Proceedings of the 2011 Winter Simulation Conference
S. Jain, R. R. Creasey, J. Himmelspach, K. P. White, and M. Fu, eds.

METAMODELING AND MODEL TRANSFORMATIONS IN MODELING AND SIMULATION

Deniz Cetinkaya
Alexander Verbraeck

Systems Engineering Group, Faculty of Technology, Policy and Management
Delft University of Technology
Jaffalaan 5, 2628BX, Delft, THE NETHERLANDS

ABSTRACT

Metamodeling and model transformations are the key concepts in Model Driven Development (MDD)
approaches as they provide a mechanism for automated development of well structured and maintainable
systems. However, neither defining a metamodel nor developing a model transformation is an easy task.
In this paper, we provide an overview of metamodeling and model transformations in MDD and discuss
about the use of a MDD approach in Modeling and Simulation (M&S). In order to support the development
of successful model transformations, we define the criteria for the evaluation of model transformations.

1 INTRODUCTION

In Model Driven Development (MDD), models are the primary artifacts of the development process and
they represent the system on different levels of abstraction. A model is an abstract representation of a
system defined in a modeling language, where a modeling language is a means of expressing systems in
a formal and precise way by using diagrams, rules, symbols, signs, letters, numerals, etc..

Metamodeling is widely accepted as a superior way to describe models in MDD context. A metamodel
is a definition of a modeling language, which should be defined in a modeling language as well (Sprinkle
et al. 2007). A sound metamodel describes models in a well-defined manner. Model transformations are
used to create new models based on the existing information throughout the MDD process (Sendall and
Kozaczynski 2003). Instead of creating the models from scratch during the different development life-
cycle stages and activities, model transformations enable the reuse of information that was once modeled.
Different models represent different views of the system.

MDD is increasingly gaining the attention of both industry and research communities in Modeling
and Simulation (M&S) field (Mészaros, Levendovszky, and Mezei 2009, Wang, Albani, and Barjis 2011).
Metamodeling term has been used in simulation for many years in a different context. Metamodeling
referred to constructing simplified models when simulation models were quite complex (Barton 1998). In
this context, a metamodel is known as a surrogate model. Surrogate models mimic the complex behavior
of the underlying simulation model. Metamodeling in MDD context and model transformations have been
introduced to simulation lately (Vangheluwe and Lara 2002).

In this paper, we provide an overview of metamodeling and model transformations in MDD and give
clear definitions for the key terms. After that, we discuss about the use of MDD approach in M&S. Then, we
define the criteria for the evaluation of model transformations in Section 4. Lastly, we present conclusions
and future directions in Section 5.

2 BASIC MDD CONCEPTS

MDD is based on a number of principles that involve the concepts of model, metamodel, meta-metamodel
and model transformations in order to produce a model that contains enough details for (semi)automatic
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generation of executable code. Due to the fact that some of the terms may have different meanings in
different contexts, we give clear definitions and detailed explanation for basic MDD concepts in this section.

2.1 Metamodeling

As stated in the previous section, a model is an abstract representation of a system defined in a modeling
language. A modeling language consists of the abstract syntax, concrete syntax and semantics. The
abstract syntax describes the vocabulary of concepts provided by the modeling language and how they can
be connected to create models. It consists of the concepts, the relationships and well-formedness rules,
where well-formedness rules state how the concepts may be legally combined. The concrete syntax presents
a model either in a diagram form (visual syntax) or in a structured textual form (textual syntax). Semantics
of a modeling language is the additional information to explain what the abstract syntax actually means
(Harel and Rumpe 2004).

Metamodeling is the process of complete and precise specification of a domain specific modeling
language, which in turn can be used to define models of that domain (Achilleos, Georgalas, and Yang
2007). A Domain Specific Modeling Language (DSML) is a modeling language dedicated to a particular
problem domain and/or a particular solution technique. DSMLs are closer to the problem domain and
concepts than general purpose modeling languages such as UML. A metamodel describes the abstract syntax
of amodeling language and it is defined in a metamodeling language. A metamodeling language is a superior
language to describe new modeling languages and it is also defined with a metamodel. The metamodel of
the metamodeling language is called as meta-metamodel. Model, metamodel, and meta-metamodel form
a three-level metamodeling pattern as shown in Figure 1. The MDD pattern can be applied several times
and a hierarchy of abstraction layers can be built, where models at layer n are specified using the language
defined as a metamodel at layer n+/ (Achilleos, Georgalas, and Yang 2007).

Meta-metamodel
(defines the metamodeling language)

instanceOf

Metamodel
(defines the modeling language)

instanceOf

Model
(is an instance of the modeling language)

Figure 1: Metamodeling pattern in MDD.

MDD approach is used by different technologies like Model Driven Architecture (MDA), Model
Integrated Computing (MIC), and many others. Hence, there are several metamodeling languages, yet
the most common ones are Meta Object Facility (MOF), Eclipse ECore, MetaGME, and Kermeta meta-
metamodel. The MOF Specification is the foundation of Object Management Group’s (OMG) industry-
standard environment where models can be created, integrated and transformed into different formats.
OMG’s MDA relies on the MOF to integrate the modeling steps and provide the model transformations
(OMG 2003). The earlier version of the MOF meta-metamodel is a part of the ISO/IEC 19502:2005 standard
(ISO/IEC 2005). The MOF meta-metamodel is referred as the MOF Model and MOF specification uses
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numbered layers instead of using the meta- prefix. Although the classical MOF Specification is based on
four layers, the later versions allow more or less meta-levels than this, depending on how MOF is deployed.
However, the minimum number of layers is two. Figure 2 shows the metamodeling layers in MOF (ISO/IEC
2005). The information layer is comprised of the specific runtime data that the modeler wishes to describe.
The MOF Model is self-describing, i.e. it is formally defined using its own metamodeling constructs. In
2006, OMG introduced the Essential MOF (EMOF) which is a subset of MOF with simplified classes
(OMG 2006). The primary goal of EMOF is to allow defining metamodels by using simpler concepts while
supporting extensions.

M3 Level MOF Model Meta-metamodel
Application
M2 Level Metamodel Metamodel
Application
M1 Level MetaData Model

MO Level Application Data Information

Figure 2: Metamodeling layers in MOF.

Eclipse Ecore meta-metamodel is the main part of The Eclipse Modeling Framework (EMF) project
(EMF 2011). The EMF project is a modeling framework and code generation facility for building tools and
other applications based on a structured data model. Ecore is based on the EMOF specification, but renames
the metamodeling constructs like EClass, EAttribute, EReference or EDataType. An Ecore metamodel
needs to have a root object and a tree structure represents the whole model.

MetaGME is the top level meta-metamodel of the MIC technology (ISIS 2011). MIC defines a
technology for the specification and use of the DSMLs. MIC refines and facilitates MDD approaches
and provides an open integration framework to support formal analysis tools, verification techniques and
model transformations in the development process. MIC allows the synthesis of application programs from
models by using customized Model Integrated Program Synthesis (MIPS) environments.

Kermeta is a metamodeling language which allows describing both the structure and the behavior of
models (IRISA 2011). Kermeta is built as an extension to EMOF and it provides an action language
for specifying the behavior of models. Kermeta development environment provides a comprehensive tool
support for metamodeling activities, such as an interpreter, a debugger, a text editor with syntax highlighting
and code auto completion, a graphical editor and various import/export transformations. Kermeta is fully
integrated with Eclipse and it is available under the open source Eclipse Public License (EPL).

A modeling tool provides ways to develop models based on a modeling language. In most cases,
the graphical modeling tools are extended with extra tools such as a model transformer, a mapper, a
compiler, an interpreter, a consistency checker or a debugger (where a tool is an instrument to perform
some task). In this case, the complete tool set is called as a modeling environment. A metamodeling
environment is a tool used to develop a modeling tool by defining its metamodel in a predefined meta-
metamodel. The resulting tool may either work within the metamodeling environment, or less commonly
be produced as a separate standalone program. Metamodeling environments are known as Domain Specific
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Modeling (DSM) environments in MDD literature. Common DSM environments are Microsofts DSL Tools
for Software Factories, MetaEdit+, XMF-Mosaic, DOmain Modelling Environment (DOME), Generic
Modeling Environment (GME), AndroMDA and Eclipse Generative Modeling Technologies (GMT) project.
Achilleos et al. (2007) and Amyot et al. (2006) present detailed discussion about various metamodeling
environments.

2.2 Model Transformations

Once the models are constructed conforming to their certain metamodels, we can talk about the model
transformations. A model transformation is the process of converting a source model into a target model
according to a set of transformation rules. The rules are defined with a model transformation language
(Mens and Gorp 2005). A transformation rule consists of two parts: a left-hand side that accesses the
source model; and a right-hand side that expands on the target model. The source model conforms to
the source metamodel and the target model conforms to the target metamodel. During the transformation,
the source model remains unchanged. Figure 3 shows a model transformation pattern adapted from MDA
(OMG 2003).

Model
Transformation
Language
Language
Source used Target
Metamodel | |anguage language | Metamodel
A B
Model
Language Transformation Language
used used
Y RS
Model 1 - “Source Target™ ~ Model 2
model model

Figure 3: Model transformation pattern in MDD.

If the source and target metamodels are identical, the transformation is called as endogenous; otherwise it
is called as exogenous (Mens and Gorp 2005). If the level of abstraction does not change, the transformation
is called as horizontal transformation. If the level of abstraction does change, the transformation is called
as vertical transformation.

According to the type and complexity of the process, the model transformation can be named as model
to model (M2M) transformation, model to text (M2T) transformation, model merging, model linking,
model synthesis, model mapping or model to code transformation (code generation). In a MDD approach,
usually there is a chain of several M2M transformations and a final model-to-code transformation. M2M
transformations are used with the different intermediate models, which are needed for expressing different
views of a system, optimization, tuning or debugging purposes (Czarnecki and Helsen 2003).
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As the name implies, a M2M transformation converts a source model into a target model, which can be
instances of the same or different metamodels. However, a M2T transformation converts a source model into
a text file. M2T transformation is generally used for final code generation or supportive document creation.
Although there are different solutions for transforming models to text, this is not the case for transforming
models to models (Czarnecki and Helsen 2003). Since M2M transformation is a relatively young area, very
limited and often ad hoc transformation capabilities are offered by the modeling environments available
on the market.

Well known M2M transformation languages are ATL (ATLAS Transformation Language) and QVT
(Query/View/Transformation). MOF 2.0 QVT Specification is a set of model transformation languages
defined by the OMG (OMG 2011). The QVT specification has a hybrid declarative/imperative nature and
it defines three related transformation languages: Relations, Operational Mappings, and Core. Relations
metamodel and language supports complex object pattern matching and object template creation with a
high-level user-friendly approach. Operational Mappings can be used to implement one or more Relations
from a Relations specification, when it is difficult to provide a purely declarative specification of how a
Relation is to be populated. Core metamodel and language is defined using minimal extensions to EMOF
and Object Constraint Language (OCL) on the lower level.

ATL is one of the most popular model to model transformation languages (Bézivin et al. 2003).
Once the target metamodel and source metamodel are available, an ATL transformation file can produce
a target model from a source model. During the transformation, an attribute of a target model instance
receives a return value of an OCL expression that is based on a source model instance. The ATL Integrated
Development Environment (IDE), that is developed on top of the Eclipse platform, provides a number
of tools such as a text editor with syntax highlighting, a debugger and an interpreter that aims to ease
development of ATL transformations.

There are many other model transformation languages (Scheidgen 2006). As well as, some projects like
Kermeta, Fujaba and GReAT (these projects apply a model driven development approach) provide M2M
transformation methods. Detailed explanation about the model transformation languages and methods is
given in (Dehayni et al. 2009) and (Huber 2008, Czarnecki and Helsen 2003).

At this point, it is important to note that the possibility of defining various model transformations for
the same source model. This is illustrated in Figure 4 by extending the ATL ’Families to Persons’ example
given in (ATL 2007). The Family model conforms to the Family metamodel whereas the Person model
conforms to the Person metamodel. Families2Persons.atl is a simple illustration of M2M transformation.
If we define another model transformation file as Families2Mothers.atl, then it can produce a different
target model from the same source model. Furthermore, it is also possible to change the target metamodel,
and so the model transformations. However, defining precise metamodels and choosing the best model
transformation are the challenging activities of MDD.

3 MDD APPLIED INTO SIMULATION

The research on MDD in simulation field has emerged in the last decade. De Lara and Vangheluwe (2002)
present a tool for metamodeling and model transformations for simulation, namely AToM3. They introduce
the combined use of multi-formalism modeling and metamodeling to facilitate computer assisted modeling
of large systems. The usage of the tool is presented in (Vangheluwe and Lara 2002).

Duarte and de Lara (2009) show the application of MDD to agent based simulation. They present the
design of a DSML for modeling and simulation of multi agent systems. The language is made of four
different diagram types, that are used to define agents types, their behavior, their sensors and actuators
and the initial configuration. A customized modeling tool developed in Eclipse and a code generator for a
Java-based agent simulation language are presented as well.

Iba, Matsuzawa, and Aoyama (2004) propose a simulation model development process and present
an example for agent based social simulations. The proposed process consists of three major phases:
conceptual modeling, simulation design and verification. In the conceptual modeling phase, the modeler
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Figure 4: Defining various model transformations for the same source model.

analyzes the target world and describes the conceptual model. In the simulation design phase, the modeler
designs and implements the simulation model, which is executable on the provided simulation platform. The
modeler translates the conceptual models into simulation models according to the suggested *Foundation
Model Framework’. In the verification phase, the modeler runs the simulation and inspects whether the
simulation program is coded rightly. If necessary, the modeler returns to the first or second phase and
modifies the models.

Guiffard et al. (2006) provide a study that aims at applying a model driven approach to the M&S
in military domain. This work has been carried out in the context of a larger research program (High
Performance Distributed Simulation and Models Reuse) sponsored by the DGA (Delegation Generale pour
I’ Armement) of the French Ministry of Defense. The paper presents a prototype implementation as well.
The prototype demonstrates that the automated transformation from a source model to executable source
code is possible. The authors state that the amount of work needed for writing correct and complete set
of transformation rules is extremely large.

Topcu, Adak, and Oguztuzun (2008) propose the Federation Architecture Metamodel (FAMM) for
describing the architecture of a High Level Architecture (HLA) compliant federation. FAMM supports the
behavioral description of federates based on live sequence charts and it is defined with metaGME. FAMM
formalizes the standard HLA Object Model and Federate Interface Specification.

D’ Ambrogio et al. (2010) introduce a model driven approach for the development of DEVS simulation
models. The approach enables the UML specification of DEVS models and automates the generation of
DEVS simulations that make use of the DEVS/SOA implementation. An example application for a basic
queuing system is also presented. In its present form, the behavior of the atomic models are not implemented
and the approach only produces the core skeleton of Java classes that implement DEVS models.
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Cetinkaya, Verbraeck, and Seck (2010) motivate the use of a MDD approach to move the focus of
M&S from coding to modeling. The presented work suggests an MDD applied M&S life-cycle with
five stages: (1) Problem Definition, (2) Conceptual Modeling, (3) Specification, (4) Implementation and
(5) Experimentation. As a follow up study, Cetinkaya, Verbraeck, and Seck (2011) propose a MDD
framework for modeling and simulation (MDD4MS). MDD4MS framework defines three metamodels for
Simulation Conceptual Model (CM), Platform Independent Simulation Model (PISM) and Platform Specific
Simulation Model (PSSM). CM is an instance of Simulation Conceptual Modeling Metamodel, PISM is
an instance of Simulation Model Specification Metamodel, and PSSM is an instance of Simulation Model
Implementation Metamodel. In order to obtain the continuity throughout the M&S life-cycle, the model
transformations are defined as: CM_2_PISM transformation is a partial M2M transformation from CM to
PISM; PISM_2 _PSSM transformation is another partial M2M transformation from PISM to PSSM; and
PSSM_2_SM transformation is a full model to text M2T transformation from PSSM to SM (Simulation
Model: executable source code). A tool architecture and an Eclipse based prototype implementation for
the MDD4MS framework are presented as well.

MDD approach brings great advantages to M&S. It provides ways to formally define the models and
modeling languages. Since models are defined in a good manner and free of implementation details,
conceptual modelers and domain experts can understand the models more easily and they can play a
direct role in simulation model development process. The simulation model implementation becomes
more efficient and error-free since repetitive code can be generated automatically. Most existing MDD
research takes place with metamodeling and modeling environments. Although the research studies look
very promising, especially model transformations have not been sufficiently studied yet in simulation field.

Based on our review of the current literature, we define the following open problems in the MDD
applied M&S research:

e Using different diagramming techniques together to describe the simulation problem accurately and
completely, including the dynamics of the simulation model.
Defining combined M2M transformations for a set of source models.
Adding component based approach in order to increase the portion of the auto-generated code.
Adding library approach and search facilities in order to allow reusing already defined components
(implemented building blocks).

e Developing guidelines and procedures for the validation of the generated simulation model.

e Evaluation of the model transformations and choosing the best model transformation.

We believe that these problems may form the basis for a research agenda in this field. As an early
attempt to address the last problem we define a set of criteria for analyzing model transformations in the
next section.

4 CRITERIA FOR MODEL TRANSFORMATIONS

This section provides the evaluation criteria for model transformations extending the work of Mens and
Gorp (2005). The goal of model transformations is to automatically generate different views of a system
from a source model and to support the code generation. Both the target model and the transformation
rules can be evaluated according to some basic principles derived from software engineering.

e Correctness: The correctness of a model transformation is analyzed in two ways: syntactic and
semantic correctness (Mens and Gorp 2005). If the target model conforms to the target metamodel
specification, then the model transformation is syntactically correct. If the model transformation
preserves the behavior of the source model, then it is semantically correct (Ehrig and Ermel 2008).
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o  Completeness: In order to preserve and reuse the information in the source model, the transformation
needs to be complete. For each element in the source model, if there is a corresponding element
in the target model then the model transformation is complete (Mens and Gorp 2005).

o Uniqueness: If the model transformation generates unique target models for each source model,
then it provides uniqueness.

o Termination: If the model transformation always terminates and leads to a result, then it provides
termination.

e Readability: If the transformation rules are human-readable and understandable, then the model
transformation provides readability.

e FEfficiency: The model transformations need to be performed efficiently. The efficiency of a
transformation can be evaluated by analyzing how many transformation steps are necessary, and
how many functions are applied during each specific transformation.

o  Maintainability: The degree of the effort spent for changing, extending and reapplying a model
transformation defines the maintainability.

e Scalability: The ability to cope with large models without sacrificing performance defines the

scalability (Mens and Gorp 2005).
Usability: Once implemented, if the model transformation can be performed easily then it is usable.
Reusability: Reusability can be measured with the possibility of adapting and reusing a model
transformation via various reuse mechanisms such as parameterization or using templates (Mens
and Gorp 2005).

e Accuracy: If all possible errors are handled and the model transformation can manage with the all
incomplete source models, then it provides accuracy.

e Robustness: If most of the unexpected errors can be handled and the model transformation can
manage with the all invalid source models, then it provides robustness. The difference from the
accuracy is, an incomplete source model can be viewed by the associated modeling tool, whereas
an invalid source model cannot be viewed by the associated modeling tool.

o  Modularity: Modularity can be defined as the ability to compose existing transformations into
new composite ones. Decomposition of a complex transformation into smaller steps may require
a mechanism to specify how these smaller transformations need to be combined (Sendall and
Kozaczynski 2003).

e Validity: Since transformations can be considered as a special kind of software programs, systematic
testing and validation techniques can be applied to transformations to ensure that they have the
desired behavior (Mens and Gorp 2005).

e Consistency: Model transformations need to be consistent and unambiguous. If the model trans-
formation detects and possibly resolves the internal contradictions and inconsistencies, then it is
consistent (Mens and Gorp 2005).

e Parsimony: A target model needs to be as parsimonious and lightweight as possible. Simplicity
and lack of redundancy can define the level of parsimony.

e Traceability: Traceability is the property of having a record of links between the source and target
elements as well as the various stages of the transformation process. Traceability links can be stored
either in the target model or separately (Dehayni et al. 2009).

e Reversibility: A model transformation from S to T is reversible if there is a model transformation
from 7 to S. This property can be useful in canceling the effects of a transformation (Dehayni et al.
2009).

As stated earlier, there are many ways to define a model transformation for a source model. There
is no general rule or guidance that can be provided to define a good solution. However, based on the
defined criteria, model transformations can be analyzed and results can be used to choose the best model
transformation.
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5 CONCLUSION

This paper presented an overview of MDD and related research in simulation field. The key elements,
open problems and the evaluation criteria for a successful model transformation are explained. A MDD
approach requires languages for the specification of models, for the specification of metamodels and for
the definition of model transformations. For a successful code generation, it is important to select the most
convenient languages and to use the efficient and scalable tools.

Some future directions can be listed as follows: The trade offs between the evaluation criteria need to
be examined. A special care needs to be taken into account about code generation by the developers. Auto-
generated and non-generated code should be clearly differentiated. Increasing the metamodel expressiveness
by the use of additional model restrictions can help with better model transformations. As a future work,
we will evaluate some model transformation examples based on the proposed evaluation criteria.
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