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in order for the model to be compatible with the relational data model.
The logical schema is typically expressed as ER diagram with only a subset
of constructs (e.g., without generalizations or m:n relationships).
• Physical schema: This schema eventually expresses the database structure in terms of the specific database technology and system chosen. For
instance, the physical schema tells how to actually store data into files,
how to index them, and similar. The physical model can, for example, be
expressed by drawing concrete tables, keys, and similar.
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Fig. 4.1 The di↵erent schemas in the conceptual modeling stack for database design.

The conceptual schema is typically completely independent of any technology or platform. The logical level is technology-dependent (e.g., relational vs.
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level of abstraction of the PSM is not standardized and may vary from
concrete implementations that can already be executed to lower-level
PIMs that need further transformation.
• Multi-stage transformations and action languages: MDA fosters the use
of subsequent model-to-model transformations (e.g., from PIM to PSM),
model-to-code transformations, model markings to guide the transformation process, and action languages that are similar to model-based pro-
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Fig. 4.2 Models and transformations in the Model-Driven Architecture (MDA) [195].
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4.2 Model-Driven Design
Architecture-centric model
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Fig. 4.3 The ingredients of architecture-centric model-driven software development
(AC-MDSD) according to Stahl and Völter [256].

UML profile specifically tailored to the needs of the particular family of applications to be supported. The necessary model-to-code transformation is
achieved via suitable code generation templates able to generate the infrastructure code of the generative software architecture. The architecture-centric
model is very focused on the infrastructural aspects of the application to be
developed and does not provide means for the modeling and automatic generation of custom, application-specific application code. Custom functionality
must be implemented manually by the developer and can typically be plugged
in in the form of instances of specific architectural components, e.g., a web
service or Java Bean.
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i.e., referring to the model the metamodel is talking about, not absolute.
In Figure 4.4, we show the four metalevels introduced by the OMG, denoted M0, M1, M2, and M3. The metalevel M0 corresponds to concrete runtime instances of an application; the metalevel M1 to the model of the application; the metalevel M2 to the model of the model (the metamodel), i.e., to
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Fig. 4.4 The four metalevels proposed in OMG’s Meta Object Facility [215].
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4.3 Metamodeling
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Fig. 4.5 Meta levels vs. abstraction levels. Abstraction levels express di↵erent abstractions of a same artifact (the application) at metalevel M1; metalevels express
di↵erent artifacts (instances, model constructs, metamodel constructs).

the specification of the modeling language that can be used in the metalevel
M1; and the metalevel M3 corresponds to the model of the metamodel, i.e.,
to the language that can be used for the specification of metamodels in M2.
The meta-metamodel in M3 is defined in terms of itself, a hierarchy that
can be iterated ad infinitum, without however practical implications in the
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context
of MDSD.
For instance, OMG’s MDA initiative proposes the use of UML at the met-

to transition from one state to another without producing any own output in
response. We express the metamodel via a common UML class diagram at the
metalevel M2, yet other formalisms could also be used to express the same
information (e.g., the BNF). According to the metamodel, a FSM comprises
one or more states and a set of transitions with a source and a target state
and an input that triggers them. Two special states, a start state and an end
state further denote the starting and accepting states of the FSM.
M2

Finite state
machine FSM

Exactly one start state
and at least one end state.

Start state
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source
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target
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Fig. 4.6 A platform-independent M2 metamodel for a finite state machine with
start and end states. The FSM triggers its transitions upon the reception of an input
character.

The metamodel in the figure is self-contained and does not depend on any
additional formalism beyond UML. It is an instance of the UML metamodel
and, hence, syntactically at metalevel M1 (in terms of UML). However, since
we use it here as metamodel for the definition of our own modeling language,
semantically, that is, from the point of view of MDSD, the metamodel is at
metalevel M2. The model describes all and only those constructs that are
necessary for the modeling of FSMs.
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We could have defined a metamodel that is completely at metalevel M2
by specializing the metamodel of UML itself (the so-called base metamodel)

Figure 4.7 depicts a simplified version (without attributes and detailed relationship descriptions) of the Essential MOF (EMOF) model [215], the core
of the MOF and the starting point for MOF-compliant metamodel specifications.
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Fig. 4.7 A simplified version of the EMOF package, the core of the MOF [215].

© Copyright 2014 by F. Daniel and M. Matera. Reproduction for classroom use and teaching allowed if source is properly cited.

88

4 Model-Driven Software Development

Figure 4.8 provides an example of how our FSM metamodel could look like
as an instance of the MOF (still using a UML class diagram to instantiate
MOF elements). MOF is at metalevel M3; our metamodel at metalevel M2.
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MOF::Property
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<<instance of>>

M3
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Start state
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Fig. 4.8 A metamodel for a FSM defined as instance of the Meta Object Facility (MOF) [215] with some <<instance of>> relationships highlighted: states and
transitions are instances of MOF::Class, relationships of MOF::Association, and
attributes of MOF::Property.

UML is not the only MOF-compliant modeling language. With the metamodel in Figure 4.8 we developed our own MOF-compliant modeling language. The benefit of doing so comes in the form of well-defined MOF semantics and MOF-related tools and instruments we can reuse, such as MOFenabled modeling tools and XMI for the interchange of model instances.
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Defining metamodels as MOF instances is typically only used for very big
modeling languages that cover a specific application or technological domain

tions on how to generate code or transform models or to provide means
for configuration management.
• Constraints: As for all metamodels in general, also profiles allow the use of
OCL for the specification of static constraints further refining the possible
use of the modeling constructs at metalevel M1.
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Fig. 4.9 A metamodel for a FSM defined as UML 2.0 profile. Syntactically, UML
profiles are at the metalevel M1, yet semantically they are at metalevel M2, as profiles
specialize the UML metamodel (e.g., UML::Class).

The simple UML profile in Figure 4.9 expresses our metamodel of the FSM
by means of stereotypes and constraints that extend metaclasses of the UML
base model with custom meaning. The fact that transitions have a source and
a target state is expressed (i) implicitly by extending the UML association
element, which represents a relationship among two classes, and (ii) explicitly
© Copyright 2014 by F. Daniel and M. Matera. Reproduction for classroom use and teaching allowed if source is properly cited.
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Fig. 4.10 A simplified excerpt of the Classes diagram of the Constructs package of
the UML metamodel [217], the starting point for the definition of UML profiles.

by the constraint that limits transitions to connect only states. Associations
may further have properties; the second constraint of the transitions requires
each instance of a transition to have one input property.
Knowing the available UML constructs (defined in the Constructs package
of the UML specification [217]), i.e., its metaclasses, allows the definition of
relatively concise UML profiles to express metamodels. In Figure 4.10, we
show
very simplified
excerpt
of the for
UML
metamodel,
which is
the reference
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for the profile in Figure 4.9. UML profiles are typically used to define modeling

The first approach to assign a syntax to a metamodel like the one of our FSM,
is to use a UML object diagram, which allows the representation of instances
of metamodel elements. For example, in Figure 4.11 we model a state machine
with four states (S1-S4) and four transitions (T1-T4), respectively triggered
by the inputs “a”, “b”, “c”, and “d”. S1 is a start state; S4 an end state, S2
and S3 are intermediate states.
M1
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source
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target
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b : Input

source

source
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Fig. 4.11 A model instance of the finite state machine defined in Figure 4.6 using a
UML object diagram as modeling syntax.

It is clear that the object diagram notation allows a developer to develop
an M1 model instance, but it is also relatively evident that this notation is
neither intuitive nor very expressive. The object diagram in fact still provides
only an abstract syntax to a modeling language.
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Fig. 4.12 A model instance of the finite state machine defined in Figure 4.6 using
an own, more intuitive modeling syntax.

readability and understandability. We call a syntax that defines a domainspecific modeling notation for each modeling construct a concrete syntax.
Another example of expressive concrete syntax is represented by WebML
[69], which represents web pages as rectangular boxes, which contain content
units represented as boxes with icons that recall the visualization format
of content (e.g., lists or checkboxes). Hyperlinks are represented as arrows
connecting pages and units, and so on.
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4.4 From the Model to the Application
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Fig. 4.13 The typical MDSD code generation process based on code templates.
Depending on the platform features and the modeled application, either configuration
files or code or both are generated; individual code may be plugged in manually.

as composed of all those code artifacts and software components (e.g., data
access APIs, technology adapters, data transformers, user interface generation logic, etc.) that are reusable inside the domain of a whole family of
applications. The opportunity to reuse artifacts and components in the development of multiple applications of a same family justifies the investment
in the development of the platform in the first place.
As a consequence, generating code from a model is not as naive as to gen© Copyright 2014 by F. Daniel and M. Matera. Reproduction for classroom use and teaching allowed if source is properly cited.
erate the complete code of the application specified in a model from scratch.
A large part of is functionalities is already available as reusable components

essary understanding of MDSD principles. We have seen that a well-designed
MDSD approach comes with the power of alleviating the developer from
some development tasks (typically, the most repetitive and annoying ones)
and speeding up development. However, MDSD does not come without prob-
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Fig. 4.14 Summary of the key concepts of MDSD.
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