) addressed by Systems Theory include, 

· Communication Engineering,

· Control Engineering,

· Mechatronics Engineering,

· Automation,

· Microelectronics and Micro Electro mechanical Systems,

· Information Systems,

· Computer Networks.

  There exists no universal “Systems Theory” which satisfies the need of formal modeling in every domain. Instead certain system theoretical concepts and methodologies have been developed for specific domains. Therefor specific courses in Systems Theory should be designed depending on the particular curriculum and needs of each University. We consider the following as fundamental parts of the field of Systems Theory: 

· Linear Differential and Difference Systems,

· Finite State Machines,

· Boolean Functions and Equations,

· Petri Nets,

· Discrete Event Systems,

· General Systems.

  In recent years, new formalisms for certain modeling purposes have been introduced, including:

· Fuzzy Logic,

· Neural Nets,

· Genetic Algorithms.

  We should consider and evaluate such formalisms as regards there relation to the approaches which are typical in Systems Theory.

3. Design and Analysis Issues

We divide the problem solving process into four distinct stages:

1. Problem Definition,

2. Architecture Design,

3. Simulation,

4. Implementation.

  First, in problem definition, the problem to be solved is specified by a set of functional and non-functional requirements. In an engineering task this consists usually of describing a system and its properties which should be constructed.  As a first step the client and the designer negotiate a set of informal requirements on which both agree, this is known as “solving the client/designer problem”. Next the given informal requirements have to be mapped into the formal form of a Formal Requirement Model (FRM) as expressed in a certain requirement language.

  In the next stage, architecture design, an architecture model showing feasible components and the couplings between them is developed. This is done in a top down fashion, starting with a coarse architectural model of low granularity and finishing with a model containing detailed 

components. At each level of this process compatibility with the requirement model has to be ensured. Functional requirements must be fulfilled at each level while non-functional requirements must be tested at appropriate levels during the architectural design process.

  Whenever a feasible component in an architectural level is reached, the architectural refinement process for that component halts, and it is included in the Final Architecture Model (FAM).

  Now, in the simulation stage, simulation models for every component and the entire coupling network of the FAM have to be developed. This Overall Simulation Model (OSM) evaluates and ensures the fulfillment of the FRM.

  Based on the results of the previous stages, a final implementation of the system wanted by the client is built. We distinguish between two steps in this stage, first a “technology mapping” or “blue print” of the system is made and then based on this the system is manufactured.

  So far we have considered problem solving during the design of a system for a typical engineering application. The framework however is general enough to cover the typical analysis task of an existing system and a set of property questions. Let us shortly consider such analysis issues in the context of the previous discussion.

  The requirements in this case consist of finding answers to the property questions for the given system.  The development of the FRM in this case entails formally constructing a model of the given system and specifying the questions as problems within the system model.

  Architecture design can be seen in this context as the development of a network of problem solving methods to manipulate the FRM. The feasibility of such a method, which corresponds to the feasibility of a component of the design process, relies on it being computable. In Analysis then, the FAM is a network of existing computable methods which solve the problems stated in the FRM.

  Simulation in the context of analysis involves developing a virtual solution to the given set of problems. This means that ideal conditions concerning data and model parameters are assumed. The OSM might also use visualization and enable experimenting by tuning individual methods given in the FAM.

  In implementation a “down to earth” solution to the problem is derived. The “Blue Print” contains the knowledge for the computational implementation of the problem solution methods in terms of an existing computing environment. To meet real time requirements optimization of algorithms is also done in this step.  In the last step, manufacturing, the actual programming and executing of the methods takes place. The results can be interpreted with in the domain specific field of the system under investigation and a practical solution has been reached. 

  We agree that our interpretation of the steps of an “analysis” in the context of “design” is somewhat artificial. However since “design” problems dominate in engineering, we have reasons for such an interpretation. We will see, that in the abstract when it comes to a discussion of the role of “Systems Theory” in this context, both approaches coincide and there is no need for a distinction between “design” and “analysis”.

4. The Role of Systems Theory

The role of Systems Theory in the design and analysis process we have described above is twofold:

(1)  Systems Theory provides means for the construction and analysis of formal models   as  they appear in model components and coupling devices at different levels of architectural modeling and simulation. Furthermore Systems Theory has its strength in the knowledge of formal model transformations. In this role it can be used for the development of decomposition and optimization methods of different kinds to reach the goals of design or analysis.

(2) Systems Theory, similar to Applied Mathematics, also sees its strength in the ability to interpret different kinds of formal models with respect to domain-specific models. Therefor Systems Theory should not be considered as a discipline which only deals in an abstract sense with real life problems. Knowledge of different practical applications in different domains of engineering is an essential prerequisite of Systems Theory.

  With such a role, Systems Theory can be very useful in supporting the design and analysis processes and especially in automating the process.

5. Macro-Architecturing with Reusable Components
We stressed in the introductory part of this paper that the systems designed and analyzed today have a tendency “to the large”. Previously designed systems are today very often only components of larger systems. This is especially true in the computer and telecommunication fields, where global networks are increasing of interest. Personal computers, mobile phones,  and telecommunication transmission channels, all formerly important objects of engineering design have become now components of larger systems. Such components need not necessarily be redesigned. The results of earlier modeling work can be reused and design and analysis can be done on a Macro-Architecting level.

  Design and analysis of such large and complex systems requires new approaches in modeling and especially in formal modeling. To be interdisciplinary has become more important since large systems usually involve many different disciplines. Another feature of such systems is that similar systems with certain components in common have already been designed or analyzed in the past and practical experience with them exists.

  The reuse of design knowledge is therefor wanted and needed. The construction of a relevant knowledge base and the representation of such design knowledge needs a careful approach and formal methods are needed.

  Another aspect of Macro-Architecting in that sense is, that the knowledge of the range of scalability of components becomes very important. In addition the sensitivity of the associated requirements with respect to the scaling factors of the components must be known.

  Certainly in Macro-Architecting the kind of formal models associated with architecture models will differ from the those used previously. While finite state machines, Boolean functions and differential equations are important in the formal models of components, they will not play the same role in Macro-Architecting. Other formal model types such as Petri Nets, extended finite state machines and different kinds of black boxes defined by relations and functions will replace the classical formal model types in Macro-Architecting component modeling.

6. Systems Theory Tools

By a Systems Theory Tool (STT) we understand a software system which realizes a part of Systems Theory on a Computer. That means that with such a tool a designer is able to construct computer implementations of specific types of formal models and to perform model transformations of different kinds that are part of a system theoretical method. To emphasize the importance of the development of such tools the field of Computer Aided Systems Theory (CAST) has been coined.

  For classical formal model types such as finite state machines and linear constant differential systems, associated systems theory tools already exist. For the application of Systems Theory in Macro-Architecting the development of appropriate tools should be a major goal in future for  CAST. One activity in this direction is currently under way by the Computer Aided Systems Architecting (CASA) project in the Institute of Systems Science at the University Linz, Austria .

  Systems Theory Tools are often developed for stand alone application. Although this is agreeable for their use in education, it is necessary to integrate such tools with CAD tools as soon as they are proposed for practical applications.

7. Las Palmas Seminar Systems Theory Project

The lecturers at the Las Palmas Seminar and additional selected experts are asked to contribute by their experience to the development of  courses in Systems Theory for the task of Macro-Architecting in the fields of Computer and Information Sciences. The goal is to come up with suggestions for the content of such courses for the curricula which exist at different universities.

  We propose that each participant of the project contributes by commenting on each of the following statements.

(1) Indicate if you are in general agreement with the content of section 1-7 of this writing and if not propose alternatives.

(2) Add, if possible, other disciplines to those mentioned in section 2 which need to be supported by Systems Theory.

(3) Add, if possible, other parts of Systems Theory which you propose for inclusion in our discussion.

(4) Do you generally agree with the design phases and their definition as done in section 3 and do you have other suggestions or additions to them?

(5) State additional topics which you would consider as having a role in Systems Theory.

(6)  List Systems Theory Tools which exist and, if possible, provide a published and an online reference.

(7) Describe the curricula of study in Computer and Information Sciences for which you would propose a course in Systems Theory and prepare a draft of the contents of that course.

8. Conclusion

This memo considers Systems Theory and its application in Macro-Architecting large and complex Systems. It sketches the general situation and argues for the investigation of the appropriate contents of System Theory courses for different curricula in the Computer and Information Sciences. The second step of this project consists of the integration of the additional information received from your answers to the questions of  section 7.  It is planned to discuss this topic further in a future workshop. 

