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ABSTRACT
It is well-known that the inherent complex nature of software systems adds to the
challenges of software development. The most notable techniques for addressing the
complexity of software development are based on the principles of abstraction, problem
decomposition, separation of concerns and automation. As an emerging paradigm for
developing complex software, Model-Driven Engineering (MDE) realizes these
principles by raising the specification of software to models, which are at a higher level
of abstraction than source code. As models are elevated to first-class artifacts within the
software development lifecycle, there is an increasing need for frequent model evolution
to explore design alternatives and to address system adaptation issues. However, a system
model often grows in size when representing a large-scale real-world system, which
makes the task of evolving system models a manually intensive effort that can be very
time consuming and error prone. Model transformation is a core activity of MDE, which
converts one or more source models to one or more target models in order to change
model structures or translate models to other software artifacts. The main goal of model
transformation is to provide automation in MDE. To reduce the human effort associated
with model evolution while minimizing potential errors, the research described in this
dissertation has contributed toward a model transformation approach to automated model
evolution.

iii

A pre-existing model transformation language, called the Embedded Constraint
Language (ECL), has been evolved to specify tasks of model evolution, and a model
transformation engine, called the Constraint-Specification Aspect Weaver (C-SAW), has
been developed to perform model evolution tasks in an automated manner. Particularly,
the model transformation approach described in this dissertation has been applied to the
important issue of model scalability for exploring design alternatives and crosscutting
modeling concerns for system adaptation.
Another important issue of model evolution is improving the correctness of model
transformation. However, there execution-based testing has not been considered for
model transformation testing in current modeling practice. As another contribution of this
research, a model transformation testing approach has been investigated to assist in
determining the correctness of model transformations by providing a testing engine called
M2MUnit to facilitate the execution of model transformation tests. The model
transformation testing approach requires a new type of test oracle to compare the actual
and expected transformed models. To address the model comparison problem, model
differentiation algorithms have been designed and implemented in a tool called DSMDiff
to compute the differences between models and visualize the detected model differences.
The C-SAW transformation engine has been applied to support automated
evolution of models on several different experimental platforms that represent various
domains such as computational physics, middleware, and mission computing avionics.
The research described in this dissertation contributes to the long-term goal of alleviating
the

increasing

complexity

of

modeling

iv

large-scale,

complex

applications.
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CHAPTER 1
INTRODUCTION

It is well-known that the inherent complex nature of software systems increases
the challenges of software development [Brooks, 95]. The most notable techniques for
addressing the complexity of software development are based on the principles of
abstraction, problem decomposition, information hiding, separation of concerns and
automation [Dijkstra, 76], [Parnas, 72]. Since the inception of the software industry,
various efforts in software research and practice have been made to provide abstractions
to shield software developers from the complexity of software development.
Computer-Aided Software Engineering (CASE) was a prominent effort that
focused on developing software methods and modeling tools that enabled developers to
express their designs in terms of general-purpose graphical programming representations,
such as state machines, structure diagrams, and dataflow diagrams [Schmidt, 06]. As the
first software product sold independently of a hardware package, Autoflow was a
flowchart modeling tool developed in 1964 by Martin Goetz of Applied Data Research
[Johnson, 98]. Although CASE tools have historical relevance in terms of offering some
productivity benefits, there are several limitations that have narrowed their potential
[Gray et al., 07].
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The primary drawback of most CASE tools was that they were constrained to
work with a fixed notation, which forced the end-users to adopt a language prescribed by
the tool vendors. Such a universal language may not be suitable in all cases for an enduser’s distinct needs for solving problems in their domain. As observed by Schmidt, “As
a result, CASE had relatively little impact on commercial software development during
the 1980s and 1990s, focusing primarily on a few domains, such as telecom call
processing, that mapped nicely onto state machine representations” [Schmidt, 06].
Another goal of CASE is to automate software development by synthesizing
implementations from the graphical design representations. However, there exists a major
hindrance to achieve such automation due to the lack of integrated transformation
technologies to transform graphical representations at a high-level of abstraction (e.g.,
design model) to a low-level representation (e.g., implementation code). Consequently,
many CASE systems were restricted to a few specific application domains and unable to
satisfy the needs for developing production-scale systems across various application
domains [Schmidt, 06].
There also has been significant effort toward raising the abstraction of
programming languages to shield the developers from the complexity of both language
and platform technologies. For example, early programming languages such as assembly
language provide an abstraction over machine code. Today, Object-Oriented languages
such as C++ and Java introduce additional abstractions (e.g., abstract data types and
objects) [Hailpern and Tarr, 06]. However, the advances on programming languages still
cannot cover the fast growing complexity of platforms. For example, popular middleware
platforms, such as J2EE, .NET and CORBA, contain thousands of classes and methods
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with many intricate dependencies. Such middleware evolves rapidly, which requires
considerable manual effort to program and port application code to newer platforms when
using programming languages [Schmidt, 06]. Also, programming languages are hard to
describe system-wide, non-functional concerns such as system deployment, configuration
and quality assurance because they primarily aim to specify functional aspects of a
system.
To address the challenges in current software development such as the increased
complexity of products, shortened development cycles and heightened expectations of
quality [Hailpern and Tarr, 06], there is an increasing need for new languages and
technologies that can express the concepts effectively for a specific domain. Also, new
methodologies are needed for decomposing a system to various but consistent aspects,
and enabling transformation and composition between various artifacts in the software
development lifecycle within a unified infrastructure. To meet these challenges, ModelDriven Engineering (MDE) [Kent, 02] is an emerging approach to software development
that centers on higher level specifications of programs in Domain-Specific Modeling
Languages (DSMLs), offering greater degrees of automation in software development,
and the increased use of standards [Schmidt, 06]. In practice, Domain-Specific modeling
(DSM) is a methodology to realize the vision of MDE [Gray et al., 07].

1.1

Domain-Specific Modeling (DSM)
MDE represents a design approach that enables description of the essential

characteristics of a problem in a manner that is decoupled from the details of a specific
solution space (e.g., dependence on specific middleware or programming language). To
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apply lessons learned from earlier efforts at developing higher level platform and
language abstraction, a movement within the current MDE community is advancing the
concept of customizable modeling languages, in opposition to a universal, generalpurpose language that attempts to offer solutions for a broad category of users such as the
Unified Modeling Language (UML) [Booch et al., 99]. This newer breed of tools enables
DSM, an MDE methodology that generates customized modeling languages and
environments for a narrow domain of interest.
In the past, abstraction was improved when programming languages evolved
towards higher levels of specification. DSM takes a different approach, by raising the
level of abstraction, while at the same time narrowing down the design space, often to a
single range of products for a single domain [Gray et al., 07]. When applying DSM, the
language follows the domain abstractions and semantics, allowing developers to perceive
themselves as working directly with domain concepts of the problem space instead of
code concepts of the solution space. Also, domain-specific models are subsequently
transformed into executable code by a sequence of model transformations to provide
automation support for software development. As shown in Figure 1-1, DSM
technologies combine the following:
•

Domain-specific modeling languages “whose type systems formalize the
application structure, behavior, and requirements within particular domains”
[Schmidt, 06]. A metamodel formally defines the abstract syntax and static
semantics of a DSML by specifying a set of modeling elements and their valid
relationships for that specific domain. A model is an instance of the metamodel
that represents a particular part of a real system. Developers use DSMLs to build
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domain-specific models to specify applications and their design intents [Gray et
al., 07].
•

Model transformations play a key role in MDE to convert models to other
software artifacts. They are used for refining models to capture more system
details or synthesizing various types of artifacts from models. For example,
models can be synthesized to source code, simulation input and XML deployment
descriptions. Model transformation can be automated to reduce human effort and
potential errors during software development.

Figure 1-1 - Metamodel, models and model transformation

The DSM philosophy of narrowly defined modeling languages can be contrasted
with larger standardized modeling languages, such as the UML, which are fixed and
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whose size and complexity [Gîrba and Ducasse, 06] provide abstractions that may not be
needed in every domain, adding to the confusion of domain experts. Moreover, using
notations that relate directly to a familiar domain not only helps flatten learning curves
but also facilitates the communication between a broader range of experts, such as
domain experts, system engineers and software architects. In addition, the ability of DSM
to synthesize artifacts from high-level models to low-level implementation artifacts,
simplifies the activities in software development such as developing, testing and
debugging. Most recently, the “ModelWare” principle (i.e., everything is a model)
[Kurtev et al., 06] has been adopted in the MDE community to provide a unified
infrastructure to integrate various artifacts and enable transformations between them
during the software development lifecycle.
The key challenge in applying DSM is to define useful standards that enable tools
and models to work together portably and effectively [Schmidt, 06]. Existing de facto
standards include the Object Management Group’s Model Driven Architecture (MDA)
[MDA, 07], Query/View/Transformations (QVT) [QVT, 07] and the MetaObject
Facilities (MOF) [MOF, 07]. These standards can also form the basis for domain-specific
modeling tools. Existing metamodeling infrastructures and tools include the Generic
Modeling Environment (GME) [Lédeczi et al., 01], ATLAS Model Management
Architecture (AMMA) [Kurtev et al., 06], Microsoft’s DSL tools [Microsoft, 05], [Cook
et al., 07], MetaEdit+ [MetaCase, 07], and the Eclipse Modeling Framework (EMF)
[Budinsky et al., 04]. Initial success stories from industry adoption of DSM have been
reported, with perhaps the most noted being Saturn’s multi-million dollar cost savings
associated with timelier reconfiguration of an automotive assembly line driven by
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domain-specific models [Long et al., 98]. The newly created DSM Forum [DSM Forum,
07] serves as a repository of several dozen successful projects (mostly from industry,
such as Nokia, Dupont, Honeywell, and NASA) that have adopted DSM.

1.2

The Need for Frequent Model Evolution
The goal of MDE is to raise the level of abstraction in program specification and

increase automation in software development in order to simplify and integrate the
various activities and tasks that comprise the software development lifecycle. In MDE,
models are elevated as the first-class artifacts in software development and used in
various activities such as software design, implementation, testing and evolution.
A powerful justification for the use of models concerns the flexibility of system
analysis, i.e., system analysis can be performed while exploring various design
alternatives. This is particularly true for distributed real-time and embedded (DRE)
systems, which have many properties that are often conflicting (e.g., battery consumption
versus memory size), where the analysis of system properties is often best provided at
higher levels of abstraction [Hatcliff et al., 03]. Also, when developers apply MDE tools
to model large-scale systems containing thousands of elements, designers must be able to
examine various design alternatives quickly and easily among myriad and diverse
configuration possibilities. Ideally, a tool should simulate each new design configuration
so that designers could rapidly determine how some configuration aspect, such as a
communication protocol, affects an observed property, such as throughput. To provide
support for that degree of design exploration, frequent change evolution is required
within system models [Gray et al., 06].
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Although various types of changes can be made to models, there are two
categories of changes that designers often do manually—typically with poor results. The
first category comprises changes that crosscut the model representation’s hierarchy in
order to adapt the modeled system to new requirements or environments. The second
category of change evolution involves scaling up parts of the model—a particular
concern in the design of large-scale distributed, real-time, embedded systems, which can
have thousands of coarse-grained components. Model transformation provides
automation support in MDE, not only for translating models into other artifacts (i.e.,
exogenous transformation) but also for changing model structures (i.e., endogenous
transformation). Application of model transformation to automate model evolution can
reduce human effort and potential errors. The research described in this dissertation
concentrates on developing an automated model transformation approach to address two
important system properties—system adaptability and scalability at the modeling level,
each corresponding to one category of model evolution, as discussed in the following
sections.

1.2.1

System Adaptability through Modeling
Adaptability is emerging as a critical enabling capability for many applications,

particularly for environment monitoring, disaster management and other applications
deployed in dynamically changing environments. Such applications have to reconfigure
themselves according to fluctuations in their environment. A longstanding challenge of
software development is to construct software that is easily adapted to changing
requirements and new environments. Software production-line architectures (PLAs) are a
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promising technology for the industrialization of software development by focusing on
the automated assembly and customization of domain-specific component [Clements and
Northrop, 01], which requires the ability to rapidly configure, adapt and assemble
independent components to produce families of similar but distinct systems [Deng et al.,
08]. As demand for software adaptability increases, novel strategies and methodologies
are needed for supporting the requisite adaptations across different software artifacts
(e.g., models, source code, test cases, documentation) [Batory et al., 04].
In modeling, many requirements changes must be made across a model hierarchy,
which are called crosscutting modeling concerns [Gray et al., 01]. An example is the
effect of fluctuating bandwidth on the quality of service across avionics components that
must display a real-time video stream. To evaluate such a change, the designer must
manually traverse the model hierarchy by recursively clicking on each submodel.
Another example is the Quality of Service (QoS) constraints of Distributed Real-Time
and Embedded (DRE) systems. The development of DRE systems is often a challenging
task due to conflicting QoS constraints that must be explored as trade-offs among a series
of alternative design decisions. The ability to model a set of possible design alternatives,
and to analyze and simulate the execution of the representative model, offers great
assistance toward arriving at the correct set of QoS parameters needed to satisfy the
requirements for a specific DRE system. Typically, the QoS specifications are also
distributed in DRE system models, which necessitate intensive effort to make changes
manually.
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1.2.2

System Scalability through Modeling
Scalability is a desirable property of a system, a network, or a process, which

indicates its ability to either handle growing amounts of work in a graceful manner, or to
be readily enlarged [Bondi, 00] (e.g., new system resources may be added or new types of
objects the system needs to handle). The corresponding form of design exploration for
system scalability involves experimenting with model structures by expanding different
portions of models and analyzing the result on scalability. For example, a network
engineer may create various models to study the effect on network performance when
moving from two routers to eight routers, and then to several dozen routers. This requires
the ability to build a complex model from a base model by replicating its elements or
substructures and adding the necessary connections [Lin et al., 07-a].
This type of change requires creating model elements and connections.
Obviously, scaling a base model of a few elements to thousands of new elements requires
a staggering amount of clicking and typing within the modeling tool. The ad hoc nature
of this process causes errors, such as forgetting to make a connection between two
replicated elements. Thus, manual scaling affects not only modeling performance, but
also the representation’s correctness.
According to the above discussion, to support system adaptability and scalability
requires extensive support from the host modeling tool to enable rapid change evolution
within the model representation. There are several challenges that need to be addressed in
order to improve the productivity and quality of model evolution. These challenges are
discussed in the next section.
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1.3

Key Challenges in Model Evolution
As discussed in Section 1.2, with the expanded focus of software and system

models has come the urgent need to manage complex change evolution within the model
representation [Sendall and Kozaczynski, 03]. In current MDE practice, as the size of
system models expands, the limits of MDE practice are being pushed to address
increasingly complex model management issues that pertain to change evolution within
the model representation by providing new methodologies and best practices. Also, there
is an increasing need to apply software engineering principles and processes into general
modeling practice to assist in systematic development of models and model
transformation. As a summary, the research described in this dissertation focuses on
challenges in current modeling practice that are outlined in the following subsections.

1.3.1

The Increasing Complexity of Evolving Large-scale System Models
To support frequent model evolution, changes to models need to be made quickly

and correctly. Model evolution tasks have become human intensive because of the
growing size of system models and the deeply nested structures of models, inherently
from the complexity of large-scale software systems.
From our personal experience, models can have multiple thousands of coarse
grained components (others have reported similar experience, please see [Johann and
Egyed, 04]). Modeling these components using traditional manual model creation
techniques and tools can approach the limits of the effective capability of humans.
Particularly, the process of modeling a large DRE system with a DSML, or a tool like
MatLab [Matlab, 07], is different than traditional class-based UML modeling. In DRE
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systems modeling, the models consist of instances of all entities in the system, which can
number into several thousand instances from a set of types defined in a metamodel (e.g.,
thousands of individual instantiations of a sensor type in a large sensor network model).
Traditional UML models (e.g., UML class diagrams) are typically not concerned with the
same type of instance-level focus, but instead specify the entities and their relationship of
a system at design time (such as classes). This is not to imply that UML-based models do
not have change evolution issues such as scalability issues (in fact, the UML community
has recognized the importance of specifying instance models at a large-scale [Cuccuru et
al., 05]), but the problem is more acute with system models built with DSMLs. The main
reason is that system models are usually sent to an analysis tool (e.g., simulation tool) to
explore system properties such as performance and security. Such models need to capture
a system by including the instances of all the entities (such as objects) that occur at runtime, which leads to their larger size and nested hierarchy [Lin et al., 07-a].
Due to the growing size and the complicated structures of a large-scale system
model, a manual process for making correct changes can be laborious, error-prone and
time consuming. For example, to examine the effect of scalability on a system, the size of
a system model (e.g., the number of the participant model elements and connections)
needs to be increased or decreased frequently. The challenges of scalability affect the
productivity of the modeling process, as well as the correctness of the model
representation. As an example, consider a base model consisting of a few modeling
elements and their corresponding connections. To scale a base model to hundreds, or
even thousands of duplicated elements would require a considerable amount of mouse
clicking and typing within the associated modeling tool [Gray et al., 06]. Furthermore,
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the tedious nature of manually replicating a base model may also be the source of many
errors (e.g., forgetting to make a connection between two replicated modeling elements).
Therefore, a manual process to model evolution significantly hampers the ability to
explore design alternatives within a model (e.g., after scaling a model to 800 modeling
elements, it may be desired to scale back to only 500 elements, and then back up to 700
elements, in order to understand the impact of system size). An observation from the
research described in this dissertation is that the complexities of model evolution must be
tackled at a higher level of abstraction through automation with a language tailored to the
task of model transformation.

1.3.2

The Limited Use of Model Transformations
Model transformation has the potential to provide intuitive notations at a high-

level of abstraction to define tasks of model evolution. However, this new role of model
transformation has not been addressed fully by current modeling research and practice.
For example, transformations in software modeling and design are mostly performed
between modeling languages representing different domains. The role of transformation
within the same language has not been fully explored as a new applications of stepwise
refinement. Such potential roles for transformations may include the following:
1. model optimizations—transforming a given model to an equivalent one that is
optimized, in the sense that a given metric or design rule is respected;
2. consistency checks—transforming different viewpoints of the same model into a
common notation for purposes of comparison;
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3. automation of parts of the design process—transformations are used in developing
and managing design artifacts like models;
4. model scalability – automation of model changes that will scale a base model to a
larger configuration [Lin et al., 07-a];
5. modularization of crosscutting modeling concerns – properties of a model may be
scattered across the modeling hierarchy. Model transformations may assist in
modularizing the specification of such properties in a manner that supports rapid
exploration of design alternatives [Gray et al., 06].
Within a complex model evolution process, there are many issues that can be addressed
by automated model transformation. The research described in this dissertation presents
the benefits that model transformation offers in terms of capturing crosscutting model
properties and other issues dealing with the difficulties of model scalability. Besides
model scalability and modularization of crosscutting modeling concerns, another scenario
is building implementation models (e.g., deployment models) based on design models
(e.g., component models) [Balasubramanian et al., 06]. Such tasks can be performed
rapidly and correctly in an automated fashion using the approach presented in Chapter 3.

1.3.3

The Lack of Model Transformation Testing for Improving Correctness
One of the key issues in software engineering is to ensure that the product

delivered meets its specification. In traditional software development, testing [Gelperin
and Hetzel, 88], [Zhu et al., 97] and debugging [Rosenberg, 96], [Zellweger, 84] have
proven to be vital techniques toward improving quality and maintainability of software
systems. However, such processes are heavily applied at source code levels and are less
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integrated into modeling. In addition to formal methods (e.g., model checking and
theorem proving for verifying models and transformations), testing, as a widely used
technique serving as a best practice in software engineering, can serve as an engineering
solution to validate model transformations.
Model transformation specifications are used to define tasks of model evolution.
A transformation specification, like the source code in an implementation, is written by
humans and susceptible to errors. Additionally, a transformation specification may be
reusable across similar domains. Therefore, it is essential to test the correctness of the
transformation specification (i.e., the consistency and completeness, as validated against
model transformation requirements) before it is applied to a collection of source models.
Consequently, within a model transformation infrastructure, it is vital to provide wellestablished software engineering techniques such as testing for validating model
transformation [Küster, 06]. Otherwise, the correctness of the transformation may always
be suspect, which hampers confidence in reusing the transformation. A contribution to
model transformation testing is introduced in Chapter 5.

1.3.4

Inadequate Support for Model Differentiation
The algorithms and the supporting tools of model differentiation (i.e., finding

mappings and differences between two models, also called model differencing or model
comparison) may benefit various modeling practices, such as model consistency
checking, model versioning and model refactoring. In the transformation testing
framework, model differencing techniques are crucial to realize the vision of execution-
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based testing of model transformations by assisting in comparing the expected result (i.e.,
the expected model) and the actual output (i.e., the output model).
Currently, there are many tools available for differentiating text files (e.g., code
and documentation). However, these tools operate under a linear file-based paradigm that
is purely textual, but models are often structurally rendered in a tree or graphical notation.
Thus, there is an abstraction mismatch between currently available version control tools
and the hierarchical nature of models. To address this problem, there have been only a
few research efforts on UML model comparison [Ohst et al., 03], [Xing and Stroulia, 05]
and metamodel independent comparison [Cicchetti et al., 07]. However, there has been
no work reported on comparison of domain-specific models, aside from [Lin et al., 07-a].
Visualization of the result of model comparison (i.e., structural model differences)
is also critical to assist in comprehending the mappings and differences between two
models. To help communicate the comparison results, visualization techniques are
needed to highlight model differences intuitively within a host modeling environment.
For example, graphical symbols and colors can be used to indicate whether a model
element is missing or redundant. Additionally, these symbols and colors are needed to
decorate properties even inside models. Finally, a navigation system is needed to support
browsing model differences efficiently. Such techniques are essential to understanding
the results of model comparison. The details of a novel model differencing algorithm
with visualization tool support are presented in Chapter 4.
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1.4

Research Goals and Overview
To address the increasing complexity of modeling large-scale software systems

and to improve the productivity and quality of model evolution, the main goal of the
research described in this dissertation is to provide a high-level model transformation
approach and associated tools for rapid evolution of large-scale systems in an automated
manner. To assist in determining the correctness of model transformations, this research
also investigates testing of model transformations. The model transformation testing
project has led into an exploration of model comparison, which is needed to determine
the differences between an expected model and the actual result. Figure 1-2 shows an
integrated view of this research. The overview of the research is described in the
following sections.

1.4.1

Model Transformation to Automate Model Evolution
To address the complexity of frequent model evolution, a contribution of this

research is a model transformation approach to automated model evolution. A preexisting model transformation language, called the Embedded Constraint Language
(ECL), has been evolved to specify tasks of model evolution. The ECL has been reimplemented in a model transformation engine, called the Constraint-Specification
Aspect Weaver (C-SAW), to perform model evolution tasks in an automated manner.
Particularly, the model transformation approach described in this dissertation has been
applied to the important issue of model scalability for exploring design alternatives and
crosscutting modeling concerns for system adaptation.
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Figure 1-2 - An overview of the topics discussed in this dissertation

By enabling model developers to work at a higher level of abstraction, ECL
serves as a small but powerful language to define tasks of model evolution. By providing
automation to execute ECL specifications, C-SAW aims to reduce the complexity that is
inherent in the challenge problems of model evolution.

1.4.2

Model Transformation Testing to Ensure the Correctness
Another important issue of model transformation is to ensure its correctness. To

improve the quality of C-SAW transformations, a model transformation testing approach
has been investigated to improve the accuracy of transformation results where a model
transformation testing engine called M2MUnit provides support to execute test cases with
the intent of revealing errors in the transformation specification.
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The basic functionality includes execution of the transformations, comparison of
the actual output model and the expected model, and visualization of the test results.
Distinguished from classical software testing tools, to determine whether a model
transformation test passes or fails requires comparison of the actual output model with
the expected model, which necessitates model differencing algorithms and visualization.
If there are no differences between the actual output and expected models, it can be
inferred that the model transformation is correct with respect to the given test
specification. If there are differences between the output and expected models, the errors
in the transformation specification need to be isolated and removed.
By providing a unit testing approach to test the ECL transformations, M2MUnit
aims to reduce the human effort in verifying the correctness of model evolution.

1.4.3

Model Differentiation Algorithms and Visualization Techniques
Driven by the need of model comparison for model transformation testing, model

differencing algorithms and an associated tool called DSMDiff have been developed to
compute differences between models. In addition to model transformation testing, model
differencing techniques are essential to many model development and management
practices such as model versioning.
Theoretically, the generic model comparison problem is similar to the graph
isomorphism problem that can be defined as finding the correspondence between two
given graphs, which is known to be in NP [Garey and Johnson, 79]. The computational
complexity of graph matching algorithms is the major hindrance to applying them to
practical applications in modeling. To provide efficient and reliable model differencing
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algorithms, the research described in this dissertation provides a solution by using the
syntax of modeling languages to help handle conflicts during model matching and
combining structural comparison to determine whether the two models are equivalent. In
general, DSMDiff takes two models as hierarchical graphs, starts from the top-level of
the two containment models and then continues comparison to the child sub-models.
Visualization of the result of model differentiation (i.e., structural model
differences) is critical to assist in comprehending the mappings and differences between
two models. To help communicate the discovered model differences, a tree browser has
been constructed to indicate the possible kinds of model differences (e.g., a missing
element, or an extra element, or an element that has different values for some properties)
with graphical symbols and colors.

1.4.4 Experimental Validation
This research provides a model transformation approach to automated model
evolution that considers additional issues of testing to assist in determining the
correctness of model transformations. The contribution has been evaluated to determine
the degree to which the developed approach achieves a significant increase in
productivity and accuracy in model evolution. The modeling artifacts available for
experimental validation are primarily from two sources. One source is Vanderbilt
University, a collaborator on much of the C-SAW research, who has provided multiple
modeling artifacts as experimental artifacts. The other source is the Escher repository
[Escher, 07], which makes modeling artifacts developed from DARPA and NSF projects
available for experimentation.
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C-SAW has been applied to several model evolution projects for experimental
evaluation. The feedback from these case studies has been used to evaluate the modeling
effectiveness of C-SAW (e.g., reduced time, increased accuracy and usability) and has
demonstrated C-SAW as an effective tool to automate model evolution in various
domains for specific types of transformations. Moreover, a case study is provided to
highlight the benefit of the M2MUnit testing engine in detecting errors in model
transformation. Analytical evaluation has been conducted to assess the performance and
relative merit of the DSMDiff algorithms and tools.

1.5

The Structure of the Dissertation
To conclude, the major contributions of the thesis work include: 1) automated

model evolution by offering ECL as a high-level transformation language to specify
model evolution and providing the C-SAW model transformation engine to execute the
ECL specifications; 2) apply software engineering practices such as testing to model
transformations in order to ensure the correctness of model evolution; and 3) develop
model differentiation algorithms and an associated tool (DSMDiff) for computing the
mappings and differences between domain-specific models. The thesis research aims to
address the difficult problems in modeling complex, large-scale software systems by
providing support for evolving models rapidly and correctly.
The remainder of this dissertation is structured as follows: Chapter 2 provides
further background information on MDE and DSM. Several modeling standards are
introduced in Chapter 2, including MDA and the MOF metamodeling architecture.
Furthermore, the concepts of metamodels and models are discussed in this background
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chapter as well as the definitions and categories of model transformation are presented.
DSM is further discussed in Chapter 2 by describing one of its paradigms - Model
Integrated Computing (MIC) and its metamodeling tool GME, which is also the modeling
environment used in the research described in this dissertation.
Chapter 3 details the model transformation approach to automate model
evolution. The model transformation language ECL and the model transformation engine
C-SAW are described as the initial work. The emphasis is given to describe how C-SAW
has been used to address the important issues of model scalability for exploring
alternative designs and model adaptability for adapting systems to new requirements and
environments. Two case studies are presented to illustrate how C-SAW addresses the
challenges. In addition, to demonstrate the benefits of this approach, experimental
evaluation is discussed, including modeling artifacts, evaluation metrics and experimental
results.
Chapter 4 describes the research contributions on model differentiation. This
chapter begins with a brief discussion on the need for model differentiation, followed by
detailed discussions on the limitations of current techniques. The problem of model
differentiation is formally defined and the challenges for this problem are identified. The
emphasis is placed on the model differentiation algorithms, including an analysis of nonstructural and structural information of model elements, formal representation of models
and details of the algorithms. The work representing visualization of model differences is
also presented as necessary support to assist in comprehending the results of model
differentiation. In addition, complexity analysis is given to evaluate the performance of
the algorithms, followed by discussions on current limitations and future improvements.
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Chapter 5 presents a model transformation testing approach. This chapter begins
with a motivation of the specific need to ensure the correctness of model transformations,
followed by a discussion on the limitations of current techniques. An overview of the
model transformation testing approach is provided and an emphasis is given on the
principles and the implementation of the model transformation testing engine M2MUnit.
In addition, a case study is offered to illustrate this approach to assist in detecting the
errors in ECL specifications.
Chapter 6 explores future extensions for this work and Chapter 7 presents
concluding comments. Appendix A provides the grammar of ECL, and Appendix B lists
the operations in ECL. There are two additional case studies provided in Appendix C to
demonstrate the benefit of using C-SAW to scale domain-specific models.
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CHAPTER 2
BACKGROUND

This chapter provides further background information on Model-Driven
Engineering (MDE) and Domain-Specific Modeling (DSM). Several modeling standards
are introduced, including Model-Driven Architecture (MDA) and the Meta Object
Facility (MOF) metamodeling architecture. The concepts of metamodels and models are
discussed, as well as the definitions and categories of model transformation. DomainSpecific Modeling is further discussed by describing one of its paradigms – Model
Integrated Computing (MIC) and its metamodeling tool – the Generic Modeling
Environment (GME), which is also the modeling environment used to conduct the
research described in this dissertation.

2.1

Model-Driven Architecture (MDA)
MDA is a standard for model-driven software development promoted by the

Object Management Group (OMG) in 2001, which aims to provide open standards to
interoperate new platforms and applications with legacy systems [MDA, 07], [Frankel,
03], [Kleppe et al., 03]. MDA introduces a set of basic concepts such as model,
metamodel, modeling language and model transformation and lays the foundation for
MDE.
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2.1.1 Objectives of MDA
To address the problem of the continual emergence of new technologies that
forces organizations to frequently port their applications to new platforms, the primary
goal of MDA is to provide cross-platform compatibility of application software despite
any implementation, or platform-specific changes (to the hardware platform, the software
execution platform, or the application software interface). In particular, MDA provides an
architecture that assures portability, interoperability, reusability and productivity through
architectural separation of concerns [Miller and Mukerji, 01]:
•

Portability: “reducing the time, cost and complexity associated with retargeting
applications to different platforms and systems that are built with new
technologies;”

•

Reusability: “enabling application and domain model reuse and reducing the cost
and complexity of software development;”

•

Interoperability: “using rigorous methods to guarantee that standards based on
multiple implementation technologies all implement identical business functions;”

•

Productivity: “allowing system designers and developers to use languages and
concepts that are familiar to them, while allowing seamless communication and
integration across the teams.”

To meet the above objectives, OMG has established a number of modeling standards as
the core infrastructure of the MDA:
•

The Unified Modeling Language (UML) [UML, 07] is “a standard objectoriented modeling language and framework for specifying, visualizing,
constructing, and documenting software systems;”
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•

MetaObject Facility (MOF) [MOF, 07] is “an extensible model driven
integration framework for defining, manipulating and integrating metadata and
data in a platform-independent manner;”

•

XML Metadata Interchange (XMI) [XMI, 07] is “a model driven XML
Integration framework for defining, interchanging, manipulating and integrating
XML data and objects;”

•

Common Warehouse Metamodel (CWM) [CWM, 07] is “standard interfaces
that can be used to enable easy interchange of warehouse and business
intelligence metadata between warehouse tools, warehouse platforms and
warehouse metadata repositories in distributed heterogeneous environments.”

These standards form the basis for building platform-independent applications using any
major open or proprietary platform, including CORBA, Java, .Net and Web-based
platforms, and even future technologies.

2.1.2 The MDA Vision
OMG defines MDA as an approach to system development based on models.
MDA classifies models into two categories: Platform-Independent Models (PIMs) and
Platform-Specific Models (PSMs). These categories contain models at different levels of
abstraction. PIM represents a view of a system without involving platform and
technology details. PSM specifies a view of a system from a platform-specific viewpoint
by containing platform and technology dependent information.
The development of a system according to the MDA approach starts by building a
PIM with a high-level of abstraction that is independent of any implementation
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technology. PIM describes the business functionality and behavior using UML, including
constraints of services specified in the Object Constraint Language (OCL) [OCL, 07] and
behavioral specification (dynamic semantics) specified in the Action Semantics (AS)
language [AS, 01]. In the next phase the PIM is transformed to one or more PSMs. A
PSM is tailored to specify a system in terms of the implementation constructs provided
by the chosen platforms (e.g., CORBA, J2EE, and .NET). Finally, implementation code
is generated from the PSMs in the code generation phase using model-to-code
transformation tools. The MDA architecture is summarized in Figure 2-1.
The claimed advantages of MDA include increased quality and productivity of
software development by isolating software developers from implementation details and
allowing them to focus on a thorough analysis of the problem space. MDA, however,
lacks the notion of a software development process. MDE is an enhancement of MDA
that adds the notion of software development processes to operate and manage models by
utilizing domain-specific technologies.

2.2

Basic Concepts of Metamodeling and Model Transformation
Metamodeling and model transformation are two important techniques used by

model-driven approaches. However, there are no commonly agreed-upon definitions of
these concepts in the literature and they may be analyzed from various perspectives. The
remaining part of this chapter discusses some of these concepts to help the reader further
understand the relationships among metamodels, models and model transformations.
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Figure 2-1 – The key concepts of the MDA

2.2.1

Metamodel, Model and System
MDE promotes models as primary artifacts in the software development lifecycle.

There are various definitions that help to understand the relationship among modeling
terms. For example, the MDA guide [MDA, 07] defines, “a model of a system is a
description or specification of that system and its environment for some certain purpose.
A model is often presented as a combination of drawings and text. The text may be in a
modeling language or in a natural language.” Another model definition can be found in
[Kleppe et al., 03], “A model is a description of a system written in a well-defined
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language.” In [Bézivin and Gerbé, 01] a model is defined as, “A model is a simplification
of a system built with an intended goal in mind. The model should be able to answer
questions in place of the actual system.” In the context of this research, a model
represents an abstraction of some real system, whose concrete syntax is rendered in a
graphical iconic notation that assists domain experts in constructing a problem
description using concepts familiar to them.
Metamodeling is a process for defining domain-specific modeling languages
(DSMLs). A metamodel formally defines the abstract syntax and static semantics of a
DSML by specifying a set of modeling elements and their valid relationships for that
specific domain. A model is an instance of the metamodel that represents a particular part
of a real system. Conformance is correspondence relationship between a metamodel and
a model and substitutability defines a causal connection between a model and a system
[Kurtev et al., 06]. As defined in [Kurtev et al., 06], a model is a directed multigraph that
consists of a set of nodes, a set of edges and a mapping function between the nodes and
the edges; a metamodel is a reference model of a model, which implies that there is a
function associating the elements (nodes and edges) of the model to the nodes of the
metamodel.
Based on the above definitions, the relation between a model and its metamodel is
called conformance, which is denoted as conformTo or c2. Particularly, a metamodel is a
model whose reference model is a metametamodel, and a metametamodel is a model
whose reference model is itself [Kurtev et al., 06].
The substitutability principle is defined as, “a model M is said to be a
representation of a system S for a given set of questions Q if, for each question of this set
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Q, the model M will provide exactly the same answer that the system S would have
provided in answering the same question” [Kurtev et al., 06]. Using this terminology, a
model M is a representation of a given system S, satisfying the substitutability principle.
The relation between a model and a system is called representationOf, which is also
denoted as repOf [Kurtev et al., 06]. Figure 2-2 illustrates the relationship between a
metamodel, a model and a system.

Figure 2-2 - The relation between metamodel, model and system
(adapted from [Kurtev et al., 06])

2.2.2

The Four-Layer MOF Metamodeling Architecture
The MOF is an OMG standard for metamodeling. It defines a four-layer

metamodeling architecture that a model engineer can use to define and manipulate a set
of interoperable metamodels.
As shown in Figure 2-3, every model element on every layer strictly conforms to
a model element on the layer above. For example, the MOF resides at the top (M3) level
of the four-layer metamodel architecture, which is the meta-metamodel that conforms to
itself. The MOF captures the structure or abstract syntax of the UML metamodel. The
UML metamodel at the M2 level describes the major concepts and structures of UML
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models. A UML model represents the properties of a real system (denoted as M1). MOF
only provides a means to define the structure or abstract syntax of a language. For
defining metamodels, MOF serves the same role that the extended Backus–Naur form
(EBNF) [Aho et al., 07] plays for defining programming language grammars. For
defining a DSML, a metamodel for that specific domain plays the role that a grammar
plays for defining a specific language (e.g., Java).
There are other metamodeling techniques available for defining domain-specific
modeling languages such as the Generic Modeling Environment (GME) [Lédeczi et al.,
01], ATLAS Model Management Architecture (AMMA) [Kurtev et al., 06], Microsoft’s
DSL tools [Microsoft, 05], [Cook et al., 07], MetaEdit+ [MetaCase, 07], and the Eclipse
Modeling Framework (EMF) [Budinsky et al., 04], which also follow the four-layer
metamodeling architecture.
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Figure 2-3 - The MOF four-tier metamodeling architecture
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2.2.3 Model Transformation
Model transformation, a key component of model-driven approaches, represents
the process of applying a set of transformation rules that take one or more source models
as input to produce one or more target models as output [Sendall and Kozaczynski, 03],
[Czarnecki and Helsen, 06], [Mens and Van Gorp, 05]. The source and target models may
be defined either in the same modeling languages or in different modeling languages.
Based on whether the source and target models conform to the same modeling language,
model transformations can be categorized as endogenous transformations or exogenous
transformations. Endogenous transformations are transformations between models
expressed in the same language. Exogenous transformations are transformations between
models expressed using different languages [Mens and Van Gorp, 05]. A typical example
of endogenous transformations is model refactoring, where a change is made to the
internal structure of models to improve certain qualities (e.g., understandability and
modularity) without changing its observable behaviors [Zhang et al., 05-a]. An example
of an exogenous transformation is model-to-code transformation that typically generates
source code (e.g., Java or C++) from models.
Another standard to categorize model transformation is whether the source and
target models reside at the same abstraction level. Based on this standard, model
transformations can also be categorized as horizontal transformations and vertical
transformations [Mens and Van Gorp, 05]. If the source and target models reside at the
same abstraction level, such a model transformation is a horizontal transformation. Model
refactoring is also a horizontal transformation. A vertical transformation is a
transformation where the source and target models reside at different abstraction levels.
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A typical example is model refinement, where a design model is gradually refined into a
full-fledged implementation model, by means of successive refinement steps that add
more concrete details [Batory et al., 04], [Greenfield et al., 04]. The dimensions of
horizontal

versus

vertical

transformations

and

endogenous

versus

exogenous

transformations are orthogonal. For example, model migration translates models written
in a language to another, but these two languages are at the same level of abstraction. A
model migration is not only an exogenous transformation but also a horizontal
transformation.
Although most existing MDE tools provide support for exogenous transformation
to stepwise produce implementation code from designs, many modeling activities can be
automated by endogenous transformations to increase the productivity of modeling and
improve the quality of models. For example, such modeling activities include model
refactoring [Zhang et al., 05-a] and model optimization [Mens and Van Gorp, 05].
Moreover, exogenous transformations are also useful for computing different views of a
system model and synchronizing between them [Czarnecki and Helsen, 06]. This
dissertation concentrates on applying endogenous transformations to automate model
change evolution with an emphasis on addressing system adaptability and scalability,
which is further discussed in Chapter 3. In the rest of the dissertation, the general term
“model transformation” will refer to endogenous transformations (i.e., this research offers
no contribution in the exogenous transformation form such as model-to-code
transformation).
A model transformation is defined in a model transformation specification, which
consists of a set of transformation rules. A transformation rule usually includes two parts:
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a Left-Hand Side (LHS) and a Right-Hand Side (RHS). The LHS defines the
configuration of objects in the source models to which the rule applies (i.e., filtering,
which produces a subset of elements from the source model). The RHS defines the
configuration of objects in the target models that will be created, updated or deleted by
the rule. Both the LHS and RHS can be represented using any mixture of variables,
patterns and logic.
A model transformation specification not only needs to define mapping rules, but
also the scope of rule application. Additional parts of a transformation rule include the
rule application strategy, and the rule application scheduling and organization [Czarnecki
and Helsen, 06]. Rule application scoping includes the scope of source models and target
models for rule application (in this case, scope refers to the portion or subset of a model
to which the transformation is to be applied). The rule application strategy refers to how
the model structure is traversed in terms of how selection matches are made with
modeling elements when applying a transformation. A model transformation can also be
applied as an in-place update where the source location becomes the target location. Rule
application scheduling determines the order in which the rules are applied, and rule
organization considers modularity mechanisms and organizational structure of the
transformation specification [Czarnecki and Helsen, 06].
There exist various techniques to define and perform model transformations.
Some of these techniques provide transformation languages to define transformation rules
and their application, which can be either graphical or textual, either imperative or
declarative. Although there exist different approaches to model transformation, the OMG
has

initiated

a

standardization

process

by

adopting

a

specification

on
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Query/View/Transformation (QVT) [QVT, 07]. This process led to an OMG standard not
only for defining model transformations, but also for defining views on models and
synchronization between models. Typically, a QVT transformation definition describes
the relationship between a source metamodel and a target metamodel defined by the
MOF. It uses source patterns (e.g., the LHS part in a transformation rule) and target
patterns (e.g., the RHS part in a transformation rule). In QVT, transformation languages
are defined as MOF metamodels. A transformation is an instance of a transformation
definition, and its source models and target models are instances of source patterns and
target patterns, respectively. Such a generalized transformation pattern is shown partially
in Figure 2-4, without indicating the transformation language level.

Source Pattern

Metamodel level
Model level

uses

instanceOf

Source Model

Transformation Definition

uses

instanceOf

input

Transformation

Target Pattern

instanceOf

output

Target Model

Figure 2-4 - Generalized transformation pattern

In MDE, model transformation is the core process to automate various activities
in the software development life cycle. Exogenous transformation can be used to
synthesize low-level software artifacts (e.g., source code) from high-level models, or to
extract high-level models from lower level software artifacts such as reverse engineering.
Endogenous transformation can be used to optimize and refactor models in order to
improve the modeling productivity and the quality of models.
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2.3

Supporting Technology and Tools
This research is tied to a specific form of MDE, called Model-Integrated

Computing (MIC) [Sztipanovits and Karsai, 97], which has been refined at Vanderbilt
University over the past decade to assist in the creation and synthesis of computer-based
systems. The Generic Modeling Environment (GME) [GME, 07] is a metamodeling tool
based on MIC principles, with which the dissertation research is conducted. The
following sections provide further descriptions of MIC and GME.

2.3.1 Model-Integrated Computing (MIC)
MIC realized the vision of MDE a decade before the general concepts of MDE
were enumerated in the modeling community. Similar to the MOF mechanism, MIC is
also a four-layer metamodeling architecture that defines DSMLs for modeling real-world
systems. Different from the MOF, MIC provides its own meta-metamodel called
GMEMeta [Balasubramanian et al., 06-b] to define metamodels with notation similar to
UML class diagrams and the OCL. In terms of MIC, the main concepts of model,
metamodel, and other topics are defined as follows [Nordstrom, 99]:
•

Metamodeling Environment: “a tool-based framework for creating, validating,
and translating metamodels; ”

•

Metamodel: also called the modeling paradigm, “formally defines a DSML for a
particular domain, which captures the syntax, static semantics and visualization
rules of the target domain;”

•

Modeling Environment: “a system, based on a specific metamodel, for creating,
analyzing, and translating domain-specific models;”
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•

Model: “an abstract representation of a computer-based system that is an instance
of a specific metamodel.”

DSMLs are the backbone of MIC to capture the domain elements of various application
areas. A DSML can be viewed as a five tuple [Karsai et al., 03]:
•

a concrete syntax defines “the specific notation (textual or graphical) used to
express domain elements;”

•

an abstract syntax defines “the concepts, relationships, and integrity constraints
available in the language;”

•

a semantic domain defines “the formalism used to map the semantics of the
models to a particular domain;”

•

a syntactic mapping assigns “syntactic constructs (graphical or textual) to
elements of the abstract syntax;”

•

a semantic mapping relates “the syntactic concepts to the semantic domain.”

The key application domains of MIC range from embedded systems areas typified by
automotive factories [Long et al., 98] to avionics systems [Gray et al., 04-b] that tightly
integrate the computational structure of a system and its physical configuration. In such
systems, MIC has been shown to be a powerful tool for providing adaptability in
frequently changing environments [Sztipanovits and Kaisai, 97].

2.3.2

Generic Modeling Environment (GME)
GME is a metamodeling tool that realizes the principles of MIC [Lédeczi et al.,

01]. As shown in Figure 2-5, GME provides a metamodeling interface to define
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metamodels, a modeling environment to create and manipulate models and model
interpretation to synthesize applications from models.

Figure 2-5 - Metamodels, models and model interpreters (compilers) in GME
(adapted from [Nordstrom et al., 99])

When using the GME, a modeling paradigm is loaded into the tool by meta-level
translation to define a modeling environment containing all the modeling elements and
valid relationships that can be constructed in the target domain. Such an environment
allows users to specify and edit visual models using notations common to their domain of
expertise. GME also provides a mechanism for writing model compilers that translate
models to different applications according to a user’s various intentions. For example,
such compilers can generate simulation applications or synthesize computer-based
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systems. GME provides the following elements to define a DSML [Balasubramanian et
al., 06-b]:
•

project: “the top-level container of the elements of a DSML;”

•

folders: “used to group similar elements;”

•

atoms: “the atomic elements of a DSML, used to represent the leaf-level elements
in a DSML;”

•

models: “the compound objects in a DSML, used to contain different types of
elements (e.g., references, sets, atoms, and connections);”

•

aspects: “used to define different viewpoints of the same model;”

•

connections: “used to represent relationships between elements of a DSML;”

•

references: “used to refer to other elements in different portions of a DSML
hierarchy;”

•

sets: “containers whose elements are defined within the same aspect and have the
same container as the owner.”

The concepts of metamodel and model in GME are further illustrated by a state machine
example, as shown in Figure 2-6 and Figure 2-7. Figure 2-6 shows a metamodel defined
with the GME meta-metamodel, which is similar to a UML diagram class. It specifies the
entities and their relationships needed for expressing a state machine, of which the
instance models may be various state diagrams. As specified in the metamodel, a
StateDiagram contains zero to multiple StartState, State or EndState elements, which are
all inherited from StateInheritance, which is a first-class object (FCO) 1 . Thus,

1

In GME, Atom, Model, Reference, Set and Connection are basic modeling elements called first class
objects (FCOs).
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StateInheritance may refer to StartState, State or EndState elements. Also, a
StateDiagram contains zero to multiple Transitions between a pair of StateInheritance
objects. Either StateInheritance or Transition is associated with an attribute definition
such as a field. All of these StateInheritance or Transition elements are meta-elements of
the elements in any of its instance models. Moreover, some rules can be defined as
constraints within the metamodel by a language such as OCL. For example, a rule for the
state machine may be “a state diagram contains only one StartState,” which is specified
in the OCL as “parts("StartState")->size() = 1”.

Figure 2-6 - The state machine metamodel

Figure 2-7 shows an Automated Teller Machine (ATM) model, which is an
instance model of the state machine. Besides a StartState element and an EndState
element, the ATM contains seven State elements and the necessary Transition elements
between the StartState, EndState and State elements. The specification of this ATM
model conforms to the state machine in several ways. For example, for any State element
in the ATM (e.g., CaredInserted and TakeReceipt), its meta-element exists in the state
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machine (i.e., State). Similarly, for all the links between State elements in the ATM, there
exists an association in the state machine metamodel which leads from a StateInheritance
to another StateInheritance or from a StateInheritance to itself. This represents type
conformance within the metamodel. In other words, there exists a meta-element (i.e.,
type) in the metamodel for any element in the instance model. In addition to type
conformance, the ATM needs to conform to the attribute and constraint definition in the
state machine metamodel.

Figure 2-7 - The ATM instance model

To conclude, GME provides a framework for creating domain-specific modeling
environments (DSMEs), which allow one to define DSMLs. The GME also provides a
plug-in extension mechanism for writing model compilers that can be invoked from
within the GME to synthesize a model into some other form (e.g., translation to code,
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refinement to a different model, or simulation scripts). The tools developed to support the
research have been implemented as GME plug-ins (i.e., the transformation engine CSAW discussed in Chapter 3, model comparison tool DSMDiff discussed in Chapter 4
and transformation testing engine M2MUnit discussed in Chapter 5). All of the DSMLs
presented in this thesis are also defined and developed within the GME.

