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Complex information-technology-based business, engineering, military systems, as well as the societal infrastructures they support, are at the root of this century’s global challenges of economy, climate, and energy.  We are accustomed to building such systems directly in the real world and letting subsequent use and Mother Nature tell us how good they are.  Increasingly, however, it is becoming too dangerous, costly, unethical, or risky to do so. “Build and test within virtual reality” is increasingly the only workable alternative—where by “virtual” we include a wide range of representations of  the eventual fielded reality either wholly within a single computer or as networked distributed simulations, often enhanced with physically analogous and immersive environments.  Modeling and Simulation (M&S) supply the basis for such environments. Computer-based modeling refers to the construction of such environments while computer simulation connotes the experimentation using them to study alternative designs and architectures. 
Introduced in the last century as a rigorous systems-theory basis for discrete event modeling and simulation, the DEVS (Discrete Event System Specification) formalism has become an engine for advances in M&S technology and the support of “build and test in virtual reality.”  A variety of systems theory and artificial-intelligence applications employing DEVS-based concepts were compiled by Sarjoughian and Cellier [1]. However, the wealth of research continues to expand, so an updated accounting of recent advances is in order. This book obliges admirably by [Feel free to change back; this sounds better to me as it eliminates the double use of ‘this’. –pjm] presenting advances in DEVS theory, applications, and methodology.
However, you as today’s web-savvy reader will question what a pricey collection of papers on DEVS will provide that an apparently free Google search of the Internet will not. The value proposition of this book lies in the one-stop shopping and meta-organizational features that it provides.  As an M&S researcher, you will get not only a sampling of the best research in the area, but also a broader overview of this research that provides a picture of  the DEVS  landscape—what has been done and what has this opened up to be done in the future. As an M&S practitioner, you will see a variety of exciting new applications that were enabled by the DEVS approach, and that may inspire you to make similar application advances in your own area of interest.
This introductory chapter is aimed at providing the meta-organization just mentioned.  We start with a review of core DEVS concepts and pointers to where you can pursue this background in greater depth. We will then relate the research and application contributions of this book to this core to provide a sense of where it all fits. Finally, we draw some inferences and make some predictions of where DEVS work will evolve to support “build and test within virtual reality.”
DEVS Core
The core of DEVS consists of basic concepts, the broader M&S framework, and the systems-theory basis. 

Basic Concepts

Discrete Event Systems Specification (DEVS) is a modeling formalism.  Just as arithmetic underlies addition, multiplication, and other calculation, so DEVS underlies simulation of discrete event models.

DEVS Simulation is performed by a DEVS simulator or simulation engine that correctly implements an Abstract DEVS Simulator description that is technology agnostic. This is much like a calculator program executing an algorithm that describes the program operation in terms that abstract away the implementation details. 
System Entity Structure (SES) is a high level ontology framework targeted to modeling, simulation, systems design, and engineering. An SES is a formal structure governed by a small number of axioms that provide clarity and rigor to its models. The structure supports hierarchical and modular compositions allowing large complex structures to be built in stepwise fashion from smaller, simpler ones [3].

M&S Framework and Systems Theory Basis
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The Modeling and Simulation Framework provides a set of entities, viz., source (also called real or referent) system, model, simulator, and experimental frame (EF), as well as relations among the entities, viz.,  model validity, simulator correctness, among others. In effect this framework presents an ontology of the modeling and simulation domain. DEVS models can be atomic, coupled, and hierarchical.  The Simulation Relation specifies what constitutes a correct simulation of a model by a simulator. The Model Relation determines when a model can be said to be a valid representation of a source system within an experimental frame.  The framework entities are formulated in terms of the system specifications provided by systems theory (see below), and the framework relations are formulated in terms of the morphisms among system specifications.  System specification morphisms are mappings between system specifications that preserve behaviors or structures of interest. They allow us to check consistency between models and frames, as well as between frames and models at different resolutions.  This capability becomes especially important when components are composed together in distributed simulation federations. Computational support for this framework is based on the mathematical theory of systems and works hand-in-glove with object orientation and other computational paradigms
Table 1 reviews the hierarchy of system specifications drawn from Theory of Modeling and Simulation [2].  Generally, transitioning from higher to lower levels in the specification hierarchy, that is, from structure to behavior, involves working out explicitly what is implicit in the given description. On the other hand going from lower to higher levels, that is, from behavior to structure, presents an under-constrained problem, requires adding new structure to what is given, and can be characterized as a search rather than a computation. The systems specification hierarchy provides a basis for understanding the types of problems that are encountered in applying modeling and simulation to systems development, engineering, management, and testing. 

	Level
	Name
	System Specification at this level

	4
	Coupled Systems
	System built from component systems with a coupling recipe. 

	3
	I/O System Structure
	System with state and state transitions to generate the behavior. 

	2
	I/O Function
	Collection of input/output pairs constituting the allowed behavior partitioned according to initial state of the system. 

	1
	I/O Behavior
	Collection of input/output pairs constituting the allowed behavior of the system from an external Black Box view. 

	0
	I/O Frame
	Input and output variables and ports together with allowed values. 


Table 1. Hierarchy of System Specifications
M&S Layered Architecture  

The M&S Layered Architecture is another organizing concept for placing the work in this book into understandable relationships.  A brief overview of this architecture follows.
Network Layer includes networks, sensors, and computing devices that are organized in grids, clouds, and service oriented architectures, and that do the work of supporting all aspects of the M&S lifecycle.

Simulation Layer is the software that executes the models to generate and analyze their behaviors in both virtual and real time. Included in this layer is the DEVS simulation protocol that provides the basis for correct local and distributed execution. 

Data and Modeling Layer supports the development of data ontologies, experimental/pragmatic frames, and models in the DEVS formalisms that are separated from, but compliant with, the simulation layer protocol but agnostic with respect to its implementation.  

Negotiation and Search Layer supports users in characterizing their data needs and negotiates with data sources to discover data to meet these specifications; supports the user in formulating experimental frames and in the discovery of model components meeting frame specifications; and supports searches through space of model compositions for candidates meeting frame specified criteria.

Domain Decision Layer enables the decision maker to interact with, and apply the results of, lower layer processing to make decisions and solve systems problems within the particular application domains that are being addressed.

Collaboration Layer enables participants to bring to bear individual perspectives and contributions to make decisions and solve problems based upon the functionalities provided by the underlying layers.
Advances in DEVS Radiating Out From the Core 
This book provides chapters divided into theory, methodology, and applications that all relate to the DEVS core.
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As illustrated in the figure, radiating out from the core are areas of research in theory and methodology, each with applications, as well as an outer ring of trend setting applications.  Let’s consider how these areas relate to the M&S Layered Architecture. First we consider areas that relate to working with the architecture itself.  
	Methodology for Working with the M&S Architecture  
	Areas covered in this book/Sub-topics

	
	DEVS Model Development  Support

· Progressive model continuity 

· Plug-ins for software platform frameworks 

· Graph transformation model generation

DEVS Interaction with Other Methodologies

· System design and development


Now consider how the areas are distributed among the layers in the table below. Notice that both the top and bottom layers are not directly covered in this book. Notwithstanding coverage in the open literature, this suggests some major open areas for future DEVS research—we will return to this idea below. 
	M&S Architectural Layer
	Areas covered in this book/Sub-topics

	Network Layer
	

	Simulation Layer
	Parallel, Distributed, Real Time Simulation

· Parallel simulation 

· Graph Transformation in Real Time

· Exploiting DEVS variants

DEVS Implementations (DEVSJava,DEVS Suite, DevsSim++ ,James, CD++ ,DEVSPython,PowerDEVS, Web-Based Implementations)
Interoperability and Composability

· Multi-formalism composability 

· DEVS Standardization

	Data and Modeling Layer
	Extensions, New Formalisms, and Abstractions
· Other system specifications 

· DEVS variants 

· DEVS subclasses 

· Activity Abstraction Concepts

DEVS Theory and Analysis

· System identification

· Quantized  systems

	Negotiation and Search Layer
	Search and Optimization

· SES-based Search/Model Generation

	Domain Decision Layer
	DEVS Applications

· Optical Network-on-Chip 

· Construction/building design 

· Process Control

· Workflow Systems

· Environmental Models

	Collaboration Layer
	


Finally, we relate the areas and sub-topics in the table to chapters in the book.  The sub-topics are shown in italics, and are followed by chapters that address them. A chapter may be referenced more than once. Each area and its sub-topics are placed under the M&S Architecture layer to which they apply. 
Methodology for Working with the M&S Architecture—areas and sub-topics here relate to support of DEVS model development and the interaction with other methodologies
DEVS Model Development Support

· Progressive model continuity (Hu, From Virtual to Real - A Progressive Simulation-based Design Framework)

· Plug-ins for software platform frameworks (Uhrmacher/Himmelspach/Ewald, Effective and efficient modeling and simulation of DEVS variants) 

· Graph transformation model generation (Syriani/Vangheluwe, DEVS as a Semantic Domain for Programmed Graph Transformation)


DEVS Interaction with Other Methodologies 

· System design and development (Sung/Kim, Object-oriented co-modeling methodology for development of domain specific DEVS models)

Simulation Layer—areas and sub-topics here relate to different forms of simulation supported by DEVS, the use of real-time DEVS simulation in graphs transformation, and the influence of DEVS variants on simulation performance. For convenience, the important topic of interoperability is included in this layer, although it also relates to the modeling layer.
Parallel, Distributed, Real Time Simulation

· Parallel simulation (Wainer/Liu/Jafer, Parallel Simulation of DEVS and Cell-DEVS Models in PCD++)

· Graph transformation in real time (Syriani/Vangheluwe, DEVS as a Semantic Domain for Programmed Graph Transformation)
· Exploiting DEVS variants (Uhrmacher/Himmelspach/Ewald, Effective and efficient modeling and simulation of DEVS variants)

DEVS Implementations

· DEVSJava, DEVS Suite (Sarjoughian/Mayer, Heterogeneous Model Composability)

· DevsSim++ (Sung/Kim, Object-oriented co-modeling methodology for development of domain specific DEVS models)
· James(Uhrmacher/Himmelspach/Ewald, Effective and efficient modeling and simulation of DEVS variants)
· CD++ (Wainer/Liu/Jafer, Parallel Simulation of DEVS and Cell-DEVS Models in PCD++)

· DEVSPython (Syriani/Vangheluwe, DEVS as a Semantic Domain for Programmed Graph Transformation)

· PowerDEVS (Kofman/Migoni/Cellier, Continuous System Simulation and Control)
· Web-Based Implementations, (Various Authors, DEVS Standardization: Ideas, Trends and The Future)
Interoperability and Composability

· Multi-formalism composability (Sarjoughian/Mayer, Heterogeneous Model Composability)

· DEVS standardization  (Various Authors, DEVS Standardization: ideas, trends and the future)
Data and Modeling Layer—areas and sub-topics here relate to enhancements to DEVS model expression (extensions, new formalisms, and abstractions) and conditions in which they apply. Also included are theory and analysis for real-world system identification and control that are facilitated by the close connection of DEVS to systems theory.
Extensions, New Formalisms, and Abstractions
· Other system specifications (Barros, A Formal Definition of Dynamic Structure Discrete-Flow Components)
· DEVS variants (Uhrmacher/Himmelspach/Ewald, Effective and efficient modeling and simulation of DEVS variants)
· DEVS subclasses (Filippi/Santucci/Komatsu/Hill, Environmental models in DEVS, different approaches for different applications)
· Activity abstraction concepts (Muzy/Hill, Stochastic modeling strategies for the simulation of large (spatial) distributed: Application to fire spread)

DEVS Theory and Analysis 

· System identification (Giambiasi/Llarull/Cristia, System State Identification using DEVS)

· Quantized systems (Kofman/Migoni/Cellier, Continuous System Simulation and Control)
Negotiation and Search Layer—a framework is developed to support generation and search for models that satisfy desired performance criteria. The framework is based on the system entity structure and its transformation to DEVS simulation models.
Search and Optimization

· SES-based search/model generation (Hagendorf/Pawletta, A Framework for Simulation Based Structure and Parameter Optimization of Discrete Event Systems)

Domain Decision Layer—a number of interesting examples are described that illustrate the potential use of DEVS to build successful applications following the methodology and layers of the M&S layered architecture.
DEVS Applications

· Optical network-on-chip (Gheorghe/Nicolescu/O'Connor, Formalization and validation of an Optical Network-on-Chip using DEVS and timed automata)
· Construction/building design (Hammad/Pang/Zhang, Construction Simulation Using Cell-DEVS Modeling)

· Process control (Kofman/Migoni/Cellier, Continuous System Simulation and Control)

· Workflow systems (Hagendorf/Pawletta, A Framework for Simulation Based Structure and Parameter Optimization of Discrete Event Systems)

· Environmental models (Filippi/Santucci/Komatsu/Hill, Environmental models in DEVS, different approaches for different applications)

Challenges in Continued DEVS-based Development
DEVS is finding increasing acceptance in the  model-based simulation research community as one of the preferred paradigms to conduct modeling and simulation enquiries. Starting from a core set of formally stated concepts the paradigm has elaborated into deeper theory, new variants, extensions and abstractions, and ground-breaking applications. Indeed, DEVS has become a base for the development of specialized modeling formalisms for specific domains which may be useful for a plethora of applications. Moreover, the strict separation of models and simulators has facilitated the development of alternative algorithms to dramatically speed up the simulation of DEVS models. Several challenges present themselves here: One is to maintain the interoperability of the variants among themselves and legacy models by strictly maintaining compliance to the DEVS core formalism. A second is to continue to develop powerful DEVS-based domain-specific environments with associated methodologies and tools—while retaining compatibility with other such developments. An intriguing direction is to continue to employ DEVS as a semantic domain for other formalisms with the possibility of precise and powerful semantics as well as efficient and robust implementation that includes time (virtual and real) in a progressive development framework. Once again achievement of composability and interoperability of the heterogeneous model collections that emerge will be the distinguishing mark of the DEVS-based approach.
The increasing popularity of DEVS, in applications as well as in research, suggests that it exists at the right level of definition. It is both abstract enough to allow the development of new concepts and structures, as well as precise enough to avoid ambiguities and to support rigorous M&S applications. A challenge in continuing in this effort will be to find the right level of abstraction to suit new domains and applications. The real systems problems to be tackled (global warming, financial meltdown, etc.) and the hardware and software platforms available (Web 2.0, virtual reality environments, etc.) are growing in complexity at “exponential” rates. 
To manage this accelerated growth in complexity new refinements of the M&S Layered Architecture must be developed and automatic mappings between higher and lower layers must be designed to support easy to use and robust M&S services. As mentioned earlier, the collaboration layer represents a placeholder in this book that should spur the development of DEVS-based theory, concepts, and tools to support the collaborative work needed to tackle systems complexity and to “build and test within virtual reality.”  Moreover, an abstraction discussed in the book, the activity concept, relates to the absence of discussion of the network layer. This abstraction promises to provide an important refinement between the network layer and the simulation layer. The challenge is to exploit this refinement to facilitate better linkage between DEVS simulators and the underlying use of computational and energetic resources and thereby provide a quantum leap in the autonomic efficiency of DEVS simulations. 
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