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Introduction

Environmental systems are often acting over large spatial scales, long time frames and heterogeneous units of study. The modelling and computer simulation of such complex systems have become essential tools for understanding those processes, predicting the future state of those systems and developing new theories. To conceptualize the world, the modellers need systems of computer metaphors in the form of modelling paradigms. A wide variety of modelling paradigms, such as multi-agent or cellular modelling and simulation, are in use today and implemented in modelling and simulation software. What is becoming difficult is not only to formulate but also to conceive higher level problems, whose complexity is such that they escape definition through a single metaphor. Enhancing interaction between modelling paradigms, models interoperability and model reusability is therefore an important issue that can be addressed by the use of a formal framework that is sufficiently open and flexible to enable the integration of several distinct modelling techniques. The goal of this work is to provide such a framework and a set of modelling techniques that will suit the needs existing in environmental modelling. 

This summary follows the same structure than the thesis, it is decomposed in six chapter, 

· The first one introduce the frame of our problem, and present the key concepts of our approach.

· The second chapter present a review of the existing software approaches in the DEVS domain and in the environmental modelling domain.

· The third part presents the core classes definition of the software framework.

· the fourth part presents the modelling and simulation techniques added into the approach.

· The fifth part presents JDEVS, the implementation of the framework.

· The last chapter illustrate the advantages of the framework with three different models.

Chapter 1 Bases of our approach

We propose to base our formal framework on a methodology called multifaceted modelling introduced by [Zeigler, 1984]. Based on system theory concepts, the methodology recognizes the multiplicities of objectives and models in the field of modelling and simulation. This methodology regards a model as a mean to embody knowledge of a real system. It concentrates on the organization of models bases for a domain. We identify a domain (like ecology) as a set of systems that shares common attributes, dynamics and representation schemes. Ziegler also proposed modular, hierarchical system modelling as a way to specify models identified by the multifacetted modelling methodology. Modular, hierarchical system modelling is an approach to complex systems dynamics where modular building blocks (system components with well defined interfaces) are coupled in a hierarchical manner to form complex systems. Modular building blocks are defined by specifying their input and output interface in the form of input and output ports through which all interaction with the environment occurs. Atomic and coupled models are distinguished in system modelling. While an atomic model specifies its internal structure in terms of its states and states transition functions, a coupled model's internal structure is specified by its components and coupling scheme, i.e., how ports are connected. This modularity allows the set-up of bases of reusable components as models that shares the same interfaces are interchangeable. Modular hierarchical system modelling concepts have been applied in several domains, most notably hardware design [Santucci et al., 1998], physical systems modelling [Wainer and Giambiasi, 2001], and forest modelling [Muzy et al., 2001]. Inspired in System's theory [Zeigler, 1984] introduced the DEVS (Discrete EVent System specification) for modular and hierarchical modelling in discrete events simulation.

DEVS is a set-theoretic formalism that includes a formal representation capable of mathematical manipulation just as differential equations serves this role for continuous systems. It is possible to perform formal verifications of a model using DEVS formal representation [Freigassner et al., 2000] thus decreasing testing and implementation time. In an effort to specify a standard semantic for DEVS models, a Discrete-Event Systems Specification Product Development Group has been proposed at the Simulation Interoperability Standards Organization (SISO) [SISO, 2003]. DEVS formalism also presents an explicit separation between modelling and simulation, DEVS models are directly simulable in a specific experimental frame. The Experimental Frame (EF) describes a limited set of circumstances under which a system (real or model) is to be observed or subjected to experimentation. As such, it reflects the objectives of the experimenter who performs experiments on a real system or, through simulation, on a model. DEVS needs to be adapted and extended when replaced in a domain-specific context. A wide set of techniques that derives from DEVS, such as Cell-DEVS [Wainer and Giambiasi, 2001] or JAMES [Schattenberg and Uhrmacher, 2001] have already been developed to serve some domain specific needs [Zeigler, 2000]. 

Because of the complexity of natural systems, often more than one modelling technique is necessary to capture its dynamics in a model. To build effectively such models, one must couple different sub-models that might have been built using different paradigms. Those kind of models are called multi-models, and have been introduced by [Orën, 1991] later extended by [Fishwick, 1995]. 

From a software engineering perspective, we propose to base our approach on Object Oriented design concepts [Hill, 1996]. Those concepts had led to various analysis methods, among those methods we will use UML(Unified modelling laanguage) [Gamma et al., sley] which now became a standard. UML and the modelling and simulation field should be distinguished despite the name and strong similarities. We are also making the use of "design patterns" [Gamma et al., sley] to reduce the overall complexity of the global classes architecture of the software framework. 

A review of existing softwares based on DEVS and in the environmental modelling field is presented in the next chapter. 

Chapter 2 Existing approaches

This chapter presents the main software approaches in the field of DEVS and multi-modelling and simulation and in the field of environmental modelling. This is not an exhaustive review as our objective is to gather the most common properties of those approaches to identify which has to be integrated in our framework. 

Among the DEVS tools we have reviewed DEVSJAVA/CDM [Sarjoughian and Zeigler, 1998], Moose [Fishwick, 1998], Atom3 [Vangheluwe, 2000] and Cell-DEVS [Wainer and Giambiasi, 2001]. From those tools we have identified the importance of having a strong unifying formalism to facilitate reusability and model's coherence. 

Those concerns are less present in the second part of the review that focuses on software for environmental modelling. For this family of software we have reviewed SWARM [SWARM, 2002], Tarsier [Rahman et al., 2001], ECLPSS [Woodbury et al., 2002], VLE [Duboz et al., 2003] and cormas [Bousquet et al., 1998]. 

From the two different families of software approaches we can identify six main characteristics that should be evaluated to build our approach. 

Several softwares are based on the single metaphor of reactive or multi agent systems. Nevertheless we still lack background in the domain to make such a radical choice. We should still have the concern to keep our proposed framework sufficiently open to be able to integrate such modeling paradigm later.

It is necessary to use a unifying formalism to keep a global coherence of the models created and ensure reusability and inter-operability.

The simulation tool should offer interfaces with common data analysis tools, especially Geographical Information Systems that are of frequent use in environmental sciences.

The proposed software architecture should be modular, and separate modelling and simulation engine from graphical interface, experimental frames and model storing system.

The use of models library is necessary to ensure models reusability. The same model can have multiple simulation purposes, so several simulation front ends must be available for the end user. Those characteristics are compatible with the concepts that constitute our base presented in the first chapter. Together they compose the guidelines to build our framework. 

Chapter 3 Modeling and simulation framework

This chapter presents a generic Object Oriented architecture for a multi-modeling and simulation environment, also called framework. We have used several ressources to ensure that this framework is compatible with the expectation of the end users as well as to ensure its global validity. 

The first ressource was the scientific community trough publications of the project advances. Then, thanks to our implementation of the framework, JDEVS, we've been able to experiment the software on real case studies (presented in the last chapter). The second ressource was the free software community, that sends comment on JDEVS now available on [Freshmeat, 2002] (a free software community web- site). 

The framework propose to decompose the modelling and simulation environment in four independent modules, thus four software packages. The four packages are : 

· graphical user interface, it contains the set of classes to graphically present and manipulate models for their creation. 

· Storage, it contains the set of classes to store and retrieve models from a library. Thanks to the use of the design pattern "builder" [Gamma et al., sley], it enable to recursively store different kinds of models in XML event if the format of the model (paradigm dependant) is not known at the time of the creation of the framework. A GIS connector is also included in this package to retrieve the stat parameters of models that are spatially explicit.

· Experimental frames, it contains the set of classes to present and control the simulation depending of the final user and the expected simulation outputs.

· Simulation Engine, it contains the basic DEVS and DSDEVS [Barros, 1997] that the models should implement in order to be compliant with the DEVS formalism.

The main concern for each of those modules was to provide an interface for future integration of modelling and simulation techniques while keeping the original packages untouched. Moreover, it simplifies the development of an environment based on this framework because the modules can be implemented independently. 

The integration of all the techniques is make by the use of the pattern "Facade" [Gamma et al., sley], the application of this pattern results in the creation of a class Äccess" that provide links to all the modules that a new modelling techniques have to implement. Nevertheless, if a technique doesn't need specialized interfaces, it is possible to link directly to the inner classes of the modules. 

The amount of available techniques will ensure that the universality of the framework. Next chapter will describes those techniques and their integration in the framework. 

Chapter 4 Integration of the modeling techniques in the framework

This chapter presents the different techniques that has been added to the framework. It exists a large amount of modelling paradigms (like cell automata, neural networks or block diagrams), each of these paradigms being more adapted to a specific class of problems. We associate a modelling and simulation technique to a paradigm in order to describe it into computer language. 

Consequently, if more techniques are available, more problems can be solved by modelling and simulation. 

We propose to add three techniques in our framework in order to cope with common modelling problem in environmental sciences. 

The first one, Feedback DEVS, is adapted from F-DEVS [Kofman et al., 2000], is useful for the specification of adaptative and self-learning models. The integration has been facilitated by its similarity with classic DEVS. 

The second technique is based on cellular automata. It is one of the most used techniques to simulate spatial behavior of systems. To make this technique available, we have developed spatially explicit experimental frames and GIS interfaces. 

The last technique, Vector-DEVS is an original approach adapted from the mathematical method of "front tracking". [Glimm et al., 1996]. It permits to study the propagation of a phenomenon by the simulation of the dynamic of its boundaries. To integrate this approach in the framework we have used the DSDEVS formalism because it authorize to represent dynamical structures. The spatial aspects are introduced by the concepts of geo-agent (Géo referenced atomic model) and the shape network (DSDEVS network integrating a structural and spatial dynamics). The software implementation of this technique is 

For each of those techniques we have described their formalization in DEVS and the classes and resulting packages in the framework. 

The next chapter will present JDEVS, the Java implementation of the framework. 

Chapter 5 Implementation

JDEVS is the java implementation of the formal framework. JDEVS is composed of five independent modules. A simulation kernel, a graphical modelling interface, a models library, a connection to a GIS and the simulation panels. They can interact with other modules that are already developed and some elements, including the java simulation kernel, might be changed for better performance. The only programming task that the domain specialist has to do is the redefinition of the four methods of a basic model. Once a basic model is created, it is stored in the library to be used later in a federation (coupled model). In case of a spatially distributed system, the federation is automatic in the simulation panels, atom cells or points are instantiated according to the property map exported from the GIS, interfaces of the resulted model being stored in XML in the library with reference to the initialization map. For a component diagram model, the coupling between models is made graphically by the modeller in the block diagram GUI, then stored in XML into the library. This section presents the details of the five modules. 

Modelling and simulation kernel

The modelling and simulation kernel is a java implementation of the DEVS formalism. The DEVS semantics is currently mapped to a set of JAVA instructions until a standard semantic becomes available. Basic and coupled models are described as follow. 

The DEVS formalism is offering well defined interfaces for the description of systems. The concept of model abstraction permits use of models that are coded in various object oriented languages. Modelling basic models in JDEVS is done directly in JAVA. To help the modeler in this task, the GUI generates a java skeleton, stores it in the models library and compiles it. Once stored in the library the atomic model is serialized in XML. For coupled models, If the user wants to interact directly with the simulation engine, the coupling between models can be made directly in a java class. However, with the use of the GUI, it is possible to graphically construct the model structure that is saved in XML.

Hierarchical block modelling and simulation interface

The graphical user interface is the modelling front-end of the toolkit, using this front end, the user can graphically create, compile, link and store basic and coupled models, debug the resulting model and perform simulations. Distributed modelling is made using the GUI, if different modellers work on sub- coupled models and store them in the same library, it is possible to federate those models in another graphical modelling client. 

The coupling between different kind of models is done with this interface. Selection of specific kinds of models, such as Cellular models, is made in the library and results in the creation of a block component representation of the model with input and output ports. If a simulation is run, the appropriate panels are automatically generated to track the simulation. 

Generic models library

A complete description of the library can be found in [Bernardi and Santucci, 2002]. The purpose of the library is to provide easy model storage and reusability. The software design in itself can be seen as an object oriented database.

In addition to the structural links, the library stores the inheritance and the abstraction link between models. The models stored in the library are called "context-out" models (usually the source code). To retrieve a model, it is instantiated, and then put ïn context". During this phase the state of the model is set back to the state it has when it has been stored. Several simulation scenarios can create several "context- in" model from the same "context-out" model description. 

The implementation of the library description in JDEVS is resulting in a module in the GUI. This module presents models according to its domain and sub-domain, all classified in a tree like architecture. 

GIS interconnection

[Brandmeyer and Karimi, 2000] have detailed various GIS coupling methodologies. To keep the modular architecture of the toolkit, the connection to the GIS is made through a loose coupling. In this kind of coupling, the data is exported from the GIS to the spatial manager, and results are imported back after the simulation. Input/Output operations are performed via the [Geotools, 2003] java software library that supports the Arcview, ASCII and GML (Geographic Markup Language) formats. 

As the simulation is event driven, the map is never entirely updated during the run. The output of the simulation is a set of events that represents only what has changed on the map over time. This greatly reduces the size of the log file and accelerates the execution, but this format cannot be outputted directly to the GIS. Here is an example of the output of a cellular model of bug propagation: 

        time    cell    value

        20      546     10.0

        22      778     20.0

        25      837     20.0

Where 'time' is the time when the change has happened, 'cell' is a reference to the cell where the change has happened and 'value' is the new value for the cell. 

The simulation events must be 'flattened' is order to create maps that can be sent back to the GIS. Those maps are snapshots of the simulation at a certain time. To create those snapshots, the program takes the initial value of the map and apply all changes that has occurred before the time defined by the user. 

Cellular simulation panels

The cellular simulation panels are the experimental frames for the cellular models. The panels share the same simulation engine than the other modules so they have access to the general input and output ports of the models loaded in the JDEVS GUI when both the GUI and the panels are launched. 

The cellular panel allows to perform (and debug) simulation of a cellular model. The user can directly interact with the simulation, as he can send events using the mouse. Otherwise the interactions are predefined in an interaction event file. 

Using the GIS connector the cellular panel load the maps, automatically instantiates one cell for each point of the grid and perform the coupling. Once the model is created, it is sent to the simulator that performs the simulation. During the simulation run, the evolution of the model can be observed in the 2D or 3D simulation panels (figure ). 

Those simulation panels can also run as applets in any java enabled browser, thus creating a wide range of new applications. As an example of such applications, models developed in JDEVS can be directly published and experimental frames set-up for a certain type of user. The modeller can decide to define an experimental frame (a chosen model and a site of interest) for a stake holder, then publish the experiment on the web. The stake holder will then be able to try himself different simulation scenarios. 

JDEVS has been successfully used for the modelling and simulation of fruit fly propagation in an orchard [Faure, 2001], fire propagation and a photovoltaic power system with a neural network battery damage model [Filippi and Bisgambiglia, 2002]. The following chapter presents an experiment that illustrates a multi-paradigm modelling process with JDEVS. 

Chapter 6 Experiments

Three models are available in the thesis, a solar power plant and a fruit fly propagation models. For a detailed description of those models see [Faure, 2001], [Filippi et al., 2001] and [Filippi et al., 2002]. 

This chapter focuses on the last models in a case-study to illustrate the main advantages of using JDEVS : coupling and reusability of models in a multi-paradigm framework. The two following applications, a cellular pollution infiltration model, and a nitrogen concentration model are simplified implementations of [Zeigler et al., 1996] and [Lek et al., 1999]. The purpose of these models is to illustrates the new modelling scenarios possible by the use of the formal framework. With the first model we show an implementation of a cellular model in JDEVS and give an overview of the effort needed to implement such model in the framework. The second model, a hierarchical block Feedback-DEVS model, illustrates the integration of a neural network in a DEVS basic model. The two models are different in nature. One is a model of spatial organization, while the second is a non spatial empirical model. Nevertheless, the last part of this section shows that a multi paradigm model resulting of the coupling of these models is greatly simplified because models are sharing the same simulation engine and the same interfaces. 

Cellular pollution infiltration model with 3D visualization

To manage natural resources such as water, it is necessary to model the phenomenon that alter those natural resources in order to quantify and qualify them. The sample model is adapted from [Zeigler et al., 1996]. Like any other basic model, this cellular pollution model is described in one file, the atom cell description file. The behavior is described in programming code. The skeleton for the file is generated by the GUI, it contains the four functions of the basic model as well as the following state set: 

< X{N, S, E, W, in },Y{N, S, E, W, out},S{poros, elev, pollut} > (N,S,E,W corresponds to the North, South, East and West ports of their neighborhood). In this model: 

The l function (output) is sending to the neighboring cells its elevation and quantity of pollutant. This function is called by the simulator in case of an activation.

The dext function (input) is receiving the quantity of pollutant and altitude from the neighboring

cells, and send an activation message if its elevation is significantly lower than the elevation of the neighboring cell.

The dint function (internal) is called when the cell receive an activation. It updates the states

parameters (here the quantity of pollutant) according to the quantity received and the porosity of the ground.

The ta function (time advance) defines the time to the next self-activation of the cell according to

the quantity of pollutant (thus defining the flow speed). Here is the Java transcription of the output function, l, as a code example:

EventVector outFunction(Message m){

  e = new EventVector();

  e.add(new Event(N,"Elev","Pollut"));

  e.add(new Event(S,"Elev","Pollut"));

  e.add(new Event(E,"Elev","Pollut"));

  e.add(new Event(W,"Elev","Pollut"));

  return e;}

Those four functions constitutes the only programming task that the specialist (mathematician, physicist, ecologist) has to implement in order to have his model working. Once the behavior of the basic cell model is described, the only work that has to be done is in the data preprocessing into the GIS (generation of ASCII raster maps of the initial states: porosity, elevation and quantity pollutant, choice of cell size). The 3d simulation panel serves as the experimental frame of the simulation of these phenomena. Java3D library is used to paint the outputs of 2d or 3d cellular models. The elevation map exported from the GIS permits to reconstruct a 3d world and the 3d panel enables here the visualizations of the polluted zones. To interact with the model, it is possible to click on the map during the simulation run and add pollutant to a specific cell. General outputs of the model are a file containing a set of each output events that occurred during the simulation and a file containing raster ASCII maps generated at fixed times during the simulation run. 

A neural network model of nitrogen concentration

The model of nitrogen concentration is adapted from [Lek et al., 1999]. It uses Feedback-DEVS for the implementation of an ANN (Artificial Neural Network)(here a multilayered perceptron with backpropagation) in a DEVS framework. The neural network has been trained to provide the daily quantity of nitrogen (TNC) produced by a patch of land. The independent input variables for the models are: 

· The percentage of the patch area under forest, FOR,

· The percentage of cultivated area of the patch, AGR,

· The percentage of urban area of the patch, URB,

· The percentage of wetland area of the patch, WET,

· The percentage of other kind of area of the patch, OTH,

· The animal unit density, ANI,

· The daily runoff over the patch, FLO,

· The daily precipitation over the patch, PRE.

The Feedback-DEVS model encapsulates a pre-trained neural-network. In this model the variable FOR, AGR, URB, WET, OTH and ANI are parameters. The model is simulating the response in terms of quantity of nitrogen for a patch with a fixed repartition of forest, cultivated, urban, wetland or other area and with a fixed animal density. This basic models has two input ports, 'PRE', the daily precipitation, and 'FLO', the average water flow. The daily quantity of nitrogen is emitted by the output port 'TNC'. This model also have a Feedback input port 'FeedbackTNC' when an external event is received on this port the model triggers the learning function (here back-propagation [Lek et al., 1999]) to learn the new nitrogen quantity for the value of rainfall and runoff of ports 'PRE' and 'FLO'. 

Box B corresponds to a basic model of a quantizer. The output quantizer model sums the quantity of nitrogen received in its 'DayNitro' port (here outputted by the neural network). When the cumulated quantity of pollutant reaches a certain amount an output event is generated in the 'Nitro' output port. The amount of nitrogen to be reached before an event is outputted is defined by the 'Quanta' property of the quantizer model. The 'Nitro' output port is connected to the general output port of the model 'NitroE'. 

For the simulation of this model, the daily data of rainfall and runoff for the patch is loaded as data series in the JDEVS GUI using the simulation panel. The output of the simulation is not the quantity of pollutant at every time step (driven by the daily input data), but instead the model outputs events each time a certain amount of nitrogen is reached. The information given by the output of the model is carried by the time between two output events. If the patch outputs a lot of nitrogen, the time between each output will be very short. If the patch does not output much nitrogen, the event will be separated by a longer time. The general output of the model is an ASCII file containing a set of events that must be post processed in a spreadsheet or in a statistic processing software. 

Coupling the model of nitrogen concentration with the cellular pollution infiltration model

Although the pollution infiltration model is a cellular model, and the nitrogen concentration model is a Neural Network model, once integrated in the framework they both share the same port based interfaces. Thus it is possible to couple these models and simulate the impact of a new land use for a patch of land. 

Before performing the coupling, the modeler has to verify that the data that will pass from the a model corresponds with the data required by the model it will be connected to. In this experiment the data are compatible, the nitrogen concentration model will send a certain quantity of nitrogen at various time, while the cellular model is propagating a certain quantity of pollutant. 

Then a cell must be chosen for study, and the rainfall and runoff data for the cell extracted from a GIS. As of the subject of the experiment is be to test the impact of a new land use for the land patch represented by the cell, so the variables FOR, AGR, URB, WET, OTH and ANI are given before the simulation by the user. 

The coupling between the two models is made in the hierarchical blocks interface by loading the two coupled models (feedback and cellular) from the library into a blank coupled model. The resulted XML tag specifying the coupling of the nitrogen and pollution model is: 

<IC><LINK>

 <URI>./nitrogen.xml</URI><PORT>NitroE</PORT>

 <URI>./cell.xml</URI><PORT>in[40-83]</PORT>

</LINK></IC>
The file specifies an internal coupling between the port 'NitroE' of the nitrogen model with the port 'in' of the chosen cell (here the cell at line 40 and row 83). 

For the simulation, the nitrogen model is loaded first in the GUI, and the cellular pollution infiltration model is loaded in the cellular panel with the coupling parameter file. The simulation being finally launched by the simulation panel of the GUI. General outputs of the model are an ASCII file containing a set of each output events that occurred during the simulation and a file containing raster ASCII maps generated at fixed times during the simulation run. 

A DEVS multi-model, combining neural-networks and cellular automata paradigms has been presented in this chapter to illustrate the modelling process in JDEVS. 

Conclusion

The need of a formal framework in environmental modelling extend beyond the choice of the DEVS formalism or the JDEVS implementation. Because it is based on a DEVS based formal framework, JDEVS provides a different approach than the existing tools. In terms of flexibility and genericity of use it can provides the high level approach of a general formalism. In terms of features, abstraction, components and interfaces, JDEVS provides the advantages of a domain specific modelling environment. With JDEVS it is also possible to specify, store, retrieve, couple and simulate different kind of models without having to specify how those models should be simulated. 

As further developments, we plan in priority to implement and test in real case the vector-DEVS methodology. 

We would also like to add multi-agent modeling techniques to the framework and the JDEVS implementation. 

We will also adopt the DEVS standard as soon as they will be available. 

On the long term we plan to investigate the use of the tool in real time simulation of ongoing environmental accident (fire spread, oil spills or other). To do so we are planning to develop DEVS compliant sensing bots that will make the use of DEVS quantization to transmits informations to the simulation. 
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