Model-Based Decision Support Methodology with Environmental Applications

Andrzej P. Wierzbicki, Marek Makowski, and Jaap Wessels

Editors

International Institute for Applied Systems Analysis Laxenburg, Austria

Contents

Contributors vii

Acknowledgments xi

Aim and Audience xiii

Introduction

Jaap Wessels and Andrzej P. Wierzbicki 1

PART I: Methodological Background

1 Model-Based Decision Support

Jaap Wessels and Andrzej P. Wierzbicki 9 1.1 Aspect-Oriented Approaches . . . . . . . . . . . . . . . . . . . . 10 1.2 Discussion of Aspect-Oriented Approaches . . . . . . . . . . . . 17 1.3 Mathematical Programming for Decision Support . . . . . . . . . 18 1.4 Other Frameworks for Model-Based Decision Support . . . . . . 23 1.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2 The Modern Decision Maker

Andrzej P. Wierzbicki and Jaap Wessels 29 2.1 Concepts, Creative Processes, and the Information Era . . . . . . 30 2.2 Concepts of Rationality . . . . . . . . . . . . . . . . . . . . . . . 33 2.3 The Role of Intuition in Decision Making . . . . . . . . . . . . . 37 2.4 Dynamics and Phases of Decision Processes . . . . . . . . . . . . 42 2.5 The Decision Maker of the Future . . . . . . . . . . . . . . . . . 46

3 Architecture of Decision Support Systems

Marek Makowski and Andrzej P. Wierzbicki 47 3.1 Basic Components of a DSS . . . . . . . . . . . . . . . . . . . . 48

3.2 Stages of a Decision Process and their Impact on the Architecture of a DSS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 3.3 Interfaces and Other Modules of a DSS . . . . . . . . . . . . . . 53 3.4 Model Types and DSS Classi^cations . . . . . . . . . . . . . . . 55 3.5 Design and Implementation of a DSS . . . . . . . . . . . . . . . 60 3.6 Examples of DSS Architecture . . . . . . . . . . . . . . . . . . . 68

4 Reference Point Methodology Andrzej P. Wierzbicki 71 4.1 Pareto-Optimality, Ef^ciency, and Reference Point Approaches . . 72 4.2 Multi-Objective Models, Objective Ranges, and Objective Aggregation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 4.3 Simple Forms of Achievement Functions . . . . . . . . . . . . . . 82 4.4 How to Support Learning and Choice . . . . . . . . . . . . . . . 84

5 Multi-Objective Modeling Andrzej P. Wierzbicki 91 5.1 Basic Functions of a DSS . . . . . . . . . . . . . . . . . . . . . . 92 5.2 Principles of Building Multi-Objective Models . . . . . . . . . . 96 5.3 Large-Scale Linear Models . . . . . . . . . . . . . . . . . . . . . 102 5.4 Nonlinear Models . . . . . . . . . . . . . . . . . . . . . . . . . . 106 5.5 Some Illustrative Engineering Applications . . . . . . . . . . . . 110 5.6 Supporting a Final Choice . . . . . . . . . . . . . . . . . . . . . 120

PART II: Decision Support Tools

6 Modeling Tools

Jerzy Paczyťnski, Marek Makowski, and Andrzej P. Wierzbicki 125 6.1 The Art of Modeling . . . . . . . . . . . . . . . . . . . . . . . . 126 6.2 The Taxonomy of Analytical Models . . . . . . . . . . . . . . . . 128 6.3 Modeling Languages . . . . . . . . . . . . . . . . . . . . . . . . 132 6.4 Algebraic Modeling Languages and Related Conventions . . . . . 136 6.5 Model Analysis and Transformations . . . . . . . . . . . . . . . . 153 6.6 Speci^cation of a Model for Decision Support . . . . . . . . . . . 160 6.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

7 Optimization Tools

Janusz Granat, Marek Makowski, and Andrzej P. Wierzbicki 167 7.1 Classes and Aspects of Optimization Models and Tools . . . . . . 167 7.2 Linear Programming Solvers . . . . . . . . . . . . . . . . . . . . 171

7.3 Mixed Integer Programming Solvers . . . . . . . . . . . . . . . . 183 7.4 Nonlinear Programming Solvers . . . . . . . . . . . . . . . . . . 193 7.5 Optimization Issues . . . . . . . . . . . . . . . . . . . . . . . . . 205 7.6 Optimization for Decision Support . . . . . . . . . . . . . . . . . 207

8 Multi-Objective and Reference Point Optimization Tools Andrzej P. Wierzbicki 215 8.1 Pareto-Optimality and Ef^ciency . . . . . . . . . . . . . . . . . . 215 8.2 Objective Ranges and Aggregation of Objectives . . . . . . . . . 224 8.3 Reference Points and Achievement Functions . . . . . . . . . . . 230 8.4 Neutral and Weighted Compromise Solutions . . . . . . . . . . . 239 8.5 Tools for Multi-Objective Optimization . . . . . . . . . . . . . . 246

9 Tools Supporting Choice

Andrzej P. Wierzbicki and Hirotaka Nakayama 249 9.1 Automating Choice . . . . . . . . . . . . . . . . . . . . . . . . . 250 9.2 Interactive Procedures with Proven Convergence . . . . . . . . . 255 9.3 Generating Options for Interactive Choice . . . . . . . . . . . . . 261 9.4 Outranking Trials . . . . . . . . . . . . . . . . . . . . . . . . . . 276

10 Interfaces

Marek Makowski and Janusz Granat 283 10.1 User Interfaces in Decision Support . . . . . . . . . . . . . . . . 284 10.2 Graphical User Interfaces . . . . . . . . . . . . . . . . . . . . . . 286 10.3 Interactive Graphics in Multi-Criteria Model Analysis . . . . . . . 288 10.4 The Use of Aspirations and Reservations in Model Analysis . . . 293 10.5 An Interface Supporting Multi-Criteria Nonlinear Model Analysis 304 10.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 307

PART III: Environmental Applications

11 River Basin Water Quality Management

Marek Makowski and Lťaszlťo Somlyťody 311 11.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 312 11.2 The Problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315 11.3 Model Formulation . . . . . . . . . . . . . . . . . . . . . . . . . 316 11.4 Model Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 321 11.5 Discussion of Results . . . . . . . . . . . . . . . . . . . . . . . . 326 11.6 Advantages and Disadvantages of Multi-Criteria Analysis . . . . . 329 11.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 331

12 Land Use Planning

Gĺunther Fischer and Marek Makowski 333 12.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 333 12.2 Land Use Planning . . . . . . . . . . . . . . . . . . . . . . . . . 336 12.3 A Summary of the AEZ Methodology . . . . . . . . . . . . . . . 340 12.4 The AEZ Land Use Allocation Model . . . . . . . . . . . . . . . 346 12.5 DSS for Land Resources Assessment . . . . . . . . . . . . . . . . 352 12.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363

13 Effect-Focused Air Quality Management

Markus Amann and Marek Makowski 367 13.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 367 13.2 Methodological Approach . . . . . . . . . . . . . . . . . . . . . 369 13.3 Model De^nition . . . . . . . . . . . . . . . . . . . . . . . . . . 374 13.4 Model Generation and Analysis . . . . . . . . . . . . . . . . . . 382 13.5 Analytical Support for Negotiations . . . . . . . . . . . . . . . . 390 13.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 397

14 Energy Planning

Sabine Messner, Manfred Strubegger, and Andrzej P. Wierzbicki 399 14.1 Decision Support for Energy Planning . . . . . . . . . . . . . . . 399 14.2 Examples of Decision Support in Energy Planning . . . . . . . . 404

PART VI: Conclusions

Epilogue

Jaap Wessels and Andrzej P. Wierzbicki 417

Appendix: Software Description

Marek Makowski 421

References 425

Subject Index 449

Author Index 469

Contributors

Markus Amann has been leader of IIASA’s Transboundary Air Pollution project since 1991. The project provided scienti^c support to the 1994 negotiations on the Second Sulfur Protocol of the Convention on Long-range Transboundary Air Pollution, and provided support for other negotiations as summarized in Chapter 13. His research interests include real-world applications of decision support and optimization techniques and the science-policy interaction. Web page: http://www.iiasa.ac.at/Research/TAP/ E-mail: amann@iiasa.ac.at

Gĺunther Fischer has been leader of the project on Modeling Land Use and Land Cover Changes in Europe and Northern Asia at IIASA since 1995. He participated in the formulation, implementation, and application of a global model of the world food systems, known as IIASA’s Basic Linked System. Gĺunther Fischer also collaborates with the United Nations Food and Agriculture Organization (FAO) on the development, implementation, and application of FAO’s Agro-ecological Zones (AEZ) methodology to national and regional resource appraisals. Web page: http://www.iiasa.ac.at/Research/LUC/ E-mail: ^sher@iiasa.ac.at

Janusz Granat leads the Decision Support System Laboratory of the National Institute of Telecommunications, Warsaw, Poland and he is a lecturer at the Institute of Control and Computation Engineering, Warsaw University of Technology. His scienti^c interests include the theory of multicriteria optimization, modeling, and decision support systems, and applications of decisions support systems in the telecommunications industry. He contributed to the development of the decision support system of the DIDAS family, implemented part of the IAC-DIDAS-N as well as the IAC- DIDASN++. He also developed the ISAAP module used in several applications described in this book. He has been collaborating with IIASA since 1988. Web page: http://www.ia.pw.edu.pl/¸janusz E-mail: J.Granat@ia.pw.edu.pl

Marek Makowski is a senior research scholar with the Risk, Modeling and Policy (RMP) Project at IIASA, on leave from the Systems Research Institute of the Polish Academy of Sciences, Warsaw, Poland. His research interests include the development of methodology, algorithms, and software for model-based decision support, especially for the generation of large and complex models and their analysis using viii Contributors

multicriteria optimization techniques. He had been actively participating in various joint activities with IIASA projects since 1976 until he joined IIASA in 1987; he was acting leader (1989Ű1991) and later a member of the Methodology of Decision Analysis Project. He has been collaborating with several IIASA projects in the development of various applications Ű three of them presented in this book Ű and developed several modular software tools described in this book. Web page: http://www.iiasa.ac.at/¸marek E-mail: marek@iiasa.ac.at

Sabine Messner is a senior research scholar with the Environmentally Compatible Energy Strategies Project at IIASA, and a consultant and systems analyst for TEMAPLAN GMBH, Vienna, Austria. Her special interests are in the development of long-term energy scenarios, integration of demand- and supply-side measures in energy systems models, endogenization of technological experience curves in long-term global energy models, stochastic optimization approaches, and decision support for the deregulated energy markets. Web page: http://www.temaplan.at E-mail: messner@iiasa.ac.at, messner@temaplan.at

Hirotaka Nakayama is professor of Applied Mathematics, Konan University, Kobe, Japan. His research interests include multi-objective optimization, knowledge discovery techniques, applications of (multi-objective) optimization techniques, and applications of machine learning. He has been collaborating with various methodological projects at IIASA for more than 20 years. E-mail: nakayama@konan-u.ac.jp

Jerzy Paczyťnski is deputy director of the Institute of Control and Information Technology, Warsaw University of Technology. His current research interests concentrate on different aspects of modeling languages and applications of different programming paradigms. He has cooperated with IIASA since 1985 and contributed to the development of the decision support system of the DIDAS family as well as designing the MDL language and its compiler used in the DIDAS-N++ system. E-mail: J.Paczynski@ia.pw.edu.pl

Lťaszlťo Somlyťody is professor and head of the Sanitary and Environmental Engineering Department, Budapest University of Technology, Budapest, Hungary. His scienti^c interests include mechanical engineering, water quality and environmental management, systems analysis and mathematical modeling of lakes, rivers, reservoirs, and wastewater treatment. He was the leader of IIASA’s Water Resources Project (1992Ű 1996) and head of the Global Environmental Change Program (1992Ű1994). E-mail: somlyody@vcst.bme.hu

Manfred Strubegger is a senior research scholar with the Environmentally Compatible Energy Strategies Project at IIASA, and a consultant and systems analyst for TEMA- PLAN GMBH, Vienna, Austria. He specializes in data bank development and energy-related modeling issues. His special focus is on decision support for regional energy planning including multi-objective optimization, energy demand modeling,

Contributors ix

support for decision makers from restructuring economies or developing countries, and the design of technology-related data bank systems. Web page: www.temaplan.at E-mail: strub@iiasa.ac.at, strub@temaplan.at

Jaap Wessels is full professor of stochastic operations research at Eindhoven University of Technology (Faculty of Mathematics and Computing Science). He is a fellow of BETA (research institute for operations management) and coordinator of the research program stochastic networks of EURANDOM (European research institute for stochastic mathematics). His mathematical research focuses on queueing theory, Markov decision processes and neural nets. In addition he is interested in decision support methodology and he applies his favorite research topics in operations management, communication processes, manpower policy making and environmental problems. Jaap Wessels was leader of IIASA’s Methodology of Decision Analysis Project from 1991 to 1996.

Web pages: win.tue.nl, tm.tue.nl/beta, eurandom.tue.nl E-mail: wessels@win.tue.nl

Andrzej Wierzbicki is the director of the National Institute of Telecommunications, Warsaw, Poland, and professor of Optimization and Decision Theory Institute of Control and Computation Engineering, Warsaw University of Technology, Warsaw, Poland. His current interests include the development of information society and civilization with applications of telematics methods and various aspects of multiple criteria analysis and decision support such as parallelization of optimization algorithms using multiple criteria approaches, applications of fuzzy set theory for describing uncertainty in decision support models, convergence of interactive approaches to decision support, multiobjective modeling and simulation, etc. From 1979 to 1984 he was chairman of IIASA’s Systems and Decision Sciences Program. Since 1985 he has been organizing and leading a group of scientists from several institutes in Poland who have participated in various collaborative activities with IIASA resulting in the development of methodologies and software, many of them described in this book. Web-page: http://www.itl.waw.pl E-mail: a.wierzbicki@itl.waw.pl

Introduction

Jaap Wessels and Andrzej P. Wierzbicki

Decision making is a major component of living and, therefore, a fascinating topic for discussion and investigation. Several ^elds in science also occupy themselves with the nature of different aspects of decision making: philosophy, psychology, sociology, economics, etc. There are many types of decision making and all types are equally intriguing, e.g., How do people react when they are threatened? How should one select a spouse? What is the most appropriate factory layout? Which markets would be most pro^table? In this short list we already recognize the distinction between individual decision making and institutional decision making. In the last 50 to 60 years, institutional decision making has attracted much attention, particularly for decisions regarding the design and control of military operations. Later, similar ideas were used and extended for decisions in trade and industry. Policy making in the public and semi-public sectors of society also began to be based more on systematic analysis.

In most institutional decision-making problems, there are three main aspects of concern:

ffl The information about the current situation and, possibly, about the past. ffl The processes that are to be in~uenced by the decisions. ffl The actual decision-making process.

For instance, decision making concerning acid rain illustrates the above three aspects clearly, as follows:

1 ffl The information consists of huge amounts of data regarding industrial, agricultural, and automotive activities. It also consists of data about wind and sun activities and about the types of power stations used.

ffl The processes to be in~uenced by the decisions consist of the production and emission of polluting material, together with the atmospheric transformation (chemical reactions and transportation) and the deposition process. Therefore the processes are basically of a physical and economic nature.

ffl The decision-making process consists of several interacting subprocesses at the local, national, and international levels.

In the history of decision support and decision analysis, one sees that many tools and methods have been developed to help make decisions. We also see that most of these methods and tools concentrate on one of the three main aspects of institutional decision-making problems. For instance, in most college textbooks dealing with operations research, we ^nd several generic models describing the relation of the basic processes with the possible decisions. Each model is usually presented together with at least one technique for constructing a most favorable decision. Linear programming models and the simplex method provide the most classical example.

The ^rst aspect, information, has been the source of inspiration for particular types of information systems that consist of one or more data bases and special methods for arranging the information. Typical examples are geographic information systems (GIS) and management information systems (MIS), each with their own way of structuring and storing the information and with their own way of dealing with the information.

Finally, the decision-making process has inspired several approaches to the structuring of the process of reaching decisions and ways of comparing different alternatives. The process of reaching decisions may be complex because the decisions themselves are complex and consist of many subdecisions, which should be taken in the right order (decision trees can be an appropriate tool to model this type of situation). The process of reaching decisions may also be complex because of the number of persons, departments and other groups involved, each with their own interests, constraints, and ambitions. In such cases, group decision-making methods or even negotiation support can be helpful.

One of the most striking features of the existing decision support methodology is that most tools and methods concentrate entirely on one of the three aspects and often only on a part of that aspect. This is understandable, because often it is dif^cult to integrate the other aspects. For instance, GISs are able to handle a wealth of information in a very user-friendly and enlightening way. However, it is dif^cult to translate this information for the basic processes to models in order to use this information for deriving consequences of possible decisions. A direct linkage is possible only if the process models are closely related to the information structure, as in guiding car-systems, where an optimal route is indicated on a map. This decision selection can easily be adapted if information about traf^c jams or blocked bridges becomes available.

For more strategic decisions, however, it is unlikely that the process models relate so closely to the information structure. Even if something can be done, the approach is probably speci^c to a particular problem and therefore not generally applicable. One reason for this situation is that there are accepted standards for keeping information in data bases, but there are no accepted standards for model building.

Quite often, methods are implemented as if the designers are not even aware of the other aspects. As a result, implementations have been developed that are practically infeasible. For example, approaches to modeling and optimization of the basic processes have been commonly advertised that do not ^t with the way information becomes available, or, more seriously, with the way the decisions are chosen.

Many institutional decision processes relate to well-de^ned processes of a technical, physical, or economic nature. This is particularly true for environmental problems, like the acid rain problem. In such cases there is usually a lot of knowledge about the basic processes and about the way they are in~uenced by possible decisions. However, not all institutional decision processes possess this property. Consider, for instance, the structuring of the funding organization for research in Poland. In such a case there is certainly a basic process to be in~uenced by the choices to be made, namely, the research process in Poland including quality, quantity, and distribution of research topics. However, there is not much accepted hard knowledge about the basic process and the core of the decision problem consists of a careful structuring of the in~uences of relevant institutions and of the decision process.

On the other hand, if there is a well-de^ned basic process and if the core problem essentially consists of deciding how to in~uence that basic process, then it is obvious that the starting point for any reasonable approach should be the modeling of the basic process, including the changes caused by possible decisions. As stated above, environmental policy problems usually belong to this class. The aim of this book is to present a decision support methodology for decision making concentrated around the basic processes, taking into account the information aspect and, particularly, the process of reaching decisions.

The methodology presented in this book is largely inspired by the experience at IIASA, the International Institute for Applied Systems Analysis. IIASA provided several environmental decision problems that helped develop our concepts of decision support. IIASA also provided the expertise about the basic processes together with the knowledge about the Şdecision environmentŤ. Many of the tools for implementing our concepts have been developed by several Polish groups of colleagues in a long-lasting cooperation with IIASA.

Methodology

In the ^rst part of this book we consider the circumstances under which decision support methods should ful^ll their tasks and also what these tasks are. From these considerations, we derive rules for constructing decision support systems. We concentrate on model-based decision support, that is, the relation between basic processes and possible decisions. However, the circumstances under which such decision support methods should work are highly co-determined by the available information and by the decision-making process. Therefore, these aspects strongly determine the rules for constructing decision support systems.

In Chapter 1, the concept of model-based decision support is introduced. Chapter 2 discusses the concept of a modern decision maker, the role of intuition versus decision support in decision making, the dynamics and phases of decision processes, experiences with decision support systems, and the position and way-of-operating of potential users of such systems. In Chapter 3, some basic concepts related to the architecture and implementation of decision support systems are presented. Chapter 4 shows how to use decision support systems for learning and for supporting decision making, while stressing multi-objective optimization and the reference point methodology developed at IIASA. Finally, Chapter 5 concentrates on the various paradigms of model analysis made possible by this methodology and applicable for model-based decision support.

Decision Support Tools

The second part of the book concentrates on more technical aspects of the basic types of tools needed in model-based decision support. These include tools for modeling, simulation, optimization, tools supporting choice, and user interfaces.

Chapter 6 describes modeling tools, both standard, commercially available, and nonstandard, together with tools for model simulation Ű in the classical sense as well as in a more advanced sense of inverse and softly constrained simulation. Chapter 7 gives a review of optimization tools, not only in the sense of solving single-objective optimization problems, but also as tools of multi-objective model analysis, advanced simulation techniques, etc. Chapter 8 presents in more detail some mathematical background, concepts, and tools for multi-objective optimization and reference point methodology, more generally presented in Chapter 4.

Chapter 9 describes various tools for supporting the choice of a preferred decision either for automating choice, generating options for interactive choice, or using a convergent interactive decision-support procedure. Chapter 10, ^nally, describes some user interfaces of decision support systems.

Environmental Applications

All four environmental applications presented in the third part of the book rely on many years of cooperation between the Methodology of Decision Analysis project at IIASA and various other Ű mostly environmental Ű projects at IIASA. They are all characterized by an intensive use of model-based decision support.

Chapter 11 discusses issues of river basin water quality management based on a multi-objective model analysis, as developed at IIASA for use in the decisionmaking support for some Central European river basins. Chapter 12 presents model-based methods of land-use planning, developed at IIASA in collaboration with the Food and Agriculture Organization of the United Nations (FAO). Chapter 13 describes issues of assessment of air quality, transboundary air pollution abatement, and related problems; models developed at IIASA in this ^eld were used as a basis for international negotiations on pollution control. Chapter 14 presents an overview of various applications of model-based decision support in energy planning with environmental implications, as developed at IIASA in cooperation with several national and international authorities. Finally, the Epilogue presents conclusions and the lessons learned from the practice of using model-based decision support.

Appendix

This contains a short description of some of the software tools described in the book that are available from IIASA, free of charge, for research and educational purposes.