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Abstract

Within the field of software verification, software is verified to be correct using models. However, the
modelling landscape is very diverse, and multiple modelling techniques exist to model software. Model
transformations can help to bridge the gap between these techniques, but often do not have a formal
foundation, which is problematic for software verification. Within this work, the model transforma-
tions between models based on EMF’s Ecore and GROOVE grammars are formalised. A transformation
framework is introduced to create model transformations between Ecore models and GROOVE grammars
while maintaining a formal foundation. This framework allows for creating significant model transfor-
mations out of smaller transformations that are more easy to proof. An application is used to show how
model transformations can be built using this framework.
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Chapter 1

Introduction

Software engineering is becoming an increasingly challenging task nowadays. Developing software with
complex architectures and nontrivial implementations is a prevalent task for the modern software engi-
neer, having implications on how software is developed. At the same time, software that can be proven to
be error-free has become increasingly important. The reason for this is apparent. Sophisticated systems
automate more and more crucial tasks. Failure of these systems might have enormous consequences,
especially for safety-critical and healthcare systems. Therefore, multiple strategies have been developed
over the years to ensure that crucial parts of these systems are error-free.

An increasingly popular method for dealing with the development of complex systems is by using domain-
specific models. Model-Driven Engineering (MDE) is a field within software engineering that focuses on
using and creating domain models that describe complex software systems on a domain level. These
models can then be used for different tasks, depending on the type of model. These tasks include code
generation, but also different forms of verification of the software. By using these models, it becomes
easier to reason about the developed software, while also allowing for systematic code generation and
verification.

Although domain-specific models provide a strategy to deal with the development of complex systems,
they do not automatically ensure that the software is error-free. Software verification is an essential
strategy in ensuring that software systems are error-free. Modern methods of software verification use
automated tools that can use software models to verify the correctness of a system. These tools use
some model of the system to verify a set of requirements provided by the software engineer. By using
structural checks on the model, the tool can tell if these requirements are met.

A possible problem that might arise when using domain-specific models for software development is the
interoperability of different models. Within the area of MDE, a lot of different frameworks and tools
exist. Each of these frameworks and tools focuses on a specific set of functionality. As a result, models
created in one framework well suited for code generation, might not be useful in the context of software
verification. In an ideal world, the format of the produced models would be standardised across all
frameworks for smooth interoperability. In reality, different frameworks use different formats which are
optimised for their specific set of functions. These different formats make it difficult to share models
across different frameworks and applications.

Model transformation is a concept in the field of MDE that focuses on solving this problem. Model
transformation is an automated way of modifying and creating models by transforming existing models.
By using model transformations, it is possible to transform a model that is tailored towards code gen-
eration into a model that is suited for software verification, without the need to create a new model for
this purpose.

Model transformations have already led to various tools and services that can export and import models
in different tools and frameworks. These tools and services allow a software engineer to transform
a model suited for code generation into a model suited for verification, and therefore use one model
and its transformations to achieve both tasks. Sadly, these model transformations rarely have a formal
foundation. Having a formal foundation for the model transformations is useful in the context of software
verification since it allows for proving the correctness of the transformation itself. When a transformed
model is used to verify a software system, the results of the verification can only be considered correct
if the transformation is correct. Without proof of correctness of the transformation, it might be that
the verification results are incorrect because the original model might have a different meaning than the
transformed model.

This thesis will contribute to fields of MDE and Software Verification by specifying a formal foundation
for model transformations between EMF /Ecore (Section 2.1), a framework for software modelling in
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which various models can be created, and GROOVE (Section 2.2), a tool for software verification based
on graph grammars. Furthermore, a framework is presented in which these model transformations can
be proven correct, allowing the user to build correct model transformations iteratively.

1.1 Formalisation of model transformations

As explained earlier, model transformations are an automated way of modifying and creating models by
transforming existing models. Model transformations can be used in a variety of scenarios, from sim-
ple modifications within the same domain and language (an endogenous transformation) to conversions
between different domains and languages (an exogenous transformation). Furthermore, model transfor-
mations can be unidirectional, meaning that a model can only be transformed one way, or bidirectional,
meaning that the model can be transformed in both directions. Unidirectional transformations are par-
ticularly useful in situations where the output model is meant to be used as a final result, such as code
generation. Bidirectional transformations are necessary for situations where the models must be kept
consistent. In that case, a change to one model might necessitate a change to the other model, which
then can be automated using model transformations.

Since this thesis focuses on model transformations between EMF /Ecore and GROOVE; this thesis focuses
on bidirectional exogenous transformations. The transformations between EMF /Ecore and GROOVE
are exogenous by definition, since the languages of EMF /Ecore and GROOVE are different, as will be
shown later. The bidirectionality of the transformations is beneficial to ensure consistency, which is a
useful property to have in software verification.

In order to prove any property on these model transformations, the transformations need to be formalised.
The formalisation of a model transformation consists of mathematical definitions and functions that
describe the behaviour of the transformation, allowing to mathematically translate an input model to
an output model as described by the model transformation. These definitions and functions directly
depend on the formalisations of the input and output models themselves, as these are needed to describe
the input and output models of the transformations. Because of this dependency, the formalisations of
EMF /Ecore and GROOVE must be established as well.

The main disadvantage of the formalisation of model transformations is the direct relationship between
the transformation and its input and output language. As a consequence, the formalisation of a model
transformation directly depends on the formalisations of its input and output languages. Therefore, it
is not possible to give an abstract formalisation for model transformations between different languages.
Creating such a formalisation would mean making the formalisations of the input and output languages
more abstract. Making these more abstract might result in loss of information, which is undesirable, or
an increase in complexity. Within this thesis, this disadvantage was dealt with by only focusing on the
model transformations between EMF /Ecore and GROOVE.

1.2 Correctness of model transformations

As explained in Section 1.1, this thesis will define a formalisation for model transformations from EM-
F /Ecore to GROOVE and vice versa. However, a formalisation of the transformation itself does not prove
anything about its properties and correctness. In order for the formalisation of the model transformation
to be useful in the context of software verification, it is essential to prove its correctness. Therefore, it is
crucial to establish what it means for a model transformation to be correct.

As explained earlier, the model transformations between EMF /Ecore and GROOVE are exogenous and
bidirectional. This bidirectionality means that for every transformation from EMF /Ecore to GROOVE;,
there exists a transformation back, from GROOVE to EMF /Ecore. Since GROOVE and EMF /Ecore are
very different, there are elements in EMF /Ecore that cannot be expressed in GROOVE and vice versa.
Because of the difference, it might not be possible to use one mapping in both directions. Therefore, it
might be the case that for a transformation from EMF /Ecore to GROOVE, a different transformation
function is used to convert the model back from GROOVE to EMF /Ecore. In this case, two unidirectional
transformations are used to achieve bidirectionality.

Throughout this thesis, the correctness of a model transformation is defined as the syntactical correctness.
The semantics are not further discussed as the semantics might differ from model to model, depending
on what the creator intended to model. The following properties must hold for the formalisation for it
to be correct. Please note that since GROOVE is based on graph grammars, one does not speak of a
GROOVE model, but rather a GROOVE graph:

e For each valid EMF /Ecore model that is transformed to GROOVE, the resulting GROOVE graph
must be syntactically valid.
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e For each valid GROOVE graph that is transformed to EMF /Ecore, the resulting EMF /Ecore model
must be syntactically valid.

e For each valid EMF /Ecore model that is transformed to GROOVE, there exists a known transfor-
mation from the resulting GROOVE graph back to the original EMF /Ecore model.

e For each valid GROOVE graph that is transformed to EMF /Ecore, there exists a known transfor-
mation from the resulting EMF /Ecore model back to the original GROOVE graph.

These properties assume that it is clear what it means for EMF /Ecore models and GROOVE graphs
to be syntactically valid. Therefore, the formalisations of EMF /Ecore and GROOVE will specify the
syntactical correctness of their models and graphs.

The properties discussed above are useful in the context of software verification since they show that
the transformed models and graphs are indeed a valid transformation of their original counterparts.
Therefore, this thesis will not only define the formalisation for the model transformations but also show
that the properties discussed above hold for these transformations.

1.3 Approach and composability

As explained in the previous sections, this thesis will provide a formalisation for the model transforma-
tions between Ecore and GROOVE and also prove the correctness of the transformations. Although this
a noble goal, it comes with many complexities.

First of all, Ecore and GROOVE both have a very different nature. Ecore is mostly based on a subset of
UML, as discussed in Section 2.1. On the other hand, GROOVE is based around graph grammars and
therefore mathematical graph theory. As a consequence, the set of features is very different. Ecore has
elements that are not directly expressable in GROOVE and vice versa. When providing the formalisation
for the transformations, the different features within both languages should be taken into account.

Furthermore, Ecore and GROOVE have a lot of different elements within their models and grammars.
When transforming these models and grammars, all these elements need to be transformed. Transforming
all these elements at once is a very complex problem, as these different elements can be used in infinitely
many combinations, each requiring a different transformation. Not only must the formalisation be
able to express all these different combinations, but each of these combinations must also be proven
correct.

In order to overcome the problems that are raised by these complexities, the divide and conquer-principle
will be applied. This thesis will provide a framework in which model transformations and their proofs
can be composed out of smaller transformations and their proofs. This composability allows for proving
only small parts of the problem, which then can be composed to express the countless combinations of
model transformations.

1.4 Research question

This thesis will focus on defining a formalisation for model transformations from Ecore to GROOVE and
vice versa, and also proving the correctness of these transformations. It will try to achieve this goal by
providing a way to compose more substantial model transformations out of smaller ones. In short, the
thesis will answer the following research question:

“What is a suitable formalisation for composable model transformations between Ecore and GROOVE
that gives rise to correct model transformations between Ecore and GROOVE?”

It is immediately clear that this research question consists of multiple facets. In order to make answering
the research question easier, the research question will be split into smaller questions based on the
different facets of the main question. The following subquestions will be answered:

1. “What is a suitable formalisation of Ecore models and what Ecore models are valid within this
formalisation?”

In order to transform between Ecore and GROOVE, a formalisation of Ecore is needed. As ex-
plained earlier, this formalisation needs to give rise to a definition of valid Ecore models, which are
needed to prove the correctness of the transformations later.

2. “What is a suitable formalisation of GROOVE grammars and what GROOVE grammars are valid
within this formalisation?”

Just like the previous question, a formalisation that captures GROOVE grammars is needed. Like
the previous question, this formalisation should also give rise to a definition of valid GROOVE
grammars for use in proving the correctness of the transformations.
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3. “What is a suitable formalisation for the model transformations between Ecore and GROOVE?”

A suitable formalisation for the model transformations between Ecore and GROOVE is needed
to describe the model transformations between Ecore and GROOVE formally. Such a formalisa-
tion must be able to express the infinite combinations of possible model transformations. This
formalisation forms the basis of the correctness of model transformations and their composability.
Therefore, this question is the foundation of the main result of this thesis.

4. “What model transformations are correct within the formalisation?”

This question will answer the question which model transformations within the formalisation are
correct model transformations between Ecore and GROOVE. These transformations are of interest,
as only these transformations can be used with confidence within formal applications.

5. “How can correct model transformations between Ecore and GROOVE be composed?”

A fundamental part of this thesis is to compose small model transformations into larger ones. This
composability allows for only proving the correctness of small model transformations and then
combining them without loss of correctness. This question answers how to compose correct model
transformations into a new model transformation while preserving correctness.

When these subquestions are answered, it is possible to formulate an answer to the main research ques-
tion. A suitable formalisation for model transformations between Ecore and GROOVE will follow from
subquestions 1, 2 and 3. Subquestions 1 and 2 provide the formalisations of Ecore and GROOVE
themselves, which will be used to formalise their model transformations. Subquestion 3 defines the
formalisation of the model transformations. The correctness of model transformations within this for-
malisation will follow from subquestions 1, 2 and 4. Subquestions 1 and 2 will provide the definitions
needed to prove correctness, while subquestion 4 will give a proof for the correct model transformations.
Finally, the composability of these model transformations follows from subquestion 5, which answers
how to combine correct model transformations while preserving correctness.

1.5 Validation

This section describes how the research questions of this thesis will be validated. The main research
question of this thesis will be validated by validating the subquestions. For each subquestion, the
validation process is different:

e “What is a suitable formalisation of Ecore models and what Ecore models are valid within this
formalisation?” and “What is a suitable formalisation of GROOVE grammars and what GROOVE
grammars are valid within this formalisation?”

The answer to these questions will be validated through existing theory about these modelling
languages. Existing theories describe the different elements in these languages and the constraints
between them. These give rise to domains for both languages, which can be used to formalise the
language. The correctness of the grammars and models in these languages follow from literature in
the same way, as the literature defines which grammars and models are valid within these languages.

e “What is a suitable formalisation for the model transformations between Ecore and GROOVE?”

A suitable formalisation must be able to express a reasonable set of model transformations. If the
formalisation is not able to express such a set, the formalisation is useless. Therefore, the thesis
will show examples of model transformations within this formalisation and give an intuition of
which transformations are possible. The existence of these examples validates the suitability of the
formalisation.

e “What model transformations are correct within the formalisation?”

The correctness of the model transformations follows from a correctness proof. This proof is
validated using a theorem prover, which ensures that the proof is sound and complete. Therefore,
the theorem prover validates the proof, while the proof validates the answer to the question.
Furthermore, examples of correct model transformations will be provided, which validates that
correct model transformations exist within the formalisation.

e “How can correct model transformations between Ecore and GROOVE be composed?”

This subquestions answers how correct model transformations can be composed such that the
result is also correct. Validating this question consists of two parts. In the first part, a correctness
proof is given, which shows that the composed model transformations are indeed a correct model
transformation itself. This correctness proof is validated using a theorem prover. In the second
part, an application of the composability of model transformations is shown, which validates that
composing model transformations is possible in practice.
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Since the answer to the main research question follows directly from the answers to the subquestions,
the answer to the main question is validated using the validation of the subquestions.

1.6 Related work

In this section, the work related to this thesis will be discussed. The related work is divided into multiple
sections that each describe a different facet related to this thesis.

1.6.1 Formalisations of modelling languages

This section discusses some related work in the field of formalisations of modelling languages. The work
presented here is relevant to this thesis as the formalisations of Ecore and GROOVE have an essential
role throughout this thesis.

In [11], Kleppe and Rensink present a straightforward formalisation of UML models using graph the-
ory and graph constraints. Since Ecore is many facets similar to UML, this formalisation provides a
reasonable basis for formalising Ecore as well. Such formalisation has an advantage that it is already
built upon graph theory, which allows for an easy formalisation of the transformation to other graph
languages. Although the work presented does include formalisations for most relevant elements of UML
models, it does not have enough expressive power to formalise concepts unique to Ecore. Within this
thesis, a formalisation of Ecore is used that is much closer to the Ecore implementation, with enough
expressive power to formalise all the relevant concepts.

Within UML, it is possible to describe a model and its constraints using the Object Constraint Language
(OCL) [18]. Most queries and invariants written in OCL can also be applied to Ecore models. Moreover,
EMEF has its declarative language EMF-INCQUERY [9], which can handle complex constraints that cannot
be expressed using OCL.

In [17], Semerath et al. present a way to formalise EMF /Ecore by expressing a subset of OCL and
EMF-INCQUERY in first-order logic. Within this work, each Ecore model is expressed as multiple sets of
named elements. These elements are constrained by OCL and EMF-INCQUERY invariants, expressed in
first-order logic. The goal is to use automated reasoners to analyse the models automatically. Because
OCL and EMF-INCQUERY are more expressive languages than first-order logic, approximations are used
where necessary.

The work presented by Semerath et al. has a particular relation to this thesis since they try to formalise
Ecore to be able to perform formal verification on the Ecore models. In a way, this goal is similar to the
goal of this thesis, but the approach is different. Instead of formalising Ecore with the goal of verification,
formalising Ecore is in this thesis merely a tool for providing a formalisation of model transformations to
GROOVE. Verification is achieved through GROOVE, which is developed solely for this purpose.

1.6.2 Formalisations of model transformations

This section discusses related work in the field of formalisations of model transformations. Existing
work in this field that is relevant is mostly related to the concept of a Triple Graph Grammar (TGG).
Whereas a Graph Grammar can be used to describe the evolution of a single graph model, TGGs allow
for describing the relation between two graph models and also allow for transforming one kind of model
to the other [13]. The formal description of model transformations using TGGs is especially relevant to
this thesis, as this thesis will also formalise a specific set of model transformations.

In [10], Hermann, Ehrig, Golas, and Orejas approach the problem of formal analysis of model transfor-
mations using triple graph grammars. They explain how triple graph grammars can be used to describe
model transformations and which problems arise when performing this task. Properties related to the
syntactical correctness, functional behaviour and information preservation are discussed.

The work of Hermann, Ehrig, Golas, and Orejas discusses model transformations on a more abstract
level than this thesis, by providing mathematical properties and mathematical structures to approach
the problem. These structures and properties are not applied to specific modelling languages. In this
thesis uses a more practical approach where Ecore models are transformed to GROOVE graph grammars
and vice versa. This approach allows for a mathematical specification that is tailored for these modelling
languages and can, therefore, discuss specific properties of these languages in detail.

An application of TGGs on the model transformation of Ecore models is shown by [3]. In this work,
Biermann, Ermel, and Taentzer use TGGs to formalise the behaviour of model transformations between
EMF models. This formalisation is done by formalising EMF models as graph grammars first and then
using these graph grammars as part of the TGGs for formalising model transformations within EMF.
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Ermel, Hermann, Gall, and Binanzer later use this work in [0] to create an Eclipse plugin that can describe
model transformations between Ecore diagrams visually, including the possibility to edit them.

The work presented by Biermann, Ermel, and Taentzer uses a formalisation of EMF to describe model
transformations formally. This formalisation is similar to the work presented by this thesis but focuses
on endogenous transformations (transformations between EMF models) instead of exogenous transfor-
mations (transformations from Ecore to GROOVE, in case of this thesis).

In [1], Bruintjes has worked on mapping multiple languages to GROOVE and back using an intermediate
conceptual model. This intermediate conceptual model can express Ecore diagrams as well, and therefore
Bruintjes provides an implementation of model transformations between Ecore and GROOVE. Because
the approach of this work focuses on the implementation, the model transformations are not formalised
in this work. It is still worth mentioning because it is the only work that has a focus on transformations
between Ecore and GROOVE specifically. Moreover, the conceptual model used within this work does
not use graph grammars as a basis, which provides more freedom in expressing specific properties of
Ecore.

The work presented by Bruintjes uses a similar approach for formalising Ecore models itself. This
thesis will a formalisation inspired by this work, which is like the work of Bruintjes not based on graph
grammars. It differs from the work of Bruintjes by focusing on the formal foundation rather than the
implementation. Moreover, this thesis only focuses on the model transformations between Ecore and
GROOVE, rather than multiple languages and GROOVE.

1.7 Contribution

This section discusses the intended contribution of this thesis to the active field of research. This
thesis will propose a transformation framework for bidirectional transformations between EMF /Ecore
and GROOVE. This transformation framework makes it possible to compose transformations while
maintaining a formal proof of its syntactical correctness. As discussed in Section 1.6, most active research
uses Triple Graph Grammars to deal with the problem of the formalisation of model transformations.
This thesis will take a different approach by not modelling EMF /Ecore as a graph language, but rather
using a more specific formalisation. Therefore, the formalisation of the transformations will not be based
on Triple Graph Grammars, but it will borrow some similar concepts.

Within this work, there will be a focus on the transformations between EMF /Ecore and GROOVE.
No earlier work exists that focuses on the formalisation of the transformations between these languages
specifically. Because of the focus on these two languages, a practical approach can be used that results
in a framework that can be used to create transformations between these two languages directly. Within
existing work, either a more abstract method is used, or the formalised transformations are endogenous
(e.g., in the work of Biermann, Ermel, and Taentzer [3]).

The result of this work can be a valuable foundation for verifying Ecore software models within GROOVE.
Furthermore, it could be a valuable contribution to the field of formalised model transformations in
general, since it uses an approach different than using TGGs for achieving a formalisation of exogenous
transformations.

1.8 Outline

Within this thesis, a framework for formalising model transformations will be provided, including ex-
amples and applications. In Chapter 2, more information on EMF /Ecore and GROOVE is provided.
Furthermore, the theorem prover that is part of validating the proofs is introduced. In Chapter 3, the
formalisations of Ecore and GROOVE are introduced. In Chapter 4, a framework is introduced for
formally expressing composable model transformations. As a part of this chapter, the formalisation of
model transformations between Ecore and GROOVE is introduced. The chapter also introduces the def-
initions needed to compose these model transformations. Chapter 5 introduces a non-exhaustive library
of model transformations within this framework with corresponding proofs, which provides examples
of the model transformations, which can be expressed within this framework. Furthermore, Chapter 6
shows the composability of these model transformations by providing an example of composing smaller
model transformations in a practical example. Finally, Chapter 7 concludes the thesis by answering the
research questions and discussing possible future work.

1.8.1 Mathematical notation

Throughout this thesis, a lot of mathematical definitions and proofs are introduced. In order to accom-
modate for these definitions and proofs, prior knowledge of commonly used mathematical notations is
assumed. For completeness, the meaning of the different braces and parentheses is as follows:
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e Braces, “{}”, are used to denote mathematical sets;
e Angle brackets, “()”, are used to denote mathematical sequences and named tuples;
e Parentheses, “()”, are used to denote unnamed tuples or grouping within expressions.

Besides commonly used notations, new notations are introduced as part of some definitions throughout
this thesis.

1.8.2 References to validated proofs

As explained Section 1.5, the formal proofs within this thesis will be validated using a theorem prover.
In order to easily find the validated proofs corresponding to definitions and theorems, all relevant def-
initions and theorems will include a reference to the validated proof. Such a reference can be recog-
nised by the & symbol and includes the corresponding name of the definition or theorem. For exam-
ple, a reference to the theorem mult zero unbounded valid from Appendix A would be written as &
mult_zero_unbounded_validin Ecore.Multiplicity. The proofs referenced by this thesis can be found
on https://github.com/RemcodM/thesis-ecore-groove-formalisation. For more information on
the theorem prover used for validating the proofs within this thesis, please refer to Section 2.3.
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Chapter 2

Background

This chapter discusses the background required to understand the different formalisations and the trans-
formations framework introduced within this thesis. Within this chapter, EMF /Ecore is explained in
more detail, as well as GROOVE. Furthermore, this chapter introduces the Isabelle proof assistant, a
theorem prover which will be used to validate the proofs throughout this thesis.

2.1 Eclipse Modeling Framework

The Eclipse Modeling Framework (EMF) [7] is a modelling framework and code generation facility for
building applications based on a structured model. It is quite popular in the field of Model-Driven
Engineering because of its open-source nature. EMF offers support for creating, editing and translating
models based on its metamodel Ecore [!]. Models based on the Ecore metamodel are very comparable
to UML class diagrams, but with properties specifically focused on software development. This focus
makes models based on Ecore very suitable for object-oriented code generation as the structure of the
model is already very similar to the class diagram of the corresponding application.

Because of the open-source nature of the Ecore metamodel and EMF, it has become increasingly popular
for expressing domain models, creating editors for domain logic and code generation from domain models.
However, EMF does not provide functionality for automated verification of its models out of the box.
Different tools should be used to accomplish this task.

This thesis will focus on two levels of models based on the Ecore metamodel. The first level of models
are models directly based on the Ecore metamodel, which will be called type models throughout this
thesis. The second level of models are models based on a type model, and thus indirectly on the Ecore
metamodel, and will be called instance models throughout this thesis. A simplified version of the Ecore
metamodel [5] with elements relevant to the formalisation is given in Figure 2.1.

H x
0..1] xs * someA A < someB :B
Ha lo—' —
s s
By Xs Y y
[1.4]ys 7| = test:EInt X n
<~ theFirst :X <> theSecond:Y

(b) Instance model

(a) Type model

Figure 2.2: Examples of different models in Ecore

2.1.1 Type models

A type model represents the first level of models based on the Ecore metamodel that will be used within
this thesis. Since a type model is directly based on the Ecore metamodel, the metamodel of a type model
is the Ecore metamodel. Since models based on the Ecore metamodel can best be understood as UML
class diagrams, a type model can best be compared to a UML class diagram. Figure 2.2a shows the visual
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Figure 2.1: Simplified version of the Ecore metamodel
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notation of a type model in EMF’s own visual notation. Familiar concepts from class diagrams can be
found in this visualisation. First of all, the figure shows four class types, A, B, X and Y. An example
of inheritance of class types is shown, as class B extends class A, so class B is a subtype of class A. A
has two relations, named xs and ys. Relation xs is a relation to class X. Furthermore, the figure shows
that xs is a containment relation with a multiplicity of 0..1. There is a second relation ys, which has a
multiplicity of 1..4. Finally, class Y has an attribute named test, which represents an integer.

2.1.2 Instance models

An instance model is the second level of models based on the Ecore metamodel that will be used in this
thesis. An instance model is directly based on a type model. Therefore, the metamodel of an instance
model is its corresponding type model. As a consequence, the metametamodel of an instance model is
the Ecore metamodel. Figure 2.2b shows the visual notation of an instance model based on EMF’s own
notation, typed by the type model of Figure 2.2a. The figure shows one instance of every class type. The
instance of class A has values for both the relations xs and ys. The xs relation references the instance
of class X and the ys relation the instance of class Y. The instance of class B only has a value for the
relation ys, which references the instance of class Y. The instance of class Y has a value set for the test
attribute, which is equal to integer 5. Finally, all instances have a corresponding identifier, which is
someA for the instance of class A, someB for the instance of class B, theF'irst for the instance of class
X and theSecond for the instance of class Y.

2.2 GROOVE

GROOVE [3] is an open source tool which uses graphs for modelling object-oriented software and for
performing verification on these graphs. GROOVE is based on graph theory and makes uses the concept
of graph grammars to relate the different kind of graphs. The graphs created within a graph grammar
can be further analysed using LTL and CTL properties to verify if specific properties hold on the
specified graphs. When the graphs represent the design-time, compile-time, or run-time structure of a
software system, the results of this analysis can be used to verify which properties hold for the software
system.

GROOVE defines multiple graph types, including (but not limited to) type graphs, instance graphs and
rule graphs. These different graph types are used to achieve the grammar structure. Type graphs
define the structure of instance graphs and rule graphs, while rule graphs describe a translation rule
of an instance graph to another instance graph while maintaining the structure enforced by the type
graph.

GROOVE is specially created for verification of software and uses proven techniques from logic and
graph theory to verify properties on the graphs created within the tool. Although GROOVE provides
excellent tools for performing verification on its graphs, there are no tools to achieve other goals, such
as code generation.

This thesis will focus solely on type graphs and instance graphs. Although rule graphs might be useful
in the context of model transformations and their formalisations, they are out of the scope of this

thesis.

s ys

theSecond : Y
(b)

Instance graph

Xs

T

(a) Type graph

Figure 2.3: Examples of different graphs in GROOVE

2.2.1 Type graphs

As explained before, a type graph defines the structure of instance graphs and rule graphs. It is a
graph type which supports concepts as inheritance, abstractness of nodes and multiplicities of edges.
Figure 2.3a shows the visual notation of a type graph in GROOVE its own notation. It consists of 4
nodes types, A, B, X and Y, with 2 relations. The first relation is the xs relation between A and X and
the second relation is the ys relation between A and Y. Finally, we also see the concept of inheritance,
with a subtype relation between node type B and A.
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2.2.2 Instance graphs

An instance graph is a graph that describes actual instances of the types defined by a type graph. The
description of these instances consists of the instance itself, optional identifiers and the relation to other
instances. Figure 2.3b shows the visual notation of an instance graph in GROOVE its own notation.
This instance graph is based on the type graph of Figure 2.3a and shows one instance of every type.
The A-typed instance has a relation of type xs to the X-typed instance. Furthermore, it has a relation of
type ys to the Y-typed instance. Finally, the B-typed instance also has a relation of type ys to the same
Y-typed instance.

It should also be noted that the X-typed and Y-typed instances have identifiers. For the X-typed instance,
this identifier is theF'irst, while for the Y-typed instance, the identifier is theSecond.

2.3 Theorem proving using Isabelle

As mentioned before in Section 1.5 all formal proofs within this paper are verified within a theorem prover,
sometimes also called a proof assistant. A theorem prover is a software solution to assist with the task of
proving mathematical theorems. It achieves this goal by using automated reasoning and mathematical
logic to provide the user with information on the correctness of the written proof. Furthermore, a theorem
prover might have tools to prove simple theorems automatically.

In this thesis, the Isabelle proof assistant is used to prove the relevant theorems. Isabelle was chosen as
theorem prover for several reasons:

e Isabelle stays close to mathematical definitions while still maintaining much automation in the
process, which is different from other theorem provers. A comparison of theorem provers has
shown that most other theorem provers which stay close to the mathematical definition do not
have much automation, and vice versa [21].

e Isabelle provides a plug-in to jEdit, a text editor, which deeply integrated Isabelle into the jEdit
editor. This integration allows for interactively creating theories and checking proofs without the
need to use the command-line application for this purpose.

e Isabelle has its own proof language Isar, which makes proofs more readable to the human reader,
without giving up on automation and functionality for delivering proofs.

e One of the supervisors of this thesis has experience with Isabelle, meaning that there is local
expertise available in case of problems.

The remaining part of this section will discuss different parts of Isabelle and its proof language Isar, to
provide some background on theorem proofing in Isabelle.

2.3.1 About Isabelle

Isabelle [12] is a generic theorem prover written in ML. It was originally developed at the University
of Cambridge and Technische Universitdt Miinchen, but now includes numerous contributions from
institutions and individuals worldwide. It has been designed to be able to support reasoning in several
object-logics, which include but are not limited to:

e first-order logic, constructive and classical versions (Isabelle/FOL)
e higher-order logic (Isabelle/HOL)
e Zermelo-Fraenkel set theory (Isabelle/ZF)

Isabelle is distributed for free under a mix of open-source licenses, but the main code-base is subject
to BSD-style regulations. More specifically, the binary distributions of Isabelle come with the 3-Clause
BSD License [19].

Isabelle has quite a large user base and a well-maintained community. Besides a mailing list for users,
there is also a wiki [ 1] and active support on StackOverflow, when questions are tagged under ‘isabelle’

[19]-

The first release of Isabelle is published in 1986. Nowadays, it receives yearly releases with new updates.
At the time of writing, Isabelle 2019 is the newest release, which is also the release used to prove the
theorems in this thesis.
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2.3.2 Basics

This section will discuss some basics on Isabelle that are relevant for this thesis. The constructs mentioned
here will not be discussed in much detail, as that would be a thesis on its own. The documentation
provided with Isabelle does a decent job explaining all constructs in as much detail as possible.

Theories

Each document in Isabelle is a theory, which can define a set of definitions, theorems and proofs. A
theory can import other theories in order to reuse its definitions, theorems and proofs. An example of
a theory is given in Appendix A. This theory is the actual formalisation of Definition 3.1.1 in Isabelle
used for this thesis. It will be used as an example throughout the remaining parts of this section.

Datatypes

Within an Isabelle theory, it is possible to define inductive datatypes. Inductive datatypes are the most
used way to define new types in Isabelle. Famous data structures, such as lists, can be defined using
datatypes.

The example provided in Appendix A defines a new datatype for the set NU*. The definition is specified
within the theory as:

datatype M = Star | Nr nat

This example defines a datatype called M, which can have two values: Star and Nr. Star and Nr are
called datatype constructors and can get arguments of different types. For example, the Nr value gets
an additional type, nat, which is Isabelle’s type for representing natural numbers. On the other hand,
the Star constructor gets no additional arguments and is just a value for M on itself.

The formalisation achieved here should be straightforward. Star is used to denote *, the unbounded
value, while Nr nat is used to denote a bounded value for a multiplicity.

Record types

Another way of defining new types within Isabelle is by using record types. A record can be defined using
the record keyword. The concept of a record is borrowed from programming languages, but it provides
a way to define a named n-tuple. Effectively, a record type is a type consisting of multiple named fields
that can each have a different type. Each field of a record can be accessed using its name.

Within this thesis, records are actively used to introduce types for type models, type graphs, instance
models and instance graphs. These are all named-tuples which are easiest defined using records. Sadly,
the example provided in Appendix A does not define such a record, therefore, we provide the record of
an instance model (Definition 3.2.12) here:

record (o, 'nt) instance-model =
Tm :: ('nt) type-model
Object :: "o set
ObjectClass :: 'o = 'nt Id
Objectld :: o = 'nt
FieldValue :: (‘o x ('nt Id x 'nt)) = (‘o, 'nt) ValueDef
DefaultValue :: 'nt Id = ('o, 'nt) ValueDef

The record of an instance model directly shows the structure. It has 6 named fields, the corresponding
type model and the 5 elements defined in Definition 3.2.12. Each of these fields has a corresponding
type, corresponding to the type described within the definition of an instance model. This way, we have
a direct formalisation of an instance graph in Isabelle.

Type synonyms

Isabelle can form new types out of existing types by using generic types. For example, lists in Isabelle
use this functionality. A list was created using a generic type that can be replaced with any concrete
type on usage. For example ‘nat list’ would represent a list of natural numbers, and ‘M list’ a list of
elements of datatype M.

To make it more convenient to use these types, it is possible to define these composed types as a type
synonym. An example of such a type synonym is given in Appendix A:

type-synonym multiplicity = M x M
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This type synonym defines the multiplicity type, effectively the formalisation of M from Definition 3.1.1.
It is a tuple of two elements of datatype M, thus a tuple NU {x} x NU {x}. Using this type synonym,
it is now possible to refer to the multiplicity type as ‘multiplicity’.

Definitions and functions

In an Isabelle theory, multiple definitions can be provided. The most basic definition can be created
using the definition keyword. Effectively, a definition is simply an abbreviation, i.e. a new name for
an existing construction.

An example of such a definition is the upper definition in Appendix A:

definition upper :: multiplicity = M where
upper m = snd m

As can be seen, the upper definition receives one argument m of type ‘multiplicity’, a multiplicity-tuple.
It returns the upper bound of the multiplicity. In other words, it returns the second element of the tuple.
This behaviour matches what the definition tells us, as snd is the Isabelle function to return the second
element of a tuple.

Besides the definition keyword, it is possible to give recursive function definitions using the fun and
function keywords. An example of this is given as part of the linear order of M in Appendix A:

fun less-e¢-M :: M = M = bool where
less-eq-M - x = True |

less-eq-M (a) (b) = (a < b) |

less-eq-M - - = False

The function defined here, ‘less-eq-M’, defines the less than or equal to (<) relation for M. Effectively,
the function describes that any value is always smaller or equal to * and that two numbers (two instances
of Nr) are only less or equal when the first number is less or equal to the second number.

The same function could also have been defined using the function keyword, with the only difference
that for the function keyword, a proof for termination of the function must be provided manually.
Using the fun keyword, Isabelle will try to automatically proof termination of the function by using
the specification. This automation is very powerful and works in a variety of functions (in fact, for all
functions defined in this thesis, termination is proven automatically using fun).

Abbreviations and notation

As can be seen from the ‘less-eq-M’ function in Appendix A, the Nr and Star constructors for M are
not used directly. Instead, numbers and a star symbol (%) are used to respectively represent a value of
Nr and the Star constructor. The use of these symbols has been achieved using the notation keyword:

notation
Star ((*) 1000) and
Nr ((-) [1000] 1000)

The notation keyword allows us to introduce a new notation for many different constructs, in this case,
the Star and Nr constructors of M. Custom notations are very powerful, as Isabelle automatically
rewrites Star and Nr constructors back to this notation, so introducing this notation works in two
ways. It can help to make theorems and proofs more readable, as can also be seen from the example in
Appendix A.

Besides the introduction of an alternative notation for existing constructs, it is also possible to introduce
a new notation with the corresponding definition of what the notation means. Such a notation is achieved
using the abbreviation keyword. It has the same properties as the notation keyword, but then for a
newly defined definition. An example of this is given in Appendix A:

abbreviation multiplicity-notation :: M = M = multiplicity ((-/..-) [52, 52] 51) where
lou = (L)

This example introduces a new notation for writing down a multiplicity tuple. It does so by writing
the newly introduced notation on the left-hand side and writing the corresponding definition on the
right-hand side. Although an abbreviation looks the same as a definition, they are different in the
sense that abbreviation only introduces a notation. To Isabelle, it is syntactic sugar, as internally,
the notation does not exist. It is only used when representing constructs to the user. This behaviour is
different from definition, as definitions exist internally and are used by the proof reasoners.
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It should be noted that there are shortcuts possible to introduce notations while defining a definition.
An example of this is the ‘within-multiplicity’ definition in Appendix A:

definition within-multiplicity :: nat = multiplicity = bool (infixl in 50) where
nin m = lower m < n A n < upper m

This function uses the infix-left (infixl) construction to define an infix notation for the definition. Just
like the abbreviation command, it is possible to use this definition on the left-hand side of the definition,
for readability.

Locales

When defining new types, there is no way to constrain the values for any of its elements. For example,
for the ‘multiplicity’ type, there is no way to prevent the second value of the tuple to be 0, since the
natural numbers include 0. In Isabelle, functions and types are always total, and there is no way to
exclude specific values of a type.

A way to work around this is by using locales. Locales are Isabelle’s approach for dealing with parametric
theories. With locales, it is possible to define a context in which specific assumptions hold. An example
of a locale is given in Appendix A:

locale multiplicity = fixes mult :: multiplicity
assumes lower-bound-valid[simp]: lower mult # *
assumes upper-bound-valid: upper mult # 0
assumes properly-bounded[simp]: lower mult < upper mult

This example introduces the multiplicity locale. Within this locale, we introduce a named-construct
‘mult’, which is a multiplicity. Then we make some assumptions which hold in the context of a multiplic-
ity. In this case, there are three assumptions. First of all, there are assumptions on the lower and upper
bound, excluding specific (but invalid) values. The final assumption captures that the lower bound is
always smaller or equal to the upper bound.

With this locale in place, it is possible to prove theorems and lemmas within the context of a multiplicity.
That means that when proving theorems and lemmas within the multiplicity context, all introduced
assumptions for ‘mult’ hold:

context multiplicity
begin

lemma upper-bound-valid-alt[simp]: upper mult > 1
using less-M.elims not-less upper-bound-valid by fastforce

end

In above example, it is possible to prove that ‘upper mult > 1 because the assumptions ensure that
‘upper mult # 0. Since natural numbers cannot be negative, we have that ‘upper mult > 1. This
theorem can only be proven within the multiplicity context, as otherwise, the assumptions do not hold,
and ‘upper mult’ might be 0.

Within this thesis, locales are mostly used to denote valid constructs, such as a valid type graph, type
model, instance graph or instance model. These locales limit the respective record types for these
constructs by assuming the validity constraints presented in their respective sections.

Theorems and proofs

Theorems (also called lemmas) are statements that can be proven correct. For this thesis, all theorems
are either defined using the theorem or lemma keywords in Isabelle. A theorem can be defined to be
only valid under certain assumptions or can be defined to be true without any assumptions.

An example of a simple theorem can be found in Appendix A:

theorem mult-zero-unbounded-valid[simp]: n in 0..x
unfolding within-multiplicity-def
by simp

This theorem states that for a multiplicity 0..x, any natural number is within bounds (any n is in 0..x).
It can easily be proven using the definition of a natural number within a multiplicity.

A proof for a theorem is written directly after the statement. It can either be a short proof using apply-
scripts, or a proof within Isabelle’s proof language Isar. In the example above, it is a short proof using
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apply-scripts. In this case, the proof is done within one step: by simplification of the definition.

Once lemmas or theorems are proven, they can be used in the proof of other lemmas and statements.
Reusing them is done by referring to them manually, or by adding them to a set of lemmas and theorems
that Isabelle will try by default. Adding theorems to a set of default rules is done by adding a specific
keyword. For example, add [simp] to add the theorem to the set of simplification rules, or add [intro]
or [elim], to specify the theorem to be an introduction rule or elimination rule. Introduction and
elimination rules will not be further specified here; more information on these can be found in the
Isabelle documentation.

Isar

Isar stands for Intelligible semi-automated reasoning, and is an interpreted language environment for
structured formal proof documents. It allows to write down mostly humanly readable proofs in Isabelle
while still getting the advantage of semi-automated reasoning. Isar is built on the principle of writing
down multiple steps of the proof, doing less automation, in favour of readability. As a consequence,
writing Isar proofs is more work for the writer of the proof but eventually results in better humanly
readable proofs that also have value without the automated reasoning of a theorem prover.

This section will not discuss the full Isar environment in detail. The Isabelle/Isar Reference Manual
[20], included with each copy of Isabelle, already contains a very detailed explanation of all features that
Isar has to offer. Instead, we consider a small example of a proof written in Isar, picked directly from
Appendix A:

proof
fixzyz: M
show (z < y)=(z<yA-y <z
proof (induction z arbitrary: y)
case Star
then show ?case by simp-all
next
case (Nr z)
then show ?case by (cases y) auto
qed

show z < z by (induction z) simp-all
thenshow z <y =y <z =1z =y
proof (induction z arbitrary: y)

case Star

then show ?case by (cases y) simp-all
next

case (Nr z)

then show ?case by (cases y) simp-all
qed

showzr <y —=y<z=2<2
proof (induction z arbitrary: y z)
case Star
then show ?case by (cases y) simp-all
next
case (Nr z)
then show ?case
proof (induction y arbitrary: z)
case Star
then show ?case by (cases z) simp-all
next
case (Nr z)
then show ?case by (cases z) simp-all
qed
qed

show z < yvy<z
proof (induction z arbitrary: y)
case Star
then show ?case by simp
next
case (Nr z)
then show ?case by (cases y) auto
qed
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In this example, we see the proof that proves that type M is an instantiation of a linear order. In order
to show that type M gives rise to a linear order, we have to proof multiple subgoals, which are:

e Correctness of <: (z <y) =(x <yA-y <)
e Reflexivity of <: (z < x)

e Transitivity of <t s <yAy<z = x <z

e Correctness of the linear order: x <yVy <z

Each of these subgoals is proven separately within the Isar proof. The proof of each subgoal is defined
by the show keyword. Important to see from the example above is that each subgoal is proven using a
nested subproof. Such subproofs can be written as apply-scripts, or using a nested Isar proof, as we see
in the example above.

Proof tactics

In order to deliver proofs, we make use of automated reasoning. Essential aspects of automated reasoning
are the different proof tactics in Isabelle. Proof tactics can be applied to a proof goal to either solve the
proof goal entirely or to somehow make the goal simpler to solve.

A vital proof tactic shown in the example above is ‘induction’. This tactic applies mathematical induc-
tion to the proof goal, splitting the goal into new subgoals that follow the structure of mathematical
induction.

The following proof tactics are extensively used within this thesis:

e ‘induction’ (also called ‘induct’): Applies mathematical induction to the proof goal. Splits the
subgoal into two or more subgoals that follow the structure of mathematical induction.

e ‘cases’: Applies a case distinction to the proof goal. It will split the proof goal into multiple subgoals,
one for each applicable case. This proof tactic works especially well for inductive definitions and
datatypes with a finite set of possible values.

e ‘intro’: Splits a proof goal and introduces new subgoals based on an introduction rule. An important
example of an introduction rule is conjl, which splits a proof goal of A A B into the two subgoals
A and B.

e ‘elim’: Splits a proof goal by eliminating operations and relations and providing smaller subgoals
instead of those. For example, the elimination rule disjE splits a proof goal of the form AV B —>
C into two subgoals, A = C and B = C.

e ‘simp’ (and ‘simp_all’): Apply simplification to a proof goal in order to solve the problem com-
pletely. It uses simplification rules to rewrite the statement until it arrives at ‘True’, finishing the
proof.

o ‘fastforce’: Solves the proof goal by using a tactic similar to brute force. It tries all possible
outcomes but tries to be smart by excluding similar cases.

e ‘fast’> A classical solver which solves the proof goal by structurally checking cases based on a
depth-first search algorithm. Not frequently used within this thesis.

e ‘auto’: A combination of ‘simp’ and ‘fastforce’, which can also use introduction rules and elimination
rules when rewriting. In general, this proof tactic more powerful than ‘simp’ and ‘fastforce’.

e ‘blast’: Solves the proof goal by using a semantic tableau. Frequently used for solving logic prob-
lems.

e ‘metis’: Solves the proof goal by using resolution. Frequently used for more complex logic problems
that cannot be solved by ‘blast’.

Isabelle is not limited to the above-discussed proof tactics, but these tactics are the most important
ones for this thesis. Other tactics are not used either because they apply to a different kind of problem
(number arithmetic instead of logic, for example) or because they are not transparent in solving their
problem. For example, the ‘smt’ proof tactic solves a problem by using an external SMT solver. Although
these proof tactics can solve many problems, it is not transparent to the reader what steps the SMT
solver has taken to solve the problem, as opposed to the proof tactics described above. Therefore these
tactics have been excluded.
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2.3.3 Archive of Formal Proofs

Isabelle has an Archive of Formal Proofs (AFP), which is a collection of proof libraries, examples, and
larger scientific developments, mechanically checked in the theorem prover Isabelle. All theories within
this archive are organised in the way of a scientific journal such that they can be referred to by new
theories.

Graph Theory

The Isabelle AFP submission Graph Theory [1(] is used as part of this thesis. This submission to the
Isabelle AFP is a formalization of directed graphs, supporting labelled multi-edges and infinite graphs.
Theorems proven for these graphs include, but are not limited to, walks, cyclicity, connectedness and
some properties of isomorphisms. All the theorems proven as part of this submission are discussed in

7]

Within this thesis, the submission is used as part of the GROOVE formalisation within Isabelle. Within
the GROOVE formalisation, GROOVE type graphs and instance graphs are extensions of the directed
graph introduced by the Graph Theory submission. This allows Isabelle to apply theorems proven for
graphs within this submission to GROOVE graphs presented in the theories of this thesis.

Within this thesis, only a small selected set of theorems from the submission is used. This set mostly
includes theorems related to walks and cyclicity of graphs. These theorems are used to show the acyclicity
of the containment relation for instance graphs.
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Chapter 3

Formalisations

As explained in Section 1.1, the formalisation of the model transformations depends on the formali-
sation of the model languages. Therefore, the formalisations of Ecore and GROOVE need to be es-
tablished. In this chapter, the formalisations for Ecore and GROOVE used throughout this thesis are
introduced.

3.1 Global definitions

This section defines a multiplicity, which is a two tuple consisting of a lower and upper bound. In Ecore,
the notion of a multiplicity is used within a field signature (Definition 3.2.6) in order to specify a limit
on the allowed amount of values for a field. In GROOVE, multiplicities are used to bound the number
of incoming and outgoing edges for each node type via multiplicity pairs (Definition 3.3.4).

Definition 3.1.1 (Multiplicity)
A multiplicity is a two tuple consisting of a lower bound (which is any natural number) and an upper
bound (which is possibly unbounded).

MC (NxNFuUx)n<

The first value represents the lower bound, the second value of the tuple represents the upper bound. The
set of multiplicities M is formally defined as

M={(lu)[le NAue (NTUx)AL<u}

It holds that * is larger than each natural number, so Vn € N : n < x. Furthermore, the notation l..u is
used to denote (I,u) € M.

Finally, any natural number n is said to be part of a multiplicity if it is within bounds, meaning:
Vm=IlueMneN:nemsI<n<u

@ Also see multiplicity in Ecore.Multiplicity

3.2 Ecore formalisation

This section discusses a partial formalisation of Ecore based on the conceptual model discussed in [1].
The formalisation discusses both type models and instance models, as discussed in Section 2.1. This
formalisation has enough expressive power to capture all the elements of Ecore that are relevant for this
thesis.

3.2.1 Definitions

This section discusses some definitions specific to the Ecore formalisation. The definitions need to be in
place before the formalisation of type models and instance models are given.

In Ecore, all elements should be identifiable by a name. For this, we define a globally unique set of
names Name, which type and instance models share. We write down elements of Name in a sans-serif
font, such as aName.
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Definition 3.2.1 (Name)
Name is a globally fixed set of names (shared between instance models and type models). This set contains
at least the names boolean, integer, real and string, as well as true, false and nil.

A name is not enough to uniquely identify an element in Ecore. All elements in Ecore belong to a
namespace. Within a namespace, all names have to be unique, but names can be shared between
different namespaces. The combination of a namespace and a name is referred to as an identifier. An
identifier can be used to identify an element within a model uniquely.

Namespaces can be nested, which means that a namespace can contain other namespaces. Therefore
namespaces are recursively defined up to the root namespace, which we define as L. This means all
namespaces are part of the root namespace, either directly or via one or more parent namespaces.

Definition 3.2.2 (Identifier/Namespace)
Identifiers and namespaces are defined as the smallest sets satisfying

Id = Namespace x Name
Namespace = IdU {1}

where the set of identifiers is the smallest solution of the given set of equations and L denotes the root
namespace.

@ Also see Namespace n Ecore.Model_Namespace
For notation, we will separate namespace from the name using a dot, omitting the root namespace. For
example, ((_L, namespace), name) becomes .namespace.name.

To distinguish between the different types of data that may be present in an instance model, we define
a set of data types that can be used within the type model. The set of data types gives rise to a set of
data values, which a corresponding instance model may use.

Definition 3.2.3 (Data types)
The set of data types is defined by
DataType = {boolean, integer, real, string }
@ Also see DataType in Ecore.Type_Model
Definition 3.2.4 (Data type values)

For each of the various data types a single set defines the possible values. The following sets of values
are defined:

o B = {true, false}, the set of boolean values.

C, the set of all printable characters.

R, the set of all rational (real) numbers.

S, defined as the set of all finite subsequences of elements in C, the set of all possible strings.

Z, the set of all integer numbers.

& Also see LiteralValue in Ecore.Instance_Model

Ecore also supports the notion of assigning a nil value, indicating there is no actual reference to any
element in an instance model.

Definition 3.2.5 (Nil value)
nil defines the unassigned value for nullable types in the type model.

& Also see ClassValue in Ecore.Instance_Model

Definition 3.2.7 and Definition 3.2.15 specify in what context this value can be used.
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3.2.2 Type models

This section provides the formal definition of type models, which are models that are based on the Ecore
metamodel, of which a simplified version is given in Figure 2.1. A type model provides a set of definitions
and constraints that describe a set of instance models, which may or may not be valid according to the
type model. On the top level, it defines a set of classes, EClasses, of which instances (objects) may be
used within the instance model. The classes contain a set of fields, EStructuralFeatures, which are
identified by a name which is unique within the class. Each of these EStructuralFeatures is typed and
has a multiplicity. Class instances in the instance model may assign values to these fields (specific for
that instance) which must adhere to both the type and multiplicity of the field. The type model also
defines an inheritance relation between these classes, modelled by eSupertypes in the Ecore metamodel,
which allows classes to inherit from other classes, providing a specialisation of that class.

A type model also defines a set of enumerations, EEnums, and their values, EEnumLiterals. Each enu-
meration defines a unique type with a fixed set of values. Furthermore, a set of constants and their
types define a symbolic typed value, which relates to a specific value in an instance model. A set of
custom data types, EDataTypes, is also provided by the type model, which allows the representation of
user-defined data types.

Finally, a set of properties of the type model specifies the properties an instance model of this type model
has to satisfy in order to be valid. These properties specify constraints on the values and structure of
such an instance model.

The definition of a type model depends on the definition of various types. These types again depend on
the definition of the type model. The solution to this cyclic dependency is the smallest solution to the
set of equations given for the types and type model.

The suffix T'm is used when the definition of something depends on any type model T'm, for example,
Classtm,.

Definition 3.2.6 (Type model)
A single type model T'm is a 10-tuple, consisting of 8 sets and 2 functions, which is defined as:

Tm = (Class, Enum, User DataType, Field, FieldSig, EnumV alue, Inh, Prop, Constant, ConstType)
with
e Class C Id is the set of classes (EClass objects) in Tm.
e Enum C Id is the set of enumerations (EEnum objects) in Tm.

e UserDataType C Id is the set of custom data types (EDataType objects) in Tm.

o Flield C (Class x Name) is the set that maps a class to a set of field names (EStructuralFeature
objects) in Tm.

e FieldSig : Field = (Typerm x M) is the function that maps fields to their type (as defined in
Definition 3.2.7) and multiplicity (as defined in Definition 3.1.1).

e EnumValue C Enum x Name is the set of possible values (the EEnumLiterals) for the enumera-
tions in Tm.

o Inh C Class x Class is the inheritance relation between the classes in Tm.
e Prop C Propertyry, is the set of properties that apply to T'm (see definition Definition 3.2.10).

e Constant C Id is the set that contains all possible constants that may be used as a (symbolic)
default value.

e ConstType : Constant = Typer,, is the function that maps constants to their respective types.
where
e Class, DataType (Definition 3.2.3), Enum and UserDataType are pairwise disjoint.

e None of the elements in Class U DataType U Enum U U ser DataType may be in the namespace of
another element in that set.

e Inh is an asymmetric relation, of which the transitive closure is irreflexive.

& Also see type_model in Ecore.Type_Model

An example type model is given in Figure 3.1. It shows 4 classes (House, Person, Renter and Room) and
a single enumeration (Paymentinterval). The Person class has 2 fields, age and name. The Renter class
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[ Q House ]

> paymentinterval

{

@ Person

= name : EString = MONTH = name : EString
= QUARTER 3 age:EInt
[1..¥] rooms
~ -
Q Room Q Renter
[0..¥] rents

= number: EInt

payment_interval :
= Paymentinterval =

[0..1] renter MONTH

(a) Type model in Ecore notation

Classy = {.House, .Person, .Renter, .Room}

Enump,, = {.Paymentinterval}

UserDataTyper,, = 0

Fieldr,, = {(.House, name), (.House, rooms),

(.Person, age), (.Person, name),
Renter, payment _interval), (.Renter, rents),

Room, number), (.Room, renter)}

( House name) (string, 1..1)), ((.House, rooms), ([setof, I.Room], 1..*)),
.Person, age), (integer, 1..1))7 ((.Person,name), (string, 1..1)),

.Renter, payment _interval), (PaymentlntervaLl..l)),

.Room number) (lnteger, 1..1))7 ((.Room, renter)7 (!.Renter, 0..1))}

(.Renter, rents), ([setof, !.Room],O..*)),
(.Paymentinterval, MONTH), (.Paymentinterval, QUARTER)}
(-

(-

(-

FieldSig,, = {

(

(

(

(

EnumValuer,, = {
Inhp,, = {(.Renter, .Person)}
Propry, = {[abstract, .Person],

[identity, {(.Person, age), (.Person, name)}], [containment, (.House, rooms)],
[

[defaultValue, (.Renter, payment _interval), .Constant.Paymentinterval.Month]}

opposite, (.Room, renter), (.Renter, rents)], [opposite, (.Renter, rents), (.Room, renter)],

Constantr,, = {.Constant.Paymentinterval.Month}

ConstTyper,,, = {(.Constant.Paymentinterval. Month, .Paymentinterval)}

(b) Formal definition of the type model

Figure 3.1: Example of a type model corresponding with Definition 3.2.6
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has a field payment _interval which makes use of the Paymentinterval enumeration. It also has a field rents
which defines a relation between Room and Renter. The House class has also 2 fields, a field name and a
field rooms which is a containment relation between House and Room. Moreover, we have the Room class
itself, which has 2 fields. One is called number and the other one is called renter, which is the opposite
relation between Room and Renter. Finally, we see that Renter inherits from Person.

The fields in a type model are always associated with a specific type, which defines the set of possible
values that may be assigned in an instance model. The possible types are defined by the set of data types,
classes, enumerations and user-defined data types. The set of types also consists of various aggregations
of these types, namely containers. Containers provide types for multiple values of the same type, but of
which the values may differ in number and order.

Definition 3.2.7 (Types)
Given any type model T'm, the set of types is defined as

Typery, = DataType U ClassTypery, U Enumrpy, U User DataTyper,, U Containery,

The ClassTyper,, set defines both a set of nullable and proper classes. Nullable classes are classes for
which the nil (see Definition 3.2.5) value is valid, and proper classes are those classes for which the nil
value is not valid (hence both sets of classes are disjoint).

The ClassTyper, set is defined as

ClassTyper,, = {nullable, proper} x Classrm,

A container is a type that may contain multiple values in an instance. Containers define the type of
values they contain, and the multiplicity of the container. They are defined by

Containerr,, = {bagof, setof, seqof, ordof } x Typer,

For the interpretation of the values in {bagof, setof, seqof, ordof}, see Definition 3.2.13.
The set of types is recursively defined as the smallest solution of the equations for Typer,, and Containerp,,.

Tuples within Typer, are written using square brackets, e.g. [bagof,int] or [nullable, C]. Furthermore,
given a C € Classpm, ?C is a short notation for the nullable variant of C, [nullable,C]. In the same
fashion, \C' is the short notation for the proper variant of C, [proper, C].

Finally, we define the function uncontainer: Containery,, = Typer,, which returns the type contained
by a container.

& Also see Type in Ecore.Type_Model

In the example in Figure 3.1, the various fields make use of different types. The fields depicted as a
relation between two classes are actually of a type based on the Classr,, set. For example, the rooms
field of class House is typed by the Room class. In this case, we assume that each Room in a House is
unique. Thus the relationship is best typed by a setof container. For a setof container, the order does not
matter, and each value should be unique. We also see the example of the usage of an enumeration, the
payment_interval field on Renter uses the Paymentinterval enumeration. Finally, the Person class shows
two fields that are typed by some of the data types available, integer and string for the age and name
fields respectively.

Definition 3.2.8 (Field)
Given any type model Tm, the Fieldr,, relation defines a binary relation between classes and fields.
In order to retrieve the set of fields for a given class (and the fields inherited from superclasses), the
following function is defined:

fields: Classty, = P(Fieldry)

such that
fieldsyy, (c) = {f € Fieldr,, | f = (c,n) AcCpp, '}
Given any type model T'm, the FieldSigyr,, function defines a mapping between fields and their signatures.
The following functions are defined to retrieve various components of a field signature:
e class: Fieldr,, = Classtm,
e type: Fieldr,, = Typerm

e lower: Fieldr,, = N
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e upper: Fieldr,, = NT U x*

These functions are defined as follows:

~

classp, (f) = class iff  f = (class,name)

~—

typer,, (f) = type iff FieldSigp,,(f) = (type, (lower, upper))

lowerr,, (f) = lower iff FieldSigr,,(f) = (type, (lower, upper))

uppery,, (f) = upper iff FieldSigp,,(f) = (type, (lower, upper))

Fields can be separated into relation and attribute sets, where attributes reference (containers of) data
types, user data types and enumerations, and relations reference all other types. The sets are defined by

Attrp,, ={f € Fieldry, | type(f) € (DataType U Enumrp,, U UserDataTypery,) V
type(f) € {setof, bagof, ordof, seqof } x Attryy,}
R(:’le = FieldTm \ Att’l‘Tm

The set of attributes is recursively defined as the smallest solution of the given set of equations for
DataType, Enumpy,, User DataTyper,, and Attrp,

& Also see fields in Ecore.Type_Model

Taking for example the field rents from the Renter class in the type model example in Figure 3.1, the
following properties can be identified: The type refers to Room, which is an element of the Classp,, set.
The lower and upper values are 0 and * respectively (which means a Renter can rent an arbitrary number
of rooms). Furthermore, the rents field is an element of the Relr,, set (it is a class container type) and
part of the fieldsr,(Renter) set, which is {payment_interval, rents}.

The various types have an underlying subtype relation, which generalises inheritance. A subtype defines
a specialisation of a supertype. Because of that, all values valid for the subtype are also valid for the
supertype (see Definition 3.2.15 for details).

Definition 3.2.9 (Subtype relation)

Given any type model Tm, CTr,, C Typer,, X Typer,, defines the subtype relation. It is a reflexive
partial order relation, for which the following rules can be defined (with ty,ta,ts € Typery, and c1,co €
Classrm):

Transitivity:
t1 Erm t2 to Erm t3

U1 Crm 3
Reflezivity:

1 Crm 11
Generalization of inheritance:

(61,62) S I’I’LhTm (61, Cg) S I’flhTm
Te1 Erm Teo ley Em lea

Nullable/Proper classes:

ley B Ter

& Also see subtype in Ecore.Type_Model

Thus, in the example, [nullable, Renter] Cr,, [nullable, Person] (since (Student, Person) € Inhgy,). Fur-
thermore, it also holds that [proper, Renter] Cp,, [nullable, Renter], as a proper class is a subtype of a
nullable class.

A type model may specify a set of properties, Prop, which an instance model has to satisfy in order to
be valid. The following properties are defined:
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The abstract property. This property, specified for a specific class in the type model, forbids the
instantiation of that class in any instance model. As such, it is satisfied when no object exists in
an instance model which is an instance of that class. Please note that this only holds for instances
of that exact class. Subtyping may be allowed (under the condition that those classes are not
abstract).

The containment property. This property, specified for a relation, states that a single source object
contains all objects that are the target of this relation. Objects are contained by at most one other
object, and containment cycles are not allowed. When an object with contained objects is removed
from an instance model, all contained objects are removed as well. The constraint is satisfied when
an object is the target of no more than one containment relation, and there exists no cycle between
containment relations.

The defaultValue property. This property specifies a default value for a field which has not been
assigned a value in an instance model. It specifies a constant for a field, which represents a
value in an instance model. It is always satisfied and influences the behaviour of possible model
transformations.

The identity property. This property is specified for a class and a set of attributes. It is used to
specify that the values for the set of attributes uniquely identify an object on instance model level.
As such, it is satisfied when no two objects are both an instance of the class and have pairwise the
same value for all the attributes.

The keyset property. This property is specified for a set of attributes of a class and a relation
towards that class. It ensures that each instance of that class within the given relation is uniquely
identified by the values of the set of attributes. It is satisfied that two objects must be the same
object if they are the target of the given relation, and they have pairwise-identical values for their
attributes.

The opposite property. This property specifies that two relations are the opposite of each other,
which means that for each instance of the first relation, an instance of the second relation exists
with a switched target and source. The property is satisfied when for each pair of objects, for
each relation that exists between these objects, a reverse relation exists if both these relations are
opposite.

The readonly property. This property, specified for a field in the type model, forbids the assign-
ment of a new value to that field in any instance model. This property only affects the possible
transformations of an instance model and is always satisfied for any specific instance model.

Definition 3.2.10 (Type model properties)

For a

type model Tm a set of properties Propertyr., is defined which contains all the possible properties.

This set is defined as

where
[ ]

The e

Propertyr,, = {[abstract, ] | ¢ € Classt,} U

{[containment, 7] | r € Relp,,} U

{[defaultValue, f,v] | f C Fieldr,, Av € Constantr,,} U
{[identity, ¢, 4] | ¢ € Classpm N A C Attrp,} U
{[keyset, r, A] | r € Relpy, N A C Attrpy,} U
{[opposite, 7, 7] | r,7" C Relprm A7 #1"} U

{[readonly, f] | f € Fieldrp}

[defaultValue, f,v] is defined such that ConstTyper,,(v) Erpm, typer,, (f).
[keyset,r, A] is defined such that typerp,,(r) € ({setof,ordof} x ClassTyper) with typep,,(r) =

[setof, ¢] V typer,,(r) = [ordof, c|. Then also have that ¥(ac,an) € A:lc Ty, lac.

[opposite, 7, 7] is defined such that when r = (c1,nl),r" = (¢2,n2), then it should hold that !c1 Cry,
uncontainer(typer,, (r')), '¢2 Cr,, uncontainer(typer,, (1)), typer,, (r) € {bagof, seqof} x Typer.,
and finally typery, (') € {bagof,seqof} X Typer,, (containers must have unique values).

@ Also see Property in Ecore.Type_Model

xample in Figure 3.1 also shows a few properties:
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Typerm, Multiplicity
{proper} x Classrm, 1
{nullable} x Classrm,
Containerr,
DataType

Enumry,,
UserDataTyper,

0<zr<yAl<y)

— s O
NN SR

Table 3.1: The allowed multiplicities for each type

e The Person class is declared abstract (indicated by the grey looking class layout and italic name)

e The age and name fields of a Person are its identity (as indicated by the formal definition). Although
it is highly unlikely that these details would be unique in the real world, they must be in our instance
models.

e The rooms relation of House is a containment relation (shown by the filled diamond at the House
end of the containment relation).

e The rents and renter relations are opposites (as indicated by the formal definition).

e The payment_interval field has a default value MONTH (as indicated with the field definition in
the model).

With the given definitions, it is possible to define an inconsistent type model. Such a type model
is correct according to the given definitions but does not specify any valid instance model using the
definitions in Section 3.2.3. Therefore, a definition is given for a consistent type model. A consistent
type model enforces some constraints on multiplicities and properties within the type model to ensure the
satisfiability of the definitions in Section 3.2.3. Without these constraints, one or more of these definitions
can never be satisfied at all. Please note that these constraints merely support the satisfiability of these
definitions, it does not guarantee the existence of any meaningful instance model, as it might still be
possible to define a ‘consistent’ type model with conflicting multiplicities or properties.

Definition 3.2.11 (Type model consistency)
The multiplicities of the fields in Fieldr,, are consistent if it holds that:

typer,, (f) € DataType U Enumqy, U User DataTyper, U (proper x Classty,) = lowerr,,(f) =1
typer,,(f) € (nullable x Classy,,) = lowerp,(f) =0

and

typer,, (f) & Containerrm == upperr,,(f) =1
as indicated by Table 3.1.
The properties in Propr,, are consistent if the following holds:

e [containment, r| € Propr,, A [opposite, r,r'] € Propry, = upperr,(r') = 1 (opposite of contain-
ment relation must have upper bound of 1).

[defaultValue, f,v] € Propr., A [defaultValue, f,v'] € Propr, = v =" (unique for f).

[identity, ¢1, A1] € Proprm, A lidentity, ca, As] € Proprm Aler Crplee = A; C Ay (classes may
only have identities with attributes that are a subset of attributes part of the superclass’ identity).

[keyset, , A] € Proprm A [keyset, r, A’] € Propry, = A=A’ (unique for r).

[opposite, 7, '] € Propr., A [opposite, r,r"'] € Proppy, = v’ =r" (unique for r).

[opposite, 7, 7'] € Propr,, <= [opposite,r’,r] € Propr.,, (symmetry).
Then a type model Tm is consistent if and only if

o The multiplicities of all fields in Fieldr,, are consistent.

o All properties in Propr,, are consistent.

@ Also see type_model in Ecore.Type_Model
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3.2.3 Instance models

An instance model represents an instance of a type model. In other words, the metamodel of an instance
model is its type model. Because of our definitions of type models, this means that the metametamodel
of an instance model is the Ecore metamodel.

An instance model consists of a set of objects, which have a corresponding class they instantiate and
an optional identifier. All objects are an instance of a specific class and are therefore typed by that
class and its superclasses. Furthermore, an instance model also specifies the values for each field of an
object. Its type determines the fields present for each object. Finally, the instance model specifies a set of
default values, which assigns a value to each of the named constants from the type model (Constantry,),
allowing to assign default values to fields.

As with the type model and type definitions, there is a cyclic dependency between instance models and
values. In the same manner, the solution is set to be the smallest solution to the set of equations for the
instance model and values.

The suffix I'm is used when the definition of something depends on any instance model I'm, which itself
depends on the definition of any type model T'm.

Definition 3.2.12 (Instance model)
For a type model T'm,

Tm = (Class, Enum, User DataType, Field, FieldSig, EnumV alue, Inh, Prop, Constant, ConstType)
a single instance model Im is defined as
Im = (Object, ObjectClass, Objectld, FieldValue, Default Value)
with
e Object is the set of objects (class instances) in Im.

e ObjectClass : Object = Classt., is the function that maps each object in Im to a class.

e Objectld : Object = Name is the injective partial function that maps each object in Im to an
identifier.

e FieldValue : (Object x Fieldr,,) = Valuer,, is the partial function between each Fieldr.,, of an
Objectry, and a Valuery, (see Definition 3.2.13).

e DefaultValue : Constantr,, = Values,, is the function that assigns a value to each constant in
the corresponding type model T'm.

where
e Y(o,n),(0o/,n') € Objectld :n=n' = 0=0".
e Yo € Object, f € Fieldry, : (o, f) € dom FieldValue <= ObjectClass(o) Cpyy, class(f).

@ Also see instance_model in Ecore.Instance_Model

Please note that Objectld is injective because each object must have a unique identifier. It is partial
because an object does not necessarily need an identifier: The internal object identifiers (the elements
of the set Object) are already unique. The Objectld function is for adding an explicit identifier that is
not generated internally.

The FieldValue function maps a combination of an object and field to a value. Please note that the
function is partial because not every combination of object and field is valid. The domain of this
function is therefore made explicit by the constraints of the definition. Please note that this function is
not injective: Values can be shared across objects and do not have to be unique.

An important function is the DefaultValue function, which is defined on an instance model rather than
a type model. This definition has been chosen to accommodate for default values that reference another
object. In order to reference another object, the possible object references need to be known. These
object references are only known on the instance level, as the type level does not define any objects.

An example model is represented by Figure 3.2. It is based on the type model from the example in
Figure 3.1. It shows 2 instantiations of the Renter class: the John and Jane objects. Furthermore,
there are three instantiations of the Room class (1, 2 and 3) and one instantiation of the House class
(SmallHouse). The text after the colon in the header of each object represents the ObjectClassyy, of
each object. Additionally, the text preceding the colon represents the Objectldy,,. The Renter objects
have values assigned for all fields, including the fields of their superclasses. This also holds for the Room
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e ) P5 renter . P2 4 smallHouse: House | 1
¥ John:Renter | ~ : 4 1:Room: %1 0oms ! R

name = "John Doe" rents number =1 name = "Small House"
age =24
paymen...= MONTH N

renter < 2:Room '_3I rooms

number =2

rents
<> Jane: Renter :._6__: renter < 3:Room ._4' rooms
name = "Jane Doe" rents number =3
age =23

paymen...= MONTH

(a) Instance model based on Ecore notation

Objectrm = {1,2,3,4,5,6}
ObjectClassy,, = {(1,.House), (2,.Room), (3,.Room), (4, .Room), (5, .Renter), (6, .Renter), }
ObjectId;,,, = {(1,.SmallHouse), (2,.1), (3, .2), (4,.3), (5, .John), (6, .Jane)}

FieldValuey,, = (( (.House, name ), string, “Small House’ ])

—~

1, (.\House, rooms)), [setof <[obj72] [obj, 3], [obj74]>]),

—
N

)

—~

3,

.Room, number)), [int, 1) ( (.Room, renter)), [obj, D,
.Room, number)), [ )

)
, |nt 2 ( (.Room, renter) ),[ ])
))

—~

4, (.Room, number)), [lnt,3]>, ((4, (.Room, renter)), [ ])

—~

5, (.Person, name)), [string, “John Doc”D,

—~

5, (.Renter, paymentiinterval)), [enum, (.Paymentinterval, MONTH)D,

—~

5, (.Renter, rents)), [setof, ([obj, 2], [obj, 3}>]),

—~

6, (.Person, name)), [string, “Jane Doe”]),

—

6, .Person,age))7 [int,23]),

—~

6, (.Renter, payment_interval)), [enum, (.Paymentinterval, MONTH)D7

(
(
(
(
(
5, (.Person, age)), [int, 24]),
(
(
(
(
(
(

—~

6, (.Renter, rents)), [setof, <[0bj,4}>])}

DefaultValuey,, =

TN TN N N N N N N N N N N
—~

/N

.Constant.Paymentlinterval.Month, [enum, (.Paymentinterval, MONTH)] ) }

(b) Formal definition of the instance model

Figure 3.2: Example of an instance model corresponding with Definition 3.2.12
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and House objects. For attributes, the assignment to a field name represents the value of a field. For
relations, a named arrow between two objects represents the value of the field. The name of the arrow
represents the field name, and multiple arrows with the same name represent multiple values for the
same field.

Note that the objects from the example are represented by elements from N*. The conceptual model
does not give a concrete specification for elements in the Objectr,, set, but by convention objects (or in
graph terms, nodes) are represented by numbers.

For each instance model, a set of possible values is defined by the values for all data types, the possible
enumerations of the type model and the objects in the instance model. Each value has a symbol that
defines its type, allowing the values in an instance model to be typed by the types in the type model.
This symbol also allows values with identical content but a different type to be separated. For example,
any value in Z NR (which can be of type integer or real). Container values aggregate multiple values,
which are typed by container types.

Definition 3.2.13 (Values)
Given any instance model Im, the set of values is Value,y,.

The set of values is then defined as
Valuey,, = AtomV aluer,, U ContainerValuer,,

with

AtomValuer,, = ClassValuer, U LiteralValue U ({enum} x EnumV aluer,,) U ({data x S})
LiteralValue = ({bool} x B) U ({int} x Z) U ({real} x R) U ({string} x S)
ClassValuer,, = {obj} x (Objectr,, U nil)

ContainerValuer,, = {setof, bagof, seqof, ordof} x Valuej,, (where Value},, allows containers to
recursively contain other containers.)

The set of values is recursively defined as the smallest solution of the given set of equations for Valuey,
and ContainerValuer,,. Furthermore, elements of the set Valuer,, are written using square brackets,
e.g. [string, “Example”] or [setof, ([int, 4], [int, 8])].

& Also see Value in Ecore.Instance_Model

For custom data types, the value is an element from the set S. In Ecore, custom data types can be made
serializable, which means a value from S can be stored for the custom data type. Thus, the value for a
custom data type can be stored in the model, but it cannot be further interpreted.

Containers attributed as setof or ordof are considered to have unique values, whereas containers attributed
as bagof or seqof are not. This means for example that a tuple with two or more identical values is not
a valid value for a container attributed as setof or ordof, see also Definition 3.2.15.

Additionally, the values of a container attributed as bagof or setof are considered unordered, and seqof
or ordof ordered. This affects the equivalency of containers, as defined in Definition 3.2.14.

In the example, the set of atomic values that are assigned consists of

{[string, “Small House”], [string, “John Doe”], [string,“Jane Doe”],
[int, 1], [int, 2], [int, 3], [int, 24], [int, 23],
[enum, (.Paymentinterval, MONTH)]
[obj, 5], [obj, 6]}

Note that only the Renter objects are in an atomic assigned value for the field (.Room, renter), as it is
the only field that references a single object. All other relations in the type model are container types,
and as such all the objects are contained in a container value as well. For example, the container value
for the rooms field of the House object is [setof, ([obj, 2], [obj, 3], [obj,4])] (in no particular order, as the
relation is of a set container type).

Each instance model also defines an equivalence relation for values. This relation allows the comparison
of aggregate values and explicitly defines equivalency for unordered container values.

Definition 3.2.14 (Value equivalency)
Two values are equivalent (=, C Valuer, X Valuer,) if both the type is identical and the actual value
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content is equivalent. It is defined as the smallest reflexive relation between wvalues and the relations
defined by the rules given next.

For atomic values equivalence is defined as

v, € Valuery, vy € Valuery, V1 = Vg

V1 =Im V2

Sequences and ordered sets are equivalent if the values in their tuples are pairwise equivalent.

SEQUENCE CONTAINER EQUIVALENCY
c1 = [seqof, (v, ..., )] o = [seqof, (uy, ..., up)] VL =1m ULy -« Un =1m Un

C1 =Im C2

ORDERED SET CONTAINER EQUIVALENCY
1 = [ordof, (vy,...,vp)] o = [ordof, (u1, ..., uy)] V1 =fm Uty - - s Un =Im Un

C1 =Im C2

Sets and bags are equivalent if there exists a bijective function which maps elements from one set/bag to
the other, such that the mapped values are equivalent.

SET CONTAINER EQUIVALENCY
c1 = [setof, <v1,...,vn>] cy = [setof, (ul,...,un>] Af AL o= {1 n) t v =m U

C1 =Im C2

BAG CONTAINER EQUIVALENCY
c1 = [bagof, <v1,...,vn>] cy = [bagof, <u1,...,un>] Af AL, oo} o= {1, n} v = upe

C1 =Im C2

@ Also see value_equiv in Ecore.Instance_Model

In the example, the value [setof7 <[obj7 2], [obj, 3]>] would thus be equivalent to [setof7 <[obj, 3], [obj, 2]>},
as the ordering does not matter for ‘setof’” container types.

For each type in T'yper,,, there exists a set of values from Valuej,, which is considered wvalid. This is
defined by a relation Validy,, C (T'ypery, x Values,,) which defines a tuple for each valid value given a

type.

Definition 3.2.15 (Valid type values)
The Validy,, set contains tuples which indicate what values are valid for a given type, which is defined

by
Validyy, C (Typerm X Valuery,)

An element [T,v] € Validy,, may be written as

’UI]mT

The contents of the Validr,, set is then defined as follows:

Data type values:

veEDB vEL veR vES

[bool, v] :1,, boolean [int,v] :rm integer [real, v] :fy, real [string, v] i1y, string

Class values:

ObjectClassim(0) = ¢ leCrp t t € ClassTypern, t € {nullable} x Classpy,

[obj, 0] t1m t [obj, nil] <7 ¢

Enumeration values:

(ename, eval) € EnumV aluery, ename € Enumr,,

[enum, (ename, eval)] : 1, ename
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(a) Example type model
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(b) Invalid instance model: cardi- > B

nality of rel too low L .
(c¢) Valid instance model: cardi-

nality of rel within bounds
(d) Invalid instance model: cardi-
nality of rel too high

Figure 3.3: Examples of valid and invalid multiplicities

User-defined data type values:

vES t € User DataTyper,
[data,v] i ¢

Container values:

v igm Ty Un it T (v1,...,v,) distinct [setof, T'| € Containerr,
[setof, (vi,...,vn)] i1m [setof, T
Vi im Ty it T [bag0f7 T} € Containerr.,

[bagof, (v1,...,vpn)] :1m [bagof,T]

viirm Tyeosvn itm T (v1,...,v,) distinct [ordof, T] € Containeryy,
[ordof, (v1,...,vp)] 1 [ordof, T
V1 itm Lyooosvn itm T [seqof, T| € Containerry,
[seqof, (v1,...,vn)] :1m [seqof, T

@ Also see Valid in Ecore.Instance_Model

The validity of an instance model depends on the multiplicity of field values. The valid multiplicities
depend on the types and field signatures in the corresponding type model. As a consequence, a valid
multiplicity also requires the type of the value to be valid. The multiplicity is of most influence for
container values, as they can contain an arbitrary amount of values.

Definition 3.2.16 (Multiplicity validity)
A field value ((object, field),value) € FieldValuery, has a valid multiplicity if the following property
holds:

value :pp, typep,, (field) Avalue = [t, (v1,...,v,)] € ContainerValuer,, =
lower ., (field) < n < uppery,,(field)

This may be written as validMulIm(((object, field),value)).
@ Also see validMul in Ecore.Instance_Model
The examples shown in Figure 3.3 show different multiplicities in instance models. More specifically,

Figure 3.3a shows a type model that specifies a multiplicity of 1..2 for the rel relation. Figure 3.3b and
Figure 3.3d show two instance models that have an invalid multiplicity (too low and too high respectively),
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whereas Figure 3.3c shows an instance model with correct multiplicity (an alternative correct instance
model could have only a single instance of class B).

In order to simplify reasoning over assignments of values, the edgeCount and edge operators are de-
fined. These operators specify the number of relations (and the existence thereof) between any two
objects.

Definition 3.2.17 (Value edges)
Let a,b € Objectyy, and r € Fieldry, where r € fieldspy,(ObjectClassy,,(a)). Furthermore, we define
containerCounty,, (a, r,b) as

containerCounty,, (a,r,b) = Hz eN| ((a,r), [t, (v1,... ,vn>]) € FieldValuer,, A v; = [obj, b]}’

Then edgeCount,, (a,r,b) is defined as

0 if typep,, (1) € Containerrp,
’ A ((a,r),[obj, b]) & FieldValue;,,
edgeCounty,, (a,r,b) = 1 if typep,,(r) & Containery,,

~

A ((a,r
containerCountr,, (a,r,b), otherwise

, [obj, b]) € FieldValuep,,

@ Also see edgeCount in Ecore.Instance_Model

The edge;,, (a,r,b) predicate is defined as
edgey,, (a,r,b) = edgeCount,, (a,r,b) > 1
@ Also see edge in Ecore.Instance_Model

As previously mentioned, the properties specified in a type model must be satisfied by the instance model
in order for it to be valid. For each property, there is a satisfaction formula defined, which must hold
for a given instance model for that instance model to be valid. The following definition specifies such a
formula for each possible property in a type model.

Definition 3.2.18 (Property satisfaction)
Given an instance model Im and a type model Tm, a property p € Propr,, can be satisfied, written as
Im [ p, if the satisfaction formula holds for p.

e The abstract property [abstract, ¢] is satisfied by some instance model Im if none of the objects in
Im is typed by class c.

Formally, the satisfaction formula for Im = [abstract, ¢] is defined as:

Fo € Objectr,, : ObjectClass;,,(0) = ¢

e The containment property [containment, r| is satisfied for an instance model Im when any object
in Im that is the target for a containment relation is contained by no more than one object, and
there are no cycles in the instance model given the containment values.

Let CRpy, = {r | r € Relpy, A [containment, r] € Propr,,} be the set of all containment relations
in a type model T'm. The satisfaction formula for Im |= [containment, 7] is then defined as:

Yo € Objectrm: |{((f0, 1), fo) | ((fo, ff), fv) € FieldValuep,, A [obj, 0] = fo A ff € C’RTm}| <1
A {(fo, o) | ((fo, 1), fv) € FieldValuey,, A ff € C’RTm} is acyclic

o The identity property [identity, ¢, A]. is satisfied for an instance model Im, when for each pair of
objects of class ¢, the values for at least one of the attributes in A is different.
Formally, the satisfaction formula for Im |= [identity, ¢, A] is defined as:
Vo,0 € Objectr,: ObjectClass;,,(0) = ¢ A ObjectClass;,,(0') = ¢

AVa € A: FieldValuer,, ((0,a)) =, FieldValues,,((0, a)
= o0=0
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4 John:Renter > } renter 4 1Roomi 2 o < smallHouse: House | 1 |

name = "John Doe" rents number =1 name = "Small House"
age =24
paymen... = MONTH HE

renter < 2:Room _3: rooms

number =2

rents
<> Jane:Person | 6 | 4 3:Room; 41 oo
name = "Jane Doe" number =3

age =23

Figure 3.4: Model not satisfying the abstract property.

o The keyset property [keyset,r, A] is satisfied for an instance model Im when for each object con-
taining relation r, each pair of objects referenced by r has a different set of values for the attributes
in A. In other words, for each such pair, there is at least one value for the attributes in A that is
different for both objects.

The satisfaction formula for Im = [keyset,r, A] is defined as:

Vo,0',p € Objectry,: r € fieldsr,, (ObjectClass;,, (p))

Aedge;,, (p,T,0) Aedge;,, (p,7,0)
AVa € A: FieldValuey,, ((0,a)) =1, FieldValuer,,((0, a))
—=0=0

e The opposite property [opposite, r, 7’| is satisfied for an instance model Im when for each object o
with a value for r, the referenced objects by r have a value for r', which references object o. In
other words: each object referenced by r must also have a reference v’ that references the source
object that defined r.

Formally, the satisfaction formula for Im |= [opposite, r, '] given an instance is defined as:
Yo, o' € Objectr,,: edgeCounty,, (o0,7,0") = edgeCount,,, (o', 7', 0)

& Also see property_satisfaction in Ecore.Instance_Model

Figure 3.2 shows an example of an instance model that satisfies the [abstract, Person] property, as no
direct instantiations of the Person class exist. On the other hand, Figure 3.4 shows an instance model
that does not satisfy the property, as the Person class has been instantiated (by the object Jane).

Figure 3.5a shows a type model that defines two containment relations, in opposite direction. The
instance model given in Figure 3.5b does not satisfy the satisfaction formula for the containment property,
as there exists a cycle of containment relations. This is corrected in the instance model in Figure 3.5¢,
where such a cycle does not exist (and each object is containment by at most one other object).

To illustrate the satisfaction of a identity property, assume the type model in Figure 3.1 specifies an
identity property for the name and age attributes of the Renter object. Formally, we define the following
property:

[identity, .Renter, {(.Person, name), (.Person, age)}]

The example in Figure 3.6 shows an instance model that does not satisfy the property, as the Renter
objects share the same values for the name and age attributes, but are still identified as different objects.
In Figure 3.2 the values of the name and age attributes are not the same, and thus the property would
be satisfied.

An example of the keyset property is shown in Figure 3.7. In Figure 3.7a, we see the type model of
this example. We assume there exists a class A which can reference objects of class B through relation
rel. Furthermore, we assume that the key field on class B is used as key for the relation rel. In that
case, Figure 3.7b shows a violation of the keyset property, because the 2 objects of type B have the same
value for key. In Figure 3.7c, the property is satisfied as both objects of type B have a different value for
key.

In Figure 3.8, an example model is shown which does not satisfy the opposite property for the rents and
renter relations. Although the number of relations is equal, they do not have the same source and target
objects (in opposite direction). The example model in Figure 3.2 does in fact satisfy the property.

With the previous definitions, it is now possible to define when an instance model itself is valid, given
its type model.
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Figure 3.5: Examples of the containment property.
4+ John1: Renter, 5 | renter 4 1:Room: 2 | ooms 4 SmallHouse: House | 1!
name = "John Doe" rents number = 1 name = "Small House"
age =24 _|
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Figure 3.6: Model not satisfying the identity property.
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Figure 3.7: Examples of the keyset property.

- - -

<4 John: Renter E 5 i renter 4 1: Roomi 2 E rooms <> SmallHouse: House E 1 E
name = "John Doe" number = 1 name = "Small House"
age =24
paymen...= MONTH N
. 13
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number =2
rents

4 . 16 . HV
¥ Jane: Renter | 6 | renter 4 3 Room: 41 [ oms
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age =23

paymen...= MONTH

Figure 3.8: Model not satisfying the opposite property.
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Definition 3.2.19 (Model validity)
An instance model I'm is said to be valid with respect to type model Tm if and only if

o All values are correctly typed: V((obj, field),val) € FieldValuer,, : val :rp, typerp,,(field).
o All container multiplicities are valid: V fv € FieldValuej,, : validMuly,, (fv).
o All properties are satisfied: ¥p € Proprm,: Im = p
o All default values have the correct type: ¥Yc € Constantryy, : DefaultValuer,, (¢) : 1, ConstTyper,,(c).
e T'm is consistent, as defined in Definition 3.2.11.
The validity of Im with respect to T'm is written as T'm F Im.

& Also see instance_model in Ecore.Instance_Model

3.3 GROOVE formalisation

This section discusses a (partial) formalisation of GROOVE. This formalisation is limited to type graphs
and instance graphs, as discussed in Section 2.2. These are the only GROOVE graph types that are
relevant to this thesis.

3.3.1 Definitions

This section discusses some definitions specific to the GROOVE formalisation. The definitions need to
be in place before the formalisations of the different GROOVE graphs are given.

GROOVE internally uses a set of labels Lab for each defined grammar. These labels are used by multiple
graph types of GROOVE, including (but not limited to) type graphs and instance graphs.

Definition 3.3.1 (Labels)
Lab is the set of labels used by GROOVE graphs. It can be subdivided into three sets:

o The set of type labels Lab; C Lab
o The set of edge labels Lab. C Lab
o The set of flag labels Laby C Lab
The intersection of each of the sets Lab,, Laby and Lab. has to be empty:

Lab, N Laby = 0 A Lab, N Labe = O A Laby N Lab, = ()

@ Also see Lab in GROOVE. Type_Graph

The set Lab; will be used to denote the types of nodes in the graph, while the Lab. set will be used to
distinguish between different edges. The Lab; set are labels for particular kind of edges which always
have an identical source and target node. These are used as flags on nodes to indicate that a specific
property holds for a node.

Although the intersection of each of the sets Lab;, Laby and Lab. has to be empty, the sets do not
necessarily form a partition of Lab, as one or more of the subsets can be empty. Furthermore, Lab itself
can be empty if the GROOVE grammar does not define any types, flags or edge labels.

Besides Lab that belongs to a grammar, GROOVE uses a set of reserved primitive type labels Labyyim,
that can never be part of the label set of a grammar.

Definition 3.3.2 (Primitive type labels)
GROOVE has a set of reserved primitive type labels Labyyim,:

Labyyim = {bool, int, real, string}
It should hold that Lab N Labyyim = 0 since the primitive type labels are reserved.
The primitive type labels allow the use of primitive types as attributes and values. The label bool

represents the type for boolean values B, int represents the type for integer values Z, real represents the
type for real numbers R and finally string represents the type for string values S.
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3.3.2 Type graphs

In GROOVE, type graphs are used to constrain the valid instance graphs within the grammar. From a
type graph follows a set of valid instance graphs that can be used for verification.

Definition 3.3.3 (Type graph)
A type graph is modeled as tuple TG:

TG = (NT, ET,C, abs, mult, contains) (3.1)
with

o NT C Lab, U Laby,im s the set of nodes in the type graph. The nodes can consist of type labels
(see Definition 3.3.1) or primitive type labels (see Definition 3.3.2).

e ET C NT x (Labe U Laby) x NT is the set of (directed) edges in the type graph, which is a
set of triples containing the source and target node, as well as the edge label or flag label (see
Definition 3.3.1) used to identify the edge.

e T C NT x NT is the inheritance relation, the set of tuples of nodes between which an inheritance
relation exists.

e abs C NT is the (possibly empty) subset of nodes in the type graph which are considered abstract.
An instance graph cannot instantiate abstract nodes.

e mult : ET = M xM is the function which maps edges to their multiplicity pair. See Definition 3.5.4
for the definition.

e contains C ET is the set of edges which identify an containment relation.

& Also see type_graph in GROOVE.Type_Graph

An example of a type graph is given in Figure 3.9. This example is similar to the type model example
discussed in Section 3.2.2. There is a node House which contains Rooms. A House also has an edge to a
primitive type label string under edge label name which represents the name of the house. Please note
that in the visual representation, syntactic sugar is used to represent this edge. Instead of an extra node
and edge, it is represented as part of the House node. This syntactic sugar can be used for edges to
primitive types and are in reality still treated as an edge to a separate node type. A Room has an edge
number, targeting the primitive type label int, which represents the number of the room within the house.
A Room can be rented by a Renter. The Renters have edges to the Rooms they rented under the edge
label rents, while a Room can access its Renter through the edge with edge label renter. A Renter extends
the abstract Person node type, which has 2 edges age and name, targeting the primitive type labels int
and string respectively. These edges represent the age and the name of the Person. Finally, a Renter has
an edge under the edge label payment interval, which points to a PaymentlInterval node type. This node
type is abstract and the edge should therefore point to one of its subtypes, PaymentIntervalSMONTH or
PaymentintervalfSQUARTER. This represents the interval in which the Renter pays the rent. Notable from
the definition is that the nodes set IV can contain primitive type labels. As a consequence, primitive type
labels need to be added explicitly to a type graph in order to use primitive type values in an instance
graph.

Furthermore, each edge has a multiplicity pair tied to it, which is defined as the mult function in the type
graph definition. The multiplicity pair consists of an incoming multiplicity and an outgoing multiplicity.
The incoming multiplicity determines the allowed amount of nodes that share the same target node with
this edge type. On the other hand, the outgoing multiplicity determines the number of edges a single
source node may have to its target nodes.

Definition 3.3.4 (Multiplicity pair)
A multiplicity pair is defined as a tuple of two multiplicities, Ml x M, in which the first value denotes the
incoming multiplicity and the second value the outgoing multiplicity.

For any multiplicity pair, we define two functions:

n:MxM=M
out: M x M = M

The in function being the function which from a multiplicity pair returns the incoming multiplicity and
the out function being the function that returns the outgoing multiplicity, so:

Ym = (Min, Moyt) € multyg : in(m) = mg, Aout(m) = mey:
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NTpe = {House, Paymentlinterval, Paymentinterval SMONTH,
PaymentIntervalSQUARTER, Person, Renter, Room, int, string }

House
name: string

Person
age: int
name: string

t

rooms

Room |  renter
number: int|____—rents

JAN

payment interval

Paymentinterval

PaymentIntervalSMONTH ‘ ’ PaymentintervalSQUARTER

(a) Type graph in GROOVESs visual notation. Multiplicities are omitted for clarity.

ETre = {(House, name, string), (House, rooms, Room),

Ere

absTG

multye = {((House, name, string), (0..x, 1..1)), ((House, rooms, Room), (1..1, 1..%)),
((Person, age, int), (0..x,1..1)), ((Person, name, string), (0..%, 1..1)),

containsra

(Person, age, int), (Person, name, string),

Renter, payment __interval, Paymentinterval), (Renter, rents, Room),

Room, number, int), (Room, renter,

(
(

= {(House, House), (PaymentInterval, Paymentinterval),
(PaymentIntervalSMONTH, Paymentinterval),
(PaymentintervalBMONTH, PaymentIntervalSMONTH),
(PaymentlIntervalSQUARTER, Paymentlnterval),
(PaymentIntervalSQUARTER, PaymentInterval lSQUARTER),

Renter)}

(Person, Person), (Renter, Person), (Renter, Renter), (Room, Room), (int, int), (string, string) }

= {Paymentinterval, Person}

(
((
((Renter, rents, Room), (0..%,0..%)),
((

= {(

House, rooms, Room)}

(b) Formal definition of the type graph

Figure 3.9: Example of a type graph corresponding with Definition 3.3.3

Renter, payment _interval, Paymentlinterval), (0..x, 1..1)),

Room, number, int), (0..x,1..1)), ((Room, renter, Renter), (0..%,0..1)) }

Page 40



T
.

?

f

() Valid type graph without ambiguity (b) Invalid type graph with an ambiguous edge type

labelled f

Figure 3.10: Example of ambiguity within edge types

& Also see multiplicity_pair in GROOVE.Multiplicity_Pair

With all definitions in place, it is possible to define a valid type graph. The definition of a valid type
graph introduces some new constraint that should hold for a type graph to be valid.

Definition 3.3.5 (Type graph validity)
For a type graph to be valid, the following properties must hold:

1. There may not be any ambiguity in the use of edges: Y(s1,l,t1) € ETrg A (s2,l,t2) € ETpg :
((s1,52) € Cre V (s2,51) € Cre) A ((t1,t2) € Cra V (2, t1) € Crg) = s1 = s2 Aty = to.

2. Flags should have the same source and target node: ¥(s,1,t) € ETrq : | € Laby = s = t.

3. Crg is a partial order (Crq is reflexive, transitive and anti-symmetric on N).

4. The incoming multiplicities of edges that identify a containment relation are valid: Ve € containsrg :
in(multrg(e)) = (0,1) Vin(multrg(e)) = (1,1).

& Also see type_graph in GROOVE.Type_Graph

The last 3 properties presented here are mostly self-explanatory. The first property might be unclear
at first. This property prevents type graphs from having ambiguous edge types. Figure 3.10 shows an
example of such an ambiguity. In essence, when creating edges within an instance graph, there should
be an unique solution for typing the edge. In Figure 3.10a, this is always the case, even though both
edges are labelled f. If an edge labelled f references a node of type B, then the edge type should be
(Y,f,B). When an edge labelled f references a node of type A, the edge type should be (X,f,A). There
is no ambiguity possible.

Figure 3.10b shows an example of a type graph where ambiguity is possible. When a node of type Y
references a node of B using an edge labelled f, it is unclear which edge type was meant. Both (Y, f,B)
and (X, f,A) would be valid edge types here. This means there is ambiguity in how edges are typed.
The first property of Definition 3.3.5 excludes this case, since (Y,f,B) and (X,f,A) are both edge types,
while (Y,X) € Cp¢ and (B,A) € Cprg. Then according to the first property, Y should be equal to X
and B should be equal to A, which is not the case, so Figure 3.10b violates the first property, hence the
example is invalid.

3.3.3 Instance graphs

Before giving a formal definition of instance graphs, the set Node for a grammar needs to be defined.
Node is the set of possible nodes that can be part of an instance graph.

Definition 3.3.6 (Node)
We define a set Node containing all possible instance nodes. Node can be subdivided into two disjoint
and covering sets

e Node; is the set of typed nodes for every label in Lab;
e Node, is the set of typed nodes for every label in Labpyim

By definition, there exists a mapping for each element in Node; to an element in Lab; and a mapping
for each element in Node, to Labpiy,. We call the mapping nodeType:

nodeType : (Node, = Lab,) U (Node, = Labp,im)

Furthermore, the set Node, can also be mapped to actual data values in GROOVE by the function value.

value : Node, — BUZURUS
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& Also see Node in GROOVE. Instance_Graph

Besides the set of nodes, GROOVE also has a set Id, which is a set of identifiers that can be used to
assign each node a unique identifier.

Definition 3.3.7 (Identifiers)
Define a global set Id which consists of unique identifiers.

With these definitions, it is possible to define an instance graph in GROOVE.

Definition 3.3.8 (Instance graph)
An instance graph corresponding to a type graph TG is modeled as tuple IG:

IG = (N, E,ident) (3.2)

where
e N C Node, U Node, is the set of nodes in the instance graph.

o FEC N X ETpg X N is the set of edges in the instance graph. They consist of a source and target
node from N and are typed by an edge from the corresponding type graph.

e ident : Id = (N N Node;) is a partial injective function which maps selected identifiers from the
set Id to a node from N typed by a label in Lab;.

@ Also see instance_graph in GROOVE.Instance_Graph

An example of an instance graph is given in Figure 3.11. This instance graph is typed by the type graph
in the example in Figure 3.9. As we can see, there is one node typed House, three nodes typed Room
and two nodes typed Renter. The node typed House is identified by identifier ‘TwoRem’ and is named
“Small House” and contains all the three room nodes. The first two nodes that are typed room Room
have identifiers ‘Longhorn’ and ‘Shorthorn’ and are rented by the first Renter identified as ‘Renterl’, as
is visible from the rents and renter edges. The last node typed Room has identifier ‘onghornLay’ and is
rented by the second Renter identified as ‘Renter2’. Please note how the instance graph only has one
instance of PaymentintervalSMONTH which is reused by both Renter nodes. Also, notice how there is no
instance of PaymentIntervalQUARTER since there is no Renter referencing it. Also notice how the Renter
typed objects now have an age and name edge, which are inherited from the Person node type.

As we have seen in the example, all nodes and edges in the instance graph are typed based on the types
defined in its type graph. We define two functions for mapping nodes and edges to their type in the
type graph. The nodes in the instance graph can be mapped to their type in the type graph using the
function type,,, while edges in the instance graph can be mapped to their type in the type graph using
the function type,.

Definition 3.3.9 (Types)
The type of a node in the instance graph can be determined using type,,
type,, : Nig = Lab; U Laby,im
for which holds that ¥n € Ni¢ : type,,(n) = nodeType(n).
The type of an edge in the instance graph can be determined using type,
type,. : Er¢ = ETrq

for which holds that Ve = (src, etype, tgt) € Erq : type,(e) = etype

Since instance graphs are typed by a corresponding type graph, the type graph imposes some constraints
on the instance graph to ensure that the instance graph is valid. If any of these constraints are violated,
the instance graph is considered invalid.

Definition 3.3.10 (Instance graph validity)
An instance graph is valid if the following constraints hold:

1. The nodes must be properly typed: ¥n € Nig: type,(n) € NTrq.
2. The source of each edge must be properly typed: Ve € Erq: type, (src(e)) Cre src(typee(e)).
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Renterl : Renter

age = 24 renter Longhorn : Room
name = "J.A." rents
H rents rooms
payment _interval Tenter
PaymentlntervalSMONTH] Shorthorn : Room rooms TWORim: House \
\ number = 2 name = "Small House
payment interval
- rooms
Renter2 : Renter
age = 23 renter onghornlLay : Room
name — "M.S." rents number = 3

(a) Instance graph in GROOVEs visual notation

Nig = {house, payintervalmonth, renterl, renter2, room1, room2, room3,
1,2,3,23,24,“J.A.7,“M.S.”, “Small House”}
type, = {(house, House), (payintervalmonth, PaymentlntervalSMONTH),
(renterl, Renter), (renter2, Renter), (rooml, Room), (room2, Room), (room3, Room),
(1,int), (2,int), (3,int), (23,int), (24, int), (“J.A.”, string), (“M.S.”, string), (“Small House”, string) }
Eig = {(house, (House, name, string), “Small House”), (house, (House, rooms, Room), rooml),
(house, (House, rooms, Room), room?2), (house, (House, rooms, Room), rooms3),
renterl, (Person, age, int), 24), (renter2, (Person, age, int), 23),
renterl, (Person, name, string),“J.A.”), (renter2, (Person, name, string),“M.S.”),
, (Renter, payment _interval, PaymentlInterval), payintervalmanth),
renter2, (Renter, payment _interval, Paymentinterval), payintervalmonth),
, (Renter, rents, Room), rooml), (renterl, (Renter, rents, Room), room2),
renter2, (Renter, rents, Room), 7"00m3)7 (roomL (Room, number, int), 1),
room2, (Room, number, int), 2)7 (roomS, (Room, number, int), 3),
room1, (Room, renter, Renter), renter1), (room2, (Room, renter, Renter), renterl),
(room3, (Room, renter, Renter), renter2) }
ident;e = {(TwoRem, house), (Renterl, renterl), (Renter2, renter2),

(Longhorn, room1), (Shorthorn, room2), (onghornLay, room3) }

(b) Formal definition of the instance graph

Figure 3.11: Example of an instance graph corresponding with Definition 3.3.8
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3. The target of each edge must be properly typed: Ve € Erq: type, (tgt(e)) Cro tgt (typee(e)).
4. Abstract types cannot have instances: ¥n € Niq: type, (n) € absrq.

5. The outgoing multiplicity of each edge type must be adhered to: Vet € Elrg : VYn € Nig :
type,,(n) Crg src(et) = |[{e € E1q | src(e) = n A type,(e) = et}| € out(multrg(et)).

6. The incoming multiplicity of each edge type must be adhered to: Vet € ETrg : Vn € Njig :
type,,(n) Crg tgt(et) = |{e € E1¢ | tgt(e) = n Atype.(e) = et}| € in(multrg(et)).

7. Nodes must be contained by at most one other node: ¥n € Niq: |{e € Erq | tgt(e) = n A type,(e) €
containsta | < 1.

8. There may be no cycle between the containment edges in Eig.

& Also see instance_graph in GROOVE.Instance_Graph

The first property just ensures that all nodes in an instance graph are typed by the corresponding type
graph. Figure 3.12 shows an example of an invalid instance graph typed by the type graph of Figure 3.9.
The instance graph is invalid, since the type Kitchen is not defined within the type graph. Changing the
type of this node to Room would make the instance graph valid.

The second and third property ensure that the source and target nodes of edges are correctly typed.
Figure 3.13 shows an example of an invalid instance graph typed by the type graph of Figure 3.9. In this
example, the Room-typed node has a number edge connected to a boolean value. Since the target type
of the (Room, number,int) is an integer, the third property is violated. Therefore, the instance graph is
invalid. Changing the boolean node to any integer node would make the example valid.

The fourth property ensures that an instance graph cannot instantiate abstract node types. Figure 3.14
shows an example of an invalid instance graph typed by the type graph of Figure 3.9. In the example,
the only node in the graph is typed by the Person type. However, the Person type is abstract within the
type graph. Therefore, the fourth property is violated, and the instance graph is invalid. Changing the
type of the node to Renter would make the instance graph valid.

The fifth and sixth property ensure the correctness of multiplicities within an instance graph. The fifth
property ensures that the outgoing multiplicity is not violated. The sixth property ensures that the
incoming multiplicity is not violated. Figure 3.15 shows two instance graphs that are once more typed
by type graph Figure 3.9 but are both invalid. Figure 3.15a violates the fifth property, since the node
typed by type House needs to have at least one outgoing edge labelled rooms to a node of type Room.
Figure 3.15b violates the sixth property, since the node typed by type Room needs to have at least
one incoming edge labelled rooms from a node of type House. Merging these two instance graphs and
adding an edge labelled rooms from the House-typed node to the Room-typed node would result in a
valid instance graph.

The seventh property ensures that nodes can only be contained by one other node. Figure 3.16 shows an
example of an instance graph that is typed by type graph Figure 3.9, but for this example we assume that
Hotel is a defined type similar to House, with the same outgoing edge types and properties. In this case,
the incoming multiplicity property (the sixth property) will not be violated, as (House, rooms, Room) and
(Hotel, rooms, Room) are different edge types with their own incoming multiplicity. However, the example
is still invalid. (House, rooms, Room) and (Hotel, rooms, Room) are both containment edges, which means
that the Room-typed node now has 2 incoming containment edges. The seventh property prohibits this,
and therefore the example is invalid.

The eighth and final property ensures that there are no cycles in the containment edges of an instance
graph. Consider the instance graph shown in Figure 3.17b with is typed by type graph Figure 3.17a.
This instance graph is valid, as there is no cycle in the containment edges. However, the instance graph
shown in Figure 3.17c¢ is invalid, because it has a cycle in the containment edges. This violates the eighth
property and is therefore invalid.

Page 44



House
name = "Other house"

|

rooms

Kitchen
number = 1

Figure 3.12: Invalid instance graph with improper node types

House
name = "Other house"

rooms

Room
number = true

Figure 3.13: Invalid instance graph with improper type for the target of edge number

Person

age =25
name = "L.M."

Figure 3.14: Invalid instance graph with node of type Person

House Room
name = "Other house" number = 1
(a) Outgoing multiplicity violated (b) Incoming multiplicity violated

Figure 3.15: Invalid instance graphs with their multiplicity constraints violated

House Hotel
name = "Other house" name = "Some fancy Hotel"
rooms rooms

Room
number = 1

Figure 3.16: Invalid instance graph with multiple containments for the Room-typed node

T

y X

(a) Type graph

i (A =5 ={g]

@/ (¢) Incorrect use: Cycle present

(b) Correct use: No cycles

Figure 3.17: Example of correct and incorrect use of containment edges
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Chapter 4
Transformation framework

The previous chapter introduced formalisations for GROOVE graphs and Ecore models. These formali-

sations allow us to reason about the GROOVE graphs and Ecore models in a formal way. In this chapter,
these formalisations will be the foundation of a framework that allows for the formalisation of model

transformations between Ecore and GROOVE.

Creating a formal transformation between Ecore models and GROOVE graphs is non-trivial, first and
foremost because Ecore has more instrumentation to express individual elements that GROOVE cannot
express directly. For example, Ecore models can directly express enumeration types and values, whereas

GROOVE cannot. The same holds for properties related to relations and attributes, as well as user-
defined data types and constants. This difference in instrumentation can be solved using encodings,

which the transformation framework should support.
infinite number of possible transformation functions. Because of the existence of infinitely many models

and graphs, there is also an infinite number of model transformations possible. Since it is impractical to
prove the correctness of each transformation function, a more systematic solution is needed. As discussed
This composability allows the user to

Another complexity with a formal transformation between Ecore models and GROOVE graphs is the
in Section 1.3, the transformation framework will be structured such that individual transformation

functions can be composed while preserving the correctness.
combine simple transformations into more substantial transformations, without the need of proving

these transformations separately.

Section 4.1 explains how encodings are used to deal with the elements that GROOVE cannot express
directly. Section 4.2 explains the structure of the transformation framework, which is set up to allow the
composability of transformation functions. The remaining sections in this chapter further explain how

to apply this structure.

4.1 Encodings

As explained earlier, GROOVE graphs cannot express all elements of Ecore directly. A way to deal with
the limitations of GROOVE graphs is by using encodings for these Ecore elements. By encoding, we
mean expressing these Ecore model elements as one or more GROOVE graph elements, which preserve

all information. The set of GROOVE graph elements then represents a code for the corresponding Ecore

For example, consider an enumeration type in Ecore, EnumExample, given in Figure 4.1. GROOVE has no

element.
direct way to express enumerations. However, we can use different encodings to express the enumeration
type indirectly. One of such encodings would be to create an abstract node type for the enumeration type
and then create a separate node type for each of the values corresponding to the enumeration type. Each
of these node types then inherits from the abstract enumeration node type created earlier. An example

<> EnumExample

= LITERAL_A
= LITERAL_B
= LITERAL_C

Figure 4.1: Example of an enumeration type in Ecore notation
Page 46



EnumExampleSLITERAL_A|  |EnumExampleSLITERAL_B|  |EnumExampleSLITERAL_C

EnumExample

(a) GROOVE type graph

[EnumExampleSLITERAL_C| [EnumExampleSLITERAL A | | EnumExampleSLITERAL_B

(b) GROOVE instance graph

Figure 4.2: Encoding of the EnumExample enumeration type as different nodes types

EnumExample
LITERAL A
LITERAL B
LITERAL C

(a) GROOVE type graph

EnumExample EnumExample EnumExample
LITERAL_A LITERAL B LITERAL C

(b) GROOVE instance graph

Figure 4.3: Encoding of the EnumExample enumeration type as one type with multiple flags

of this specific encoding is given in Figure 4.2. Within an instance graph, each value of an enumeration
type is expressed by creating a single node. Each of these nodes is typed by the value node types created
earlier. When referencing a value, an edge to the corresponding node can be created.

Another possible encoding uses flags in GROOVE. In that case, a single node type is created for the
enumeration type. This node type gets multiple flags, one for each possible enumeration value. An
example of this is shown in Figure 4.3a. Within an instance graph, a node is created for each value of
the enumeration type. Each of these nodes is typed by the enumeration node type and has a single flag
corresponding to the value. An example of these instances is given in Figure 4.3b. This way, each node
expresses one value of the enumeration type. When referencing an enumeration value, an edge to the
corresponding node can be created.

As the previous examples have shown, creating encodings allows for expressing elements that are unique
to Ecore in GROOVE. Moreover, each of these elements might correspond to multiple encodings. The
examples for enumeration types presented earlier are non-exhaustive. There are more encodings for
enumeration types possible. In other words, there is no single encoding for each element. The choice
between different encodings depends on the user, as each encoding might have its advantages and disad-
vantages.

4.2 Structure

Creating a transformation function between Ecore models and GROOVE graphs is a difficult task be-
cause there are infinitely many possible transformations that vary in complexity. Complexity in these
transformation functions is created by the validity constraints of Ecore models and GROOVE graphs.
Another factor that adds complexity is the possibility to mix encodings. For example, a transformation
function might encode enumeration type A different from enumeration type B.

The transformation framework presented in this chapter deals with the complexity by providing a struc-
ture for building transformation functions out of smaller building blocks. The framework starts with a
trivial transformation (the transformation between an empty model and an empty graph). It then adds
elements to this transformation, such that we build the model and graph iteratively. When applying each
building block, the transformation function is extended while preserving its correctness. Furthermore,
the framework ensures that when applying each building block, the correctness of both the model and
graph is preserved.
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Figure 4.4: General structure for building a transformation function

In order for the framework to guarantee these properties, the smaller building blocks are applied in a
general structure. A visualisation of this structure is given in Figure 4.4. The structure assumes that
we have a partially build model M 4, which is valid and corresponds to a valid graph G 4 under a certain
bijective transformation function f4. In other words, fa transforms model M4 to graph G4 and the
inverse of fa transforms graph G4 to model M 4.

The next step is to add a building block. This building block is represented by valid model Mp, which
corresponds to a valid graph G under a specific bijective transformation function fp. Furthermore, we
assume that M4 and Mp are entirely distinct except for some set of elements E, which are the only
shared elements among the models M4 and Mp. In the same way, we assume that graphs G 4 and Gp
are entirely distinct except for a set of nodes N, which are the only shared nodes between graphs G 4
and Gp. Finally, there also exists a specific bijective transformation function f, which transforms the
set of elements F to the set of nodes N and vice-versa.

Within the framework, we will present a way to merge models M4 and Mp into a model M 45, while
preserving validity. We also present a way to merge graphs G 4 and G intro graph G 4p, again while
preserving validity. Then we present a way to merge two transformation functions f4 and fp in order to
create a transformation function f4 LI fg, which transforms the combined model M4p to the combined
graph G ap. By performing these operations, a larger transformation function is created which can
transform the larger model Map to the larger graph Gap. Since Map and Gap are valid and fa U fp
is a bijective transformation function between model M4p and graph G ap, it is possible to reuse them
as the next M4, G4 and f4 in the model and add another building block. This way, complex model
structures and transformation functions are created iteratively while each step in the process maintains
a formal proof.

In the following sections, the explained structure is applied to type models and type graphs, and then
also to instance models and instance graphs. These sections also discuss the necessary definitions and
proofs needed to apply the framework.

4.3 Type models and type graphs

In this section, the proposed framework structure is applied to type models and type graphs. First, the
general structure and its requirements are discussed. Then the required definitions and theorems are
given.

Figure 4.5 shows an alternation of the structure proposed in Section 4.2 applied to type models and
type graphs. As before, type model T'm 4 represents the partially build model which corresponds to type
graph TG 4 under the transformation function f4. Type model T'mp represents the next building block
to add to this model. It corresponds to type graph T'Gp under the bijective transformation function

[

Type models T'm 4 and T'mp are entirely distinct except for a set types 7', which means T C Typerm , A
T C Typerm,- In a similar way, type graphs TG4 and T'Gp are entirely distinct except for a set of
node types N, so N C NTrg, AN C NTrg,.

Type models T'm 4 and T'mp are combined into type model T'm 4 g using Definition 4.3.1. In a similar way
type graphs TG 4 and T'G g are combined into type graph T'G 4 using Definition 4.3.14. Lemma 4.3.12
and Lemma 4.3.23 respectively show that Tmap and TG ap are valid. Then Definition 4.3.26 and
Definition 4.3.31 can be used to merge the transformation functions fs and fp into fa U fp, where
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Figure 4.5: Structure for transforming between type models and type graphs

Theorem 4.3.28 and Theorem 4.3.29 show that f4 U fp is again a valid transformation function trans-
forming Tmap to TG 4. Similarly, Theorem 4.3.35 and Theorem 4.3.36 show that the inverse function
of falU fp is again a valid transformation function transforming TG ap to Tmap.

4.3.1 Combining type models

The structure of Figure 4.5 shows that the type models Tm 4 and T'mp are combined into one type
model T'm 4. This section provides the definition of this combination and its corresponding theorems.
Please note that the definitions presented here are as generic as possible, and do not actively take into
account that Tma and T'mpg are mostly distinct. This bit of information is added later as part of a
theorem and proof.

Definition 4.3.1 (Combination function on type models)
combine s a binary function on two type models which combines two type models into one type model.
It is defined as follows:

combine(Tma,Tmp) = (Class = Classrm,, U Classrm,
Enum = Enumpm, U Enumaqn,
UserDataType = UserDataTypery, , U UserDataTyperm
Field = Fieldpy, ,, U Fieldpm,,
FieldSig = fieldsig_combine(T'm 4, Tmp)
EnumValue = EnumV aluerny, , U EnumV aluer,
Inh = Inhry, UInhrp,,
Prop = prop_combine(T'ma, Tmpg)
Constant = Constantr, , U Constantrm,,

ConstType = consttype combine(T'm4,Tmpg))

In which fieldsig _combine is given as part of Definition 4.3.2, prop_combine as part of Definition 4.5.4
and consttype _combine as part of Definition 4.3.3.

& Also see tmod_combine in Ecore.Type_Model_Combination

The combination of two type models is rather simple in its definition, at least for all the sets defined
as part of a type model. Intuitively, the definition makes sense. To combine two type models, we need
the types from both type models, so we merge the classes, enumerations types, enumeration values and
user-defined data types. The constants should also be preserved, so these are merged too. To preserve
all attributes and relations, we merge the set of fields and the inheritance relation as well.

Merging the different functions is done by using a new function. First, the combination of field signatures
will be discussed.

Definition 4.3.2 (Combination function for field signatures)
fieldsig _combine is a partial function on two type models which returns a new function Fieldrpy, ,, =
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Ha [3..6] x Hs A [1.4] x =R

(a) First type model T'ma (b) Second type model T'm 4

Ha [3.4] x Hs

(c) Combined type model Tmagp

Figure 4.6: Combination of field signatures when field is present in both type models

(T'yperm ,n X M). It is defined as follows:

fieldsig_combine(T'ma, Tmg, f) =

s iff € Fieldry,, N Fieldrm, Atyper,, , (f) = typer,,, (f)
FieldSigr,, , (f) iff € Fieldry,, \ Fieldrmy
FieldSigr,, , (f) iff € Fieldrm,, \ Fieldrm,

where

s= (typeTmA (), (max (lower(FieldSigy,, , (f)), lower(FieldSigy,, . (f))) --

min (upper(FieldSingA (f)), upper(FieldSigy,, , (f))) ) )

@ Also see tmod_combine_fieldsig n Ecore.Type_Model_Combination

Although the above definition looks quite complex, the intuition behind it is straightforward. For a field
that only occurs in type model T'm 4, the field signature over from T'm 4 is copied. For a field that only
occurs in T'mpg, the field signature from T'mpg is copied. In the case that a field occurs in both T'm 4
and T'mpg, it should be the case that the type of the fields is the same. If this is indeed the case, the
field type is copied, and a new multiplicity is created. This multiplicity takes the maximum of the lower
bounds of the field in Tm 4 and T'mp as new lower bound, and the minimum of the upper bounds of the
field in Tm and T'mp as new upper bound.

An example of the combination of two field signatures in the case of a field being present in both T'm 4
and T'mp is given in Figure 4.6. It is possible to combine the field x, since in both T'm 4 and T'm g field x
references class type B. The multiplicity for both field signatures is different and is combined as defined.
The maximum of the lower bounds is taken, which results in max(3,1) = 3. Furthermore, the minimum
of the upper bounds is taken, which results in min(6,4) = 4. Therefore the multiplicity of x in Tmap
will become 3..4.

Besides a function for field signatures, a type model also defines a function for constant types. The
combination of constant types is discussed in the next definition.

Definition 4.3.3 (Combination function for constant types)
consttype_combine is a partial function on two type models which returns a new function
Constantrm ., = Typerm, - It is defined as follows:

consttype combine(T'ma, Tmpg,c) =

ConstTyper,, ,(c) if c € Constantry,, N Constantr,,, A ConstTyper,, , (c) = ConstTyper,, . (c)
ConstTyper,,, (c) if c € Constantry, \ Constantry,

ConstTyper,,,(c) if ¢ € Constantry, \ Constantry, ,
& Also see tmod_combine_const_type in Ecore.Type_Model_Combination

The definition of the combination of constant types is similar to the combination of field signatures. The
combination of constant types is less complicated because there is no notion of multiplicities involved.
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By definition, if a constant only occurs in T'm 4, the constant type of T'm 4 is copied. For constants that
only occur in Tmp, the constant type of T'mp is copied. In case that a constant occurs in both T'm 4
and T'mp, the constant is copied if the constant types for that constant are the same in both Tm 4 and
TTI’LB.

The last definition that remains to be given is the definition of combining the set of properties. The set
of properties cannot be united by merely taking the union of Propr.,,, and Proprp,, since this might
invalidate the satisfaction of these properties on the level of an instance graph. Instead, the inductive
set prop_combine is defined to specify under which circumstances a property can be combined.

Definition 4.3.4 (Combination of model properties)
prop_combine(T'ma,Tmpg) is defined as a subset of Propr,,, U Propr,,. The contents of the set are
then defined as follows:

For abstract properties:

[abstract, c] € Proprm, c & Classrmp [abstract, ¢] € Proprm, c & Classrm,
[abstract, ¢] € prop combine(T'm 4, Tmpg) [abstract, ¢] € prop combine(T'm 4, Tmpg)
[abstract, ¢] € Proprm, [abstract, ¢] € Proprm,,

[abstract, ¢] € prop_combine(T'm 4, Tmp)

For containment properties:

[containment, 7] € Proprm , [containment, 7] € Proprmy

[containment, r] € prop_combine(T'm 4, Tmpg) [containment, 7] € prop_combine(T'm 4, Tmpg)

For defaultValue properties:

[defaultValue, f,v] € Proprm, f & Fieldrp, [defaultValue, f,v] € Proprm, f & Fieldpp,,
[defaultValue, f,v] € prop_combine(T'ma, Tmp) [defaultValue, f, v] € prop_combine(Tma, Tmpg)
[defaultValue, f,v] € Proprm, [defaultValue, f,v] € Proprm,

[defaultValue, f,v] € prop_combine(Tm 4, Tmg)

For identity properties:

[identity, ¢, A] € Proprm, c & Classrmy [identity, ¢, A] € Proprm, c € Classrm,,
[identity, ¢, A] € prop_combine(T'm 4, Tmp) [identity, ¢, A] € prop_combine(T'm 4, Tmp)
[identity, ¢, A] € Proprm, [identity, ¢, A] € Proprm,

[identity, ¢, A] € prop_combine(T'm, Tmpg)

For keyset properties:

[keyset, r, A] € Proprm, r & Fieldrm, [keyset, r, A] € Proprm,, r & Fieldrm ,
[keyset, r, A] € prop_combine(T'ma,T'mpg) [keyset, r, A] € prop_combine(T'ma,Tmpg)
[keyset, r, A] € Proprm, [keyset, 7, A] € Proprmg

[keyset, r, A] € prop_combine(T'ma,Tmpg)

For opposite properties:

[opposite, r1, 2] € Proprm,, rl & Fieldpp,, r2 & Fieldpp,,

[opposite, r1,7r2] € prop combine(T'ma,Tmpg)

[opposite, 71, 2] € Proprm, , rl & Fieldpp,, r2 & Fieldpy, ,
[opposite, 71, r2] € prop_combine(T'm 4, Tmpg)

[opposite, r1, 2] € Proprm, , [opposite, 71, 2] € Proprm

[opposite, r1,72] € prop_combine(T'm 4, Tmpg)
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For readonly properties:

[readonly, f] € Proprm,, f & Fieldrm, [readonly, f] € Proprm, f & Fieldpp,,
[readonly, f] € prop_combine(T'm 4, Tmpg) [readonly, f] € prop_combine(T'm 4, Tmpg)
[readonly, f] € Proprm, [readonly, f] € Proprm,

[readonly, f] € prop_combine(T'm 4, Tmpg)
@ Also see tmod_combine_prop in Ecore.Type_Model_Combination

As can be seen from the definition of prop combine(T'm4,Tmp), properties are only copied under
specific circumstances. For abstract properties, it holds that a class is only abstract in the combination
of Tm 4 and Tmp if the class is abstract in both Tm 4 and T'mp or if the class is abstract in one of
them, and the class does not occur in the other. Intuitively, this makes sense for correctness. If a class
is abstract in both type models, there will not be instances of that class in any of the combined instance
models type by those type models. The same holds if the class only occurs in one of the type models, as
an instance model cannot contain an instance of a class that is not present in its type model.

For the containment property, it holds that the containment property is always copied over. There are
no other conditions here. If there is a containment property in Propry,, U Proprm,, it will also be in
the combination of Tm4 and Tmp.

A default value property is copied over from one of the type models if the other type model does not have
the corresponding field defined. Furthermore, a default value may be in the combination of properties
of Tm and T'mp if the field occurs in both, and both have the same constant set as the default value
for the field. Intuitively, this last requirement makes sense. If we set a default value for a field within a
type model, it should not change after combining the type model with another type model, as instance
models might depend on the default value set for that field.

Identity properties follow a similar pattern to default value properties. An identity is copied over from
one of the type models if the corresponding class is not defined in the other type model. Furthermore,
an identity can be preserved if it is set for the same class and attributes in both type models. Again,
intuitively, this is the desired solution. If a type model has a class of which a set of attributes can uniquely
define the instances, then this should also be the case after the combination with another type model.
Merging two sets of attributes might have preserved the identity property as well, but this would be a
questionable decision from a practical standpoint, as this means that the identity of instances changes,
which makes no sense in real-world scenarios.

The argumentation for identity properties also holds for keyset properties. Therefore these follow a
similar pattern, in which the keyset properties of a type model are only copied if the corresponding
field does not occur in the other type model, or if the keyset property for a field occurs with the same
attributes in both type models.

The opposite property is preserved if it occurs in a type model, but the other type model does not define
both of the corresponding fields. Alternatively, the property is preserved if it occurs in both type models
with the same fields. All different ways to combine an opposite property would result in an invalid type
model according to Definition 3.2.11, which is undesired.

The read-only properties follow a similar pattern to the abstract properties. If a field is read-only in
both type models, then it is read-only in the combination. Furthermore, if a field is read-only in one of
the type models and the field is not defined in the other type model, then the read-only property can be
copied too.

With all definitions in place, it is possible to provide a larger example. Suppose the model of a multi-
protocol chat application. It consists of Threads of Messages. Since the application is multi-protocol,
each Thread can use one of the supported Protocols. The formal definition of the model of such an
application could be as follows:
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 Thread

=3 id : EString
proto : Protocol =
IRC

|

> Protocol

= IRC
MTPROTO
BLUB-E

£ Message

[0..*] messages

3 text: EString

(a) The chat application model Tmchat

[ E contact ]

= name : EString
id:
ProtocolSpecificld

[0..1] contact

[  Thread ]

3 ProtocolSpecificld

Jjava.lang.Object

(b) The contact extension model Tmgztension

L

[ ] contact

3 name : EString

[0..1] contact

—

 Thread ]

=3 id : EString
proto : Protocol =
IRC

|

5 ProtocolSpecificld

Java.lang.Object

> Protocol

= IRC
MTPROTO
BLUB-E

£ Message

[0..*] messages

3 text: EString

(c) The extended chat application model TmchatEat

Figure 4.7: Example of the combination of type models
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Tmconat = Class = {.Message, .Thread}
Enum = {.Protocol}
UserDataType = {}
Field = {(.Message, text), (.Thread, id), (.Thread, messages), (. Thread, proto) }
FieldSig = {((.Message, text), (string, 1..1)), ((.Thread, id), (string, 1..1)),
((.Thread, messages), ([seqof, |.Message], 0..x)),
((.Thread, proto), (.Protocol, 1..1)) ) }
EnumValue = {(.Protocol, IRC), (.Protocol, MTPROTO), (.Protocol, BLUB—E)}
Inh = {}
Prop = {(identity, .Message, {(.Thread,id)}) }
Constant = {}
ConstType = {}

An visual representation of Tmcpe: is included as Figure 4.7a. Now, assume a model that represents
an extension to this application, adding support for Contacts. Each thread can belong to a Contact. A
Contact has a name and some identifier that is protocol specific. For that identifier, the user-defined
data type ProtocolSpecificld is introduced. This extension could formally be defined as:

TmEatension = ( Class = {.Contact,.Thread}
Enum = {}
UserDataType = {.ProtocolSpecificld}
Field = {(.Contact, name), (.Contact, id), (. Thread, contact)}
FieldSig = {((.Contact, name), (string, 1..1)),
((.Contact, id), (.ProtocolSpecificld, 1..1)),

((.Thread, contact), (?.Contact,0..1))) }
EnumValue = {}

Inh ={}

Prop = {(identity, .Contact, {(.Contact, |d)})}
Constant = {}

ConstType = {}

The visual representation of the extension is included as Figure 4.7b. Now, using Definition 4.3.1, it is
possible to combine these models into one model. This will yield the following model:
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Tmchatbzt = Class = {.Contact, .Message, . Thread}
Enum = {.Protocol}
UserDataType = {.ProtocolSpecificld}
Field = {(.Contact, name), (.Contact, id), (.Message, text),
(.Thread, contact), (. Thread, id), (. Thread, messages),
(.Thread, proto)}
FieldSig = {((.Contact, name), (string, 1..1)),
((.Contact, id), (.ProtocolSpecificld, 1..1)),
((.Message, text), (string, 1..1)),
((.Thread, contact), (?.Contact, 0..1))),
((.Thread, id), (string, 1..1)),
((.Thread, messages), ([seqof, |.Message], 0..%)),
((.Thread, proto), (.Protocol, 1..1))) }
EnumValue = {(.Protocol, IRC), (.Protocol, MTPROTO), (.Protocol, BLUB—E)}
Inh = {}
Prop = {(identity, .Contact, {(.Contact, id)}),
(identity, .Message, {(.Thread, id)}) }
Constant = {}
ConstType = {}

A visual representation of this combined model is included as Figure 4.7c. The example perfectly shows
why the combination of type models is useful: It allows for building larger models out of smaller building
blocks. This is the exact goal of this definition within the transformation framework.

Although the definitions of the combination of type models are given, no mathematical properties or
theorems are defined yet. Some mathematical properties hold for the combination of type models, that
will be presented in the following theorems.

Theorem 4.3.5 (Commutativity of the combination of type models)
Assume that Tma and T'mp are type models, then the combine function is commutative:

combine(T'm4, Tmp) = combine(T'mp, Tm )

& Also see tmod_combine_commute in Ecore.Type_Model_Combination

Theorem 4.3.6 (Associativity of the combination of type models)
Assume that Tma, Tmp and T'me are type models, then the combine function is associative:

combine(combine(Tm 4, Tmp), Tme) = combine(T'm 4, combine(T'mp, Tmc))

& Also see tmod_combine_assoc in Ecore.Type_Model_Combination

Theorem 4.3.7 (Idempotence of the combination of type models)
Assume that Tm 4 is a type model and that it is consistent in the sense of Definition 3.2.11. Then the
following property holds:

combine(T'ma, Tma) =Tma

@ Also see tmod_combine_idemp_alt in Ecore.Type_Model_Combination
These properties follow directly from Definition 4.3.1, but the corresponding proofs will not be included

here. It should be noted that these properties are indeed proven correct as part of this thesis, and the
corresponding proofs are validated within Isabelle.

Besides these properties, the combination of type models also has an identity element. The empty type
model represents this identity element, but it needs to be defined first:

Page 55



Definition 4.3.8 (Empty type model)
Let Tm. be the empty type model. Tm. is defined as:

Tme = (Class = {}

Enum = {}
UserDataType = {}
Field = {}

FieldSig = unde fined
EnumValue = {}

Inh ={}

Prop={}

Constant = {}
ConstType = unde fined)

Theorem 4.3.9 (Correctness of the empty type model)
The empty type model, Tm., is consistent with respect to Definition 3.2.11.

& Also see tmod_empty_correct in Ecore.Type_Model

The proof for the correctness of the empty type model is trivial. Still, a validated version of this proof
can be found within the Isabelle theories of this thesis.

As mentioned earlier, the empty type model acts as an identity element when combining two type models.
The following theorem specifies this behaviour.

Theorem 4.3.10 (Identity of the combination of type models)
Assume that T'my is a type model and that it is consistent in the sense of Definition 3.2.11. Then T'm,
acts as an identity element in the combination function:

combine(Tme, Tma) = Tma

@ Also see tmod_combine_identity_alt in Ecore.Type_Model_Combination

Once more, the proof of this theorem follows directly from the definition. Therefore, the corresponding
proof will not be included here, but a validated version can be found within the Isabelle theories of this
thesis.

A final desired property for the combination of type models is a correctness property. Theorem 4.3.11
defines the theorem under which the combination of type models is a consistent type model. Please note
that this theorem is a generic theorem, which does not take into account that the type models are mostly
distinct.

Theorem 4.3.11 (Consistency of the combination of type models)
Assume that Tma and T'mp are consistent type models in the sense of Definition 3.2.11. Furthermore,
assume the following properties:

o For all shared fields, the type is the same in both type models: Vf € Fieldry,, N Fieldrm, :
typeTmA (f) = typeTmB (f)

o For all shared fields, the combination of the multiplicities is a valid multiplicity: Vf € Fieldrm,, N
Fieldr, , : max (lower(FieldSigy, , (f)), lower(FieldSigyp,, , (f))).. min (upper(FieldSigy,, , (f)),

upper(FieldSigy,, ., (f))) € M

e For all shared constants, the constant type is the same in both models: Vf € Constantry,, N
Constantry, : ConstTyper,, , (f) = ConstTyper,, . (f)

o Identifiers used for a class in Tm cannot be used for an enumeration type or user-defined data
type in IT'mp: Ve € Classtm, : ¢ € Enumpm, A ¢ & UserDataTyper,, -

e [dentifiers used for a class in T'mp cannot be used for an enumeration type or user-defined data
type in T'ma: Ve € Classpm, : ¢ € Enumpm, , N ¢ & User DataTyperm, , -

o Identifiers used for an enumeration type in Tma cannot be used for a class or user-defined data
type in T'mp: Ve € Enumrm,, : ¢ € Classrmy A ¢ & UserDataTyperm,, -

o Identifiers used for an enumeration type in Tmp cannot be used for a class or user-defined data
type in T'ma: Ve € Enumpm, : ¢ € Classrm, N c & User DataTyperm, , -
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o Identifiers from T'ma may not be in the namespace of an identifier in Tmp: Vo € Classpm, U
Enumpm, UUserDataTyperm ,;y € Classrmy U Enumpn,, U UserDataTyperm,, :
x not in the namespace of y

o Identifiers from T'mp may not be in the namespace of an identifier in Tma: Vr € Classrm, U
Enummpy,, UUserDataTypermy;y € Classrm, U Enumpm,, U User DataTyperm , :
x not in the namespace of y

e The transitive closure of the inheritance relation is irreflexive: (Inhrmy, , UInhyy, )" is irreflevive

e For any superclass with an identity, the identity of the subclasses must be a superset of the identity
of the superclass: Yey co Ay Asg: [identity, ¢1, A1] € prop_combine(T'm 4, T'mp) A [identity, co, As] €

prop_combine(T'ma, Tmp) A c1 # ca Aler Ermy, lea Aler Ermg le2 A ler Ecombine(Tma, Tms)
!CQ — ACB

o For all shared fields, if Tma defines a default value, Tmp should define the same default value, and
vice versa: Vf € Fieldpy,, N Fieldpy,, : [defaultValue, f,v] € Propr,,, <= [defaultValue, f,v] €
Proprmy -

o For all shared classes, if Tma defines a identity, T'mp should define the same identity, and vice
versa: Yc € Classpm , N Classtm : [identity, ¢, A] € Propr,,, <= lidentity, ¢, A] € Proprm,, -

e For all shared fields, if Tm 4 defines a keyset, T'mp should define the same keyset, and vice versa:
Vr € Fieldpm ,, N Fieldpy,, : [keyset,r, A] € Propry,, <= [keyset,r, A] € Proprp,, -

o For all shared fields, if Tmy defines an opposite property, T'mp should define the same oppo-
site property, and vice versa: Vr € Fieldry,, N Fieldry,, : [opposite,r,r'] € Proprm, <
[opposite, 7, 7] € Proprm,,

Then combine(T'ma, Tmp) is a consistent type model in the sense of Definition 3.2.11
& Also see tmod_combine_correct in Ecore.Type_Model_Combination
Proof. To proof that combine(T'm 4, Tmp) is a consistent type model, it needs to be shown that

combine(Tm 4, Tmp) gives rise to a valid structure for a type model and that Definition 3.2.11 holds.
For readability, define T'map to be combine(T'ma,Tmpg).

Structural properties
o All elements of Classy, ,, are elements of Id.
Follows from Classty,,, C Id and Classrm, C Id.
o All elements of Enumpy, ,, are elements of Id.
Follows from Enumrpy,, C Id and Enumpy,, C Id.
o All elements of UserDataTyper., ,,, are elements of Id.
Follows from UserDataTyperm, C Id and UserDataTypery,, C Id.
o All elements of Fieldry, ,, are elements of (Classrm ,, X Name).

Follows from Fieldry, , C (Classtm , x Name) and Fieldr,, C (Classrm, x Name). To complete
the proof, use Classrm ,, = Classrm, U Classrm,-

e For each field f, FieldSigp,, , . (f) must be an element of (Typerm, ., x M).

First, note that Typerm ,, = Typerm, U Typermy
(see & tmod_combine_type in Ecore.Type_Model_Combination).

If f € Fieldpm, \ Fieldry,,, then FieldSigy,, , . (f) € (Typerm,, x M).
Similarly, if f € Fieldry,, \ Fieldry, ,, then FieldSigr,, , . (f) € (Typerm,; x M).

If f € Fieldry,, N Fieldry,,,, then typer,,  (f) = typer,,,, (f) by assumption. Also, the combined
multiplicity is correct by assumption. Therefore FieldSigr,, , . (f) € (Typerm,z x M).

o All elements of EnumValuery, ,, are elements of (Enumrm, ,, X Name).

Follows from EnumValuer,,, C (Enumpy,, X Name) and EnumValuery,, C (Enumrg,, X
Name). To complete the proof, use Enumpy, ., = Enumpp,, U Enumr, .

e All elements of Inhry, ,, are elements of (Classtm ,p X ClassTm ,p)-

Follows from Inhp,,, C (Classtm, X Classtm,) and Inhry,, C (Classr,, X Classrmy ). Fur-
thermore, Classrm, ,, = Classrm,, U Classry,-
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o All elements of Proprm, ,, are elements of Propertyrm ,p-
Make a case distinction for the different possible properties.

— For [abstract,c] € Proprm,s, use the fact that ¢ € Classpy,, U Classyy,,. Therefore,
[abstract, ¢] € Propertyrm,, ;-

— For [containment,r] € Proprm,,, use the fact that Relry,,, = Relrm, U Relpp, (see
& tmod_combine_rel in Ecore.Type_Model_Combination). Then have [containment,r] €
Propertyrm ;-

— For [defaultValue, f,v] € Proprm,,, use the fact that f € Fieldpy,, U Fieldpry,, and v €
Constantry, , UConstantry, ;. Using a case disinction on the combination of properties, it is
possible to show that ConstTyper,, , . (V) Ermap tyPer,, ., (f). Therefore, [defaultValue, f,v] €
Propertyrm ;-

— For [identity,c, A] € Proprm,, use the fact that ¢ € Classpy,, U Classyy,, and A C
fieldspm, V A C fieldspy,,. Then have that A C fieldsp, ,, Therefore, [identity,c, A] €
Propertyrm -

— For [keyset,r, A] € Proprm,,, use the fact that Relp,,,, = Relrm, U Relp,, (see &
tmod_combine_rel in Ecore.Type_Model_Combination) to show r € Relry, ,,. Also use the
fact that Attry,, ,, = Attrem, , UAtrr,, to show A C Attrp,, ,, (see & tmod_combine_attr
in Ecore.Type_Model_Combination). Because types are preserved after combining, it is pos-
sible to show that Vf € A: uncontainer(typer,, ,, (7)) Erm,ps classrm,;(f). Furthermore,
tyPery, ., (1) € ({setof,ordof} x ClassTyperm, ). Therefore, [keyset,r, A] € Propertyrm, ,p-

— For [opposite,7,7'] € Proprm.,,, use the fact that Relr,,,, = Relrm, U Relr,, (see &
tmod_combine_rel in Ecore.Type_Model_Combination) to show r € Relr,,,, and v’ €
Relrm, , ,- Because types are preserved after combining, it is possible to show that lcl Cry,, 5
uncontainer(typer,, ,, (7)), '¢2 Eqy, , 5 uncontainer(typer,, , . (7)),

typer, ., (1) & {bagof,seqof} x Typer,,, and finally typerm,,(r’) ¢ {bagof,seqof} x
Typerm ,,- Therefore, [opposite, r, '] € Propertyrm -

— For [readonly, f] € Proprm,s, use the fact that f € Fieldpy,, U Fieldry,,. Therefore,
[readonly, f] € Propertyrm .-

o All elements of Constantry, ,, are elements of Id.
Follows from Constantry,, C Id and Constantr,,, C Id.
e For each constant ¢, ConstTyper,, , . (c) must be an element of Typer, -

First, note that Typerm . = Typerm, U Typermy
(see & tmod_combine_type in Ecore.Type_Model_Combination).

If ¢ € Constantry,, \ Constantry,,, then ConstTyper,, , . (f) € Typerm -
Similarly, if ¢ € Constantry, \ Constantr,,,, then ConstTyper,, , .(c) € Typerm -

If ¢ € Constantry, , N Constantry,,, then ConstTyper,, , (¢) = ConstTyper,, . (c) by assumption.
Therefore ConstTyper,, , . (c) € Typerm ,p-

o Classtm, , 5, DataType, Enumry, ,, and UserDataTyperm ,, are pairwise disjoint.

Notice that Classtm,, DataType, Enumyy,,, User DataTyper.,, are pairwise disjoint. Also,
Classrmy, DataType, Enummpy,, User DataT'yper,,, are pairwise disjoint.

Use that Classtm, ,, = Classtm, U Classtm,, Enumrp,, , = Enumrm,, U Enumpy,,, and
UserDataTyperm, ,, = UserDataTypery,, U UserDataTypersm,,. Use this to split the possible
cases.

Only the case where one element is from Classrm, U Enumpn,, U User DataTyper.,, and one
element is from Classtm,,, U Enumy,, U User DataTyper,,, cannot be proven directly. For this
case, the proof follows from the assumptions.

o None of the elements in Classrm, ,,, DataType, Enumrp, ,, and UserDataTypery, ,, may be in
the namespace of another element in that set.

Use that Classtm ,;, = Classrm, U Classtm,, Enumop, , = Enumpm,, U Enumpy,,, and
UserDataTyperm ,, = UserDataTypery,, U UserDataTypern, . Use this to split the possible
cases.

It is not possible to directly proof the cases where the identifier comes from Classry, , UEnumoy, ,U
UserDataTyper,,, and the namespace comes from Classpp, , U Enumapy, , UUser DataTypery, .
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Furthermore, it is also not possible for the cases where the identifier comes from Classrp,, U
Enumpm, UUserDatalypery,, and the namespace comes from

Classtm , U Enumry, , UUser DataTypery, ,. For these cases, the proof follows from the assump-
tions.

o Inhrm,, is an asymmetric relation, of which the transitive closure is irreflexive.

The transitive closure of Inhry,,, is irreflexive by assumption. Then show that Inhr,,, is an
asymmetric relation using the assumption that the transitive closure of Inhry,,, is irreflexive.

Consistency properties

e For all typer,,, . (f) € DataType U Enumry, ,, U User DataTyperm, ,, U (proper X Classrm ,p ),
it holds that loweryy, ,, (f) = 1.

Use the fact that typer,, ,, (f) = typer,, , (f) or typer,, . (f) = typer,,, (f)-

Iftyper,, ,, (f) = typer,, , (f), then typer,, . . (f) € DataTypeUEnumyy, , ,UU ser DataTyper, , ;U
(proper x Classrm ) only when typer,, (f) € DataType U Enumry,, U User DataTypery,,, U
(proper x Classm , )-

Then if typer,, , (f) € DataType U Enumr,y,,, U User DataTyperm, , U (proper x Classrm, ), then
lowerr,, , (f) = 1. As a consequence, it must be that lowery,, ,,(f) = 1.

If typer,, ,, (f) = typer,, (f), then typer,, . . (f) € DataTypeUEnumsy, ,,UU ser DataTyperm, , ;U
(proper x Classrm, ) only when typer,, . (f) € DataType U Enumgy,, U User DataTyperm,; U
(proper x ClassTmy)-

Then if typer,,, (f) € DataType U Enumry,,, U User DataTyperm, U (proper X Classrp, ), then
lowerp,  (f) = 1. As a consequence, it must be that lowerr,, ,, (f) = 1.

e For all typer,, . (f) € (nullable x Classty, , ), it holds that lowerr, ,, (f) = 0.
Use the fact that typer,, ,, (f) = typern, , (f) or typery, ,, (f) = typer,, (f)-

If typer,, , , (f) = typer,, , (f), then typer,, . . (f) € (nullablexClasspy, ,,, ) only when typer,, , (f) €
(nullable x Classrm,)-

Then if typer,,, (f) € (nullable x Classpy, , ), then lowerr,,, (f) = 0. As a consequence, it must
be that lowerr, , . (f) = 0.

If typep,, ., (f) = typep,, . (f), then typer,, , . (f) € (nullablexClassry, , ;) only when typer,, . (f) €
(nullable x Classrm,y ).

Then if typer,, . (f) € (nullable x Classty, ), then lowerr,,, (f) = 0. As a consequence, it must
be that lowerr,, ,,(f) = 0.

e For all typer,,, . (f) & Containerry, ,,, it holds that upperr,,, . (f) = 1.
Use the fact that typer,, , , (f) = typer,, , (f) or typer,, , , (f) = typer,, (f)-

If typery, ., (f) = typepy,, (f), then typer,,  (f) & Containerry, ,, only when typep,,,(f) &
Containerrm,, -

Then if typer,,, (f) ¢ Containerry,,, then uppers,, ,(f) = 1. As a consequence, must also be
upperyy, . (f) = 1.

If typeTmAB (f) = typeTmB (f)v then typeTmAB (f) ¢ ContainerTmAB Only when typeTm,B (f) g
Containerrm, .

Then if typer,,, (f) & Containerry,,, then uppers,, . (f) = 1. As a consequence, must also be
upperTnLAB (f) =1

e [containment, ] € Proprm ,, N [opposite, 7,7’ € Proprm,, = upperrm ,,(r') = 1.
Use the fact that [containment, r] € Propry, ,,, means that [containment, r] € Proppy, , or [containment, r] €
Proprmg

Also use the fact that [opposite,r,'] € Proprm,, means that [opposite,r,7'] € Proprm, \
Proprmy, [opposite,r, '] € Proprpy,, \ Proprm, or opposite, r,r'] € Proprm, N Proprm, .

Based on these two facts, make a case distinction of all 6 possible cases. The case where [opposite, r, 1] €
Proprm , \ Proprm, and [containment, 7] € Propr.,, is invalid, since r cannot be part of Fieldr,

by definition of the combination of properties. Similarly, the case [opposite,r, '] € Proprm, \
Proprm,, and [containment, 7] € Propry,, is also invalid.

Page 59



For the other cases, at least uppery,, , (') = 1 or upperp,, . (') = 1. The upper bound of 7 in the
other type model may be larger than 1. By the definition of the combination of field signatures,

upperr,, . (r') = 1.
[defaultValue, f,v] € Proprm ,, A [defaultValue, f,v'] € Proprm,, = v ="'

Use the fact that [defaultValue, f,v] € Proprm,, means that [defaultValue, f,v] € Proprm, \
Proprm,, [defaultValue, f,v] € Proprm,, \ Proprm, or [defaultValue, f,v] € Proprm, N Proprm,.

Also use the similar fact for [defaultValue, f,v'] € Proprm -

Now make a case distinction based on these facts. The case where [defaultValue, f,v] € Proprm,., \
Propry,, and [defaultValue, f,v'] € Proprm, \ Proprm, is invalid, since f cannot be part of
Fieldry,, by definition of the combination of properties. Similarly, the case [defaultValue, f,v] €
Proprm,, \ Proprm, and [defaultValue, f,v'] € Proprm., \ Proprm, is also invalid.

In all other cases, use the fact that v = v’ in both Tm 4 and Tmpg to show that v = v’ in Tmyp.
[identity, c1, A1] € Proprm,, A [identity, c2, As] € Proprm s At Crmag lco = A1 C As.
First establish that lc1 T, leo, ler Ty leg or ler Erm, lea Aler Erpy lea.

Then use the fact that [identity, c1, A1] € Proprm,, means that [identity,c1, A1] € Proprm, \
Proprmy, [identity, ¢1, A1] € Proprmys \ Proprm, or [identity, ¢1, A1] € Proprm, N Proprm, .

Also use the similar fact for [identity, co, A2] € Proprm, -

Make a case distinction using the facts above. The case where l¢; Cryy,, leo, [identity, ¢, A1) €
Proprm, \ Proprm, and [identity, ¢, As] € Proprm, \ Proprm, is invalid, since ¢z must be
part of Classr,, to have l¢; Crpyp,, !co. Similarly, the case l¢1 Copy,, leo, [identity, ¢, A1] €
Proprmgs \ Proprm , and [identity, co, As] € Proprm,, \ Proprm, is also invalid.

Furthermore, the case where l¢; Cpyp,, leo and [identity, ¢1, A1] € Proprm, \ Proprm, is invalid,
as well as le; Oy, oo and [identity, ¢1, A1] € Proprm, \ Proprmg

Then solve the proof for all cases where lc; Crpyy, leo or leg Cpyyy leo. In the cases where
ley Epmp leo or ey Epm, lea A ler U, lea, distinguish once more two cases: ¢l = ¢2 and
cl # 2.

In case that ¢l = ¢2, show that when !¢y Crpy, lc2 or leg Ty leg, it cannot be the case that
ey Crm 5 lca because of the reflexitivity of the subtype relation.

Finally, if ¢1 # ¢2, the proof is given by assumption.
[keyset, r, A] € Proprm.,, N [keyset,r, A'] € Proppm, ., — A= A"

Use the fact that [keyset,r, A] € Proprm,, means that [keyset,r, A] € Proprm, \ Proprms,
[keyset, , A] € Proprmy \ Proprm, or [keyset,r, A] € Proprm, N Proprm,.

Also use the similar fact for [keyset,r, A’| € Proprm ,x-

Now make a case distinction based on these facts. The case where [keyset,r, A] € Proprm, \
Proprm,, and [keyset, r, A'] € Proprmy \ Proprm, is invalid, since r cannot be part of Fieldr,,, by
definition of the combination of properties. Similarly, the case [keyset, r, A] € Proprm, \ Proprm,
and [keyset,r, A'] € Proprm, \ Proprm, is also invalid.

In all other cases, use the fact that A = A’ in both Tm 4 and T'mp to show that A = A’ in Tmp.
[opposite, 7, 7' € Proprm ., A [opposite, r,1"'] € Proprm ., = 1" =1".

Use the fact that [opposite, r,7'] € Proprm,, means that [opposite,r,r'] € Proprm, \ Proprm,,
[opposite, 7, 7' € Proprm, \ Proprm, or [opposite,r, '] € Proprm, N Proprm,.

Also use the similar fact for [opposite, r,7""] € Proprm ,5-

Now make a case distinction based on these facts. The case where [opposite,r,7'] € Proprm, \
Proprm,, and [opposite, 7, "] € Proprm, \ Proprm , is invalid, since r cannot be part of Fieldry,
by definition of the combination of properties. Similarly, the case [opposite,r, '] € Proprm, \
Proprm, and [opposite, r,r"'] € Propry,, \ Proprm, is also invalid.

In all other cases, use the fact that v = 7"/ in both Tm 4 and T'mp to show that v’ =" in Tmp.
[opposite, 7, 7'] € Proprm ,, <= [opposite, 7', 1] € Proprm ,p-

Use the fact that [opposite, r,7'] € Proprm,, means that [opposite,r,r'] € Proprm, \ Proprm,,
[opposite, 7, 7' € Proprmy \ Proprm, or [opposite,r, 7] € Proprm , N Proprmy-
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Show that if [opposite,r,7'] € Proprm, \ Proprmg, then [opposite,r’,r] € Proprm, \ Proprmg.
And therefore, [opposite, ', 7] € Proprm, -

Also show that if [opposite, 7, '] € Proprm; \Proprm.,, then [opposite, 1/, 1] € Proprm, \Proprm, -
And therefore, [opposite, 7/, 7] € Proprm -

Finally, show that if [opposite,r, '] € Proprm, N Proprm,, then [opposite,r’,r] € Proprm, N
Proprm,. And therefore, [opposite, 7/, 7] € Proprm ,,; -8

The proofs of all these individual properties complete the entire proof. O

As explained before, Theorem 4.3.11 does not take into account that the type models are supposed to be
distinct except for a set of types. The following lemma is an alternation of the previous theorem, which
takes this into account.

Lemma 4.3.12 (Consistency of the combination (mostly) distinct of type models)

Assume that Tmy and T'mp are consistent type models in the sense of Definition 3.2.11. Also, ensure
that the type models are fully distinct except for a set of types T. Furthermore, assume the following
properties:

o [dentifiers used for a class in Tma cannot be used for an enumeration type or user-defined data
type in T'mp: Ve € Classtm, : ¢ € Enumpm, A ¢ & User DataTyperm,, -

o Identifiers used for a class in Tmp cannot be used for an enumeration type or user-defined data
type in T'ma: Ve € Classpmy : ¢ € Enumpm, , N c € UserDataTyperm , -

o Identifiers used for an enumeration type in Tmy cannot be used for a class or user-defined data
type in T'mp: Ve € Enumpp,, : ¢ € Classrm, A ¢ & User DataTyperm,,, -

e Identifiers used for an enumeration type in Tmp cannot be used for a class or user-defined data
type in T'ma: Ve € Enumpm, : ¢ € Classrm, N ¢ & User DataTyperm , -

o Identifiers from T'ma may not be in the namespace of an identifier in Tmp: Vr € Classrm, U
Enumgy, , UUserDataTypery, ,;y € Classrpy, U Enumypy,,, U User DataTypery, , :
x not in the namespace of y

o Identifiers from T'mp may not be in the namespace of an identifier in Tma: Vo € Classpm, U
Enumpm, UUserDataTyperm,;y € Classrm,, U Enumpy, ,, U UserDataTypery, , :
x mot in the namespace of y

e The transitive closure of the inheritance relation is irreflexive: (Inhpmy, , UInhpy,, )"t is irreflevive

e For any superclass with an identity, the identity of the subclasses must be a superset of the identity
of the superclass: Yey ca Ay As: [identity, ¢1, A;] € prop_combine(Tm 4, Tmp) A [identity, ca, A5] €
prop_combine(Tma, Tmp) A cy # ca AN lcy Uy, lea Aler rmg 'ca Aler Ceombine(Tma, Tmp)
!Cg = A - B

e For all shared classes, if Tmy defines a identity, Tmp should define the same identity, and vice
versa: Ve € Classrm, N Classpmy : [identity, ¢, A] € Propry,, < [identity, ¢, A] € Proprm,, -

Then combine(Tma, Tmpg) is a consistent type model in the sense of Definition 3.2.11.
@ Also see tmod_combine_merge_correct ¢n Ecore.Type_Model_Combination
Proof. Use Theorem 4.3.11 to show that combine(T'm4,Tmpg) is a consistent type model. Use the

assumptions given. Some assumptions of Theorem 4.3.11 become irrelevant because Tma and T'mp are
mostly distinct. O

Finally, the concept of compatibility between two type models is defined.

Definition 4.3.13 (Compatibility of type models)
Assume type models Tma and Tmp. We say that Tm 4 is compatible with Tmpg if combine(Tma, Tmp)
is a consistent type model in the sense of Definition 3.2.11.

The notion of compatibility will be used later as a way to denote type models that can be combined with
other type models without loss of consistency.
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(a) First type graph TG4 (b) Second type graph T'G 4

[c]

(c) Combined type graph TGap

Figure 4.8: Combination of the inheritance relation

4.3.2 Combining type graphs

The structure of Figure 4.5 shows that the type graphs T'G 4 and T'Gp are combined into one type graph
TG 4p. This section provides the definition of this combination and its corresponding theorems. Please
note that the definitions presented here, just like the previous section, are as generic as possible, and do
not actively take into account that TG 4 and TG g are mostly distinct. This bit of information is added
later as part of a theorem and proof.

Definition 4.3.14 (Combination function on type graphs)
combine is a binary function on two type graphs which combines two type graphs into one type graph. It
is defined as follows:

combine(T'G4,TGp) = (NT = NTpg, U NTrg,
ET = ETrg, UETrg,

C = (Cre, ULres)t
abs = (absTGA \ NTTGB) @] (absTGB \ NTTGA) U (absTGA n absTGB)
mult = mult _combine(TG4,TGpg)

contains = containsrg, U containsra )

In which mult_combine is given as part of Definition 4.5.15.

& Also see tg_combine in GROOVE.Type_Graph_Combination

Intuitively, the presented definition makes sense. In order to combine two (type) graphs, the nodes and
edges of the graph need to be merged. The definition accurately describes this behaviour.

To preserve the correctness of the inheritance relation, the inheritance relation is merged and the transi-
tive closure it taken. This is to ensure that the inheritance relation is correct and contains all subtypes.
An example of this is given in Figure 4.8. The inheritance relation of the first type graph, TG4 is
((B,B),(C,C),(C,B)). The inheritance relation of the second type graph, TG is ((A,A), (B, B), (B, A)).
Taking the union of these relations is not enough to get the correct inheritance relation for the combi-
nation of TG4 and T'G g, as the inheritance relation is transitive. If the union is taken, the new relation
would become ((B, B), (C, C), (C,B), (A,A), (B,A)). This is not enough, as C is also a subtype of A in the
combination (see Figure 4.8c). Taking the transitive closure of the union solves this, which results in
((B.B), (C,C), (C.B), (A,A), (B,A), (C,A)).

Abstract node types are merged in a similar way to the abstract property in type models (Definition 4.3.4).
For node types that are only present in one of the type graphs, their abstract property is preserved. For
node types that are present in both type graphs, the abstract property is only preserved if the node type
is abstract in both graphs. Intuitively, this makes sense, as instances of a class can only appear if the
node type is not abstract. When the node type was not abstract in one of the type graphs, making it
abstract within the combination would make all instances of the class invalid.

Containment edges are just merged, meaning that if an edge is a containment edge in one of the graphs,
it is a containment edge in the combination. This behaviour makes sense from a practical standpoint.
When applying models, it is undesired that ownership over a node might get lost after combining two
graphs.

The multiplicity function is merged using a new function, which is discussed in the next definition.
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Definition 4.3.15 (Combination function for multiplicity pairs)
mult_combine(T'G 4, TGg) is a partial function on two type graphs which returns a new function
ETrc,, = M xM). It is defined as follows:

mult _combine(T'G4,TGp,e) =

(max(I2 12 min(uf, u2), max(12 ,, 18 ,).. min(u?,,,uB,)) if e € ETrg, N ETrg,
multrg, (e) if e€ ETrg, \ ETra,
multra, (6) if e€ ETrq, \ ETrq,
where
12 uft = in(multrg, (e)) 14 . w2 = out(multrg, (e))
18 B = in(multrg, (e)) 1B, .uB, = out(multra, ()

@ Also see tg_combine_mult ¢n GROOVE.Type_Graph_Combination

Although the presented function looks quite complicated, it is similar to the way multiplicities are handled
in type models (see Definition 4.3.2), the only difference being that there are now two multiplicities, an
incoming and outgoing multiplicity. In the case that an edge e is shared across TG4 and T'Gp, the
incoming and outgoing multiplicities are merged. For each of these multiplicities, the maximum of the
corresponding lower bounds is taken, and the minimum of the corresponding upper bounds. For an edge
e that only occurs in once of the type graphs, the multiplicity pair is copied.

With all definitions in place, it is possible to provide a more significant example. Suppose the model of
a straightforward contacts list. It consists of Contacts of which the name, age and email address can be
stored. The formal definition of the model of such a contacts list could be as follows:

TGcontact = NT = {Contact, int, string}

ET = {(Contact, age, int), (Contact, email, string),

(Contact, firstName, string), (Contact, lastName, string) }
C = {(Contact, Contact), (int, int), (string, string) }
abs = {}
mult = {((Contact, age, int), (0..x, O..l)),

((Contact, email, string), (0..x,0..1)),
(Contact, firstName, string), (0..x,0..1)),
(Contact, lastName, string), (0..,0..1)) }

contains = {}

)

An visual representation of T'Geontact 18 included as Figure 4.9a. Now, assume a model that represents an
extension to this application, adding support for adding Addresses. Furthermore, it adds the possibility
to select favourite Contacts. This extension could formally be defined as:

TGgat = NT = {Address, Contact, int, string }
ET = {(Contact, fav, Contact), (Contact, addresses, Address),
(Address, addressLine, string), (Address, country, string),
(Address, postalCode, string) }
C = {(Address, Address), (Contact, Contact), (int, int), (string, string) }
abs = {}
mult = {((Contact, fav, Contact), (0..1,0..1)),
((Contact, addresses, Address), (1..1,1..4)),
((Address, addressLine, string), (0..x,0..1)),
(Address, country, string), (0..x,0..1)),
(Address, postalCode, string), (0..x,0..1)) }
contains = {(Contact, addresses, Address) }
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Contact
Contact fav
fav age: int
email: string
firstName: string
Contact lastName: string
age: int addresses T
email: string
firstName: string addresses
lastName: string
Address
(a) Contacts model TG contact addressLine: string Address
country: string addressLine: string
postalCode: string country: string
postalCode: string

(b) Address extension T'Ggx+
(¢) Combined model TGcontact Eat

Figure 4.9: Example of the combination of type graphs

The visual representation of the extension is included as Figure 4.9b. Please note that fav is modelled
as a flag in this model. In the visual notation, syntactic sugar is added to flags by writing them inside
the node, in an italic font. Now, using Definition 4.3.14, it is possible to combine these graphs into one
model. This will yield the following graph:

TG contactExt = NT = {Address, Contact, int, string}

ET = {(Contact, age, int), (Contact, email, string),
(Contact, firstName, string), (Contact, lastName, string),
(Contact, fav, Contact), (Contact, addresses, Address),
(Address, addressLine, string), (Address, country, string),
(Address, postalCode, string) }

C = {(Address, Address), (Contact, Contact), (int, int), (string, string) }
abs = {}
mult = {((Contact, age, int), (0..%,0..1)),

((Contact, email, string), (0..%,0..1)),
(Contact, firstName, string), (0..x, 0..1)),
(Contact, lastName, string), (0..%,0..1)),
((Contact, fav, Contact), (0..1,0..1)),
((Contact, addresses, Address), (1..1,1..4)),
((Address, addressLine, string), (0..%,0..1)),
(Address, country, string), (0..x, 0..1)),
(/—\ddress7 postalCode, string), (0..x, O..l))}

contains = {(Contact, addresses, Address) }

A visual representation of this combined graph is included as Figure 4.9c. The example perfectly shows
why the combination of type graphs is useful: It allows for building larger graphs out of smaller building
blocks. This behaviour is the exact goal of this definition within the transformation framework.

Although the definitions of the combination of type graphs are given, no mathematical properties or
theorems are defined yet. Some mathematical properties hold for the combination of type graphs, that
will be presented in the following theorems.

Theorem 4.3.16 (Commutativity of the combination of type graphs)
Assume that TG o and TGp are type graphs, then the combine function is commutative:

combine(TG 4, TGg) = combine(TGg, TG )

@ Also see tg_combine_commute 77 GROOVE.Type_Graph_Combination
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Theorem 4.3.17 (Associativity of the combination of type graphs)
Assume that TG 4, TGp and TG¢ are type graphs, then the combine function is associative:

combine(combine(T'G4,TGg), TG¢) = combine(T'G 4, combine(T'Gp, TG¢))

@ Also see tg_combine_assoc in GROOVE.Type_Graph_Combination

Theorem 4.3.18 (Idempotence of the combination of type graphs)
Assume that TG 4 is a type graph and that it is valid in the sense of Definition 3.3.5. Then the following
property holds:

combine(TG4, TG 4) =TG4

@ Also see tg_combine_idemp_alt in GROOVE.Type_Graph_Combination

These properties follow directly from Definition 4.3.14, but the corresponding proofs will not be included
here. It should be noted that these properties are indeed proven correct as part of this thesis, and the
corresponding proofs are validated within Isabelle.

Besides these properties, the combination of type graphs also has an identity element. The empty type
graph represents this identity element, but it needs to be defined first:

Definition 4.3.19 (Empty type graph)
Let TG, be the empty type graph. TG, is defined as:

TG. = (NT = {}
ET = {}
c={}
abs = {}
mult = unde fined

contains = {})

Theorem 4.3.20 (Correctness of the empty type graph)
The empty type graph, TG, is valid with respect to Definition 3.3.5.

& Also see tg_empty_correct in GROOVE.Type_Graph

The proof for the correctness of the empty type graph is trivial. Still, a validated version of this proof
can be found within the Isabelle theories of this thesis.

As mentioned earlier, the empty type graph acts as an identity element when combining two type graphs.
The following theorem specifies this behaviour.

Theorem 4.3.21 (Identity of the combination of type graphs)
Assume that TG 4 is a type graph and that it is valid in the sense of Definition 3.3.5. Then TG, acts as
an identity element in the combination function:

combine(TG.,TG4) =TG4
& Also see tg_combine_identity_alt in GROOVE.Type_Graph_Combination

Once more, the proof of this theorem follows directly from the definition. Therefore, the corresponding
proof will not be included here, but a validated version can be found within the Isabelle theories of this
thesis.

Just like type models, the final desired property for the combination of type graphs is a correctness
property. Theorem 4.3.22 defines the theorem under which the combination of type graphs is a valid
type graph. Please note that this theorem is a generic theorem, which does not take into account that
the type graphs are mostly distinct.

Theorem 4.3.22 (Validity of the combination of type graphs)
Assume that TG4 and TGp are valid type graphs in the sense of Definition 3.3.5. Furthermore, assume
the following properties:
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For all edges in TG 4 that share the same label, ensure that there is no possible confusion of edge
types because of a new subtype introduced at the source of the edge: ¥(s1,1,t1) € ETra, A(s2,1,t2) €
ETrc,: ((s1,52) € (Craa UCrap)t \ Cra,V (s2,51) € (Cra, UCras)™ \ Eraa) A

((t1,t2) € (Crag, ULCrg,)™ V (t2,t1) € (Crg, U ETGB)+) = S1 =82 A t1 =t2.

For all edges in TG 4 that share the same label, ensure that there is no possible confusion of edge
types because of a new subtype introduced at the target of the edge: ¥(s1,1,t1) € ETrg, N(s2,1,t2) €
ETrc,: ((s1,52) € (Cra, UCTa,)T V (s2,51) € (Cra, UCrae)t) A

((t1,t2) € (Erea UCras)" \ Era,V (t2,t1) € (Eraa U Eres)™ \ Eray)

— 8§51 =89 N t1 =ts.

For all edges in TGp that share the same label, ensure that there is no possible confusion of edge
types because of a new subtype introduced at the source of the edge: V(s1,1,t1) € ETra, N(sa,1,t2) €
ETrcy: ((s1,52) € (Cre, UCrae)t \ CragV (s2,51) € (Cra, UCrap)t \ Crag) A

((t1,t2) € (Cre, UCrae) TV (t2, t1) € (Cre, UCTay)T) = s1=s2 A t1 =to.

For all edges in TGp that share the same label, ensure that there is no possible confusion of edge
types because of a new subtype introduced at the target of the edge: ¥(s1,1,t1) € ETrg, A(s2,1,t2) €
ETre,: ((s1,82) € (Cra, UCre,)T V (s2,81) € (Cra, UCre,)™) A

((t1,t2) € (Erea UCre,)" \ CrayV (t2,t1) € (Craa U Cres)™ \ Cray)

= S$1 =589 N t1 =to.

Ensure that there is no possible confusion of edge types between an edge from Tma and an edge
from Tmpg: V(S1,l,t1) € ETTGA A (Sg,l,tg) S ETTGB:

((51,82) € (Cra, ULCray)™ V(s2,81) € (Epg, U ETGB)+) A

((tl,tz) € (Era, UCray)™ V(t2, t1) € (Epg, U ETGB)+)

= S§1 =589 N t1 =ts.

For all shared edges, ensure the combination of multiplicity pairs is a valid multiplicity pair: Ve €
ETrg, N ETrg,: mult_combine(TG 4, TGp,e) € (M x M).

The transitive closure of the combine inheritance relation is antisymmetric: (Erg, U Crgy)t is
antisymmetric.

Then combine(T'G 4, TGg) is a valid type graph in the sense of Definition 3.3.5

& Also see tg_combine_correct in GROOVE.Type_Graph_Combination

Proof. To proof that combine(T'G 4, TGg) is a valid type model, it needs to be shown that
combine(T'G 4, TGg) gives rise to a valid structure for a type graph and that Definition 3.3.5 holds. For
readability, define TG 4p to be combine(T'G4,TGp).

Structural properties

All elements of N1, ,, are elements of Lab, U Labpyip,.
Follows from NTrg, C Lab; U Labpyim and NTrq, C Lab; U Labpyip, .
All elements of ETrg ,, are elements of NTr¢,, x (Labe U Laby) x NTrg, -

Follows from ETrg, C (NTrg, % (Labe U Laby) X NTpg,) and ETrg, C (NTrg, % (Labe U
Labs) x NTrg, ). To complete the proof, use NTrg,, = NTrg, U NTrq,.

All elements of C are elements of NTrg,, X N1ra,,.

Follows from Crg, C (NTrg, X NTrg,) and Crg, C (NTrg, X NTrg,). To complete the
proof, use NTrg,, = NTrg, UNTrg,.-

All elements of absr¢ ,, are elements of NTr¢q , ;.

Follows from abstg, € NTrg, and absra, € NTrg,. To complete the proof, use N1rg,, =
NTTGA UNTTGB-

For each edge e, multrq ,, (e) must be an element of M x M.
It holds that e € ETrg, \ETTGB, e€ ETrg, \ETTGA ore€ ETrg, N ETrg,.

Perform the proof by a case distinction based on this fact. In case of e € ETrg, N ETrg,, use the
assumption to complete the proof.

All elements of containsra,, are elements of ETrq, -

Follows from containsrq, C Elrg, and containsrg, C ETlrg,. To complete the proof, use
ETTGAB = ETTGA U ETTGB-
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Properties for validity

o V(s1,0,t1) € ETrgap, A (s2,1,t2) € ETr,y: ((s1,52) € Craag V (s2,81) € Craag) A
((thtz) € Crgap V (t2,t1) € ETGAB) = S1 = 8o AN tp = ta.

Establish that (s1,1,t1) € ETrq, or (s1,1,t1) € ETrg,. Also establish that (s2,l,t2) € ETpg, or
(82, l, tQ) S ETTGB~

Perform a case distinction on these facts. If (s1,1,t1) € ETrg, and (s2,l,t2) € ETrg,, then proof
by the corresponding assumption. The case (s1,1,t1) € ETrc, and (s2,l,t2) € ETrg, is proven
by the same assumption.

If (s1,1,t1) € ETrg, and (sg,l,t2) € ETrg,, then check if ((81,82) €LCrg, V (s2,51) € ETGA) A
((tl,tg) € Cra, V (ta,t1) € ETGA)‘ If this is the case, solve using the properties of T'G 4, when
this is not the case, prove the statement using the corresponding assumptions.

If (Sl,l,tl) € ETTGB and (Sg,l,tz) S ETTGB, then check if ((51,82) € Lrgy V (82,81) S ETGB) N
((tl,tg) € Crgy, V (ta,t1) € ETGB). If this is the case, solve using the properties of TG g, when
this is not the case, prove the statement using the corresponding assumptions.

] V(S,l,t) € ETrg,,:le Labf = s =1.
Establish that (s,1,t) € ETrq, or (s,1,t) € ETrq,. Then if | € Laby, show that s =¢.
e Cr¢,, is a partial order.

First show that (Crg, U Crg,)™ is reflexive. Since Crg, is reflexive and Crg, is reflexive,
(Cra, ULCTrg,)T is reflexive as well.

Then show that (Crg, U Cpg, )T is transitive. This is easily proven using the definition of the
transitive closure.

Finally, have that (Cpq, U Crg,)" is antisymmetric by assumption.
e Ve € containsra,, : in(multpg, ,(e)) = (0,1) Vin(multrg, 5 (e)) = (1, 1).

Use the fact that e € containsra, or e € containsra,. Then have that incoming multiplicity
is valid in Tm 4 or T'mp. Use the assumption that the combined multiplicities are valid and the
definition of mult combine(T'G 4, TG g, ) to show that the statement holds.

The proofs of all these individual properties completes the proof. O

As explained before, Theorem 4.3.22 does not take into account that the type graphs are supposed to be
distinct except for a set of node types. The following lemma is an alternation of the previous theorem,
which takes this into account.

Lemma 4.3.23 (Validity of the combination (mostly) distinct of type graphs)

Assume that TG 4 and TGp are valid type graphs in the sense of Definition 3.8.5. Also, assume that
TGy and TGp are fully distinct except for a shared set of node types N. Furthermore, assume the
following properties:

e For all edges in TG 4 that share the same label, ensure that there is no possible confusion of edge
types because of a new subtype introduced at the source of the edge: ¥(s1,l,t1) € ETpg, N(sa,1,t2) €
ETrc,: ((s1,52) € (Crea UCrap)tT \ Cra,V (s2,51) € (Cra, UCrae)™ \ Eraa) A
((t1,t2) € (Craa UCTae)T V (t2,t1) € (Cra, UCTa,)T) = s1=s2 A t1 =1o.

o For all edges in TG 4 that share the same label, ensure that there is no possible confusion of edge
types because of a new subtype introduced at the target of the edge: ¥(s1,1,t1) € ETrg, A(s2,1,t2) €
ETre,: ((s1,52) € (Craa UCrap)T V (s2,51) € (Crga U Cray)™) A
((tit2) € (Erea UETGs)T \ ErcaV (t2,t1) € (Eres UCres)T \ Cray)
= S§1 =289 N t1 =ts.

e For all edges in TGp that share the same label, ensure that there is no possible confusion of edge
types because of a new subtype introduced at the source of the edge: V(s1,1,t1) € ETrg, N(s2,1,t2) €
ETrc,: ((s1,82) € (Cre, UCres)™ \ CragV (s2,51) € (Craa UCras)T \ Crag) A
((t1,t2) € (Erga UCre,)T V (t2,t1) € (Ere, UCTe,)T) = s1 =52 A t1 =ta.

e For all edges in TG g that share the same label, ensure that there is mo possible confusion of edge
types because of a new subtype introduced at the target of the edge: ¥(s1,1,t1) € ETrg, A(s2,1,t2) €
ETrgy: ((81782) € (Crg, UCra,)T V (s2,81) € (Crg, U ETGB)+) A
((tl,tz) € (Cre,s ULCre,)™ \CragV (t2,t1) € (Cra, UCras)t \ ETGB)
= 8§71 =589 N t1 =ts.
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e Ensure that there is no possible confusion of edge types between an edge from Tm and an edge
from Tmpg: V(Sl,l,tl) S ETTGA N (Sg,l,tg) S ETTGB:
((s1,82) € (Eraa UCras)t V (s2,51) € (Era, UCras)t) A
((h,tz) € (Era, UCray)T V(t2, t1) € (Epg, U ETGB)+)
= 8§71 =589 N t1 =ts.

e The transitive closure of the combine inheritance relation is antisymmetric: (Crag, U Erg,)™ is
antisymmetric.

Then combine(TG 4, TGg) is a valid type graph in the sense of Definition 3.3.5.

@ Also see tg_combine_merge_correct ¢n GROOVE.Type_Graph_Combination

Proof. Use Theorem 4.3.22 to show that combine(T'G 4, TGp) is a valid type graph. Use the assumptions
given. The assumption for the correctness of the multiplicity pair for shared edges has become irrelevant
because there are no shared edges. O

Finally, the concept of compatibility between two type graphs is defined.

Definition 4.3.24 (Compatibility of type graphs)
Assume type graphs TG4 and TGg. We say that TG 4 is compatible with TG g if combine(TG 4, TGp)
is a valid type graph in the sense of Definition 3.3.5.

The notion of compatibility will be used later as a way to denote type graphs that can be combined with
other type graphs without loss of validity.

4.3.3 Combining transformation functions

The previous sections discussed the combination of type models and type graphs. In this section, the
combination of transformation functions between type models and type graphs is discussed. This combi-
nation is the last key element shown in Figure 4.5. If it is possible to combine f4 and fp into f4U fp, then
it is possible to build transformation functions between type models and type graphs iteratively.

Before it is possible to define a definition for the combination of two transformation functions, it is
essential to define what functions are considered to be transformation functions.

Definition 4.3.25 (Transformation function from a type model to a type graph)
Let f be a function from type models to type graphs, Tm be a type model and T'G the corresponding type
graph. f is a transformation function iff:

e f projects Tm onto TG: f(T'm)=TG;

o After combination with another type model, f preserves the node types:
ViI'my: NTf(Tm) - NTf(combinc(Tm,Tmm));

o After combination with another type model, f preserves the edge types:
VI'mg: ETtrm) © ETf(combine(Tm,Tm.));

o After combination with another type model, f preserves the inheritance relation:
VI'mg: Ererm) € E f(combine(Tm,Tma));

o After combination with another type model, f preserves the abstract node types:
VTmL a'bsf(Tm) c absf(combine(Tm,me));

e For all edges in the projected type graph, f preserves the multiplicity if the type model is combined
with another type model:
VT'm,: Ve € ETf(Tm) : multf(Tm) (6) = multf(combinc(vaTmm))(e);

o After combination with another type model, f preserves the containment edges:
VI'mg: contains p(rmy S CONEAINS f(combine(Tm,Tmy))-

@ Also see tg_combine_mapping_function in Ecore-GROOVE-Mapping.Type_Model_Graph_Mapping

As expected, a transformation must project some type model T'm to its corresponding type graph T'G.
Furthermore, it has to preserve properties of the projection, even after T'm is combined with some other
type model. The rationale behind these properties is that after combining 7'm with some other type
model, there must still be a way to transform the elements that originated from T'm. If that is possible,
it is possible to use the transformation function as the basis for the combined transformation function,
which can transform the combined type model to a combined type graph.
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The following definition will describe how two transformation functions from type models to type graphs
can be combined into a new transformation function, which projects the combination of two type models
onto the combination of the two corresponding type graphs.

Definition 4.3.26 (Combination of transformation functions from a type model to a type graph)

Let fa and fp be a transformation functions in the sense of Definition 4.3.25. fa projects a type model
Tma onto type graph TG 4. fp projects a type model T'mp onto type graph TG p. Then the combination
of fa and fp is defined as:

fal f(Tm) = NT ={n|n € NTs,crmyAn € NTrg,yU{n|n &€ NT;,crm) An € NTrgy}
ET = {e|ec ETj,(rm)Ne € ETrg,}U{e|e € ETs,(rmy Ne € ETrg,}
C=({ili€CrurmNi€Cre,}U{ili€ Crorm Ai€ Cras})T

abs = ({n|n € absy,(rm) An € abspa,} \ {n|n € NTt, (rm) An € NTrg,})
({n|n € abss,(rm) An € absra} \{n|n € NT¢, (rm)y An € NTrg,})
({n|n € abss,(rm) An € absra,} N{n|n € abss,(rm) AN € absrgy})

mult = mult_mapping(fa,TGa, fg, TGg,Tm)
contains = {e | e € containsys,rm) A e € containsrg, } U

{e| e € containsy, (rm) A e € containsray }

)

In which mult _mapping s given as part of Definition 4.3.27.
@ Also see tg_combine_mapping in Ecore-GROOVE-Mapping.Type_Model_Graph_Mapping

The definitions for the combination of transformation functions from a type model to a type graph looks
quite complex, but a careful reader will find that this definition is an alternation of Definition 4.3.14.
Intuitively, this is what is expected from this definition, as the combination of the transformation func-
tions should be able to transform the combination of two type models to the combination of the two
corresponding type graphs, as visually represented in Figure 4.5.

Unsurprisingly, the definition of the multiplicity function of fsLlfp is very similar to Definition 4.3.15.

Definition 4.3.27 (Combination of the multiplicity function for two transformation functions)
mult_mapping(fa, TG4, 5, TGg,Tm) is a partial function on two transformation functions fa and fg,
their corresponding projections TG 4 and TGp and a type model T'm which returns a new function
ETrm) = (M x M). It is defined as follows:

mult_mapping(fa,TGa, f5,TGp,Tm,e) =
m ifec{elec ETy,crmyNe € ETrg,} N{ele€ ETy,(rmy Ne € ETrg,}
multh(Tm)(e) if ee {6 | e c ETfA(Tm) Ne € ETTGA} \ {6 | [AS ETfB(Tm) Ne € ETTGB}
multy, (rmy(e) if e€{e|e€ ETf pmy Ne € ETra,} \{e|e€ ETy, (rm)yNe € ETra,}

where
m= (max(lﬁzv lzljl) min(uﬁu uﬁ)? ma‘X(lfuu lfut)" min(ufutv uoBut))
and
Z;-?L..uﬁl = in(multy, (pm)(€)) lfut..ufut = out(mult ¢, (7m)(€))
lﬁl..uﬁ = in(mult s, (pm)(€)) qut..ufut = out(mult ¢, (7m)(e))

With these definitions in place, it is possible to provide the necessary theorems for the correctness of the
combined function f4 U fg.

Theorem 4.3.28 (The projection of a combined transformation function from a type model to a type
graph)

Let fao and fp be a transformation functions in the sense of Definition 4.3.25. fa projects a type model
Tm  onto type graph TG 4. fp projects a type model Tmp onto type graph TGp. Then the combination
of fa and fg, faU fp projects combine(T'm 4, Tmp) onto combine(TG 4, TGg), so:

faU fp(combine(Tma, Tmp)) = combine(TG 4, TGg)

@ Also see tg_combine_mapping_correct «n Ecore-GROOVE-Mapping.Type_Model_Graph_Mapping
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Proof. The corresponding proof follows directly from Definition 4.3.26 as well as Definition 4.3.25. Since
the individual transformation functions f4 and fp preserve the elements of their type graphs when the
type model is combined with another one, we can establish that the definition of f4 U fp is equal to the
definition of combine(T'G4,TGp). Therefore, fo U fp(combine(T'ma,Tmp)) = combine(T'G4,TGp).

O

Although the presented theorem is a large step towards being able to build transformation functions
from type models to type graphs iteratively, there is still one key element missing. It should be formally
argued that fa U fp is once again an transformation function in the sense of Definition 4.3.25. If this is
formally argued, it becomes possible to easily combine f4 U fg with yet another transformation function.
The following theorem states this property.

Theorem 4.3.29 (A combined transformation function from a type model to a type graph is a trans-
formation function)

Let fo and fg be a transformation functions in the sense of Definition 4.3.25. fa projects a type model
Tm 4 onto type graph TG 4. fp projects a type model Tmp onto type graph TGp. Then the combination
of fa and fg, fal fg is again a transformation function in the sense of Definition 4.5.25 which projects
combine(Tmy4, Tmp) onto combine(TG 4, TGpg).

@ Also see tg_combine_mapping_function_correct in
Ecore-GROOVE-Mapping.Type_Model _Graph_Mapping

Proof. Use Definition 4.3.25. Since the individual transformation functions f4 and fp preserve the
elements of their type graphs when the type model is combined with another one, we can establish that
the definition of f4Ll fp will also preserve these elements. This can be shown using the commutativity and
associativity of the combination of type models, see Theorem 4.3.5 and Theorem 4.3.6 respectively. [

This last theorem completes the recursive behaviour of combining transformation functions and therefore
allows for building transformation functions from type models to type graphs iteratively.

The definitions and theorems that are presented so far only work in one direction: for transforming type
models into type graphs. As visually shown in Figure 4.5, it must also be possible to transform type
graphs back into type models. The definitions and theorems needed for this transformation are similar
and will be presented in the remaining part of this section.

Definition 4.3.30 (Transformation function from a type graph to a type model)
Let f be a function from type graphs to type models, TG be a type graph and T'm the corresponding type
model. [ is a transformation function iff:

o f projects TG onto Tm: f(TG) =Tm;

o After combination with another type graph, f preserves the classes:
VI'G,: Classprgy € Classf(combine(TG,TG,))5

o After combination with another type graph, f preserves the enumerations:
VI'Gy: Enumf(TG) - Enumf(combine(TG,TGI));

o After combination with another type graph, f preserves the user-defined data types:
VI'G,: UserDataTypeyira) C UserDataT'ype f(combine(TG,TG,))5

o After combination with another type graph, f preserves the fields:
VTGJU erldf(TG) C Fieldf(combinc(TG,TGm))7'

o For all fields in the projected type model, f preserves the field signature if the type graph is combined
with another type graph:
VTGI 1 Vs € erldf(Tm) : FleldSlgf(TG) (8) = FieldSigf(combinc(TG,TGm)) (8),

o After combination with another type graph, f preserves the enumeration values:
VI'Gy: EnumValuesiray © EnumValuef(combine(TG,TG.))5

o After combination with another type graph, f preserves the inheritance relation:
VI'Gy: Inhyirgy € Inhcombine(TG,TG.))5

o After combination with another type graph, f preserves the model properties:
VI'Gy: Propf(TG) - Propf(combine(TG,TGI));

o After combination with another type graph, f preserves the constants:
VI'G,: Constantyira) C Constant f(combine(TG,TG,));
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e For all constants in the projected type model, f preserves the constant types if the type graph is
combined with another type graph:
VI'Gy: Ve € Constant ¢ (1, : ConstTyperg)(c) = ConstType tcombine(rc 16, ) (€)-

@ Also see tmod_combine_mapping_function in
Ecore-GROOVE-Mapping.Type_Model _Graph_Mapping

Just like Definition 4.3.25, the definition of transformation functions from a type graph to a type model
preserves all elements if the type graph is combined with another type graph. This will once more be
the key to having the property of iterative building of transformation functions.

The following definition will describe how two transformation functions from type graphs to type models
can be combined into a new transformation function, which projects the combination of two type graphs
onto the combination of the two corresponding type models.

Definition 4.3.31 (Combination of transformation functions from a type graph to a type model)

Let f4 and fp be a transformation functions in the sense of Definition 4.3.30. fa projects a type graph
TG4 onto type model Tm 4. fp projects a type graph TG g onto type model T'mp. Then the combination
of fa and fp is defined as:

fal fp(TG) = ( Class = {c| c € Classy,(rc) N c € Classrm, } U
{c|ceClasss,(ra) Nc € Classrmy }
Enum = {e | e € Enumy, (ra) N e € Enumpy,, } U
{e| e € Enumy,(rgy N e € Enumpy,, }
UserDataType = {u | u € UserDataTypey, vy AN u € User DataTyperm, , } U
{u | v € UserDataTypeys,ra) A u € User DataTyper,, }
Field = {d | d € Fieldy, gy N d € Fieldry,} U
{d|d € Field, ey Ad € Fieldry, }
FieldSig = fieldsig_mapping(fa, Tma, f5,Tmp, TQG)
EnumValue = {v | v € EnumValuey, rqy ANv € EnumValuery,, } U
{v v e EnumValues, rgy ANv € EnumValuer,, }
Inh = {i|i€ Inhg,(rgy Ni € Inhpp,,} U
{i|ieInhs, ey Ni € Inhrpy}
Prop = prop_mapping(fa,Tma, f5,Tmp, TG)
Constant = {c | c € Constanty,rc)y N ¢ € Constantpy, , } U
{c| c € Constant s, (rq) N c € Constantyy,, }
ConstType = consttype _mapping(fa,Tma, fg, Tmpg, TG)

)

In which fieldsig_mapping is given as part of Definition 4.3.32, prop_mapping as part of Definition 4.3.34,
and consttype _mapping as part of Definition 4.3.33.

@ Also see tmod_combine_mapping ¢n Ecore-GROOVE-Mapping.Type_Model_Graph_Mapping

As expected, the definition for the combination of transformation functions from a type graph to a type
model is an alternation of Definition 4.3.1. This alternation will once more allow the combined transfor-
mation function to project the combination of the type graphs to the combination of the corresponding
type models.

The following two definitions will provide the remaining functions, which will closely follow their coun-
terparts from Section 4.3.1.

Definition 4.3.32 (Combination of the field signature function for two transformation functions)
fieldsig_mapping(fa,Tma, fg, Tmp,TG) is a partial function on two transformation functions fa and
fB, their corresponding projections Tmy and T'mp and a type model T'G which returns a new function
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Fieldys, t,ra) = (Types,ufsra) X M). It is defined as follows:

fieldsig_combine(fa, Tma, f5, Tmp, TG,d) =

s if d e {d|de Fields,rg) Ad € Fieldpm,} N
{d| d € Fields, g Nd € Fieldpmg A
typey, (ra)(d) = types, (e (d)

FieldSig, , e (d) if d € {d | d € Fieldy, i) Ad € Fieldrp,} \
{d| d € Fields, g Nd € Fieldpm, }

FieldSig,, ) (d) it d € {d|d € Fields, a) Ad € Fieldrp,} \
{d|d e Fieldy, rqy Nd € Fieldrm, }

where
5= (typefA(Tg) (d), (max (lower(FieldSing(TG)(d)), lower(FieldSing(TG)(d))) .
min (upper(FieldSing(TG) (d)), upper(FieldSigy, (rq) (d))) ))

& Also see tmod_combine_fieldsig_mapping in
Ecore-GROOVE-Mapping.Type_Model _Graph_Mapping

Definition 4.3.33 (Combination of the constant type function for two transformation functions)
consttype _mapping(fa,Tma, fg,Tmp,TG) is a partial function on two transformation functions fa
and fp, their corresponding projections Tma and Tmp and a type model TG which returns a new
function Constanty, s, (ra) = Types ufs(ra)- 1t is defined as follows:

consttype_mapping(fa, Tm.a, f5, Tmp, TG, c) =

ConstTypey, (rc)(c) if ¢ € {c|c € Constanty,(ra) A c € Constantry, } N
{c| c € Constants,(rc) N c € Constantry,, } A
ConstTypey, (¢ (c) = ConstTypey, (7¢(c)

ConstTypey, (rcy(c) if c € {c|c € Constanty, vy A c € Constantm, } \
{c| c € Constanty,(rqy N c € Constantry,,, }

ConstTypey, (rg)(c) if c € {c|c € Constanty,(ra) A c € Constantrmy} \
{c| c € Constanty, (rc) N c € Constantry, , }

@ Also see tmod_combine_const_type_mapping in
Ecore-GROOVE-Mapping.Type_Model _Graph_Mapping

Now that the definitions for the field signature function and the constant type function are defined, the
only remaining definition is that of the combination of properties, which is given in the next defini-
tion.

Definition 4.3.34 (Combination of model properties when combining two transformation functions)
prop_mapping(fa,Tma, fg,Tmp, TG) is a set depending on two transformation functions fa and fg,
their corresponding projections T'my and Tmp and a type model TG. The set is defined as a subset of
Proprm , U Proprm,. The contents of the set are then defined as follows:

For abstract properties:

[abstract,c] € {p | p € Props,(rg)y ANp € Proprm,} c¢{c|ceCClasss,(rg) Nc € Classrmy }
[abstract, ¢] € prop_mapping(fa, Tma, f5, Tmp, TG)

[abstract,c] € {p | p € Props,(ray ANp € Proprmg} cg{c|ce Classy,(ra) Nc € Classrm, }
[abstract, ¢] € prop_mapping(fa, Tma, f5, Tmp, TG)

[abstract, c] € {p | p € Propy,(rc)y Ap € Proprm,}
[abstract,c] € {p | p € Props,(ray ANp € Proprms}

[abstract, ¢] € prop_mapping(fa, Tma, f5, Tmp, TG)
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For containment properties:

[containment, r] € {p | p € Props,(ra) AP € Proprm,}

[containment, ] € prop_mapping(fa, Tma, fg, Tmp, TG)

[containment, r] € {p | p € Props,ra) Ap € Proprm;}

[containment, r| € prop_mapping(fa,Tma, fg,Tmp, TG)

For defaultValue properties:

[defaultValue, f,v] € {p | p € Props,rcy ANp € Proprm,}
f&{d|de Fields, ) Ad € Fieldry, }

[defaultValue, f,v] € prop_mapping(fa,Tma, fg,Tmp,TG)

[defaultValue, f,v] € {p | p € Props,(ra) Ap € Proprms }
f¢{d|de Fields,irc) Ad € Fieldry,,}

[defaultValue, f,v] € prop_mapping(fa,Tma, fg, Tmp,TG)

[defaultValue, f,v] € {p | p € Props,rgy ANp € Proprm,}
[defaultValue, f,v] € {p | p € Props,(ra) ANp € Proprms}

[defaultValue, f,v] € prop_mapping(fa,Tma, f5, Tmp,TG)

For identity properties:

lidentity,c, A] € {p | p € Props,(rc) Np € Proprm,} c¢{c|ce Classs,(rg) Nec € Classrmy }

[identity, ¢, A] € prop_mapping(fa, Tma, fg, Tmp,TG)

[identity, ¢, A] € {p [ p € Props,(rc) \p € Proprmy} cg{c|ce€ CClassy,(ra) Nc € ClassTm , }

[identity, & A] € prop_mapping(fm TmA7 fBa TmB, TG)

lidentity, c, A] € {p | p € Props,(rqy ANp € Proprm,}
[identity,c, A] € {p | p € Props,(ra)y ANp € Proprmg}
[identity, & A] € prop_mapping(fA, TmA7 fBa TmB, TG)

For keyset properties:

[keyset,r, A] € {p | p € Props,(rc) Ap € Proprm,} r & {d|de Fields,re) Nd € Fieldpy,, }
[keyset, 7, A] € prop_mapping(fa, Tma, 5, Tmp, TG)

[keyset,r, A] € {p | p € Props,(rqy ANp € Proprmg} r & {d|de Fields, rqy Nd € Fieldrm,}
[keyset, r, A] € prop_mapping(fa,Tma, f5,Tmp, TG)

[keyset,r, A] € {p | p € Props,rc)y Np € Proprm,}
[keyset,r, Al € {p | p € Props,(rqy ANp € Proprmsy}
[keyset, r, A] € prop_mapping(fa,Tma, f5, Tmp, TG)

For opposite properties:

[opposite, 71,72] € {p | p € Props,(rc) Ap € Proprm,}
r1 ¢ {d|d € Fields, ey Ad € Fieldrm,} 12 ¢ {d|d € Fields,c) Ad € Fieldpy,}

[opposite, 71, 72] € prop_mapping(fa,Tma, f5, Tmp, TG)

[opposite, 71,72] € {p | p € Props,rc) Ap € Proprmg}
rl & {d | de Fielde(Tg) Ad € FieldTmA} r2 & {d I de Fielde(TG) ANd € FieldTmA}

[opposite, 71, 72] € prop_mapping(fa,Tma, f5, Tmp, TG)

[opposite, 71,72] € {p | p € Props,(rc) Ap € Proprm,}
[opposite, 71,72] € {p | p € Props,ra) ANp € Proprmg}
[opposite, 71, 72] € prop_mapping(fa,Tma, f5, Tmp, TG)
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For readonly properties:

[readonly, f] € {p | p € Props,(rqy Ap € Proprm,} [ &{d|de Fields,(rqy Nd € Fieldrm,y }
[readonly, f] € prop_mapping(fa, T'ma, fp, Tmp, TG)

[readonly, f] € {p | p € Props,(ra) ANp € Proprm;} [ &{d|de Fields, (rqy Nd € Fieldrm, }
[readonly, f] € prop_mapping(fa, Tma, f5, Tmp, TG)

[readonly, f] € {p | p € Props,(ray ANp € Proprm,}
[readonly, f] € {p | p € Props,(ra) ANp € Proprm;}
[readonly, f] € prop_mapping(fa, T'ma, fp, Tmp, TG)

@ Also see tmod_combine_prop_mapping in Ecore-GROOVE-Mapping.Type_Model_Graph_Mapping

As expected, the definition for the properties within the combination is an alternation of Definition 4.3.4.

With these definitions in place, it is possible to provide the necessary theorems for the correctness of the
combined function f4 U fg.

Theorem 4.3.35 (The projection of a combined transformation function from a type graph to a type
model)

Let fao and fp be a transformation functions in the sense of Definition 4.3.30. fa projects a type graph
TG 4 onto type model Tmy. fp projects a type graph TGp onto type model T'mp. Then the combination
of fa and fg, faU fp projects combine(T'G4,TGpg) onto combine(T'ma,T'mg), so:

fa U fp(combine(TG4,TGp)) = combine(T'm4, Tmp)
@ Also see tmod_combine_mapping_correct in Ecore-GROOVE-Mapping.Type_Model_Graph_Mapping

Proof. The corresponding proof follows directly from Definition 4.3.31 as well as Definition 4.3.30. Since
the individual transformation functions f4 and fp preserve the elements of their type models when the
type graph is combined with another one, we can establish that the definition of f4 U fp is equal to the
definition of combine(T'm 4, Tmp). Therefore, f4 U fp(combine(T'G 4, TGp)) = combine(T'm4, Tmg).

O

Like the combined transformation function from type models to type graphs, the combined transfor-
mation function from type graphs to type models is also a transformation function, but in the sense of
Definition 4.3.30. This is stated in the following theorem.

Theorem 4.3.36 (A combined transformation function from a type graph to a type model is a trans-
formation function)

Let fao and fg be a transformation functions in the sense of Definition 4.5.30. fa projects a type graph
TG4 onto type model Tm 4. fp projects a type graph TG g onto type model T'mp. Then the combination
of fa and fg, fal fp is again a transformation function in the sense of Definition 4.3.30 which projects
combine(TG 4, TGg) onto combine(T'ma,Tmpg).

@ Also see tmod_combine_mapping_function_correct in
Ecore-GROOVE-Mapping.Type_Model _Graph_Mapping

Proof. Use Definition 4.3.30. Since the individual transformation functions fs and fp preserve the
elements of their type models when the type graph is combined with another one, we can establish that
the definition of f4Llfg will also preserve these elements. This can be shown using the commutativity and
associativity of the combination of type graphs, see Theorem 4.3.16 and Theorem 4.3.17 respectively. [

4.4 Instance models and instance graphs

In the previous section, the structure of the framework was applied to type models and type graphs. In
this section, the structure will be applied to instance models and instance graphs. Since instance models
and instance graphs directly depend on type models and type graphs, some definitions will be borrowed
from the previous section.

First, the general structure of the framework applied to instance models and instance graphs is discussed.
Then the required definitions and theorems are given.

Page 74



Figure 4.10: Structure for transforming between instance models and instance graphs

Figure 4.10 shows one more alternation of the structure proposed in Section 4.2. This version of the
structure is applied to instance models and instance graphs. As before, instance model Im 4 represents
the partially build model which corresponds to instance graph IG4 under the transformation function
fa. Instance model Imp represents the next building block to add to this model. It corresponds to
instance graph IGp under the bijective transformation function fp.

Instance models I'm 4 and I'mp are entirely distinct except for a set objects O, which means O C
Objectim, N O C Objectry,. In a similar way, instance graphs /G4 and IGp are entirely distinct
except for a set of nodes V, so N C Ny, AN C Nig,.

Instance models Im 4 and Imp are combined into instance model Imap using Definition 4.4.1. In
a similar way instance graphs IG4 and IGp are combined into instance graph IGsp using Defini-
tion 4.4.15. Lemma 4.4.13 and Lemma 4.4.24 respectively show that Imap and IG 4p are valid. Then
Definition 4.4.27 and Definition 4.4.32 can be used to merge the transformation functions f4 and fg into
fa U fg, where Theorem 4.4.29 and Theorem 4.4.30 show that f4 U fp is again a valid transformation
function transforming Imap to IGap. Similarly, Theorem 4.4.37 and Theorem 4.4.38 show that the
inverse function of f4 U fp is again a valid transformation function transforming IG 45 to Imag.

4.4.1 Combining instance models

The structure of Figure 4.10 shows that the instance models Im4 and Imp are combined into one
instance model I'map. This section provides the definition of this combination and its corresponding
theorems. Please note that the definitions presented here are as generic as possible, and do not actively
take into account that Im 4 and Imp are mostly distinct. This bit of information is added later as part
of a theorem and proof.

Definition 4.4.1 (Combination function on type models)

combine is a binary function on two instance models which combines two instance models into one
instance model. Assume Im 4 is an instance model typed by type model Tma and Imp is an instance
model typed by type model Tmpg, then combine(Ima,Imp) is typed by combine(Tma,Tmpg) and is
defined as follows:

combine(I'm, Imp) = (Object = Objectry, , U Objectm,,
ObjectClass = objectclass_combine(Ima, Imp)
ObjectId = objectid_combine(Ima, Imp)
FieldValue = fieldvalue combine(Im4, Imp)

DefaultValue = defaultvalue_combine(Im4, Imp))

In which objectclass_combine is given as part of Definition 4.4.2, objectid combine as part of Defini-
tion 4.4.3, fieldvalue _combine as part of Definition 4.4.4 and defaultvalue combine as part of Defini-
tion 4.4.5.

@ Also see imod_combine in Ecore.Instance_Model_Combination

The combination of two instance models knows a surprisingly simple definition. This is mostly caused
by the fact that an instance model only contains of a set of objects, which has some properties. The
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properties of each object are specified by the different functions, which will be introduced in the following
definitions.

First, the function for the combination of object classes is discussed.

Definition 4.4.2 (Combination function for object classes)
objectclass _combine is a partial function on two instance models which returns a new function
Objectim,p = Classrm, - It is defined as follows:

objectclass _combine(Ima, Impg,0) =

ObjectClassy,, , (0) if o € Objecty,, N Objectm, A ObjectClassy,, , (0) = ObjectClassy,, , (0)
ObjectClassy,, , (0) if o € Objectry,, \ Object
ObjectClassy,, . (0) if o € Objectrmy, \ Objectrm ,

@ Also see imod_combine_object_class in Ecore.Instance_Model_Combination

The combination of two instance models knows a surprisingly simple definition. Because an instance
model is essentially a set of objects with properties, no complex definition is needed. The properties
of each object are specified by the different functions, which will be introduced in the following defini-
tions.

First, the function of the combination of object classes is discussed.

Definition 4.4.3 (Combination function for object identifiers)
objectid combine is a partial function on two instance models which returns a new function
Objectim,, = Name. It is defined as follows:

objectid combine(Ima,Impg,0) =

Objectldy,, , (o) if o € Objectym , N Objectry,,; A Objectldy,,  (0) = Objectldy,, . (o)
Objectldy,, , (o) if o € Objectym, \ Objectrm;,
Objectldy,, . (o) if o € Objectrmy, \ Objectm,

@ Also see imod_combine_object_id in Ecore.Instance_Model_Combination

As mentioned before, the definition of the combination function of object identifiers is very similar to the
definition of the combination function of object classes. If an object only occurs in one of the instance
models, its identifier is copied over. If an object appears in both instance models, they must have the
same identifier already in order to have an identifier in the final model.

A careful reader might notice that the behaviour of the function is strange. Theoretically, it might
give rise to double identities, which is undesired. As will be shown later, the combination function and
theorems assume that the identities of the models are already distinct. This assumption is fair, as it is
possible to redefine two instance models to have distinct identities, without loss of significance.

The following definition describes the combination of field values.

Definition 4.4.4 (Combination function for field values)
fieldvalue _combine is a partial function on two instance models which returns a new function
(Objectim,p X Fieldrm, ;) = Valuerm , . It is defined as follows:

fieldvalue_combine(Im 4, Img, (o, f)) =

FieldValuery, , ((o, f)) if o € Objectim, N Objectrm,, A
[ € fieldspp, , (ObjectClassy,, , (0)) A
[ € fieldstp, ; (ObjectClassy,, , (0)) A
FieldValuer, , ((o, f)) = FieldValuey,,, ((o, f))
FieldValuer,, , (o, f)) if o € Objectyy,, A f € fieldsrp, , (ObjectClassy,, , (0))
(0 & Objectrmy V [ € fieldsrp ; (ObjectClassy,, . (0))
FieldValuer,,; ((0, f)) if o € Objectimy A f € fieldspp, ; (ObjectClassy,, , (o)
(0o & Objectrm , V f ¢ fieldsp,, , (ObjectClassy,, , (o

& Also see imod_combine_field_value in Ecore.Instance_Model_Combination
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The definition of the combination function of field values is a lot more complicated than the previous
ones. The function domain causes this complexity. Not every combination of an object and a field has
a value. An object only has values for those fields that are defined for its class or superclasses.

When a value is set on one of the instance models, but not the other, the value is copied. Furthermore,
if a combination of object and field is set for both instance models and the value is the same, it is also
copied. Please note that equality is used here, instead of equivalence. This property is to support some
mathematical properties later on. Since the transformation framework will not allow for shared fields
anyhow, this will not impose problems later.

The last function that needs to be defined is the combination function for default values. It is given in
the following definition.

Definition 4.4.5 (Combination function for default values)
defaultvalue combine is a partial function on two instance models which returns a new function
Constantry, ., = Valuern, ;. It is defined as follows:

defaultvalue combine(Ima, Impg,c) =

DefaultValues,, ,(¢) if ¢ € Constantry,, N Constantp,,, A
DefaultValuey,, , (¢) = DefaultValuey,, , (¢)

DefaultValuey,, , (¢) if ¢ € Constantyy,, \ Constantry, ,

DefaultValuer,, , (¢) if ¢ € Constantry,, \ Constantrm, ,

@@ Also see imod_combine_default_value in Ecore.Instance_Model_Combination

The definition of the combination function of default values is very similar to the combination function
of constant types of type models (see Definition 4.3.3). This function gives values to constants defined on
the type model level. When a constant only appears in the type model of one of the instance models, the
value can be copied from that instance model. This behaviour is logical since the other instance model
cannot have a value set for that constant. If a constant is set for both of the corresponding type models,
the value set on the instance models must be the same. If this is the case, the value can be copied over.
This behaviour is desired, as the value for a constant should not change after the combination of two
instance models.

Like the last definition, equality is used here to compare the values, instead of equivalence. Once more,
this has been done to support some mathematical properties later on. Since the transformation framework
will not allow for shared constants anyhow, this will not impose problems later.

With all definitions in place, it is possible to provide an example. Let us return to the multi-protocol
chat application example introduced in Figure 4.7 of Section 4.3.1. An instance model for Tmchat
(Figure 4.7a) could have an instance of a Thread with some Messages. Formally, the instance model
could look as follows:

Imchat = Object = {1,2,3}
ObjectClass = {(1,.Thread), (2, .Message), (3, .Message) }
Objectld = {(1, Thread42), (2, Message4084), (3, Message4093)}

FieldValue = {((1, (.Thread, id)), [string,“BLUB-EiThreadiol”]),

((1, (.Thread, proto)), [enum, (.Protocol, BLUBfE)]),
((1, (-Thread, messages)). [seqof, {[obj, 2], obj, 31)] ).
((2, (.Message, text)), [string, “This is a test”])7

((3, (.Message, text)), [string, “Did you receive it?”] )}

DefaultValue = {}

A visual representation of this instance model is included in Figure 4.11a. Now, assume that there also
exists some instance model that is typed by the extension represented by Tmggztension- Lhis instance
model introduces a Contact instance for the Thread instance in I'mgp,e:. Formally, this instance model
could be defined as follows:
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ImEmtension = < Object = {1, 4}
ObjectClass = {(1,.Thread), (4, .Contact)}
Objectld = {(1, Thread42), (4, Broodkast)}

FieldValue = { ((1, (-Thread, contact)), [obj, 4] ),
((4, (.Contact, id)), [data, “BLUB-E_PubKey _a8138"] )

((47 (.Contact, name)), [string, “Lukas”]) }
DefaultValue = {}

The visual representation of Imggtension is included in Figure 4.11b. With these instance models formally
defined, it is possible to combine them using Definition 4.4.1. This will yield the following model:

Imchatpat = ( Object = {1,2,3,4}
ObjectClass = {(1,.Thread), (2, .Message), (3, .Message), (4, .Contact)}
Objectld = {(1, Thread42), (2, Message4084), (3, Message4093), (4, Broodkast)}

FieldValue = {((1, (.Thread, id)), [string,“BLUB—E_Thread_Ol”]),
1, (.Thread, proto)), [enum, (.Protocol, BLUB—E)]),
1, (.Thread, messages)), [seqof, {[obj, 2], [obj, 3] )] ),
1, (.Thread, contact)), [obj,4]),
3, (.Message, text)), [string, “Did you receive it?”]),
4, (.Contact, id)), [data,“BLUB—E_PubKey_a8138”] ),

(e
(e
(e
((2, (:Message, text)), [string, “This is a test”] ),
(.
(e
((a

4, (.Contact, name)), [String,“Lukas”D}
DefaultValue = {}

A visual representation of this combined model is included as Figure 4.11c. Like the example for the
combination of type models, this example shows that the definition of the combination of instance models
is useful. It allows to build larger models out of smaller building blocks. Furthermore, the example shows
that the combination of the two instance models is typed by the combination of its corresponding type
models.

Although the definitions of the combination of instance models are given, no mathematical properties or
theorems are defined yet. Some mathematical properties hold for the combination of instance models,
that will be presented in the following theorems.

Theorem 4.4.6 (Commutativity of the combination of instance models)
Assume that Imy and Imp are instance models, then the combine function is commutative:

combine(Im4, Imp) = combine(Impg, Im4)

@ Also see imod_combine_commute in Ecore.Instance_Model_Combination

Theorem 4.4.7 (Associativity of the combination of instance models)
Assume that Ima, Imp and Ime are instance models, then the combine function is associative:

combine(combine(Im 4, Impg), Im¢) = combine(Im 4, combine(Impg, Im¢))

& Also see imod_combine_assoc in Ecore.Instance_Model_Combination
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4> Thread42 Thread
id = "BLUB-E_Thread_01"
proto = BLUB-E

<+ Message4084 :Message 4+ Message4093 :Message
text = "This is a test" text = "Did you receive it?"

(a) The chat application instance model I'mchat

< Thread42 Thread < Broodkast :Contact
name = "Lukas"
id = "BLUB-E_PubKey_a8138"

(b) The contact extension instance model Imgztension

< Thread42 Thread 4 Broodkast :Contact

id = "BLUB-E_Thread_01" name = "Lukas"

proto = BLUB-E id = "BLUB-E_PubKey_a8138"
<+ Message4084 :Message <+ Message4093 :Message

text = "This is a test" text = "Did you receive it?"

(c) The extended chat application instance model ImchatEat

Figure 4.11: Example of the combination of type models
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Theorem 4.4.8 (Idempotence of the combination of instance models)
Assume that Ima is an instance model and that it is valid in the sense of Definition 3.2.19. Then the
following property holds:

combine(Ima, Ima) = Ima

@ Also see imod_combine_idemp_alt ¢n Ecore.Instance_Model_Combination

These properties follow directly from Definition 4.4.1, but the corresponding proofs will not be included
here. It should be noted that these properties are indeed proven correct as part of this thesis, and the
corresponding proofs are validated within Isabelle.

Besides these properties, the combination of instance models also has an identity element. The empty
instance model represents this identity element, but it needs to be defined first:

Definition 4.4.9 (Empty instance model)
Let Im, be the empty instance model. It is typed by the empty type model T'm.. Im. is defined as:

Im. = (Object = {}
ObjectClass = unde fined
Objectld = unde fined
FieldValue = unde fined
DefaultValue = undefined)

Theorem 4.4.10 (Correctness of the empty type model)
The empty instance model, Im., is valid with respect to Definition 3.2.19.

& Also see imod_empty_correct in Ecore.Instance_Model

The proof for the correctness of the empty instance model is trivial. Still, a validated version of this
proof can be found within the Isabelle theories of this thesis.

As mentioned earlier, the empty instance model acts as an identity element when combining two instance
models. The following theorem specifies this behaviour.

Theorem 4.4.11 (Identity of the combination of instance models)
Assume that I'm 4 is an instance model and that it is valid in the sense of Definition 3.2.19. Then I'm.
acts as an identity element in the combination function:

combine(Im,,Ima) = Imy
@ Also see imod_combine_identity_alt in Ecore.Instance_Model_Combination

Once more, the proof of this theorem follows directly from the definition. Therefore, the corresponding
proof will not be included here, but a validated version can be found within the Isabelle theories of this
thesis.

A final desired property for the combination of instance models is a correctness property. Theorem 4.4.12
defines the theorem under which the combination of instance models is a valid instance model. Please
note that this theorem is a generic theorem, which does not take into account that the instance models
are mostly distinct.

Theorem 4.4.12 (Validity of the combination of instance models)

Assume that Im s and Imp are valid instance models in the sense of Definition 3.2.19. Assume that
Imy is typed by type model T'm 4. Furthermore, assume that Imp is typed by type model Tmp. Tm
and Tmp are consistent by definition. Also assume that Tmap = combine(T'ma,Tmpg) is consistent in
the sense of Definition 3.2.11. Finally, assume the following properties:

o For all shared objects, the object class must be the same in both instance models: Yo € Objectry, , N
Objectrmy : ObjectClassy,, , (0) = ObjectClass;,, . (0).

o For all shared objects, the object id must be the same in both instance models: Yo € Objectim, N
Objectmy, - Objectldy,, , (0) = Objectld;,, . (0).

e For all shared constants within the corresponding type graphs, the default value must be the same
in both instance models: Yc € Constantr, , N Constantrp,, :
DefaultValuey,, , (¢) = DefaultValuer, , (¢).
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e The identifiers must be unique across both instance models: Yo, € Objectrm, , \ Objectymy N o2 €
Objectmy \ Objectm , : Objectldy,, , (01) = Objectld;,,  (02) = 01 = 0.

o If a field value is set for a combination of an object and field in both instance models, that field
value must be the same in both instance models: Yo € Objectip,,, N Objectipm, N
[ € fieldsrp, , (ObjectClassy,, , (0)) N fieldsry, ; (ObjectClassy,, . (0)):
FieldValuer,, , ((o, f)) = FieldValuer,,; ((o, f)).

o If an object needs a field value in the combination of Im 4 and Imp, but this field value is not set
in Ima, then it must be set in Imp: Yo € Objectry,, N f & fieldsry, ,(ObjectClassy,, , (0)): f €
ﬁeldSTmAB (ObjeCtCIa’SScombinc(lmA,ImB) (O)) =
o € Objectrmy, N f € fieldsry, ; (ObjectClassy,, . (0)).

o If an object needs a field value in the combination of Im 4 and Imp, but this field value is not set
in Imp, then it must be set in Ima: Yo € Objectrmy, A f & fieldspy,, (ObjectClassy,, . (0)): f €
ﬁeldsTmAB (ObjeCtCIaSScombine(lmA,ImB) (0)) =
o € Objectm, N f € fieldst,, , (ObjectClassy,, , (0)).

o For field values copied from Im 4 that are in ContainerValuery,,, the combined multiplicity must
be correct: Yo € Objectry, A f € fieldspy, ,(ObjectClass;,, , (0)) A
f € Fieldpy,, : FieldValuer,, , ((o, f)) € ContainerValuer,,, —
lowerr, , , (FieldSigy,, , . (f)) < [FieldValuer,, , ((o, f))| A
|FieldValuer, , ((o, f))| < uppery,, , . (FieldSigs,, , . (f))-

o For field values copied from Imp that are in ContainerValuery,,, the combined multiplicity must
be correct: Yo € Objectrpmy, A f € fieldsy,,, (ObjectClassy,, . (0)) A
f € Fieldpy, , : FieldValuer,, , ((o, f)) € ContainerValuery,, —
lowerr, , , (FieldSigy,,, , . (f)) < [FieldValuer,, , ((o, f))] A
|FieldValuer, ; (o, f))| < uppers,, , . (FieldSigr,, .. (f)).

o [f there exists a containment property in T'm apg, the satisfaction formula for containment properties
must be satisfied: Yo € Objectinm,, U Object

|{<(f0, ﬁ)7fv) ‘ ((f07ﬁ)7fv) € Fieldvaluecombine([m,q,ImB) A [Ob.j70] = fU A ﬁ S CRTmAB}| <1

e There may be no cycles in the containment edges of the combined instance model: {(fo,fv) |
((fo, ﬁ),fv) € FieldValuecombine(rma,rmz) N ff € C’RTmAB} is acyclic.

e The identity properties must remain satisfied when combining objects from different instance mod-
els: Vlidentity,c, A] € Proprm, A [identity,c, A] € Proppm, A o1 € Objectim, \ Objectm, A
0y € Objectrmy \ Objectry,, A ObjectClassy,,  (01) = ¢ A ObjectClass;,,  (02) = cANa € A:
FieldValuer,, , ((01,a)) =combine(Ima,1mp) FieldValuer,, , ((02,a)) = 01 = 02,

e The opposite properties must remain satisfied when combining objects from different instance mod-
els: V[opposite, r1,72] € Proprm, A [opposite, r1,12] € Proprm, A
01 € Objectpm, N (01 € Objectry, V ry & fieldspy,; (ObjectClassy,, . (01))) A
02 € Objectmy, N (02 & Objectyy, V ry & fieldsyy, , (ObjectClassy,, , (02))) =
edgeCounty,, , (01,71,02) = edgeCounty,, . (02,72,01).

Then combine(Ima, Imp) is a valid instance model in the sense of Definition 3.2.19
@ Also see imod_combine_correct in Ecore.Instance_Model_Combination
Proof. To proof that combine(I'm 4, Imp) is a valid instance model, it needs to be shown that

combine(Im 4, Imp) gives rise to a valid structure for an instance model and that Definition 3.2.19 holds.
For readability, define Im4p to be combine(Ima, Img).

Structural properties
e For each object o, ObjectClassy,, , . (0) must be an element of Classr, -
If o € Objectm, \ Object m,,, then ObjectClassy,, , . (0) € Classrm -
Similarly, if o € Objectm,, \ Objecty, ,, then ObjectClass;,, , . (0) € Classrm -

If o € Objectm, N Objectry,, then ObjectClassy,, (o) = ObjectClassy,, , (0) by assumption.
Therefore ObjectClassy,, , . (0) € Classrm ,p-

e For each object o, Objectld;,, , . (0) must be an element of Name.
If o € Objecty, \ Objecty,, then Objectldy,, . (o) € Name.
Similarly, if o € Objectmy, \ Objecty, ,, then Objectldy,, , (o) € Name.
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If o € Objecty, N Objectrymy, then Objectldy,, , (o) = Objectldy,, . (o) by assumption. Therefore
Objectldy,, , . (o) € Name.

e For each object o, and f € fieldsry, ,, (ObjectClassy,, , . (0)), FieldValuer,, , , ((o, f)) must be an
element of Valuer,, , .

First, note that Valuery,,,, UValuerm, C Valuerm 5
(see & imod_combine_value in Ecore. Instance_Model_Combination).

If o € Objectyy, \ Objecty,,,, then f € fieldsry, , (ObjectClassy,, , (0)) or
[ ¢ fieldsrp, , (ObjectClassy,, , (0)).

— If f € fieldsty,, (ObjectClassy,, , (0)), then FieldValuer,,,,((o, f)) = FieldValuer,, ,((o, f))
and, therefore, FieldValues,, , , ((0, f)) € Valuerp, , -

— If f ¢ fieldsp,, , (ObjectClassy,, , (0)), then by assumption, f € Objectr,,,. However, f &
Objectm,, so this case is invalid.

If o € Objectrmy \ Objectrm,, then f € fieldsry, ; (ObjectClassy,, . (0)) or
[ ¢ fieldsyy, ; (ObjectClassy,, . (0)).

— If f € fieldspp,; (ObjectClassy,, , (0)), then FieldValuer,, ,,((o, f)) = FieldValuer,,, ((o, f))
and, therefore, FieldValuey, , , ((0, f)) € Valuerm , -

— If f ¢ fieldsty,, (ObjectClassy,, (o)), then by assumption, f € Objectr,,,. However, f &
Objectim,,, so this case is invalid.

If o € Objectrm,, N Objectrp,,, then
[ € fieldstm , (ObjectClassy,, , (0)) N fieldsry, ; (ObjectClassy,, . (0)) or
[ & fieldsrp , (ObjectClassy,, , (0)) or f & fieldsy, , (ObjectClassy,, . (0)).

— If f € fieldsrpm , (ObjectClassy,, , (0)) N fieldsry, ; (ObjectClassy,, . (0)), then
FieldValuer,, , , ((o, f)) = FieldValuer,, , ((o, f)) and, therefore,
FieldValuerm, , , (0, f)) € Valuerm ,p-

— If f ¢ fields7p, , (ObjectClassy,, , (0)), then by assumption, f € fieldsz, , (ObjectClassy,, . (0)).
Therefore, FieldValuer, , , ((0, f)) = FieldValuer, , ((o, f)) which means that
FieldValuery, , , ((0, f)) € Valuerm -

— If f ¢ fieldsz, , (ObjectClassy,, . (0)), then by assumption, f € fieldsr,, , (ObjectClass;,, , (0)).
Therefore, FieldValuer,, , , ((o, f)) = FieldValuer,, , ((o, f)) which means that
FieldValuer,, , , ((0, f)) € Valuerm -

e For each constant ¢ in Constantpy, ,,, DefaultValuer, , , (¢) must be an element of Valuery, , -

First, note that Valuery,,, UValuerym, C Valuerm, ,
(see & imod_combine_value in Ecore. Instance_Model_Combination).

If ¢ € Constantpp,, \ Constantry,,,, then DefaultValuer,, , ,(c) € Valuerm -
Similarly, if ¢ € Constantry,,, \ Constantr., ,, then DefaultValuer,, , , (¢) € Valuerm , -

If ¢ € Constantry, , N Constantry, 5, then DefaultValuey,, , (¢) = DefaultValuer,, , (¢) by assump-
tion. Therefore DefaultValuer,, , ,(c) € Valuerm -

Validity properties

e Y((o, f),v) € FieldValuery, , s : v :1m typer,, ., (f)
If o € Objectm, \ Objectm,, then f € fieldspy, , (ObjectClassy,, , (0)) or
[ & fields7 , (ObjectClassy,, , (0)).

— If f € fieldsy,, , (ObjectClassy,, , (0)), then FieldValuer,,, ((o, f)) = FieldValuer,, , ((o, f)).
In this case typer,, ,, (f) = typer,, , (f) because types are preserved by T'map. Therefore,

Virm typeT’n’LAB (f)

— If f ¢ fieldsp,, , (ObjectClassy,, , (0)), then by assumption, f € Objectr,,,. However, f &
Objectim,, so this case is invalid.

If o € Objectymy \ Objectrm,, then f € fieldsry, ; (ObjectClassy,, . (0)) or
[ ¢ fieldsr, , (ObjectClassy,, . (0)).

— If f € fieldsm, (ObjectClassy,, , (0)), then FieldValues,, , ((o0, f)) = FieldValuery, ((o, f)).
In this case typer,,,, (f) = typer,,, (f) because types are preserved by Tmap. Therefore,

U irm typerm, ,, (f)-
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— If f ¢ fieldsp,,, (ObjectClassy,, . (0)), then by assumption, f € Objectr,,,. However, f &
Objectim,,, so this case is invalid.

If o € Objectrp,, N Objectrp,,, then
[ € fieldsyp, , (ObjectClassy,, , (0)) N fieldsyy, ; (ObjectClassy,, . (0)) or
[ ¢ fieldsrp , (ObjectClassy,, , (0)) or f & fieldsp,, , (ObjectClassy,, . (0)).

— If f € fieldszy, , (ObjectClassy,, , (0)) N fieldsy, , (ObjectClassy,, . (0)), then

FieldValuer,, . ((0, f)) = FieldValuer,, ,((o0, f)). In this case typer,,,.(f) = typer,,, (f)
because types are preserved by T'map. Therefore, v :1p, typer,, . (f)-

— If f ¢ fields7p, , (ObjectClassy,, , (0)), then by assumption, f € fieldsz, , (ObjectClassy,, , (0)).
Therefore, FieldValuer,,,((o, f)) = FieldValuer,,;((o, f)). Furthermore, typer,,,.(f) =
typer,, , (f) because types are preserved by T'map. Therefore, v :1p, typeq,, ,, (f).

— If f ¢ fields7p, ; (ObjectClassy,, . (0)), then by assumption, f € fieldsry, , (ObjectClassy,, , (0)).
Therefore, FieldValuer,,,((o, f)) = FieldValuer,, ,((o, f)). Furthermore, typer,,, . (f) =
typer,, , (f) because types are preserved by Tmap. Therefore, v :rp, typer,, , . (f).

e Y((o, f),v) € FieldValuer,, , , : validMuly,, ,  (v).

If o € Objectm, \ Objectm,, then f € fieldspy, , (ObjectClassy,, , (0)) or
[ & fieldsrp, , (ObjectClassy,, , (0)).

— If f € fieldsz,, , (ObjectClassy,, , (0)), then FieldValuer,,,, ((o, f)) = FieldValuer,, , ((o, f)).
Because Imy4 is valid, validMuly,,, (v) holds. If the multiplicity is preserved because f &
Fieldry,,, then validMulyy, , , (v). If the multiplicity is changed because f € Fieldr.y,,, then
validMuly,, , , (v) is proven by assumption.

— If f ¢ fieldspy,, (ObjectClassy,, , (0)), then by assumption, f € Objectry,,. However, f &
Objectim,, so this case is invalid.

If o € Objectrmy, \ Objectrm,, then f € fieldsy,,, (ObjectClassy,, . (0)) or
[ & fieldsrm , (ObjectClassy,, . (0)).

— If f € fieldspy,; (ObjectClassy,, . (0)), then FieldValuer,, ,, ((o, f)) = FieldValuer,, ((o, f)).
Because Imp is valid, validMuly,,,(v) holds. If the multiplicity is preserved because f &
Fieldpy, ,, then validMuly,, , , (v). If the multiplicity is changed because f € Fieldpy, , , then
validMuly,, , , (v) is proven by assumption.

— If f & fieldsgy,, (ObjectClassy,, ,(0)), then by assumption, f € Objectr,,,. However, f &
Objectrm ,, so this case is invalid.

If o € Objectrm, N Objectrm,, then
[ € fieldstm, , (ObjectClassy,, , (0)) N fieldsry, ; (ObjectClassy,, . (0)) or
[ & fields7m , (ObjectClassy,, , (0)) or f & fieldsyy,, (ObjectClassy,, . (0)).

— If f € fieldsrp, , (ObjectClassy,, , (0)) N fieldsry, ; (ObjectClassy,, . (0)), then
FieldValuery, , , ((o, f)) = FieldValuery, , ((o, f)). In this case validMulyy, ,, (v) is proven by
assumption since the multiplicity of f has been combined into a new multiplicity.

— If f & fieldszy, , (ObjectClassy,, , (0)), then by assumption, f € fieldspy,, (ObjectClassy,, , (0)).
Therefore, FieldValuery, ., ((o, f)) = FieldValuer,,, ((o, f)). Furthermore, because I'mp is
valid, validMuly,, ; (v) holds. If the multiplicity is preserved because f ¢ Flieldry,,, then
validMulyy, , , (v). If the multiplicity is changed because f € Fieldry, ,, then validMulyy, , , (v)
is proven by assumption.

— If f & fieldszy, , (ObjectClassy,, . (0)), then by assumption, f € fieldsz, , (ObjectClassy,, , (0)).
Therefore, FieldValuer,, ,,((o, f)) = FieldValuer,,, ((o, f)). Furthermore, because I'my is
valid, validMuly,, , (v) holds. If the multiplicity is preserved because f ¢ Fieldry,,,, then
validMulyy, , , (v). If the multiplicity is changed because f € Fieldpy,, then validMulyy, , , (v)
is proven by assumption.

o VD € Propro,,,: ImEDp
Make a case distinction for the different possible properties.
— For [abstract, ¢| € Proprm, . use the fact that T'm 4 is consistent to establish that abstract

properties are only copied iff there are no instances of it in the combined instance graph (see
Definition 4.3.4 for details). Therefore, I'm = [abstract, c].

— For [containment, ] € Propr.m, 5, use the assumptions to prove that I'm = [containment, r].
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— For [defaultValue, f,v] € Proprm,,, there is no specific satisfaction formula, therefore I'm =
[defaultValue, £, v].

— For [identity, ¢, A] € Proprm,,, if the property was copied over from only one of the type
models, then I'm = [identity, ¢, A]. This is the case because ¢ could not have been part of the
other type model and therefore not occur in its instance models.

If [identity, ¢, A] € Proprm ,, was present in both type models, then the identity satisfaction
formula will be correct for each pair of instances from Im4 and each pair of instances from
Imp. To ensure that it is correct for mixed instance pairs, use the assumption specified. Then
establish that Im = [identity, ¢, A].

— For [keyset, r, A] € Proprm,, it is clear that each value of r in the combined instance graph
is either the copied field value from Im 4 or the copied field value from I'mp. Since values
are preserved, there can be no new objects added to an existing relation. Therefore, Im =
[keyset, 7, A].

— For [opposite,r, '] € Proprm 5, if the property was copied over from only one of the type
models, then I'm |= [opposite, 7, r/]. This is the case because r and 7’ could not have been part
of the other type model and therefore not occur in its instance models.

If [opposite, 7, r'] € Proprm ,,, was present in both type models, then the opposite satisfaction
formula will be correct for each pair of instances from Im4 and each pair of instances from
Imp. To ensure that it is correct for mixed instance pairs, use the assumption specified. Then
establish that Im = [opposite, r, 77].

— For [readonly, f] € Proprm.,, there is no specific satisfaction formula, therefore Im =
[readonly, f].

o Vc € Constantry, ., : DefaultValuer,, , ; (¢) :1m,; ConstTyper,, . (c).

If ¢ € Constantry, , \ Constantr,,,, then DefaultValuer,, , . (¢) = DefaultValuer,, , (¢). Further-
more, ConstTyper,, , . (c) = ConstTyper,, , (c). Therefore,
DefaultValuer, , , (¢) :1m, ConstTyper,, . (c).

Similarly, if ¢ € Constantry,, \ Constantry, ,, then DefaultValuer,, , , (¢) = DefaultValuery, , (¢).
Furthermore, ConstTyper,, , . (c) = ConstTyper,, . (c). Therefore,
DefaultValuer,, ,  (¢) :rmas ConstTyper,, , . (c).

If ¢ € Constantry, , N Constantry, 5, then DefaultValuey,, , (¢) = DefaultValues,, , (¢) by assump-
tion. Furthermore, ConstTyper,, , (¢) = ConstTyper,, . (c), since Tmap is consistent. Therefore,
DefaultValuerm , 5 (¢) :rmaz ConstTyper,, . (c).

e T'mp is consistent, as defined in Definition 3.2.11.
This is specified to be true by assumption.

The proofs of all these individual properties complete the entire proof. O

As explained before, Theorem 4.4.12 does not take into account that the instance models are supposed to
be distinct except for a set of objects. Furthermore, it does not take into account that the corresponding
type models are supposed to be distinct except for a set of types. The following lemma is an alternation
of the previous theorem, which takes these properties into account.

Lemma 4.4.13 (Counsistency of the combination (mostly) distinct of instance models)

Assume that Im 4 and Imp are valid instance models in the sense of Definition 3.2.19. Assume that
Imy is typed by type model T'm . Furthermore, assume that Imp is typed by type model Tmp. Tmy
and Tmp are consistent by definition. Also assume that Tmap = combine(T'ma, Tmpg) is consistent in
the sense of Definition 3.2.11. Moreover, assume that Tmy and Tmp are entirely distinct except for
a set of types T. Also assume that Imy and Imp are entirely distinct except for a set of objects O.
Finally, assume the following properties:

o For all shared objects, the object class must be the same in both instance models: Yo € Objectry, , N
Objectrmy : ObjectClassy,, , (0) = ObjectClass;,, . (0).

o For all shared objects, the object id must be the same in both instance models: Yo € Objectim, N
Objectmy, - Objectldy,, , (0) = Objectld;,, . (o).

e For all shared constants within the corresponding type graphs, the default value must be the same
in both instance models: Yc € Constantr, , N Constantrp,, :
DefaultValuey,, , (¢) = DefaultValuey, , (¢).
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e The identifiers must be unique across both instance models: Yo, € Objectrm, , \ Objectymy N o2 €
Objectmy \ Objectm , : Objectldy,, , (01) = Objectld;,,  (02) = 01 = 0.

o If an object needs a field value in the combination of Ima and Imp, but this field value is not set
in Ima, then it must be set in Imp: Yo € Objectry,, N f ¢ fieldsry, ,(ObjectClassy,, ,(0)): f €
ﬁeldSTmAB (ObjECtCIaSScombine(lmA,ImB) (O)) =
o0 € Objectrmy, A f € fieldsry, , (ObjectClassy,, . (0)).

o If an object needs a field value in the combination of Im 4 and Imp, but this field value is not set
in Imp, then it must be set in Ima: Yo € Objectm, N f & fieldspy, , (ObjectClassy,, .(0)): f €
ﬁeldSTmAB (ObjeCtCIaSScombinc(lmA,ImB) (O)) =
o € Objectrm, N f € fieldsy,, , (ObjectClassy,, , (0)).

o [f there exists a containment property in T'm ap, the satisfaction formula for containment properties
must be satisfied: Yo € Objectn,, U Object i,
|{((f0a ff)v fv) ‘ ((fO, ff)v fv) € Fieldvaluecombine([m,q,ImB) A [Oij O] = fU A ff € CRTmAB }| S 1

There may be no cycles in the containment edges of the combined instance model: {(fo7 fu) |
((fo, 1), fv) € FieldValuecombine(rma,rmz) N ff € CRTmAB} is acyclic.

Then combine(Imy, Imp) is a valid instance model in the sense of Definition 3.2.19.

@ Also see imod_combine_merge_correct in Ecore.Instance_Model_Combination

Proof. Use Theorem 4.4.12 to show that combine(Ima, Imp) is a consistent type model. Use the as-
sumptions given. Some assumptions of Theorem 4.4.12 become irrelevant because Im 4 and Imp are
mostly distinct. O

Finally, the concept of compatibility between two instance models is defined.

Definition 4.4.14 (Compatibility of instance models)
Assume instance models Im 4 and Imp. We say that Im 4 is compatible with Impg if combine(Im 4, Imp)
is a valid instance model in the sense of Definition 3.2.19.

The notion of compatibility will be used later as a way to denote instance models that can be combined
with other instance models without loss of validity.

4.4.2 Combining instance graphs

The structure of Figure 4.10 shows that the instance graphs IG 4 and IG g are combined into one instance
graph IG4p. This section provides the definition of this combination and its corresponding theorems.
Please note that the definitions presented here, just like the previous section, are as generic as possible,
and do not actively take into account that /G4 and IGp are mostly distinct. This bit of information is
added later as part of a theorem and proof.

Definition 4.4.15 (Combination function on instance graphs)

combine is a binary function on two instance graphs which combines two instance graphs into one instance
graph. Assume IG 4 is an instance graph typed by type graph TG o and IGp is an instance graph typed
by type graph TG g, then combine(IG 4, IGg) is typed by combine(TG 4, TGg) and is defined as follows:

combine(IG4,IGg) = (N = Nig, UNig,
E = EIGA U EIGB
ident = ident _combine(IG 4, IGg))

In which ident _combine is given as part of Definition 4.4.16.

@ Also see ig_combine in GROOVE.Instance_Graph_Combination
The definition of the combination of instance graphs is the easiest combination function to understand.
Essentially, it does nothing more than combining the nodes and edges of the graph. The only thing that

is done extra is the combination of the identification function, of which the definition is presented within
the next definition.

Definition 4.4.16 (Combination function for identities of instance graphs)
ident_combine(IG 4, IGg) is a partial function on two type graphs which returns a new function
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Figure 4.12: Example of the combination of instance graphs

Id = (Nig,; N Nodey). It is defined as follows:

ident _combine(IG 4,I1Gp,i) =
ident;g, (1) if ¢ € dom ident;e, Ndom ident;g, Aidentrg, (i) = ident;q, (7)

ident;g, (i) if i € dom ident;g, \ dom ident;¢q,
(

ident;g,(7) if i € dom ident;g, \ dom ident;q,

@ Also see ig_combine_ident ¢n GROOVE.Instance_Graph_Combination

The combination function for identifiers of the instance graphs is not very difficult either. If an identifier
is only valid in one of the instance graphs, the identifier value is copied from that graph. Furthermore,
if an identifier is valid in both instance graphs, it should be the case that the identifiers project on the
same node. If this is the case, then the identifier is set for the combination.

Like the combination function of object identifiers of instance models (Definition 4.4.3), the behaviour of
this function might seem strange. Theoretically, it might give rise to nodes with two identities, which is
undesired. As will be shown later, the combination function and theorems assume that the identities of
the graphs are already distinct. This assumption is fair, as it is possible to redefine two instance graphs
to have distinct identities, without loss of significance.

With all definitions in place, it is possible to provide an example. Let us return to the contacts list
example introduced in Figure 4.9 of Section 4.3.2. Suppose a simple instance of TG¢contact, Which has
one instance with a name and e-mail address. This could be formally defined as follows:

IGcontact = N = {Contact;,“Netwerkprofessort”, “networks@example.com” }
typen = {(Contacty, Contact), (“networks@example.com”, string),
(“Netwerkprofessort”, string) }
E= {(C’ontactl, (Contact, email, string), “networks@example.com”),
(Contactl, (Contact, firstName, string), “Netwerkprofessort”) }
ident = {(Ezample, Contacty)}

)

A visual representation of this model is included in Figure 4.12a. Now suppose that we want to extent this
contact with an address. An instance of T'mg,; represents this address, and is defined as follows:

IGE. = ( N = {Contacty, Addressy,“November Str. 15”7, “NL”}

typen = {(Contacty, Contact), (Address;, Address),

(“November Str. 157, string), (“NL”, string) }
E= {(C’ontactl, (Contact, fav, Contact), Contactl),

(Contactl, (Contact, addresses, Address), Addressl),
(Addressy, (Address, addressLine, string), “November Str. 15”),
(Addressy, (Address, country, string), “NL”) }

ident = {(Ezample, Contacty)}
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The visual representation of IGg,; is included in Figure 4.12b. With these instance models formally
defined, it is possible to combine them using Definition 4.4.15. This will yield the following model:

I1GchatEat = N = {Contacty, Addressy, “November Str. 157, “NL”}
typen = {(Contacty, Contact), (Addressy, Address),
(“networks@example.com”, string), (“Netwerkprofessort”, string),
(“November Str. 157, string), (“NL”, string) }

E = {(Contacty, (Contact, email, string), “networks@example.com”),
(C’ontactl, (Contact, firstName, string), “Netwerkprofessort”) ,
(C’ontactl, Contact, fav, Contact), C’ontactl),

(Contactl, (Contact, addresses, Address), Addressl),
(Addressl, (Address, addressLine, string), “November Str. 15”),
(Addressy, (Address, country, string), “NL”) }

ident = {(Ezample, Contacty)}

A visual representation of this combined model is included as Figure 4.12c. Like the example for the
combination of type graphs, this example shows that the definition of the combination of instance graphs
is useful. It allows to build larger graphs out of smaller building blocks. Furthermore, the example shows
that the combination of the two instance graphs is typed by the combination of its corresponding type
graphs.

Although the definitions of the combination of instance graphs are given, no mathematical properties or
theorems are defined yet. Some mathematical properties hold for the combination of instance graphs,
that will be presented in the following theorems.

Theorem 4.4.17 (Commutativity of the combination of instance graphs)
Assume that IG4 and IGp are instance graphs, then the combine function is commutative:

combine(IG 4, IGE) = combine(IGE, IG 4)

& Also see ig_combine_commute ¢n GROOVE.Instance_Graph_Combination

Theorem 4.4.18 (Associativity of the combination of instance graphs)
Assume that IG 4o, IGp and IG¢ are instance graphs, then the combine function is associative:

combine(combine(IG4,IGg), IG¢c) = combine(IG 4, combine(IGg, IG¢))

@ Also see ig_combine_assoc in GROOVE.Instance_Graph_Combination

Theorem 4.4.19 (Idempotence of the combination of instance graphs)
Assume that IG 4 is an instance graph and that it is valid in the sense of Definition 3.3.10. Then the
following property holds:

combine(IG 4, IG4) = IG4

@ Also see ig_combine_idemp_alt in GROOVE.Instance_Graph_Combination
These properties follow directly from Definition 4.4.15, but the corresponding proofs will not be included

here. It should be noted that these properties are indeed proven correct as part of this thesis, and the
corresponding proofs are validated within Isabelle.

Besides these properties, the combination of instance graphs also has an identity element. The empty
instance graph represents this identity element, but it needs to be defined first:

Definition 4.4.20 (Empty instance graph)
Let IG. be the empty instance graph. It is typed by the empty type graph TG.. 1G. is defined as:

IG, = (N = {}
E={}

ident = unde fined)
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Theorem 4.4.21 (Correctness of the empty type model)
The empty instance graph, 1G., is valid with respect to Definition 3.3.10.

& Also see ig_empty_correct in GROOVE.Instance_Graph

The proof for the correctness of the empty instance graph is trivial. Still, a validated version of this
proof can be found within the Isabelle theories of this thesis.

As mentioned earlier, the empty instance graph acts as an identity element when combining two instance
graphs. The following theorem specifies this behaviour.

Theorem 4.4.22 (Identity of the combination of instance models)
Assume that IG 4 is an instance graph and that it is valid in the sense of Definition 3.3.10. Then IG.
acts as an identity element in the combination function:

combine(IG, IG4) = IG 4
@ Also see ig_combine_identity_alt in GROOVE.Instance_Graph_Combination

Once more, the proof of this theorem follows directly from the definition. Therefore, the corresponding
proof will not be included here, but a validated version can be found within the Isabelle theories of this
thesis.

A final desired property for the combination of instance models is a correctness property. Theorem 4.4.12
defines the theorem under which the combination of instance models is a valid instance model. Please
note that this theorem is a generic theorem, which does not take into account that the instance models
are mostly distinct.

Theorem 4.4.23 (Validity of the combination of instance graphs)

Assume that IG4 and IGp are valid instance graphs in the sense of Definition 3.3.10. Assume that
1G 4 is typed by type model TG 4. Furthermore, assume that IGp is typed by type model TGg. TGa
and TGp are valid by definition. Also assume that TG ap = combine(T'G 4, TG p) is valid in the sense
of Definition 3.3.5. Finally, assume the following properties:

e For all shared identities, the nodes belonging to the identities must be equal in both instance graphs:
Vi € dom ident;g, Ndom ident g, : ident;g , (i) = ident;g, (7).

The outgoing multiplicity for edges must be valid: Vet € ETrq, U ETrg, An € Nig, U Nrg, :
(typen(n),src(et)) € Crg,, =
He | e € Eig, UEq, Asrc(e) =n Atypee(e) = et}| € out(multrg,, (et)).

The incoming multiplicity for edges must be valid: Vet € ETprg, U Elrg, An € Nig, U Nigy :
(typen(n), tgt(et)) € Cra,, =

{e|e€ Eig, UErc, Ngt(e) =n Atypee(e) = et}| € in(multre,, (et)).

Each node may only be contained by one other node: ¥n € Nyg, UNig,: {e|e € Erg, UEIG, A
tgt(e) = n Atypec(e) € containsra,, } < 1.

There may be no cycle in the containment edges of the combined instance graph: {(src(e), tgt(e)) |
e € Erg, U Eg, Ntypec(e) € containsra,, } s acyclic.

Then combine(IG 4, IGR) is a valid instance graph in the sense of Definition 3.3.10.
@ Also see ig_combine_correct in GROOVE.Instance_Graph_Combination
Proof. To proof that combine(IG 4, IGg) is a valid instance graph, it needs to be shown that

combine(IG 4, IGg) gives rise to a valid structure for an instance graph and that Definition 3.3.10 holds.
For readability, define IG 4 to be combine(IG 4, IGg).

Structural properties
o All elements of N;q,, are elements of Node; U Node,,.
Follows from N;¢, € Node; U Node, and Nig, C Node; U Node,.
e All elements of Ej¢,,, are elements of Nrg,, X Elrc,s X Nig,s-

Follows from Frs, C (Nig, X ETrg, xNig,) and Erg, C (Nigs X ETra, X NiGp ). To complete
the proof, use that E1lrq,, = ETr¢, U ETrq, and Nig,, = Nig, U Nigp-
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e For each identity ¢ € dom ident;¢ , 5, identsg, , (4) is an element of Ni¢g,, N Node;.
First note that ident;g , ,(¢) = ident;g , (7) or identrg, , () = identrq , (7).

If ident;q , (’L) = identrg, (Z), then have ident;g , (Z) € Nig, N Node;. Then use Nig,, = Nig, U
Nig, to have identjq,, (i) € Nig,, N Node;.

Similarly, if ident;g,, (i) = identjg, (), then have ident;g, (i) € Nig, N Node;. Then use
Ni¢.s = Nig, U Nigp, to have ident;g,, (i) € Nig,, N Nodey.

Validity properties

e Vn € NIGAB : typen(n) S NTTGAB'
Have that type, (n) € NTrq, or type, (n) € NTrg,. Then have that type,(n) € NTrq,, because
NiGap = Niga UNiGy-

e Ve € Erc,,: type, (stc(e)) Cra.,, sre(type,(e)).
Since types of nodes and edges are preserved while merging, Crg, € Crg,, and Crgy C Crg, .,
it follows that type,, (src(e)) Cra.p sre(type,(e)).

o Ve € Erg,,: type, (tgt(e)) Cra., tet(type.(e)).
Since types of nodes and edges are preserved while merging, Crq, € Crg,, and Crg, € Crg,y,
it follows that type,, (tgt(e)) Cra.p tgt(type.(€)).

e Vn € Nig,p5: type,(n) & absra , 5 -
Use that N;g,, = Nig, U Nig,. Then make a case distinction.

If n € Ny, then type, (n) € absrq,. Furthermore, type, (n) € absra, \ NTrq,. Then we have
that type,,(n) & absrg , -

Similarly, if n € N, then type,, (n) € absrg,. Furthermore, type,, (n) € absrc, \ NTrg,. Then
we have that type, (n) € absta -

o Vet € ETrg,,:Vn € Nig.,: type,(n) Crg,, src(et) = |{e € E1g,, | src(e) = n A type,(e) =
et}| € out(multrg, , (et)).

This can be solved directly by expanding some definitions and using the assumption for outgoing
multiplicities.

o Vet € ETrg,,: Vn € Nig.p: type,(n) Cra., tet(et) = |{e € Erc,, | tgt(e) = n Atype,(e) =
et}| € in(multrg , 4 (et)).

This can be solved directly by expanding some definitions and using the assumption for incoming
multiplicities.

e Vn € Nig,,:|{e € Erc., | tgt(e) =n A type.(e) € containsra,,}| < 1.

This can be solved directly by expanding some definitions and using the assumption for the con-
tainment of nodes.

e There may be no cycle between the containment edges in Er¢q, .
This is solved by assumption.

The proofs of all these individual properties complete the entire proof. O

As explained before, Theorem 4.4.23 does not take into account that the instance graphs are supposed to
be distinct except for a set of nodes. Furthermore, it does not take into account that the corresponding
type graphs are supposed to be distinct except for a set of node types. The following lemma is an
alternation of the previous theorem, which takes these properties into account.

Lemma 4.4.24 (Consistency of the combination (mostly) distinct of instance graphs)

Assume that 1G4 and IGg are valid instance graphs in the sense of Definition 3.3.10. Assume that
IG 4 is typed by type model TG 4. Furthermore, assume that IGp is typed by type model TGp. TG4
and TGp are consistent by definition. Also assume that TGap = combine(TG4,TGg) is consistent in
the sense of Definition 3.3.5. Moreover, assume that TG s and TGp are entirely distinct except for a
set of node types NT. Also assume that IG4 and IGp are entirely distinct except for a set of nodes N.
Finally, assume the following properties:

e For all shared identities, the nodes belonging to the identities must be equal in both instance graphs:
Vi € dom ident;g, Ndom identrg, : identrg , (’L) = identrg, (Z)
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The outgoing multiplicity for edges in IG 4 must be valid: Vet € ETpg, An € Nrg, U Nig, :
(typen(n),src(et)) € Cra,, =
H{e | e € Erg, Asrc(e) = n Atypes(e) = et}] € out(multrg, (et)).

The incoming multiplicity for edges in IG 4 must be valid: Vet € ETrg, An € Nig, U Nigp :
(typen(n), tgt(et)) € Crga, =
{e | e € Erg, Ntgtle) = n Atypee(e) = et}| € in(multrg, (et)).

The outgoing multiplicity for edges in IGp must be valid: Vet € ETrg, An € Nrg, U Nigy :
(typen(n),src(et)) € Crg,, =
He | e € Erg, Asrc(e) = n Atypee(e) = et}] € out(multrg, (et)).

The incoming multiplicity for edges in IGp must be valid: Vet € ETpg, An € Nig, U Nigp :
(typen(n), tgt(et)) € Crg., =
He | e € Erg, Atgt(e) = n Atypee(e) = et}| € in(multrg, (et)).

FEach node that is present in both instance graphs may only be contained by one other node: ¥Yn €
Nig, N Nic,:|{e|e € Erg, UErc, Ntgt(e) =n Atypee(e) € containsra,, | < 1.

There may be no cycle in the containment edges of the combined instance graph: {(src(e), tgt(e)) |
e € Fig, U FEq, Ntypee(e) € containsra,, } s acyclic.

Then combine(IG 4, IGR) is a valid instance graph in the sense of Definition 3.3.10.

@ Also see ig_combine_merge_correct in GROOVE.Instance_Graph_Combination

Proof. Use Theorem 4.4.23 to show that combine(IG 4, IGp) is a consistent type model. Use the as-
sumptions given. Some assumptions of Theorem 4.4.12 are solved using multiple assumptions because
part of the assumption became irrelevant. O

Finally, the concept of compatibility between two instance graphs is defined.

Definition 4.4.25 (Compatibility of instance graphs)
Assume instance graphs IG 4 and IGg. We say that IG 4 is compatible with IG g if combine(IG 4, IGg)
is a valid instance graph in the sense of Definition 3.3.10.

The notion of compatibility will be used later as a way to denote instance graphs that can be combined
with other instance graphs without loss of validity.

4.4.3 Combining transformation functions

The previous sections discussed the combination of instance models and instance graphs. In this section,
the combination of transformation functions between instance models and instance graphs is discussed.
This combination is the last key element shown in Figure 4.10. If it is possible to combine f4 and fp
into fa Ll fp, then it is possible to build transformation functions between instance models and instance
graphs iteratively.

Before it is possible to define a definition for the combination of two transformation functions, it is
essential to define what functions are considered to be transformation functions.

Definition 4.4.26 (Transformation function from an instance model to an instance graph)
Let f be a function from instance models to instance graphs, Im be an instance model and IG the
corresponding instance graph. f is a transformation function iff:

e f projects Im onto IG: f(Im) = IG;
o After combination with another instance model, f preserves the type graph;

o After combination with another instance model, f preserves the nodes:
VImg: Nirm) € Ny(combine(Im,Imy,))s

o After combination with another instance model, f preserves the edges:
VImg: Etrm)y © Ef(combine(Im,Ima));

e For all identities in the projected instance graph, f preserves the value of the identity if the instance
model is combined with another instance model:
VImg: Vi € dom ident f(py,) : ident ¢(rp,) (i) = ident ¢(combine(rm, rm.)) () -

@ Also see ig_combine_mapping_function in
Ecore-GROOVE-Mapping.Instance_Model_Graph_Mapping
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As expected, a transformation must project some instance model I'm to its corresponding instance graph
IG. Furthermore, it has to preserve properties of the projection, even after I'm is combined with some
other instance model. The rationale behind these properties is that after combining I'm with some other
instance model, there must still be a way to transform the elements that originated from Im. If that is
possible, it is possible to use the transformation function as the basis for the combined transformation
function, which can transform the combined instance model to a combined instance graph.

The following definition will describe how two transformation functions from instance models to instance
graphs can be combined into a new transformation function, which projects the combination of two
instance models onto the combination of the two corresponding instance graphs.

Definition 4.4.27 (Combination of transformation functions from an instance model to an instance
graph)

Let fa and fp be a transformation functions in the sense of Definition 4.4.26. fa projects an instance
model Imy onto instance graph IG 4. fp projects an instance model Imp onto instance graph IGp.
Then the combination of f4 and fg is defined as:

fAl_lfB(Im) = < N = {TL | n e NfA(Im) An e N[GA}U{TL | n e NfB(Im) An e N[GB}
E={e|ee EfA(Im) Ne€ Eig,}U{el|ee EfB(Im) Ne € Erg,}
ident = ident_mapping(fA,IGA, fB,IGB,Im)>

In which ident _mapping is given as part of Definition 4.4.28
@ Also see ig_combine_mapping in Ecore-GROOVE-Mapping.Instance_Model_Graph_Mapping

Like the combination of transformations functions from a type model to a type graph, the combination
of transformations functions from an instance model to an instance graph follows the combination of
instance graphs closely. The definition is an alternation of Definition 4.4.15. As shown for type models
and type graphs, this is the desired behaviour, as the combination of the transformation functions should
be able to transform the combination of two instance models to the combination of the two corresponding
instance graphs.

Unsurprisingly, the definition of the identity function of f4LIfp is very similar to Definition 4.4.16.

Definition 4.4.28 (Combination of the identity function for two transformation functions)
ident_mapping(fa, IGa, fB, [Gp,Im) is a partial function on two transformation functions fa and fp,
their corresponding projections IGa4 and IGp and an instance model Im which returns a new function
Id = (Ng¢,0uf5(m) N Nodet). It is defined as follows:

ident_combine(fa, G4, fB, IGp,Im,i) =

ident s, (ym (i) if i € {i |4 € dom identy, ;) A € dom ident;g, } N

{i|i € dom identy, j;m) A € dom ident;g, } Aidenty, 1) (i) = identra, (7)
ident s, (7my (i) if i € {i |4 € dom identy, ;mm) A € dom ident;g,} \

{i | i € dom identh(Im) Ai € dom identIGA}
ident s, () (i) if i € {i|i € dom identy, ;m) Ai € dom identra,} \

{i|i € dom identy, ;) A € dom ident;q, }

With these definitions in place, it is possible to provide the necessary theorems for the correctness of the
combined function f4 U fp.

Theorem 4.4.29 (The projection of a combined transformation function from an instance model to an
instance graph)

Let fa and fp be a transformation functions in the sense of Definition 4.4.26. fa projects an instance
model Imy onto instance graph IG 4. fp projects an instance model Imp onto instance graph 1Gp.
Then the combination of fa and fg, fal fp projects combine(Im, Impg) onto combine(IG 4,I1Gg), so:

faU fp(combine(Ima, Imp)) = combine(IG 4, IGpg)

@ Also see ig_combine_mapping_correct in
Ecore-GROOVE-Mapping.Instance_Model_Graph_Mapping

Proof. The corresponding proof follows directly from Definition 4.4.27 as well as Definition 4.4.26. Since
the individual transformation functions f4 and fp preserve the elements of their instance graphs when the
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instance model is combined with another one, we can establish that the definition of f4lLlfg is equal to the
definition of combine(IG 4, IGp). Therefore, f4 U fp(combine(Im4, Imp)) = combine(IG4,IGg). O

Although the presented theorem is a large step towards being able to build transformation functions
from instance models to instance graphs iteratively, there is still one key element missing. It should be
formally argued that f4 U fp is once again an transformation function in the sense of Definition 4.4.26.
If this is formally argued, it becomes possible to easily combine f4 Ll fp with yet another transformation
function. The following theorem states this property.

Theorem 4.4.30 (A combined transformation function from an instance model to an instance graph is
a transformation function)

Let fa and fp be a transformation functions in the sense of Definition 4.4.26. fa projects an instance
model Imy onto instance graph 1G 4. fp projects an instance model Imp onto instance graph IGg. Then
the combination of fao and fp, falUfB is again a transformation function in the sense of Definition 4.4.26
which projects combine(I'ma, Imp) onto combine(IG 4, IGp).

@ Also see ig_combine_mapping_function_correct in
Ecore-GROOVE-Mapping.Instance_Model_Graph_Mapping

Proof. Use Definition 4.4.26. Since the individual transformation functions f4 and fp preserve the ele-
ments of their instance graphs when the instance model is combined with another one, we can establish
that the definition of f4 U fp will also preserve these elements. This can be shown using the commu-
tativity and associativity of the combination of instance models, see Theorem 4.4.6 and Theorem 4.4.7
respectively. O

This last theorem completes the recursive behaviour of combining transformation functions and therefore
allows for building transformation functions from instance models to instance graphs iteratively.

The definitions and theorems that are presented so far only work in one direction: for transforming
instance models into instance graphs. As visually shown in Figure 4.10, it must also be possible to
transform instance graphs back into instance models. The definitions and theorems needed for this
transformation are similar and will be presented in the remaining part of this section.

Definition 4.4.31 (Transformation function from an instance graph to an instance model)
Let f be a function from instance graphs to instance models, IG be an instance graph and Im the
corresponding instance model. f is a transformation function iff:

e f projects IG onto Im: f(IG) = Im;
o After combination with another instance graph, f preserves the type model;

o After combination with another instance graph, f preserves the objects:
VIG,: Objecty1qy C Object f(combine(1G,1G,));

e For all objects in the projected instance model, f preserves the object class if the instance graph is
combined with another instance graph:
VIG;: Vo € Object (1) : ObjectClass ;) (0) = ObjectClass combine(1c, 16, ))(0)5

e For all objects in the projected instance model, f preserves the object identifier if the instance graph
is combined with another instance graph:
VIG,: Vo € Objects1g): Objectld ;1 (0) = Objectld f(combine(rc,16:,))(0);

e For all objects in the projected instance model and all fields in the type model corresponding to the
projected instance model, f preserves the field value if the instance graph is combined with another
instance graph:

VIG,: Yo € Objectf(jg) :Vd € FieldTmf(IG> :
FieldValues(;c)((o0,d)) = FieldValue (combine(rc,1c.,))((0,d));

e For all constants in the type model corresponding to the projected instance model, f preserves the
default value if the instance graph is combined with another instance graph:
VIG,: Ve € Constantry, ., : DefaultValuey (1) (c) = DefaultValue s combine(rc,1a,))(¢);

& Also see imod_combine_mapping_function in
Ecore-GROOVE-Mapping.Instance_Model_Graph_Mapping

Just like Definition 4.4.26, the definition of transformation functions from an instance graph to an instance

model preserves all elements if the instance graph is combined with another instance graph. This will
once more be the key to having the property of iterative building of transformation functions.
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The following definition will describe how two transformation functions from instance graphs to instance
models can be combined into a new transformation function, which projects the combination of two
instance graphs onto the combination of the two corresponding instance models.

Definition 4.4.32 (Combination of transformation functions from an instance graph to an instance

model)

Let fa and fp be a transformation functions in the sense of Definition 4.4.31. fa projects an instance
graph IG 4 onto instance model Im . fp projects an instance graph IGp onto instance model Imp.
Then the combination of fa and fp is defined as:

faUufp(IG) = Object = {o | 0 € Objecty,1qy N o € Objectm, } U
{o| o€ Objecty, 16y No € Objectrmy}
ObjectClass = objectclass_mapping(fa, Ima, fg,Imp,IG)
Objectld = objectid_mapping(fa, Ima, f5,Imp,IG)
FieldValue = fieldvalue_mapping(fa, Ima, f5, Imp, IG)
ConstType = consttype mapping(fa, Ima, fg,Impg, IG)

)

In which objectclass _mapping is given as part of Definition 4.4.33, objectid _mapping as part of Def-
inition 4.4.34, fieldvalue mapping as part of Definition 4.4.36 and defaultvalue mapping as part of
Definition 4.4.35.

& Also see imod_combine_mapping in Ecore-GROOVE-Mapping.Instance_Model_Graph_Mapping

As expected, the definition for the combination of transformation functions from an instance graph to an
instance model is an alternation of Definition 4.4.1. This alternation will once more allow the combined
transformation function to project the combination of the instance graphs to the combination of the
corresponding instance models.

The following four definitions will provide the remaining functions, which will closely follow their coun-
terparts from Section 4.4.1.

Definition 4.4.33 (Combination of the object class function for two transformation functions)
objectclass mapping(fa, Ima, fg, Imp, IG) is a partial function on two transformation functions fa
and fg, their corresponding projections Ima and Imp and an instance model IG which returns a new

Junction Objects, 5, 16) = Classtm, ;. o) - It is defined as follows:

objectclass_mapping(fa, Ima, fg,Imp,IG,0) =

ObjectClassy, (;¢)(0) if 0 € {o| 0 € Objects,(1c) Ao € Objectpm,} N
{o| 0 € Objectys, (1) N o € Objectrm, } A

ObjectClass;, (1) (0) = ObjectClassy, ;) (0)

ObjectClass;, (1¢)(0) if o € {o] 0 € Objecty, 1) N o € Objectrm,} \
{o| 0 € Objectys, (1) N o € Objecty,, }

ObjectClassy, (;¢y(0) if 0 € {00 € Objects,1a) Ao € Objectrmy} \
{o| 0 € Objecty, (1) N o € Objectrp, , }

@ Also see imod_combine_object_class_mapping n
Ecore-GROOVE-Mapping.Instance_Model_Graph_Mapping

Definition 4.4.34 (Combination of the object identifier function for two transformation functions)
objectid mapping(fa,Ima, fB,Impg,IG) is a partial function on two transformation functions fa and
fB, their corresponding projections Ims and Imp and an instance model IG which returns a new
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function Objecty, s, 1q) = Name. It is defined as follows:

objectid mapping(fa, Ima, fg,Imp,IG,0) =

Objectldy, (;)(0) if 0 € {o]| o € Objects,(1c) Ao € Objectpm ,} N
{o| 0 € Objecty, (1) N o € Objectrm,} A

ObjeCtIde (IGQ) (O) = ObJeCtIde IG) (O)

Objectldy, (;¢)(0) if o € {o] o€ Objecty, 1) Ao € Objectrm,} \
{o| 0 € Objecty, (1) N o € Objectyy, }

Objectld;, (;)(0) if 0 € {o] o€ Objecty,(rc)y Ao € Objectimy} \
{o| 0 € Objecty, (1) N o € Objectrp, , }

@ Also see imod_combine_object_id_mapping in
Ecore-GROOVE-Mapping.Instance_Model_Graph_Mapping

Definition 4.4.35 (Combination of the default value function for two transformation functions)
defaultvalue _mapping(fa, Ima, fg,Impg,IG) is a partial function on two transformation functions fa
and fg, their corresponding projections Imy and I'mp and an instance model IG which returns a new
Junction Constantrm, ;) = Valuep, ryia)- It is defined as follows:

defaultvalue _mapping(fa, Ima, fg,Imp,IG,c) =

DefaultValuey, (16y(c) if ¢ € {c|c € Constantry,, g Nc € Constantry,} N
{c|ce€ Constantrm, o Nc € Constantrm,} A

DefaultValuey, (;¢)(c) = DefaultValuey, ;¢)(c)

DefaultValuey, (r6y(c) if ¢ € {c|c € Constantry,, g Ac€ Constantry,} \
{c|c € Constantrm,  q Ac € Constantrmy}

DefaultValues, (16)(c) if ¢ € {c|c € Constantrym,_ q, A c € Constantyp,,} \
{c|c € Constantrm, ) Ac € Constantrp,, }

@ Also see imod_combine_default_value_mapping in
Ecore-GROOVE-Mapping.Instance_Model_Graph_Mapping

Definition 4.4.36 (Combination of the field value function for two transformation functions)
fieldvalue _mapping(fa, Ima, fg, Imp, IG) is a partial function on two transformation functions fa and
fB, their corresponding projections Imy and Imp and an instance model IG which returns a new
function (Objecty,p,16) % Fieldrm, ,; ;q) = Values,ipzic)- 1t is defined as follows:

fieldvalue mapping(fa, Ima, f5,Imp,IG,(0,d)) =
FieldValuey, (1¢y((0,d)) if o € {o] o€ Objecty, gy Ao € Objectry,} N
{o| 0 € Objecty, (1) N o € Objectrmy} A
d € {d|d € fieldspm, ¢ (ObjectClassy, ;¢)(0)) A
d € fieldsym , (ObjectClass, (1¢)(0))} A
d € {d|d € fieldsrm, q, (ObjectClass;, ;c(0)) A
d € fieldsry, ; (ObjectClass;, (;¢(0))} A
FieldValuey, (r¢)((0,d)) = FieldValuey, 1¢((0, d))
FieldValuey, (1¢y((0,d)) if o € {o] o € Objecty, 1)y Ao € Objectrm,} A
d € {d|d € fieldsrm, q (ObjectClassy, ;¢y(0)) A
d € fieldsry, , (ObjectClassy, (1¢)(0))} A
(o {o] o€ Objecty, gy No € Objectrpmy} V
d ¢ {d|d € fieldsrm, q, (ObjectClass;, ;cy(0)) A
d € fieldsym , (ObjectClass s, (;¢y(0)) }
FieldValuey, (ra)((0,d)) if o € {o] o€ Objects,ra) Ao € Objectrmy} A
d € {d|d € fieldspm, ¢, (ObjectClass;, ;¢ (0)) A
d € fieldsym , (ObjectClass;, (1¢y(0))} A
(o & {o| o€ Objecty, 1)y No € Objectpm, } V
d ¢ {d|d € fieldspm, ¢ (ObjectClassy, ;q)(0)) A
d € fieldsry, , (ObjectClassy, (1¢)(0))}
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& Also see imod_combine_field_value_mapping in
Ecore-GROOVE-Mapping.Instance_Model_Graph_Mapping

The definitions of most of these combination functions are straightforward. Only the fieldvalue mapping
seems significantly more complicated. However, a careful ready will still be able to see that the definition
is an alternation of Definition 4.4.4. The definition seems more complicated because of the combination
of objects and fields in the domain of the function.

With these definitions in place, it is possible to provide the necessary theorems for the correctness of the
combined function f4 LI fp.

Theorem 4.4.37 (The projection of a combined transformation function from an instance graph to an
instance model)

Let fa and fp be a transformation functions in the sense of Definition 4.4.31. fa projects an instance
graph IG 4 onto instance model Im . fp projects an instance model IGp onto instance graph Impg.
Then the combination of fa and fg, falU fp projects combine(IG 4, IGpg) onto combine(Ima,Img), so:

fal fp(combine(IG4,IGg)) = combine(Im 4, Imp)

& Also see imod_combine_mapping_correct in
Ecore-GROOVE-Mapping.Instance_Model_Graph_Mapping

Proof. The corresponding proof follows directly from Definition 4.4.32 as well as Definition 4.4.31. Since
the individual transformation functions f4 and fp preserve the elements of their instance models when
the instance graph is combined with another one, we can establish that the definition of f4Llf5 is equal to
the definition of combine(Im 4, Imp). Therefore, f4 U fp(combine(IG 4, IGp)) = combine(Im4, Imp).

O

Like the combined transformation function from instance models to instance graphs, the combined trans-
formation function from instance graphs to instance models is also a transformation function, but in the
sense of Definition 4.4.31. This is stated in the following theorem.

Theorem 4.4.38 (A combined transformation function from an instance graph to an instance model is
a transformation function)

Let fa and fp be a transformation functions in the sense of Definition 4.4.81. fa projects an instance
graph IG 4 onto instance model Ima. fp projects an instance graph IGp onto instance model Imp. Then
the combination of fao and fp, falfp is again a transformation function in the sense of Definition 4.4.31
which projects combine(IG 4, IGg) onto combine(Im 4, Imp).

& Also see imod_combine_mapping_function_correct in
Ecore-GROOVE-Mapping.Instance_Model_Graph_Mapping

Proof. Use Definition 4.4.31. Since the individual transformation functions f4 and fp preserve the ele-
ments of their instance models when the instance graph is combined with another one, we can establish
that the definition of f4 U fp will also preserve these elements. This can be shown using the commuta-
tivity and associativity of the combination of instance graphs, see Theorem 4.4.17 and Theorem 4.4.18
respectively. O
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Chapter 5

Library of transformations

The previous chapter introduced a framework to reason about composable model transformations for-
mally. This framework does allow one to create models from scratch by iteratively adding different
elements. Although the previous chapter did introduce the needed definitions and theorems to explain
this framework, it did not discuss how to apply the framework in practice. In order to apply the
framework, the framework needs two essential ingredients. First of all, the framework needs a set of
proven model transformations that can be used to build models iteratively. Finally, these proven model
transformations must be applied within the framework to create some larger model.

In this chapter, a set of small model transformations between GROOVE and Ecore is introduced. These
model transformations can be used within the framework as ‘building blocks’, which are used to create
larger models. The goal of this chapter is to show possible model transformations that can be applied
with the framework from the previous chapter, in order to validate the framework using an application
of these transformations. Therefore, the set of model transformations presented in this chapter will be
non-exhaustive. It will only include transformations that are necessary for the application, as well as
some transformations that show the potential of the framework.

This chapter is split into two parts. Within the first part, a set of model transformations between type
models and type graphs is introduced. This set is used within the second part, where a set of model
transformations between instance models and instance graphs is introduced. However, before any of
these sets is discussed, some definitions used throughout this chapter are introduced.

5.1 Definitions

This section introduces some general definitions that are used within the model transformations of this
chapter. They are introduced before the actual transformations for readability and to prevent repeating
the same definitions as part of the transformations themselves.

Throughout this chapter, many sequences are used. Sequences, sometimes also called lists, are enumer-
ated collections of objects in which repetitions are allowed. Each element in a sequence is a member
of that sequence. Moreover, each element has a corresponding index that represents the position of the
element within the sequence. For sequences, some definitions are defined to make it easier to reason
about them.

Definition 5.1.1 (Prefix operator for sequences)
Assume s = (my,ma,...,my) to be a sequence. Then define # as the prefiz operator on sequences, which
adds an elements e to the beginning of the sequence s.

e# s =e#H(mi,mg,...,mp) = (e,m1,Ma,...,My)

Please note that for every element belonging to index i, after adding e, the element belonging to index i
will belong to index i + 1:

S; = My
(e#s)=e
(6#5)(i+1) =m,
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Definition 5.1.2 (Append operator for sequences)
Assume s = (m1,ma,...,m;) and t = (ni,ns,...,n;) to be sequences. Then define sQt as an operator on
two sequences, which appends sequence t to sequence s.

sQ t = (m1,ma,...,m;,n1, N2, ..., Nj)
The following holds for the indexes of s @ t:

(s@ t)1§i§|s\ =1m;

(8@ t)js41<i<s|+]e| = N

Using the definitions on sequences, it becomes possible to define the transformation of identifiers and
namespaces (see Definition 3.2.2). As explained earlier, Ecore uses the concepts of identifiers and names-
paces to distinguish classes, enumeration types and user-defined data types. In GROOVE, these concepts
do not exist, though it must be possible to express identifiers and namespaces in GROOVE. Therefore,
a definition will be provided that allows for transforming identifiers and namespaces into sequences, and
back. This definition will be used throughout this chapter to transform namespaces and identifiers.

Definition 5.1.3 (Transformation of namespaces to sequences)
Assume n to be a valid namespace, in the sense of Definition 3.2.2. Then the recursive function
ns_to_list(n) transforms a namespace into a sequence:

ns_to_list(n) = {gs—to—liSt(ns) Q (name) li n= TS,name)
1Ir n =

@ Also see ns_to_list in Ecore-GROOVE-Mapping.Namespace_List

According to this definition .some.namespace.name is transformed into (some, namespace, name). Further-
more, the top namespace is transformed into the empty sequence, (), as directly defined as part of the
definition.

Besides a definition to transform namespaces into sequences, there is also a transformation from sequences
back to namespaces.

Definition 5.1.4 (Transformation of sequences to namespaces)
Assume s to be a sequence of names. Then list_to_ns(s) is defined as the inverse function of ns_to_list,
so it transforms sequences into their corresponding namespace.

@ Also see 1ist_to_ns in Ecore-GROOVE-Mapping.Namespace_List

By definition, list_to ns will convert the sequence (some, namespace, name)) back into its correspond-
ing namespace, (some, namespace, name). Furthermore, the empty sequence () is converted to the top
namespace L.

5.2 Type level transformations

This section represents the first part of the library of transformations, as explained in the introduction
of this chapter. Throughout this section, small transformations between type models and type graphs
will be defined. In order for these transformations useful in the context of the transformation framework
of Chapter 4, some properties must hold for each of them. For each transformation, the corresponding
type model must be consistent in the sense of Definition 3.2.11 and the corresponding type graph must
be valid in the sense of Definition 3.3.5. Furthermore, to be able to apply the transformation, the
type model must be compatible with its counterpart in the transformation framework. In the same
way, the type graph corresponding to the transformation must be compatible with its counterpart in
the transformation framework. Moreover, it will be shown that the transformation function f that
transforms the corresponding type model into a type graph is a valid transformation function in the
sense of Definition 4.3.25. Finally, it will also be shown that the reverse transformation is a valid
transformation function in the sense of Definition 4.3.30.

5.2.1 Regular classes

The first transformation that will be defined is a transformation of regular classes. A class without any
additional properties is considered a regular class. The Ecore model for defining a regular class is given
in the following definition:
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£ Example

(b) TG¢lass with name = .Example

(a) Tmciass with name = .Example

Figure 5.1: Visualisation of the transformation of regular classes

Definition 5.2.1 (Type model Tmcigss)
Let Tmeiass be the type model containing a regular class with identifier name. Tmeciqss 1S defined as:

Class = {name}

Enum = {}
UserDataType = {}
Field = {}

FieldSig = {}
EnumValue = {}
Inh = {}

Prop = {}
Constant = {}
ConstType = {}

@ Also see tmod_class in Ecore-GROOVE-Mapping-Library.ClassType

Theorem 5.2.2 (Correctness of Tmeiqass)
Tmciass (Definition 5.2.1) is a consistent type model in the sense of Definition 3.2.11.

& Also see tmod_class_correct in Ecore-GROOVE-Mapping-Library.ClassType
A visual representation of Tmciqss With identifier .Example can be seen in Figure 5.1a. The correctness

proof of T'meyass is trivial, and therefore not included here. The proof can be found as part of the
Isabelle validated proofs.

In order to make composing transformation functions possible, Tm¢iqss should be compatible with the
type model it is combined with.

Theorem 5.2.3 (Correctness of combine(T'm, Tmciqss))
Assume a type model T'm that is consistent in the sense of Definition 3.2.11. Then T'm is compatible
with Tmeiass (in the sense of Definition 4.3.13) if:

e The identifier of the class in T'mciqss 15 not yet an identifier for a class, enumeration type or
user-defined data type in Tm;

e The identifier of the class in Tmeiqss 18 not in the namespace of any class, enumeration type or
user-defined data type in T'm;

e None of the identifiers in any class, enumeration type or user-defined data type in T'm is in the
namespace of the class in Tmcigss-

& Also see tmod_class_combine_correct in Ecore-GROOVE-Mapping-Library.ClassType

Proof. Use Lemma 4.3.12. It is possible to show that all assumptions hold. Now we have shown that
combine(T'm, T'mciass) is consistent in the sense of Definition 3.2.11. O

The definitions and theorems for a regular class within Ecore are now complete.

Encoding as node type

A possible encoding for regular classes in Ecore is using a node type in GROOVE. This node type will
get a transformed identifier as name. The encoding corresponding to Tmcqss can then be represented
as T'G¢iqss, defined in the following definition:
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Definition 5.2.4 (Type graph TGciass)
Let TGoyqss be the type graph containing a single node type which encodes a reqular class name. TGcygss
is defined as:

NT = {ns_to_list(name)}
ET ={}
C = {(ns_to_list(name),ns_to_list(name))}
abs = {}
mult = {}

contains = {}

@ Also see tg_class_as_node_type in Ecore-GROOVE-Mapping-Library.ClassType

Theorem 5.2.5 (Correctness of TG¢iqss)
TGclass (Definition 5.2.4) is a valid type graph in the sense of Definition 3.3.5.

@ Also see tg_class_as_node_type_correct in Ecore-GROOVE-Mapping-Library.ClassType
A visual representation of TG¢iqss With identifier .Example can be seen in Figure 5.1b. The correctness

proof of T'Gc¢yass 18 trivial, and therefore not included here. The proof can be found as part of the
Isabelle validated proofs.

In order to make composing transformation functions possible, T'G¢yqss should be compatible with the
type graph it is combined with.

Theorem 5.2.6 (Correctness of combine(T'G, TG¢iass))
Assume a type graph TG that is valid in the sense of Definition 3.8.5. Then TG is compatible with
TGclass (in the sense of Definition 4.3.24) if:

e The node type of the encoded class in TGciqss 18 not a node type in TG.
@ Also see tg_class_as_node_type_combine_correct in

Ecore-GROOVE-Mapping-Library.ClassType

Proof. Use Lemma 4.3.23. It is possible to show that all assumptions hold. Now we have shown that
combine(TG,TGciqss) is valid in the sense of Definition 3.3.5. O

The next definitions define the transformation function from T'mcigss t0 TGeoass:

Definition 5.2.7 (Transformation function foiass)
The transformation function fcoiass(T'm) is defined as:

NT = {ns_to_list(c) | c € Classpn}
ET = {}
C = {(ns_to_list(c1),ns_to_list(ca)) | ¢1 € Classym, A ca € Classrm}

abs = {}
mult = {}

contains = {}

@ Also see tmod_class_to_tg_class_as_node_type tn Ecore-GROOVE-Mapping-Library.ClassType

Theorem 5.2.8 (Correctness of feyqss)
ferass(Tm) (Definition 5.2.7) is a valid transformation function in the sense of Definition 4.3.25 trans-
forming Tmeiass into TGeygss-

@ Also see tmod_class_to_tg_class_as_node_type_func in
Ecore-GROOVE-Mapping-Library.ClassType
The proof of the correctness of foqss Will not be included here. Instead, it can be found in the validated

Isabelle theories.

Finally, to complete the transformation, the transformation function that transforms T'Gegiess into
Tmciass is defined:
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Definition 5.2.9 (Transformation function f{,,,)
The transformation function fl,s,(T'G) is defined as:

Class = {list_to_ns(n) | n € NTpg}

Enum = {}
UserDataType = {}
Field = {}

FieldSig = {}
EnumValue = {}
Inh = {}

Prop = {}
Constant = {}
ConstType = {}

@ Also see tg_class_as_node_type_to_tmod_class ¢n Ecore-GROOVE-Mapping-Library.ClassType

Theorem 5.2.10 (Correctness of f(,.s)
Jrass(TG) (Definition 5.2.9) is a valid transformation function in the sense of Definition 4.3.30 trans-
forming TGeiass into Tmeygss-

@ Also see tg_class_as_node_type_to_tmod_class_func in

Ecore-GROOVE-Mapping-Library.ClassType

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

5.2.2 Abstract classes

EQ Example

(b) TG absciass with name = .Example
(a) Tmapsciass with name = .Example

Figure 5.2: Visualisation of the transformation of abstract classes

This section defines a transformation that is very close to the previous transformation. In this section,
an abstract class without any additional properties is defined. The Ecore model for defining an abstract
class is given in the following definition:

Definition 5.2.11 (Type model Tm apsciass)
Let Tm apsciass be the type model containing an abstract class with identifier name. TmapsClass 1S
defined as:

Class = {name}

Enum = {}
UserDataType = {}
Field = {}

FieldSig = {}
EnumValue = {}
Inh = {}

Prop = {[abstract, name] }
Constant = {}
ConstType = {}

& Also see tmod_abstract_class in Ecore-GROOVE-Mapping-Library.AbstractClassType
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Theorem 5.2.12 (Correctness of Tm apsciass)
Tmapsciass (Definition 5.2.11) is a consistent type model in the sense of Definition 3.2.11.

& Also see tmod_abstract_class_correct in Ecore-GROOVE-Mapping-Library.AbstractClassType

A visual representation of Tm apsciass With identifier .Example can be seen in Figure 5.2a. The correctness
proof of T'm apsciass is trivial, and therefore not included here. The proof can be found as part of the
Isabelle validated proofs.

In order to make composing transformation functions possible, T'm apsciqss should be compatible with
the type model it is combined with.

Theorem 5.2.13 (Correctness of combine(T'm, Tm apsciass))
Assume a type model T'm that is consistent in the sense of Definition 3.2.11. Then T'm is compatible
with Tm apsciass (in the sense of Definition 4.3.13) if:

e The identifier of the class in T'm apsciass 1S not yet an identifier for a class, enumeration type or
user-defined data type in Tm;

o The identifier of the class in Tm apsciass S not in the namespace of any class, enumeration type
or user-defined data type in T'm;

e None of the identifiers in any class, enumeration type or user-defined data type in T'm is in the
namespace of the class in Tmapsclass-

@ Also see tmod_abstract_class_combine_correct in
Ecore-GROOVE-Mapping-Library.AbstractClassType

Proof. Use Lemma 4.3.12. It is possible to show that all assumptions hold. Now we have shown that
combine(T'm, T'm apsciass) 1s consistent in the sense of Definition 3.2.11. O

The definitions and theorems for a regular class within Ecore are now complete.

Encoding as node type

A possible encoding for abstract classes in Ecore is using a node type in GROOVE. This node type will
get a transformed identifier as name. The encoding corresponding to T'm apsciass can then be represented
as T'G apsClass, defined in the following definition:

Definition 5.2.14 (Type graph TG apsciass)
Let TG apsciass be the type graph containing a single node type which encodes an abstract class name.
TG apsclass 18 defined as:

NT = {ns_to_list(name)}
BT = {)
C = {(ns_to_list(name),ns_to_list(name))}
abs = {ns_to_list(name)}
mult = {}

contains = {}

@ Also see tg_abstract_class_as_node_type in
Ecore-GROOVE-Mapping-Library.AbstractClassType

Theorem 5.2.15 (Correctness of TG¢iass)
TG apsciass (Definition 5.2.14) is a valid type graph in the sense of Definition 3.3.5.

@ Also see tg_abstract_class_as_node_type_correct in

Ecore-GROOVE-Mapping-Library.AbstractClassType

A visual representation of TG apsciass With identifier .Example can be seen in Figure 5.2b. The correctness
proof of T'G ppsciass is trivial, and therefore not included here. The proof can be found as part of the
Isabelle validated proofs.

In order to make composing transformation functions possible, T'G gpsciass should be compatible with
the type graph it is combined with.
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Theorem 5.2.16 (Correctness of combine(T'G, TG apsciass))
Assume a type graph TG that is valid in the sense of Definition 3.3.5. Then TG is compatible with
TG apsciass (in the sense of Definition 4.53.24) if:

e The node type of the encoded class in TG apsciass 1S not a node type in TG.

& Also see tg_abstract_class_as_node_type_combine_correct in
Ecore-GROOVE-Mapping-Library.AbstractClassType

Proof. Use Lemma 4.3.23. It is possible to show that all assumptions hold. Now we have shown that
combine(T'G, TG apsciass) is valid in the sense of Definition 3.3.5. O

The next definitions define the transformation function from T'm apsciass t0 TG ApsCiass:

Definition 5.2.17 (Transformation function fapsciass)
The transformation function fapsciass(T'm) is defined as:

NT = {ns_to _list(c) | ¢ € Classrm}
ET = {}
C = {(ns_to_list(c1),ns_to list(ce)) | 1 € Classpm A ca € Classrm}
abs = {ns_to list(c) | ¢ € Classrm }
mult = {}

contains = {}

@ Also see tmod_abstract_class_to_tg_abstract_class_as_node_type in
Ecore-GROOVE-Mapping-Library.AbstractClassType

Theorem 5.2.18 (Correctness of fapsciass)
favsclass(Tm) (Definition 5.2.17) is a valid transformation function in the sense of Definition 4.5.25
transforming T'm apsciass nto TG ApsCiass -

@ Also see tmod_abstract_class_to_tg_abstract_class_as_node_type_func in
Ecore-GROOVE-Mapping-Library.AbstractClassType
The proof of the correctness of fapsciass Will not be included here. Instead, it can be found in the

validated Isabelle theories.

Finally, to complete the transformation, the transformation function that transforms T'Gapsciass into
TmAbsClass is defined:

Definition 5.2.19 (Transformation function f/,.uss)
The transformation function fl ci..s(TG) is defined as:

Class = {list_to_ns(n) | n € NTpg}

Enum = {}
UserDataType = {}
Field = {}

FieldSig = {}
EnumValue = {}
Inh = {}

Prop = {[abstract,ns_to_list(c)] | ¢ € Classtm}
Constant = {}
ConstType = {}

@ Also see tg_abstract_class_as_node_type_to_tmod_abstract_class in
Ecore-GROOVE-Mapping-Library.AbstractClassType

Theorem 5.2.20 (Correctness of /4, ciuss)
Fhavsciass(TG) (Definition 5.2.19) is a valid transformation function in the sense of Definition 4.3.30
tmnsforming TGAbsClass nto TmAbsClass-
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@ Also see tg_abstract_class_as_node_type_to_tmod_abstract_class_func in
Ecore-GROOVE-Mapping-Library.AbstractClassType

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

5.2.3 Regular subclasses

Q ExistingType

S
N

ExistingType
A

Q NewType
(b) TGsupetass with name = .NewType and
— supertype = .ExistingType
(a) Tmsubclass with name = .NewType and

supertype = .Existing Type

Figure 5.3: Visualisation of the transformation of regular subclasses

This section will define the transformation of a regular subclass. Within this transformation, a newly
introduced subclass is transformed, which extends an existing supertype. The Ecore type model that
introduces such a subclass is defined as follows:

Definition 5.2.21 (Type model Tmgybeiass)
Let Tmsubelass be the type model containing a regular class with identifier name. The reqular class name

extends another reqular class with identifier supertype. Furthermore, name # supertype. Tmgsypclass 1S
defined as:

Class = {name, supertype}

Enum = {}
UserDataType = {}
Field = {}

FieldSig = {}

EnumValue = {}
Inh = {(name, supertype)}

Prop = {}

Constant = {}

ConstType = {}

& Also see tmod_subclass in Ecore-GROOVE-Mapping-Library.SubclassType

Theorem 5.2.22 (Correctness of Tmgsupciass)
Tmgubclass (Definition 5.2.21) is a consistent type model in the sense of Definition 3.2.11.

@ Also see tmod_subclass_correct in Ecore-GROOVE-Mapping-Library.SubclassType

A visual representation of T'mgypeiass With the new subclass identified as .NewType and the existing
supertype identified as .ExistingType can be seen in Figure 5.3a. The correctness proof of Tmsupeliass
is trivial, and therefore not included here. The proof can be found as part of the Isabelle validated
proofs.

In order to make composing transformation functions possible, Tmgyupciass Should be compatible with
the type model it is combined with.

Theorem 5.2.23 (Correctness of combine(T'm, Tmsypelass))
Assume a type model T'm that is consistent in the sense of Definition 3.2.11. Then T'm is compatible
with Tmgupelass (in the sense of Definition 4.3.13) if:
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o The only shared type is the supertype, so Classpm N Classrmg,paa.. = {Supertype};
e The class name is not in the namespace of class supertype, and vice versa;
e name is not used as an identifier for an enumeration type or user-defined data type in Tm;

e The identifier of the class name in Tmeiass s not in the namespace of any class, enumeration
type or user-defined data type in Tm;

e None of the identifiers in any class, enumeration type or user-defined data type in Tm is in the
namespace of the class name in Tmcigss-

@ Also see tmod_subclass_combine_correct in Ecore-GROOVE-Mapping-Library.SubclassType

Proof. Use Lemma 4.3.12. It is possible to show that all assumptions hold. For proving that the
transitive closure of the inheritance relation is irreflexive, use the fact that name only appears in the
domain of the relation. Now we have shown that combine(T'm, T'mciqss) is consistent in the sense of
Definition 3.2.11. O

The definitions and theorems for a regular subclass within Ecore are now complete.

Encoding as node type

A possible encoding for regular subclasses in Ecore is using node types in GROOVE. The supertype and
newly introduced subtype will both be node types with their corresponding identifiers transformed. The
encoding corresponding to Tmgypciass can then be represented as T'Gsyperass, defined in the following
definition:

Definition 5.2.24 (Type graph TG subciass)

Let TG gypelass be a type graph containing a two node types. The first node type encodes the regular
class supertype. The second node type encodes a regular class name which extends the encoded class
supertype. Furthermore name # supertype. TG supciass 1S defined as:

NT = {ns_to_list(name),ns_to_list(supertype)}
BT = {}

C = {(ns_to_list(name),ns_to_list(name)),
(ns_to_list(supertype),ns_to_list(supertype)),
(ns_to_list(name),ns_to_list(supertype))}

abs = {}
mult = {}

contains = {}

& Also see tg_subclass_as_node_type in Ecore-GROOVE-Mapping-Library.SubclassType

Theorem 5.2.25 (Correctness of TG supclass)
TG subclass (Definition 5.2.24) is a valid type graph in the sense of Definition 8.3.5.

& Also see tg_subclass_as_node_type_correct in Ecore-GROOVE-Mapping-Library.SubclassType
A visual representation of T'Ggypeiass With the new subclass identified as .NewType and the existing
supertype identified as .ExistingType both encoded as node type, is shown in Figure 5.3b. The correctness

proof of TGgupcrass 18 trivial, and therefore not included here. The proof can be found as part of the
Isabelle validated proofs.

In order to make composing transformation functions possible, T'Ggypciass should be compatible with
the type graph it is combined with.

Theorem 5.2.26 (Correctness of combine(T'G, TGsubclass))
Assume a type graph TG that is valid in the sense of Definition 3.3.5. Then TG is compatible with
TGsubclass (in the sense of Definition 4.5.24) if:

e The only shared node type in TG and TG gypcrass %S the node type of the encoded supertype.

@ Also see tg_subclass_as_node_type_combine_correct in
Ecore-GROOVE-Mapping-Library.SubclassType
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Proof. Use Lemma 4.3.23. It is possible to show that all assumptions hold. For proving the antisymmetry
of the inheritance relation, use the fact that the node type which encodes class name only appears in
the domain of the relation. Now we have shown that combine(T'G, TG gyperass) 1s valid in the sense of
Definition 3.3.5. O

The next definitions define the transformation function from Tmgupiass t0 TG subiass:

Definition 5.2.27 (Transformation function fsupeiass)
The transformation function fsupeiass(T'm) is defined as:

NT = {ns_to_list(c) | c € Classpm}
ET = {}
C = {(ns_to_list(c1),ns_to_list(ca)) | ¢1 € Classpm A ca € Classpm Ney = ca} U
{(ns_to_list(i),ns_to list(j)) | (4,4) € Inhrm}
abs = {}
mult = {}

contains = {}

@ Also see tmod_subclass_to_tg_subclass_as_node_type in
Ecore-GROOVE-Mapping-Library.SubclassType

Theorem 5.2.28 (Correctness of fsubeiass)
fsubctass(Tm) (Definition 5.2.27) is a valid transformation function in the sense of Definition 4.3.25
transforming Tmsupeiass 10 TG supclass -

& Also see tmod_subclass_to_tg_subclass_as_node_type_func in

Ecore-GROOVE-Mapping-Library.SubclassType

The proof of the correctness of fsupeiass Will not be included here. Instead, it can be found in the
validated Isabelle theories.

Finally, to complete the transformation, the transformation function that transforms TG gypeiass into
TMmsubelass 1S defined:

Definition 5.2.29 (Transformation function f&,;.;0ss)
The transformation function f§,p.ass(T'G) is defined as:

Class = {list_to _ns(n) | n € NTrg}

Enum = {}
UserDataType = {}
Field = {}

FieldSig = {}
EnumValue = {}
Inh = {(list_to_ns(4),list_to_ns(j)) | (4,4) € Cra A i # j}
Prop=1{}
Constant = {}
ConstType = {}

& Also see tg_subclass_as_node_type_to_tmod_subclass in
Ecore-GROOVE-Mapping-Library.SubclassType

Theorem 5.2.30 (Correctness of f&,;.10ss)
Fouberass(TG) (Definition 5.2.29) is a valid transformation function in the sense of Definition 4.3.30
transforming TG subciass t0 TMgubciass-

@ Also see tg_subclass_as_node_type_to_tmod_subclass_func in
Ecore-GROOVE-Mapping-Library.SubclassType

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.
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5.2.4 Enumeration types

@

Example

— OPTION_A
— OPTION_B
—~ OPTION_C

(a) TMEnum with

name = .Example and
values = {OPTION _A,
OPTION _B,OPTION _C}

| Example ;

Example
OPTION _A
OPTION B
OPTION_C

(C) TGEnumFlags with
’ExampIeSOPTION AHExampIeSOPTION BHExample$OPTION c‘ name = .Example and
N B = values = {OPTION _A,
(b) TGEnumNodes With name = .Example and OPTION B,OPTION C}
values = {OPTION_A, OPTION_B,OPTION_C}

Figure 5.4: Visualisations of the transformations of enumeration types

This section will define the transformation of an enumeration type. Within this transformation, a new
enumeration type is introduced, including its possible values. The Ecore type model that introduces
such a subclass is defined as follows:

Definition 5.2.31 (Type model Tm gnym)
Let Tmgnum be the type model containing a enumeration type with identifier name. The values of this
enumeration type are defined as part of sequence values. Tmgnum 1S defined as:

Class = {}

Enum = {name}
UserDataType = {}
Field = {}
FieldSig = {}

EnumValue = {(name,v) | v € values}

Inh = {}
Prop = {}
Constant = {}
ConstType = {}

& Also see tmod_enum in Ecore-GROOVE-Mapping-Library.EnumType

Theorem 5.2.32 (Correctness of T'm gnum)
Tmgubclass (Definition 5.2.81) is a consistent type model in the sense of Definition 3.2.11.

& Also see tmod_enum_correct in Ecore-GROOVE-Mapping-Library.EnumType

A visual representation of T'mgpym Wwith .Example as identifier for the new enumeration type and
OPTION_A, OPTION_B and OPTION_C as its values can be seen in Figure 5.4a. The correctness
proof of Tmgnum is trivial, and therefore not included here. The proof can be found as part of the
Isabelle validated proofs.

In order to make composing transformation functions possible, T'm gpym should be compatible with the
type model it is combined with.

Theorem 5.2.33 (Correctness of combine(T'm, Tmgnum))
Assume a type model T'm that is consistent in the sense of Definition 3.2.11. Then T'm is compatible
with Tmgnum (in the sense of Definition 4.3.13) if:
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o The identifier of the enumeration type in Tmgnum s not yet an identifier for a class, enumeration
type or user-defined data type in Tm;

o The identifier of the enumeration type in Tmpgpym s not in the namespace of any class, enumer-
ation type or user-defined data type in T'm;

e None of the identifiers in any class, enumeration type or user-defined data type in T'm is in the
namespace of the enumeration type in TmEnum-

& Also see tmod_enum_combine_correct in Ecore-GROOVE-Mapping-Library.EnumType

Proof. Use Lemma 4.3.12. It is possible to show that all assumptions hold. Now we have shown that
combine(Tm, T'Mm gnum) is consistent in the sense of Definition 3.2.11. O

The definitions and theorems for a regular subclass within Ecore are now complete.

Encoding as node type

A possible encoding for enumeration types in Ecore is using node types in GROOVE. In this case, the
enumeration type itself is transformed into an abstract node type. Each value of the enumeration type
is converted to its own node type, extending the abstract node type. The encoding corresponding to
Tmgnum can then be represented as TG gpumNodes, defined in the following definition:

Definition 5.2.34 (Type graph TG gnumNodes)

Let TG gnumNodes be a type graph containing multiple node types. The first node type encodes the enu-
meration type name. The other node types encode the values of enumeration type name. TG pnumnNodes
is defined as:

NT = {ns_to_list(name)} U {ns_to_list(name) Q (v) | v € values}
ET = {}
C = {(us_to_list(name),ns_to_list(name))} U
(v),ns_to_list(name) Q (v)) | v € values} U

{(ns_to_list(name v
(v

)
)@
{(ns_to_list(name) @ (v),ns_to_list(name)) | v € values}

abs = {ns_to_list(name)}
mult = {}

contains = {}

& Also see tg_enum_as_node_types in Ecore-GROOVE-Mapping-Library.EnumType

Theorem 5.2.35 (Correctness of T'G gnumnNodes)
TGEnumNodes (Definition 5.2.34) is a valid type graph in the sense of Definition 3.3.5.

& Also see tg_enum_as_node_types_correct in Ecore-GROOVE-Mapping-Library.EnumType

A visual representation of TG EpumnNodes With .Example as identifier for the encoded enumeration type
and OPTION A, OPTION_B and OPTION _C as its values can be seen in Figure 5.4b. Please note that
in this visualisation, the sequences are concatenated using the dollar sign $. The correctness proof of
TG EnumNodes 1s trivial, and therefore not included here. The proof can be found as part of the Isabelle
validated proofs.

In order to make composing transformation functions possible, T'G gnumNodes Should be compatible with
the type graph it is combined with.

Theorem 5.2.36 (Correctness of combine(TG, TG EnumNodes))
Assume a type graph TG that is valid in the sense of Definition 3.8.5. Then TG is compatible with
TGEnumNodes (in the sense of Definition 4.5.24) if:

e There are no shared node types between TG EpumnNodes and TG.

& Also see tg_enum_as_node_types_combine_correct in
Ecore-GROOVE-Mapping-Library.EnumType

Proof. Use Lemma 4.3.23. It is possible to show that all assumptions hold. Now we have shown that
combine(T'G, TG gnumNodes) is valid in the sense of Definition 3.3.5. O
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The next definitions define the transformation function from Tmgnum t0 TG EnumNodes:

Definition 5.2.37 (Transformation function fgnumnNodes)
The transformation function fgpumnNodes(Tm) is defined as:

NT = {ns_to_list(e) | e € Enumr,,} U{ns_to _list(e) @ (v) | (e,v) € EnumValuer,,}
ET = {}

C = {(us_to_list(e1),ns_to list(ez)) | e1 € Enumpm A ez € Enumpp, } U
{(ns_to_list(i) @ (j),ns_to_list() Q ()) | (¢,5) € EnumValuery,} U
{(ns_to_list(i) Q (j),ns_to_list(e)) | (,7) € EnumValuery, A e € Enumpy,}

abs = {}
mult = {}

contains = {}

& Also see tmod_enum_to_tg_enum_as_node_types in Ecore-GROOVE-Mapping-Library.EnumType

Theorem 5.2.38 (Correctness of frnumNodes)
fEnumNodes(Tm) (Definition 5.2.37) is a valid transformation function in the sense of Definition 4.5.25
transforming Tmgnum nto TG EnumNodes -

@ Also see tmod_enum_to_tg_enum_as_node_types_func in
Ecore-GROOVE-Mapping-Library.EnumType

The proof of the correctness of frnumnNodes Will not be included here. Instead, it can be found in the
validated Isabelle theories.

Finally, to complete the transformation, the transformation function that transforms TG gnumNodes INt0O
Tmgnum is defined:

Definition 5.2.39 (Transformation function ff, ... Nodes)
The transformation function [, nodes (TG, name) is defined as:

Class = {}

Enum = {list_to_ns(n) | n € NTrg An =1id_to_name(name)}
UserDataType = {}
Field = {}
FieldSig = {}

EnumValue = {(list_to_ns(e),v) | e@ (v) € NTpg A e@ (v) #id_to_name(name)}

Inh = {}
Prop = {}
Constant = {}
ConstType = {}

@ Also see tg_enum_as_node_types_to_tmod_enum in Ecore-GROOVE-Mapping-Library.EnumType

Theorem 5.2.40 (Correctness of fr,...m Nodes)
FEnumnNodes (TG, name) (Definition 5.2.39) is a valid transformation function in the sense of Defini-
tion 4.8.30 transforming TG gnumNodes nt0 TM gnum -

@ Also see tg_enum_as_node_types_to_tmod_enum_func in

Ecore-GROOVE-Mapping-Library.EnumType

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

Encoding as flags

Another possible encoding for enumeration types in Ecore is using flags in GROOVE. In this case, the
enumeration type itself is transformed into a regular node type. Each value of the enumeration type is
converted to a flag on this node type. The encoding corresponding to T'm gp.m can then be represented
as T'G EnumFiags, defined in the following definition:
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Definition 5.2.41 (Type graph TGenumFiags)
Let TG EnumFiags be a type graph containing a single node type which encodes the enumeration type
name. The flags on the node type of name encode the different values. TG EnumFiags %S defined as:

NT = {ns_to_list(name)}
ET = {(ns_to_list(name), (v),ns_to_list(name)) | v € values}
C = {(ns_to_list(name),ns_to_list(name))}
abs = {}
mult(e) = {(O..I,O..l) if € € ET1G g0 0mriage

contains = {}

@ Also see tg_enum_as_flags in Ecore-GROOVE-Mapping-Library.EnumType

Theorem 5.2.42 (Correctness of TG EnumFiags)
TG EnumFiags (Definition 5.2.41) is a valid type graph in the sense of Definition 3.3.5.

@ Also see tg_enum_as_flags_correct in Ecore-GROOVE-Mapping-Library.EnumType
A visual representation of TG EnumFiags With .Example as identifier for the encoded enumeration type
and OPTION A, OPTION_ B and OPTION _C as its values can be seen in Figure 5.4c. The correctness

proof of TG gnumFiags is trivial, and therefore not included here. The proof can be found as part of the
Isabelle validated proofs.

In order to make composing transformation functions possible, TG EnumFiags should be compatible with
the type graph it is combined with.

Theorem 5.2.43 (Correctness of combine(T'G, TG EnumFiags))
Assume a type graph TG that is valid in the sense of Definition 3.8.5. Then TG is compatible with
TG EnumFiags (in the sense of Definition 4.3.24) if:

o There are no shared node types between T'G gnumFiags ond TG.
& Also see tg_enum_as_flags_combine_correct in Ecore-GROOVE-Mapping-Library.EnumType

Proof. Use Lemma 4.3.23. It is possible to show that all assumptions hold. Now we have shown that
combine(T'G, TG grumFiags) is valid in the sense of Definition 3.3.5. O

The next definitions define the transformation function from T'mgnum to TGEnumFiags:

Definition 5.2.44 (Transformation function frnumriags)
The transformation function fenumFiags(I'm) is defined as:

NT = {ns_to list(e) | e € Enumpm,}
ET = {(ns_to_list(e),v,ns_to _list(e)) | (e,v) € EnumV aluer.,}
C = {(ns_to_list(e1),ns_to_list(ez)) | e1 € Enumpm, A ez € Enumqpp,}
abs = {}
mult(e) = {(0..1,0..1) if e € {(ns_to_list(n),v,ns_to_list(n)) | (n,v) € EnumV aluery,}

contains = {}

& Also see tmod_enum_to_tg_enum_as_flags in Ecore-GROOVE-Mapping-Library.EnumType

Theorem 5.2.45 (Correctness of fgnumFiags)
fEnumFlags(Tm) (Definition 5.2.44) is a valid transformation function in the sense of Definition 4.3.25
transforming T'mEgnum nto TG EnumFiags-

& Also see tmod_enum_to_tg_enum_as_flags_func in Ecore-GROOVE-Mapping-Library.EnumType
The proof of the correctness of fenumFiags Will not be included here. Instead, it can be found in the
validated Isabelle theories.

Finally, to complete the transformation, the transformation function that transforms T'G gpumFiags into
TmEenum is defined:
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5 Example Example
value: string

(b) TGuserrype with name = .Example

and data_edge = value
(a) TmuserType With name = .Example

Figure 5.5: Visualisation of the transformation of user-defined data types

Definition 5.2.46 (Transformation function ff,,,.r1ags)
The transformation function f,’anumFlagS(TG) is defined as:

Class = {}

Enum = {list_to_ns(n) | n € NTrg}
UserDataType = {}
Field = {}
FieldSig = {}

EnumValue = {(list_to_ns(e),v) | (e,v,e) € ETrg}

Inh = {}
Prop={}
Constant = {}
ConstType = {}

& Also see tg_enum_as_flags_to_tmod_enum in Ecore-GROOVE-Mapping-Library.EnumType

Theorem 5.2.47 (Correctness of fr,....mNodes)
fgnumFlags(TG) (Definition 5.2.46) is a valid transformation function in the sense of Definition 4.3.30
transforming TG EnumFlags t0 TMEpum -

& Also see tg_enum_as_flags_to_tmod_enum_func in Ecore-GROOVE-Mapping-Library.EnumType

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

5.2.5 User-defined data types

Within this section, the transformation of an user-defined data type will be defined. A user-defined data
type in Ecore is a custom data type, of which a serialisation can be stored in the form of a string. The
Ecore type model for introducing a user-defined data type is simple:

Definition 5.2.48 (Type model Tmy serrype)
Let Tmyserrype be the type model containing a user-defined data type with identifier name. TmyserType
is defined as:

Class = {}

Enum = {}
UserDataType = {name}

Field = {}

FieldSig = {}
EnumValue = {}
Inh = {}

Prop = {}
Constant = {}
ConstType = {}

@ Also see tmod_userdatatype in Ecore-GROOVE-Mapping-Library.UserDataTypeType

Theorem 5.2.49 (Correctness of T'myserrype)
Tmyserrype (Definition 5.2.48) is a consistent type model in the sense of Definition 3.2.11.
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& Also see tmod_userdatatype_correct in Ecore-GROOVE-Mapping-Library.UserDataTypeType

A visual representation of T'm serrype With identifier .Example can be seen in Figure 5.5a. The correctness
proof of T'myserType is trivial, and therefore not included here. The proof can be found as part of the
Isabelle validated proofs.

In order to make composing transformation functions possible, T'my serrype should be compatible with
the type model it is combined with.

Theorem 5.2.50 (Correctness of combine(T'm, T'my serrype))
Assume a type model Tm that is consistent in the sense of Definition 3.2.11. Then T'm is compatible
with Ty serType (in the sense of Definition 4.5.13) if:

o The identifier of the user-defined data type in TMmyserrype 15 not yet an identifier for a class,
enumeration type or user-defined data type in T'm;

o The identifier of the user-defined data type in T'myserrype 15 not in the namespace of any class,
enumeration type or user-defined data type in T'm;

e None of the identifiers in any class, enumeration type or user-defined data type in Tm is in the
namespace of the class in TmyserType-

@ Also see tmod_userdatatype_combine_correct in
Ecore-GROOVE-Mapping-Library.UserDataTypeType

Proof. Use Lemma 4.3.12. It is possible to show that all assumptions hold. Now we have shown that
combine(T'm, Tmy serType) 18 consistent in the sense of Definition 3.2.11. O

The definitions and theorems for a regular class within Ecore are now complete.

Encoding as node type

A possible encoding for user-defined data types in Ecore is using a node type in GROOVE. This node
type will get a transformed identifier as name. In order to be able to store the serialised value, an edge
type is created to a string node that represents the serialised value. The encoding corresponding to
T'myserType can then be represented as TGy serrype, defined in the following definition:

Definition 5.2.51 (Type graph TGuserrype)

Let TGyserrype be the type graph containing a single node type which encodes a user-defined data type
name. Furthermore, this node type has an edge type named data_edge to a string primitive to store its
serialised value. TGy gerType is defined as:

NT = {ns_to_list(name)}
ET = {(ns_to_list(name), (data_edge), string)}
C = {(ns_to_list(name),ns_to_list(name)), (string, string) }
abs = {}
mult(e) = {(0.,1.1) if ¢ € ETray.,m,.

contains = {}

@ Also see tg_userdatatype_as_node_type in Ecore-GROOVE-Mapping-Library.UserDataTypeType

Theorem 5.2.52 (Correctness of TGy serrype)
TGuserrype (Definition 5.2.51) is a valid type graph in the sense of Definition 3.3.5.

& Also see tg_userdatatype_as_node_type_correct in

Ecore-GROOVE-Mapping-Library.UserDataTypeType

A visual representation of T'Gygerrype With identifier .Example can be seen in Figure 5.5b. In this
example, value was chosen as edge name. The correctness proof of TGyserrype is trivial, and therefore
not included here. The proof can be found as part of the Isabelle validated proofs.

In order to make composing transformation functions possible, T'Gyserrype should be compatible with
the type graph it is combined with.

Page 111



Theorem 5.2.53 (Correctness of combine(TG, TGy serrype))
Assume a type graph TG that is valid in the sense of Definition 3.3.5. Then TG is compatible with
TGuserrype (in the sense of Definition 4.3.24) if:

e The node type of the encoded class in TGyserType 15 N0t a node type in TG.
@ Also see tg_userdatatype_as_node_type_combine_correct in

Ecore-GROOVE-Mapping-Library.UserDataTypeType

Proof. Use Lemma 4.3.23. It is possible to show that all assumptions hold. Now we have shown that
combine(T'G, TGyserrype) is valid in the sense of Definition 3.3.5. O

The next definitions define the transformation function from T'myserrype t0 T'GuserType:

Definition 5.2.54 (Transformation function fuserrype)
The transformation function fuserrype(I'm) is defined as:
NT = {ns_to list(u) | u € UserDataTypery,} U {string}
ET = {(ns_to_list(u), (data_edge), string) | u € UserDataTyper.,}
C = {(ns_to_list(u1),ns_to_list(uz)) | u1 € UserDataTypery, A us € UserDataTypery,} U
{(string, string) }
abs = {}

mult(e) = {(0..*, 1..1) if e € {(ns_to_list(u), (data__edge), string) | u € User DataTyperm, }

contains = {}

@ Also see tmod_userdatatype_to_tg_userdatatype_as_node_type in
Ecore-GROOVE-Mapping-Library.UserDataTypeType

Theorem 5.2.55 (Correctness of fuserrype)
fuserrype(T'm) (Definition 5.2.54) is a valid transformation function in the sense of Definition 4.3.25
transforming Tmyserrype 1t0 TGy serType-

@ Also see tmod_userdatatype_to_tg_userdatatype_as_node_type_func in
Ecore-GROOVE-Mapping-Library.UserDataTypeType

The proof of the correctness of fyserrype Will not be included here. Instead, it can be found in the
validated Isabelle theories.

Finally, to complete the transformation, the transformation function that transforms T'Gyserrype into
TMyserType is defined:

Definition 5.2.56 (Transformation function f{;,.,.1ype)
The transformation function fi;.,p,,.(T'G) is defined as:

Class = {}

Enum = {}
UserDataType = {list_to_ns(n) | n € NTrg N Lab: }

Field = {}

FieldSig = {}
EnumValue = {}
Inh = {}

Prop = {}
Constant = {}
ConstType = {}

@ Also see tg_userdatatype_as_node_type_to_tmod_userdatatype in
Ecore-GROOVE-Mapping-Library.UserDataTypeType

Theorem 5.2.57 (Correctness of f{;,.,7ype)
fUserrype(TG) (Definition 5.2.56) is a valid transformation function in the sense of Definition 4.3.30
transforming TGy serrype Mt0 TMyserType -
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[ EH Example ]

7' Field : EString

Example
field: string

(b) TG patariela for a string with name = field

(a) Tmpatarieida for a string with name = field

Figure 5.6: Visualisation of the transformation of a field typed by a data type

@ Also see tg_userdatatype_as_node_type_to_tmod_userdatatype_func in
Ecore-GROOVE-Mapping-Library.UserDataTypeType

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

5.2.6 Data fields

All transformations discussed so far have focused on introducing different kind of types. In the following
transformations, these types will be enriched with fields. In this transformation specifically, a field typed
by a data type will be introduced.

Definition 5.2.58 (Type model Tmpataricid)

Let Tmpatarield be the type model containing a regular class with identifier classtype. Then Tmpatarield
defines a field named name with type fieldtype, in which fieldtype is either boolean, integer, real or
string. Tmpatarield S defined as:

Class = {classtype}
Enum = {}
User DataType = {}
Field = {(classtype, name)}

FieldSig = {(f, (fieldtype,1.1)) i | € Fieldrmp, ...
EnumValue = {}
Inh = {}

Prop = {}
Constant = {}
ConstType = {}

& Also see tmod_data_field in Ecore-GROOVE-Mapping-Library.DataField

Theorem 5.2.59 (Correctness of Tmpatarield)
Tmpatarieida (Definition 5.2.58) is a consistent type model in the sense of Definition 3.2.11.

& Also see tmod_data_field_correct in Ecore-GROOVE-Mapping-Library.DataField
A visual representation of Tm paiericia With field name field on class .Example can be seen in Figure 5.6a.
In this example, the string type is chosen for the fieldtype, but any data type would have worked. The

correctness proof of T'm pataFicid is more involved, it is not included here for conciseness. It can be found
within the validated Isabelle proofs.

In order to make composing transformation functions possible, Tmpgatarieid should be compatible with
the type model it is combined with.

Theorem 5.2.60 (Correctness of combine(T'm, T'mpatarield))
Assume a type model T'm that is consistent in the sense of Definition 8.2.11. Then T'm is compatible
with TMpatarield (in the sense of Definition 4.5.13) if:

e The class type on which the field is defined, classtype, is already an existing class in Tm;

e The field named name is not already a field on classtype in Tm.
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& Also see tmod_data_field_combine_correct in Ecore-GROOVE-Mapping-Library.DataField

Proof. Use Lemma 4.3.12. It is possible to show that all assumptions hold. Now we have shown that
combine(Tm, Tmpatarieid) is consistent in the sense of Definition 3.2.11. O

The definitions and theorems for defining a data field within Ecore are now complete.

Encoding as edge type

The most obvious encoding for an field in GROOVE would be using an edge type. The field is trans-
formed into an edge type between an existing node type and the corresponding field type. The encoding
corresponding to Tmpataricia can then be represented as TG pataField, defined in the following defini-
tion:

Definition 5.2.61 (Type graph TG pataricid)
Let TG patariela be the type graph containing a node type which encodes the class type classtype. Fur-
thermore, define an edge type from classtype named name. This edge type targets a node of fieldtype.
TG patarieid s defined as:

NT = {ns_to_list(classtype), fieldtype}

ET = {(ns_to_list(classtype), (name), fieldtype)}

C = {(ns_to_list(classtype),ns_to_list(classtype)), (fieldtype, fieldtype)}
abs = {}
mult(e) = {(O..*, 1..1) if e € {(ns_to_list(classtype), (name), fieldtype)}

contains = {}

@ Also see tg_data_field_as_edge_type in Ecore-GROOVE-Mapping-Library.DataField

Theorem 5.2.62 (Correctuess of TG pataricld)
TGpatarieid (Definition 5.2.61) is a valid type graph in the sense of Definition 3.3.5.

@ Also see tg_data_field_as_edge_type_correct in Ecore-GROOVE-Mapping-Library.DataField
A visual representation of T'Gpgiaricia With edge name field on node type Example can be seen in
Figure 5.6b. Like the previous example, a string has been chosen to be consequent, but any primitive

type could have been used. The correctness proof of T'G pataFieig is more involved, it is not included
here for conciseness. It can be found within the validated Isabelle proofs.

In order to make composing transformation functions possible, TG pgtarieid sShould be compatible with
the type graph it is combined with.

Theorem 5.2.63 (Correctness of combine(TG, TG pataFicid))
Assume a type graph TG that is valid in the sense of Definition 3.3.5. Then TG is compatible with
TGpatarieia (in the sense of Definition 4.58.24) if:

e The node type of the encoded class type in TG patarieid s already an node type in TG;

e The node type of the encoded class type in TG pataricia does not already have an edge type with the
same name as the field in TG.

& Also see tg_data_field_as_edge_type_combine_correct in
Ecore-GROOVE-Mapping-Library.DataField

Proof. Use Lemma 4.3.23. It is possible to show that all assumptions hold. Now we have shown that
combine(TG, TG pataricid) is valid in the sense of Definition 3.3.5. O

The next definitions define the transformation function from Tmpgataricida 10 TG pataField:
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Definition 5.2.64 (Transformation function fpataricid)
The transformation function fpataricia(T'm) is defined as:

NT = {ns_to_list(c) | ¢ € Classpm } U {fieldtype}
ET = {(ns_to_list(c), {f), fieldtype) | (c,n) € Fieldry,}

C = {(ns_to_list(c),ns_to_list(c)) | ¢ € Classrm } U {(fieldtype, fieldtype)}
abs = {}

mult = §(0..x,1..1) if e € {(ns_to_list(c), (f), fieldtype) | (¢,n) € Fieldry}

— =

contains = {}

& Also see tmod_data_field_to_tg_data_field_as_edge_type in
Ecore-GROOVE-Mapping-Library.DataField

Theorem 5.2.65 (Correctness of fpataricid)
fpataricid(Tm) (Definition 5.2.64) is a valid transformation function in the sense of Definition 4.3.25
transforming TmpataField t0 TG pataField-

& Also see tmod_data_field_to_tg_data_field_as_edge_type_func in
Ecore-GROOVE-Mapping-Library.DataField

The proof of the correctness of fpatarieia Will not be included here. Instead, it can be found in the
validated Isabelle theories.

Finally, to complete the transformation, the transformation function that transforms T'G pataiela into
Tmpatarieid is defined:

Definition 5.2.66 (Transformation function f},,;,rie1a)
The transformation function fh.;.riea(TG) is defined as:

Class = {list_to_ns(n) | n € NTpg N Lab,}

Enum = {}
UserDataType = {}

Field = {(list_to_ns(src(e)),l) | e € ETra A (l) = lab(e)}

FieldSig = {(f7 (fieldtype,1..1)) if f € {(list_to ns(src(e)),l) | e € ETpg A (l) = lab(e)}

EnumValue = {}
Inh = {}
Prop = {}
Constant = {}
ConstType = {}

@ Also see tg_data_field_as_edge_type_to_tmod_data_field in
Ecore-GROOVE-Mapping-Library.DataField

Theorem 5.2.67 (Correctness of 1., mic1d)
Fhatarieia(TG) (Definition 5.2.66) is a valid transformation function in the sense of Definition 4.3.30
transforming TG patarield into TMpataFicid-

& Also see tg_data_field_as_edge_type_to_tmod_data_field_func in
Ecore-GROOVE-Mapping-Library.DataField

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

5.2.7 Enumeration fields

In this section, the transformation for a field typed by an enumeration type will be discussed. Since an
enumeration type can be encoded in multiple ways, multiple encodings will be introduced for fields as
well. First, the Ecore type model will be introduced.
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(¢) TG EnumFicldNodes for ExistingEnum with name = field

Figure 5.7: Visualisation of the transformation of a field typed by an enumeration type

Definition 5.2.68 (Type model TmgnumFicid)

Let Tmgnumrield be the type model containing a reqular class with identifier classtype. Furthermore, it
defines an enumeration type with identifier enumid, and corresponding values as set enumuvalues. Then
TmpnumFrield defines a field named name with type enumid on class classtype. TmgpumField 1S defined
as:

Class = {classtype}
Enum = {enumid}
UserDataType = {}
Field = {(classtype,name)}

FieldSig = {(f, (enumid, 1.1)) if f € Pieldzmy,yppos
EnumValue = {(enumid,v) | v € enumvalues}
Inh = {}

Prop = {}
Constant = {}
ConstType = {}

& Also see tmod_enum_field in Ecore-GROOVE-Mapping-Library.EnumField

Theorem 5.2.69 (Correctness of Tmgnumricid)
TmEnumricld (Definition 5.2.68) is a consistent type model in the sense of Definition 3.2.11.

& Also see tmod_enum_field_correct in Ecore-GROOVE-Mapping-Library.EnumField
A visual representation of T'm gnumFieiqd With field name field on class .Example can be seen in Figure 5.7a.
In this example, the field is typed by the .ExistingEnum enumeration type. The correctness proof of

TMEnumField 18 more involved, it is not included here for conciseness. It can be found within the
validated Isabelle proofs.

In order to make composing transformation functions possible, T'm gpnumFieiq Should be compatible with
the type model it is combined with.

Theorem 5.2.70 (Correctness of combine(T'm, TmgnumFicid))
Assume a type model T'm that is consistent in the sense of Definition 3.2.11. Then T'm is compatible
with Tmppumrield (in the sense of Definition 4.3.13) if:

e The class type on which the field is defined, classtype, is already an existing class in Tm;

e The enumeration type by which the field is typed, enumid, is already an existing enumeration type
mn Tm;

o All the values for the enumeration type enumid are already enumeration values for enumid in T'm;

e The field named name is not already a field on classtype in Tm.
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& Also see tmod_enum_field_combine_correct in Ecore-GROOVE-Mapping-Library.EnumField

Proof. Use Lemma 4.3.12. It is possible to show that all assumptions hold. Now we have shown that
combine(Tm, Tm gnumField) 1S consistent in the sense of Definition 3.2.11. O

The definitions and theorems for defining a field typed by an enumeration type within Ecore are now
complete.

Encoding as edge type to an node type encoded enumeration type

As mentioned earlier, Section 5.2.4 defines multiple ways to encode an enumeration type. Each of
these encodings needs a specialised field encoding. In principle, the encoding of the fields itself is the
same, but since every transformation model needs to be valid on its own, the encodings need to be
distinguished.

The first encoding for an enumeration type uses node types to encode the different values. The encoding
corresponding to TmgnumField, in the case that the field references an enumeration type encoded as
node types, can then be represented as TG gpumFicidNodes, defined in the following definition:

Definition 5.2.71 (Type graph TGEnumFieldNodes)

Let TG gnumFieldNodes e the type graph containing a node type which encodes the class type classtype.
Furthermore, TG gnumFicldNodes cOntains an encoded version of enumeration type enumid with values
from set enumuvalues. This enumeration type is encoded using node types, as defined in TG gnumNodes
(Definition 5.2.34). Finally, TG gnumFicidNodes defines an edge type from the encoded classtype named
name to the encoded enumeration type enumid. TG EpumFieldNodes 1S defined as:

NT = {ns_to_list(classtype),ns_to_list(enumid)} U
{ns_to_list(enumid) @ (v) | v € enumvalues}
ET = {(ns_to_list(classtype), (name),ns_to_list(enumid))}
C = {(ns_to_list(classtype),ns_to_list(classtype)),
(ns_to_list(enumid),ns_to_list(enumid))} U
{(ns_to_list(enumid) @ (v),ns to_list(enumid) Q (v)) | v € enumvalues} U

{(ns_to_list(enumid) @ (v),ns_to_list(enumid)) | v € enumvalues}

abs = {ns_to_list(enumid)}

mult(e) = {(0..*, 1..1) if e € {(ns_to_list(classtype), (name),ns_to_list(enumid))}
contains = {}

@ Also see tg_enum_as_node_types_field_as_edge_type in
Ecore-GROOVE-Mapping-Library.EnumField

Theorem 5.2.72 (Correctness of TG gnumFicidNodes)
TG EnumFicldNodes (Definition 5.2.71) is a valid type graph in the sense of Definition 3.5.5.

@ Also see tg_enum_as_node_types_field_as_edge_type_correct in
Ecore-GROOVE-Mapping-Library.EnumField

A visual representation of TG EpumFicldNodes With edge name field on node type Example can be seen
in Figure 5.7c. The field references the encoded enumeration type ExistingEnum via the abstract type,
such that its nodes can reference any of the concrete values. The correctness proof of TG gnumFieldNodes
is more involved, it is not included here for conciseness. It can be found within the validated Isabelle
proofs.

In order to make composing transformation functions possible, T'G grnumFicldNodes Should be compatible
with the type graph it is combined with.

Theorem 5.2.73 (Correctness of combine(T'G, TG EnumFicldNodes))
Assume a type graph TG that is valid in the sense of Definition 3.3.5. Then TG is compatible with
TG EnumFicldNodes (in the sense of Definition 4.3.24) if:

e The node type of the encoded class type in TG gnumFicldNodes 1S already an node type in TG;
e All node types corresponding to the encoding of the enumeration type in TG EnumFicldNodes GT€

already node types in TG;
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e The node type of the encoded class type in TG EnpumFicldNodes does not already have an edge type
with the same name as the field in TG.

@ Also see tg_enum_as_node_types_field_as_edge_type_combine_correct in
Ecore-GROOVE-Mapping-Library.EnumField

Proof. Use Lemma 4.3.23. It is possible to show that all assumptions hold. Now we have shown that
combine(TG, TG gnumFicldNodes) 18 valid in the sense of Definition 3.3.5. O

The next definitions define the transformation function from T'mgpumricid 10 TG EnumFicldNodes:

Definition 5.2.74 (Transformation function fgnumFieldNodes)
The transformation function fepumFicldNodes(TM) is defined as:

NT = {ns_to_list(t) | t € Classpm U Enumpmy,} U

{ns_to _list(e) @ (v) | (e,v) € EnumV aluer.,}

ET = {(ns_to_list(c), (f),ns_to_list(e)) | (¢, f) € Fieldrm N e € Enumpn,}
C = {(ns_to_list(z),ns_to list(x)) | z € Classrm,m U Enumry, } U
{(ns_to_list(e) @ (v),ns_to list(e) @ (v})) | (e,v) € EnumValuepy,} U
{(ns_to_list(e) @ (v),ns_to list(e)) | (e,v) € EnumV aluer.,}
abs = {ns_to _list(t) | t € Enumr.m,}

mult(e) = {(0..*, 1..1) if e € {(ns_to_list(c), (f),ns_to_list(e)) | (¢, f) € Fieldrm N e € Enumqpp}

contains = {}

@ Also see tmod_enum_field_to_tg_enum_as_node_types_field_as_edge_type in
Ecore-GROOVE-Mapping-Library.EnumField

Theorem 5.2.75 (Correctness of fEnumFicidNodes)
fEnumFictdNodes(Tm) (Definition 5.2.74) is a walid transformation function in the sense of Defini-
tion 4.3.25 transforming Tmgnumricld 110 TG EpumFieldNodes -

@ Also see tmod_enum_field_to_tg_enum_as_node_types_field_as_edge_type_func in
Ecore-GROOVE-Mapping-Library.EnumField

The proof of the correctness of frnumFicidNodes Will not be included here. Instead, it can be found in
the validated Isabelle theories.

Finally, to complete the transformation, the transformation function that transforms T'G gpumFicidNodes
into TmEenumField 1S defined:

Definition 5.2.76 (Transformation function ff,. . riciiNodes)
The transformation function fr.. ricianodes (L G) is defined as:
Class = {list_to_ns(n) | n € NTrg An =ns_to_list(classtype)}
Enum = {list_to_ns(n) | n € NTrg An =ns_to_list(enumid)}
UserDataType = {}
Field = {(list_to_ns(src(e)),l) | e € ETrg A (l) = lab(e)}
FieldSig = {(f7 (fieldtype,1..1)) if f € {(list_to ns(src(e)),l) | e € ETpg A (I) = lab(e)}
EnumValue = {(enumid,v) | v € enumvalues}
Inh = {}
Prop = {}
Constant = {}
ConstType = {}

@ Also see tg_enum_as_node_types_field_as_edge_type_to_tmod_enum_field in
Ecore-GROOVE-Mapping-Library.EnumField

Theorem 5.2.77 (Correctness of ff. ... ;icldNodes)
FenumFiclaNodes LG) (Definition 5.2.76) is a valid transformation function in the sense of Defini-
tion 4.3.30 transforming TG gnpumFicldNodes 1t0 TM ErnumField-
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@ Also see tg_enum_as_node_types_field_as_edge_type_to_tmod_enum_field_func in
Ecore-GROOVE-Mapping-Library.EnumField

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

Encoding as edge type to an flag encoded enumeration type

The second encoding for an enumeration type uses flags to encode the different values. The encoding
corresponding to TmgpumField, in the case that the field references an enumeration type encoded as
flags, can then be represented as T'G EnumFieldFilags, defined in the following definition:

Definition 5.2.78 (Type graph TG enumFiecldFiags)

Let TG gpumFicldFiags be the type graph containing a node type which encodes the class type classtype.
Furthermore, TG gnumFicldFiags cONtains an encoded version of enumeration type enumid with values
from set enumvalues. This enumeration type is encoded using flags, as defined in TG gnumFiags (Defi-
nition 5.2.41). Finally, TG ErnumFicidFlags defines an edge type from the encoded classtype named name
to the encoded enumeration type enumid. TG EnumFieldFlags 15 defined as:

NT = {ns_to_list(classtype),ns_to_list(enumid)}
ET = {(ns_to_list(classtype), (name),ns_to_list(enumid))}
C = {(ns_to_list(classtype),ns_to_list(classtype)),
(ns_to_list(enumid),ns_to_list(enumid))}
abs = {}
mult(e) = {(0..*, 1..1) if e € {(ns_to_list(classtype), (name),ns_to_list(enumid))}

contains = {}

@ Also see tg_enum_as_flags_field_as_edge_type in Ecore-GROOVE-Mapping-Library.EnumField

Theorem 5.2.79 (Correctness of TG EnumFicidFlags)
TG EnumFieldFiags (Definition 5.2.78) is a valid type graph in the sense of Definition 3.3.5.

@ Also see tg_enum_as_flags_field_as_edge_type_correct in

Ecore-GROOVE-Mapping-Library.EnumField

A visual representation of T'G gpumFicidFiags With edge name field on node type Example can be seen in
Figure 5.7b. The field references the encoded enumeration type ExistingEnum via the corresponding node
type. The correctness proof of T'G pnumFieldFiags is more involved, it is not included here for conciseness.
It can be found within the validated Isabelle proofs.

In order to make composing transformation functions possible, T'G gpnumFicldFiags Should be compatible
with the type graph it is combined with.

Theorem 5.2.80 (Correctness of combine(T'G, TG EnumFicidFiags))
Assume a type graph TG that is valid in the sense of Definition 3.3.5. Then TG is compatible with
TG EnumFieldFiags (in the sense of Definition 4.3.24) if:

e The node type of the encoded class type in T'G ppnumFiecldFilags 5 already an node type in TG;

o All node types corresponding to the encoding of the enumeration type in T'GEnumFiecldFlags GT€
already node types in TG;

o The node type of the encoded class type in TG gnumFicldFiags does not already have an edge type
with the same name as the field in TG.

@ Also see tg_enum_as_flags_field_as_edge_type_combine_correct in
Ecore-GROOVE-Mapping-Library.EnumField

Proof. Use Lemma 4.3.23. It is possible to show that all assumptions hold. Now we have shown that
combine(T'G, TG grnumFicldFiags) is valid in the sense of Definition 3.3.5. O

The next definitions define the transformation function from Tmgnumrictd t0 TG EnumFicldFiags:
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Definition 5.2.81 (Transformation function fgnumrieldFiags)
The transformation function fenumFicidriags(Tm) is defined as:

NT = {ns_to list(¢t) | t € Classrm, U Enumpy,}

ET = {(ns_to_list(c), (f),ns_to_list(e)) | (¢, f) € Fieldry A e € Enumpy,}
C = {(ns_to_list(z),ns _to list(z)) | z € Classpm U Enumpmn,}

abs = {}

mult(e) = {(O..*, 1..1) if e € {(ns_to_list(c), (f),ns_to_list(e)) | (¢, f) € Fieldr, N e € Enumqpy,}

contains = {}

@ Also see tmod_enum_field_to_tg_enum_as_flags_field_as_edge_type in
Ecore-GROOVE-Mapping-Library.EnumField

Theorem 5.2.82 (Correctness of fenumFicidFiags)
fEnumFicldFiags(T'm) (Definition 5.2.81) is a walid transformation function in the sense of Defini-
tion 4.5.25 transforming TmgnumField 1t0 TG EnumFicldFlags-

@ Also see tmod_enum_field_to_tg_enum_as_flags_field_as_edge_type_func in
Ecore-GROOVE-Mapping-Library.EnumField

The proof of the correctness of fenumFieldFiags Will not be included here. Instead, it can be found in
the validated Isabelle theories.

Finally, to complete the transformation, the transformation function that transforms TG EnumFicldFiags
into TmgenumFicld 1s defined:

Definition 5.2.83 (Transformation function fg,, .. ricidriags)
The transformation function fp,..mriciariags(T'G) is defined as:

Class = {list_to_ns(n) | n € NTpg An =ns_to_list(classtype)}
Enum = {list_to ns(n) | n € NTpg An =ns_to_list(enumid)}
UserDataType = {}
Field = {(list_to_ns(src(e)),l) | e € ETrg A (I) =lab(e)}
FieldSig = {(f7 (fieldtype,1..1)) if f € {(list_to_ns(src(e)),l) | e € ETpg A (l) =lab(e)}
EnumValue = {(enumid,v) | v € enumvalues}
Inh = {}
Prop = {}
Constant = {}
ConstType = {}

@ Also see tg_enum_as_flags_field_as_edge_type_to_tmod_enum_field in
Ecore-GROOVE-Mapping-Library.EnumField

Theorem 5.2.84 (Correctness of f,, .. rietdriags)
fEnumFiciaFiags(TG) (Definition 5.2.83) is a valid transformation function in the sense of Definition 4.3.50
tmnsforming TGEnumFieldFlags into TmEnumField-

@ Also see tg_enum_as_flags_field_as_edge_type_to_tmod_enum_field_func in
Ecore-GROOVE-Mapping-Library.EnumField

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

5.2.8 Nullable class fields

The previous sections have shown transformations of fields to attribute types. It has not shown any rela-
tions between objects yet. This transformation defines the transformation of a nullable class field.

Definition 5.2.85 (Type model Tm nuliableClassField)
Let TmnwllableClassField be the type model containing a regqular class with identifier classtype. Then
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Figure 5.8: Visualisation of the transformation of a field typed by an optional class type

TMmNullableClassField defines a field named name with type fieldtype, in which fieldtype is the identifier
of another class type in TmNuliabieClassField- T MNullableClassField 45 defined as:

Class = {classtype, fieldtype}
Enum = {}
UserDataType = {}
Field = {(classtype, name)}

FieldSig = {(f, (? fieldtype,0.1) it f € Fieldrmy,uusecionsrics

EnumValue = {}
Inh = {}
Prop={}
Constant = {}
ConstType = {}

& Also see tmod_nullable_class_field in Ecore-GROOVE-Mapping-Library.NullableClassField

Theorem 5.2.86 (Correctness of TmnuilableClassField)
TMmNullableClassField (Definition 5.2.85) is a consistent type model in the sense of Definition 3.2.11.

& Also see tmod_nullable_class_field_correct in

Ecore-GROOVE-Mapping-Library.NullableClassField

A visual representation of T'mnwiiableClassField With field name field on class .Example can be seen in
Figure 5.8a. In this example, field references a class of . TargetExample. Please note that the lower bound
of the multiplicity is 0 as the class is considered nullable. That means that setting a value for field
on class .Example is optional. The correctness proof of T'm nuiiableClassField 1S more involved, it is not
included here for conciseness. It can be found within the validated Isabelle proofs.

In order to make composing transformation functions possible, Tm nyiiableClass Field Should be compatible
with the type model it is combined with.

Theorem 5.2.87 (Correctness of combine(T'm, Tm nuiiabieClassField))
Assume a type model T'm that is consistent in the sense of Definition 3.2.11. Then T'm is compatible
with TN uilableClassField (in the sense of Definition 4.3.18) if:

e The class type on which the field is defined, classtype, is already an existing class in Tm;
o The class type which the field targets, fieldtype, is already an existing class in Tm;
e The field named name is not already a field on classtype in Tm.
& Also see tmod_nullable_class_field_combine_correct in

Ecore-GROOVE-Mapping-Library.NullableClassField

Proof. Use Lemma 4.3.12. It is possible to show that all assumptions hold. Now we have shown that
combine(Tm, TmNyiiableClassField) 18 consistent in the sense of Definition 3.2.11. O

The definitions and theorems for defining a data field within Ecore are now complete.
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Encoding as edge type

Like any field definition so far, an edge type will be used within GROOVE to encode the field. The field
is transformed into an edge type from the encoded class type to the encoded target type. The encoding
corresponding to Tm nuliableClassField can then be represented as T'GnuiiabieClassField, defined in the
following definition:

Definition 5.2.88 (Type graph TG NuiiableClassField)
Let TG NuitableClassField be the type graph containing a node type which encodes the class type classtype.
Furthermore, define an edge type from classtype named name. This edge type targets a node of fieldtype.

TG NullableClassField 5 defined as:
NT = {ns_to_list(classtype),ns_to_list(fieldtype)}
ET = {(ns_to_list(classtype), (name),ns_to_list( fieldtype))}
C = {(ns_to_list(classtype),ns_to_list(classtype)),
(ns_to_list(fieldtype),ns_to_list(fieldtype))}
{}

mult(e) = {(0..*, 0..1) if e € {(ns_to list(classtype), (name),ns_to list(fieldtype))}

abs

contains = {}

@ Also see tg_nullable_class_field_as_edge_type in
Ecore-GROOVE-Mapping-Library.NullableClassField

Theorem 5.2.89 (Correctness of TG nuliableClass Field)
TG NullableClassField (Definition 5.2.88) is a valid type graph in the sense of Definition 3.3.5.

@ Also see tg_nullable_class_field_as_edge_type_correct in
Ecore-GROOVE-Mapping-Library.NullableClassField

A visual representation of T'G NyiiableClassFiela With edge name field on node type Example can be seen
in Figure 5.8b. Like the previous example, field references the .TargetExample class, but in this case the
encoded node type of TargetExample. The correctness proof of T'G nuiiabieClassField 1S more involved, it
is not included here for conciseness. It can be found within the validated Isabelle proofs.

In order to make composing transformation functions possible, T'G NyjiabieClass Field Should be compatible
with the type graph it is combined with.

Theorem 5.2.90 (Correctness of combine(T'G, TG nyiiabicClassFicld))
Assume a type graph TG that is valid in the sense of Definition 3.3.5. Then TG is compatible with
TG NullableClassField (in the sense of Definition 4.3.24) if:

e The node types of the encoded class types in TG NuilabieClassField are already node types in T'G;

e The node type of the encoded class type in TG NuilabieClassField does not already have an edge type
with the same name as the field in TG.

@ Also see tg_nullable_class_field_as_edge_type_combine_correct in
Ecore-GROOVE-Mapping-Library.NullableClassField

Proof. Use Lemma 4.3.23. It is possible to show that all assumptions hold. Now we have shown that
combine(TG, TG NuliableClassField) 18 valid in the sense of Definition 3.3.5. O

The next definitions define the transformation function from T'm nyiiabieClass Field 10 TG NullableClass Field:

Definition 5.2.91 (Transformation function fyuiiabicClassFicld)
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The transformation function fnuiableCiassFicia(Tm) is defined as:

NT = {ns_to_list(c) | c € Classrp,}
ET = {(ns_to_list(c), (f),ns_to_list(fieldtype)) | (c,n) € Fieldrm}
C = {(ns_to_list(c),ns_to_list(c)) | ¢ € Classrm}
abs = {}
mult = {(0..*,0..1) if e € {(ns_to_list(c), (f),ns_to_list(fieldtype)) | (c,n) € Fieldr.y,}

contains = {}

& Also see tmod_nullable_class_field_to_tg_nullable_class_field_as_edge_type in
Ecore-GROOVE-Mapping-Library.NullableClassField

Theorem 5.2.92 (Correctness of fnuiiableClassFicld)
FNuttabieClassFiela(Tm) (Definition 5.2.91) is a wvalid transformation function in the sense of Defini-
tion 4.5.25 transforming T'myuiableClassFietd t0 TG NullableClass Field-

@ Also see tmod_nullable_class_field_to_tg_nullable_class_field_as_edge_type_func in
Ecore-GROOVE-Mapping-Library.NullableClassField

The proof of the correctness of fnuiiabieClassField Will not be included here. Instead, it can be found in
the validated Isabelle theories.

Finally, to complete the transformation, the transformation function that transforms T'G nyiiableClass Field
into T'mnNuitableClassField is defined:

Definition 5.2.93 (Transformation function fj,iabicciassFicid)
The transformation function fy,ueieciassrieid(I'G) s defined as:

Class = {list_to_ns(n) | n € NTpg}

Enum = {}
UserDataType = {}

Field = {(list_to_ns(src(e)),l) | e € ETrg A () =1lab(e)}

FieldSig = {(f, (?fieldtype,0..1)) if f € {(list_to_ns(src(e)),l) | e € ETpg A (1) =lab(e)}

EnumValue = {}
Inh = {}
Prop = {}
Constant = {}
ConstType = {}

& Also see tg_nullable_class_field_as_edge_type_to_tmod_nullable_class_field in
Ecore-GROOVE-Mapping-Library.NullableClassField

Theorem 5.2.94 (Correctness of fjiiabicClass Ficid)
INuwtabieciassricta(TG) (Definition 5.2.93) is a wvalid transformation function in the sense of Defini-
tion 4.3.30 transforming TG NuliableClassField 0 TMNuliabieClass Field-

@ Also see tg_nullable_class_field_as_edge_type_to_tmod_nullable_class_field_func in
Ecore-GROOVE-Mapping-Library.NullableClassField

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

5.2.9 Contained class set fields

In this section, the transformation of a containment field typed by a set of a proper class type is shown.
This transformation defines a field which has a value a set of objects of a specified class type, that is not
nullable. Furthermore, the objects referenced by the field are contained by the source class. First, the
Ecore type model is defined.
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(a) TMmcontainedClassSetField 10 & class type .TargetExample with name = field

field TargetExample

(b) TG containedClassSetField t0 a class type TargetExample with name = field

Figure 5.9: Visualisation of the transformation of a containment field typed by a set of a proper class
type

Definition 5.2.95 (Type model TmcontainedClassSetFicld)

Let TMcontainedClassSetField be the type model containing a regular class with identifier classtype. Then
TMmcontainedClassSetField defines a field named name with type containedtype, in which containedtype
is the identifier of another class type in TMcontainedClassSet Field- Furthermore, define mul to be a valid
multiplicity for the field name. TmcontainedClassSetField 1S defined as:

Class = {classtype, containedtype}
Enum = {}
User DataType = {}
Field = {(classtype, name)}

FieldSig = {(f, ((setof, lcontainedtype), mul)) if f € Fieldrme,,ininedcionsset riota

EnumValue = {}
Inh = {}

Prop = {(containment, (classtype, name))}
Constant = {}
ConstType = {}

@ Also see tmod_contained_class_set_field in
Ecore-GROOVE-Mapping-Library.ContainedClassSetField

Theorem 5.2.96 (Correctness of TmcontainedClassSetFicld)
TMcontainedClassSetField (Definition 5.2.95) is a consistent type model in the sense of Definition 3.2.11.

& Also see tmod_contained_class_set_field_correct in

Ecore-GROOVE-Mapping-Library.ContainedClassSetField

A visual representation of TmcontainedClassSetField With field name field on class .Example can be seen in
Figure 5.9a. In this example, field references a class of . TargetExample. Please note that the multiplicity
0..7 has been chosen here as an example, any valid multiplicity could have been used. Also notice that the
field is in fact a containment relation. The correctness proof of TmcontainedClassSet Field 18 more involved,
it is not included here for conciseness. It can be found within the validated Isabelle proofs.

In order to make composing transformation functions possible, TmcontainedCiassSet Field Should be com-
patible with the type model it is combined with.

Theorem 5.2.97 (Correctness of combine(T'm, TmcontainedClassSetField))
Assume a type model T'm that is consistent in the sense of Definition 3.2.11. Then T'm is compatible
with TMContainedClassSetField (0 the sense of Definition 4.3.13) if:

e The class type on which the field is defined, classtype, is already an existing class in Tm;
o The class type which the field targets, containedtype, is already an existing class in T'm;
e The field named name is not already a field on classtype in T'm;

o The multiplicity mul is valid.

@ Also see tmod_contained_class_set_field_combine_correct in
Ecore-GROOVE-Mapping-Library.ContainedClassSetField
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Proof. Use Lemma 4.3.12. It is possible to show that all assumptions hold. Now we have shown that
combine(Tm, TMcontainedClassSet Field) 1S consistent in the sense of Definition 3.2.11. O

The definitions and theorems for defining a data field within Ecore are now complete.

Encoding as edge type

Like the previous encodings of fields, an edge type in GROOVE will be used as encoding for the field.
The field is transformed into an edge type from the encoded class type to the encoded target type.
Furthermore, the edge type will be a containment edge, to support the fact that the target nodes are
contained by the source nodes. The encoding corresponding to TMcontainedClassSet Field can then be
represented as T'GcontainedClassSetField, defined in the following definition:

Definition 5.2.98 (Type graph TGcontainedClassSet Field)

Let TGcontainedClassSetField be the type graph containing a mode type which encodes the class type
classtype. Furthermore, define an edge type from classtype named name. This edge type targets a
node of containedtype. Finally, define multiplicity mul to be T'GcontainedClassSetField 1S defined as:

NT = {ns_to_list(classtype),ns_to_list(containedtype)}
ET = {(ns_to_list(classtype), (name),ns_to_list(containedtype))}
C = {(ns_to_list(classtype),ns_to_list(classtype)),
(ns_to_list(containedtype),ns to_list(containedtype))}

{}

{(0..1,mul) if e € {(ns_to_list(classtype), (name),ns_to_list(containedtype))}

abs

mult(e)
contains = {(ns_to_list(classtype), (name),ns_to_list(containedtype))}

@ Also see tg_contained_class_set_field_as_edge_type in
Ecore-GROOVE-Mapping-Library.ContainedClassSetField

Theorem 5.2.99 (Correctness of TG containedClassSetField)
TG ontainedClassSetField (Definition 5.2.98) is a valid type graph in the sense of Definition 3.3.5.

@ Also see tg_contained_class_set_field_as_edge_type_correct in

Ecore-GROOVE-Mapping-Library.ContainedClassSetField

A visual representation of T'GcontainedClassSetField With edge name field on node type Example can be
seen in Figure 5.9b. Like the previous example, field references the .TargetExample class, but in this case
the encoded node type of TargetExample. Furthermore, it is visable that the introduced edge type for the
field is indeed a containment edge. The correctness proof of T'GcontainedClassSetField 1S more involved,
it is not included here for conciseness. It can be found within the validated Isabelle proofs.

In order to make composing transformation functions possible, T'G containedClassSetField sShould be com-
patible with the type graph it is combined with.

Theorem 5.2.100 (Correctness of combine(T'G, T'GcontainedClassSet Field))
Assume a type graph TG that is valid in the sense of Definition 3.3.5. Then TG is compatible with

TGontainedClassSetField (in the sense of Definition 4.3.24) if:

e The node types of the encoded class types in T'GcontainedClassSetField are already node types in T'G.

e The node type of the encoded class type in T'GcontainedClassSetField does not already have an edge
type with the same name as the field in TG;

o The multiplicity mul is valid.

@ Also see tg_contained_class_set_field_as_edge_type_combine_correct in
Ecore-GROOVE-Mapping-Library.ContainedClassSetField

Proof. Use Lemma 4.3.23. It is possible to show that all assumptions hold. Now we have shown that
combine(T'G, TG containedClassSet Field) 1S valid in the sense of Definition 3.3.5. O

The next definitions define the transformation function from T'mcontainedCiassSet Field 10 TG ContainedClassSet Field:
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Definition 5.2.101 (Transformation function foontainedClassSetField)
The transformation function fcontainedClasssetFicid(Tm) is defined as:

NT = {ns_to_list(c) | c € Classpp}

ET = {(ns_to_list(c), {f),ns_to_list(containedtype)) | (¢,n) € Fieldrm}
C = {(ns_to_list(c),ns_to_list(c)) | ¢ € Classrm }

abs = {}

—

mult {(O..l,mul) if e € {(ns_to_list(c), (f),ns_to_list(containedtype)) | (c,n) € Fieldrm,}

contains = {(ns_to_list(c), {f),ns_to_list(containedtype)) | (c,n) € Fieldpm }

& Also see tmod_contained_class_set_field_to_tg_contained_class_set_field_as_edge_type
in Ecore-GROOVE-Mapping-Library.ContainedClassSetField

Theorem 5.2.102 (Correctuess of foontainedClassSet Field)
fcontainedClasssetFieia(Tm) (Definition 5.2.101) is a valid transformation function in the sense of Defi-
nition 4325 tmnsforming TmContainedClassSetField mnto TGContainedClassSetField-

& Also see
tmod_contained_class_set_field_to_tg_contained_class_set_field_as_edge_type_func in
Ecore-GROOVE-Mapping-Library.ContainedClassSetField

The proof of the correctness of foontainedClassSetFieid Will not be included here. Instead, it can be found
in the validated Isabelle theories.

Finally, to complete the transformation, the transformation function that transforms T'G containedClassSet Field
into TmContainedClassSetField is defined:

Definition 5.2.103 (Transformation function f(,,;aincdCiassSet Ficid)
The transformation function &, uinedciasssetmieia(TG) 15 defined as:

Class = {list_to ns(n) | n € NTr¢}
Enum = {}
UserDataType = {}
Field = {(list_to_ns(src(e)),l) | e € ETpg A (l) = lab(e)}
FieldSig — {(f, ((setof, lcontainedtype), mul)) if f € {(list_to_ns(src(e)),l) | e € ETrag A
(I) = lab(e)}
EnumValue = {}
Inh = {}
Prop = {(containment, (list_to_ns(src(e)),l)) | e € ETrg A () = lab(e)}
Constant = {}
ConstType = {}

& Also see tg_contained_class_set_field_as_edge_type_to_tmod_contained_class_set_field
1n Ecore-GROOVE-Mapping-Library.ContainedClassSetField

!
Theorem 5.2.104 (Correctness of f{,.1nincdClassSet Ficld)
FeontainedClasssetried TG) (Definition 5.2.103) is a valid transformation function in the sense of Defi-
nition 4.3.30 transforming T'G containedClassSetField into TMcontainedClassSet Field-

@ Also see
tg_contained_class_set_field_as_edge_type_to_tmod_contained_class_set_field_func n
Ecore-GROOVE-Mapping-Library.ContainedClassSetField
Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.
5.3 Instance level transformations

The previous section has presented a set of model transformations between type models and type graphs.
In this section, these transformations are used to define model transformations between instance model
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and instance graphs. Therefore, this section provides the second set of model transformations introduced
within the introduction of this chapter.

Throughout this section, small transformations between instance models and instance graphs will be
defined. In order for these transformations useful in the context of the transformation framework of
Chapter 4, some properties must hold for each of them. For each transformation, the corresponding
instance model and instance graph must be valid in the sense of Definition 3.2.19 and Definition 3.3.10
respectively. Furthermore, the instance model corresponding to the transformation must be compatible
with its counterpart in the transformation framework. In the same way, the corresponding instance graph
must be compatible with its counterpart in the transformation framework. Moreover, it will be shown
that the transformation function f that transforms the corresponding instance model into an instance
graph is a valid transformation function in the sense of Definition 4.4.26. Finally, it will also be shown
that the reverse transformation is a valid transformation function in the sense of Definition 4.4.31.

5.3.1 Plain objects

The first transformation that will be defined is a transformation of plain objects of a regular class
type. The corresponding type level transformation can be found in Section 5.2.1. This transformation
introduces an arbitrary amount of instances of the class introduced on the type level. First, the definition
of the corresponding instance model is given.

Definition 5.3.1 (Instance model Imciqss)

Let Imgiass be the instance model containing a set of objects objects which are all typed by class name.
Furthermore, an injective function fid is defined which maps every object in the set to its corresponding
identifier. Imgiass 15 typed by Tmerass (Definition 5.2.1) and is defined as:

Object = objects
ObjectClass = {(ob, name) if ob € objects

Objectld = {(ob, fid(ob)) if ob € objects

FieldValue = {}
DefaultValue = {}

@ Also see imod_class in Ecore-GROOVE-Mapping-Library.ClassInstance

Theorem 5.3.2 (Correctness of Imgiass)
Imeiass (Definition 5.8.1) is a valid instance model in the sense of Definition 3.2.19.

& Also see imod_class_correct in Ecore-GROOVE-Mapping-Library.ClassInstance

A visual representation of I'mgiqss with objects = {ob} and fid(ob) = = can be seen in Figure 5.10a.
Although this visualisation only shows one object, it is possible to have an arbitrary amount of objects
in Imeiess, as long as they are all typed by the corresponding class introduced on the type level. In
the visualisation, the identifier .Example is used for the class, in correspondence with Figure 5.1a The
correctness proof of Imeq,ss is trivial, and therefore not included here. The proof can be found as part
of the Isabelle validated proofs.

In order to make composing transformation functions possible, Imci,ss should be compatible with the
instance model it is combined with.

Theorem 5.3.3 (Correctness of combine(Im, Imgigss))
Assume an instance model I'm that is valid in the sense of Definition 3.2.19. Then Im is compatible
with Imeiass (in the sense of Definition 4.4.14) if:

o All requirements of Theorem 5.2.3 are met, to ensure the combination of the corresponding type
models is valid;

4 x:Example

(b) IG¢ciass with one node identified as x

(a) Imciqass with one object identified as x

Figure 5.10: Visualisation of the transformation of plain objects typed by regular classes
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o All the objects in Imgiass have an (internal and explicit) identity that is not yet used in Im.

& Also see imod_class_combine_correct in Ecore-GROOVE-Mapping-Library.ClassInstance

Proof. Use Lemma 4.4.13. It is possible to show that all assumptions hold. Now we have shown that
combine(I'm, I'mciass) is consistent in the sense of Definition 3.2.19. O]

Please note that this combination is quite trivial, as the newly introduced objects cannot have fields.
This is because they are all typed by the new class type introduced in Tmeiess- Since this new class
type is new by assumption, the existing model cannot have fields defined for the class type.

The definitions and theorems for introducing plain objects of regular classes within Ecore are now com-
plete.

Encoding as nodes

A possible encoding for plain objects in Ecore is using nodes in GROOVE. Each node is typed by the node
type that was introduced in T'G¢yqss, and copies the identifiers set of the objects to the corresponding
nodes. The encoding corresponding to Imciqss can then be represented as IGgiqss, defined in the
following definition:

Definition 5.3.4 (Instance graph IGciass)

Let IGciass be the instance graph with as nodes the converted objects of Imciass (Definition 5.3.1).
Furthermore, reuse the injective function fid that maps every object to its identifier. Finally, use the
node type introduced in TGciass (Definition 5.2.4). IGciass is defined typed by TGoiass and is defined
as:

N = objects
E={}
ident = {(fid(ob), ob) if ob € objects

with
type,, = {(ob, ns_to_list(name)) if ob € objects

@ Also see ig_class_as_node_type in Ecore-GROOVE-Mapping-Library.ClassInstance

Theorem 5.3.5 (Correctness of IG¢iass)
IGciass (Definition 5.8.4) is a valid instance graph in the sense of Definition 3.3.10.

@ Also see ig_class_as_node_type_correct in Ecore-GROOVE-Mapping-Library.ClassInstance

A visual representation of IG¢yass Wwith objects = {ob} and fid(ob) = x can be seen in Figure 5.10b.
Like the previous example for the Ecore instance model, only one node is shown here, but multiple nodes
can be introduced at once if there are more objects in the objects set. As shown in the definition, the
node type identified by Example is used to type all the nodes, in correspondence with Figure 5.1b. The
correctness proof of IG¢yuss i trivial, and therefore not included here. The proof can be found as part
of the Isabelle validated proofs.

In order to make composing transformation functions possible, IG¢yqss should be compatible with the
instance graph it is combined with.

Theorem 5.3.6 (Correctness of combine(IG, IG¢iass))
Assume an instance graph IG that is valid in the sense of Definition 3.3.10. Then IG is compatible with
IGciass (in the sense of Definition 4.4.25) if:

o All requirements of Theorem 5.2.6 are met, to ensure the combination of the corresponding type
graphs is valid;

o All the nodes in IGciqss have an (internal and explicit) identity that is not yet used in IG.
@ Also see ig_class_as_node_type_combine_correct in

Ecore-GROOVE-Mapping-Library.ClassInstance

Proof. Use Lemma 4.4.24. It is possible to show that all assumptions hold. Now we have shown that
combine(IG, IG¢iqss) is valid in the sense of Definition 3.3.10. O
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The next definitions define the transformation function from I'mgiass t0 IGciass:

Definition 5.3.7 (Transformation function foigss)
The transformation function fciass(Im) is defined as:

N = Objectim
E={}
ident = {(fid(ob),ob) if ob € Objectm,

with
type,, = {(ob, ns_to_list(name)) if ob € Objectn,

@ Also see imod_class_to_ig_class_as_node_type in
Ecore-GROOVE-Mapping-Library.ClassInstance

Theorem 5.3.8 (Correctness of foiass)
feiass(Im) (Definition 5.3.7) is a valid transformation function in the sense of Definition 4.4.26 trans-
forming Imgiqss into IGogss-

@ Also see imod_class_to_ig_class_as_node_type_func in

Ecore-GROOVE-Mapping-Library.ClassInstance

The proof of the correctness of foqss Will not be included here. Instead, it can be found in the validated
Isabelle theories. The proof is quite trivial, as extending I'm can only add extra objects, but not remove
the existing ones.

Finally, to complete the transformation, the transformation function that transforms IGgjqss into
Imcigss 18 defined:

Definition 5.3.9 (Transformation function f{;,..)
The transformation function fl,;,..(IG) is defined as:

Object = Ny
ObjectClass = {(ob, name) if ob € Ni¢

Objectld = {(ob, Fid(ob)) if ob € Ny

FieldValue = {}
DefaultValue = {}

@ Also see ig_class_as_node_type_to_imod_class in
Ecore-GROOVE-Mapping-Library.ClassInstance

Theorem 5.3.10 (Correctness of ff;,..)
Ttiass(IG) (Definition 5.3.9) is a valid transformation function in the sense of Definition 4.4.31 trans-
forming IGciass into Imgoigss-

& Also see ig_class_as_node_type_to_imod_class_func in

Ecore-GROOVE-Mapping-Library.ClassInstance

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

5.3.2 Abstract classes

In this section, the instance level transformation corresponding to the type level transformation of ab-
stract classes is discussed. The type level transformation of abstract class types can be found in Sec-
tion 5.2.2.

Informally speaking, it is quite weird to think about the transformation of abstract classes on the instance
level, as abstract classes cannot have instances. The transformation here is included for completeness,
to allow for adding abstract types while working with transformations on the type level. In practice, the
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instance level will consist of the empty instance model and empty instance graph, showing that after
adding an abstract class on the type level, instances of the type model will still be valid.

First, the corresponding instance model is introduced.

Definition 5.3.11 (Instance model Im apsciass)
Let Imapsciass be the empty instance model Im. (Definition 4.4.9), except that it is typed by the type
model Tm apsciass (Definition 5.2.11).

& Also see imod_abstract_class in Ecore-GROOVE-Mapping-Library.AbstractClassInstance

Theorem 5.3.12 (Correctness of I'm apsciass)
Im apsciass (Definition 5.3.11) is a valid instance model in the sense of Definition 3.2.19.

@ Also see imod_abstract_class_correct in
Ecore-GROOVE-Mapping-Library.AbstractClassInstance

Since Imapsciass does not define any objects, there is no need for a visual representation. However, in
order to make composing transformation functions possible, I'm apsciass should still be compatible with
the instance model it is combined with.

Theorem 5.3.13 (Correctness of combine(Im, Im apsciass))
Assume an instance model I'm that is valid in the sense of Definition 3.2.19. Then Im is compatible
with Im apsciass (in the sense of Definition 4.4.14) if:

o All requirements of Theorem 5.2.13 are met, to ensure the combination of the corresponding type
models is valid.

@ Also see imod_abstract_class_combine_correct in
Ecore-GROOVE-Mapping-Library.AbstractClassInstance

Proof. Use Lemma 4.4.13. It is possible to show that all assumptions hold. Now we have shown that
combine(Im, I'm apsciass) 18 consistent in the sense of Definition 3.2.19. O]

The definitions and theorems for the Ecore instance model corresponding to Tm psciass are now com-
plete.

The node type encoding

As has been shown earlier, an possible encoding for abstract class types is by introducing an abstract
node type. This has been done in T'G gpsciass- Like the Ecore instance model, the GROOVE instance
graph is also empty, because abstract node types cannot be instantiated. This gives rise to IG apsciass,
which is defined as follows:

Definition 5.3.14 (Instance graph IG apsciass)
Let IG apsciass be the empty instance graph IG. (Definition 4.4.20), except that it is typed by the type
graph TG apsciass (Definition 5.2.14).

@ Also see ig_abstract_class_as_node_type in
Ecore-GROOVE-Mapping-Library.AbstractClassInstance

Theorem 5.3.15 (Correctness of IG gpsciass)
I1G apsciass (Definition 5.3.14) is a valid instance graph in the sense of Definition 3.3.10.

@ Also see ig_abstract_class_as_node_type_correct in
Ecore-GROOVE-Mapping-Library.AbstractClassInstance

In order to make composing transformation functions possible, IG apsciass should be compatible with
the instance graph it is combined with.

Theorem 5.3.16 (Correctness of combine(IG, IG apsciass))
Assume an instance graph IG that is valid in the sense of Definition 3.3.10. Then IG is compatible with
IG apsciass (in the sense of Definition 4.4.25) if:
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4 x:NewType

x : NewType

(b) IGsubciass With one node identified as x

(a) Imsubelass With one object identified as

Figure 5.11: Visualisation of the transformation of objects typed by a subclass

o All requirements of Theorem 5.2.16 are met, to ensure the combination of the corresponding type
graphs is valid.

& Also see ig_abstract_class_as_node_type_combine_correct in
Ecore-GROOVE-Mapping-Library.AbstractClassInstance

Proof. Use Lemma 4.4.24. It is possible to show that all assumptions hold. Now we have shown that
combine(IG, IG apsciass) is valid in the sense of Definition 3.3.10. O

The next definitions define the transformation function from I'm apsciass 10 G ApsCiass:

Definition 5.3.17 (Transformation function fapsciass)
The transformation function fapsciass(Im) is defined as the function that always outputs the empty
instance graph IG. (Definition 4.4.20), except that it is typed by TG apsciass -

& Also see imod_abstract_class_to_ig_abstract_class_as_node_type in
Ecore-GROOVE-Mapping-Library.AbstractClassInstance

Theorem 5.3.18 (Correctness of fapsciass)
favsciass(Im) (Definition 5.3.17) is a valid transformation function in the sense of Definition 4.4.26
transforming Im apsciass o IG apsclass-

@ Also see imod_abstract_class_to_ig_abstract_class_as_node_type_func in
Ecore-GROOVE-Mapping-Library.AbstractClassInstance

The proof of the correctness of fapsciass Will not be included here. Instead, it can be found in the
validated Isabelle theories. Obviously, the proof is trivial, as the function does not do any conversion. It
does just output the empty instance model.

Finally, to complete the transformation, the transformation function that transforms IG apsciess into
Imapsciass is defined:

Definition 5.3.19 (Transformation function f/, ..s)
The transformation function [l c1ass(IG) is defined as the function that always outputs the empty
instance model Im. (Definition 4.4.9), except that it is typed by Tm apsciass-

@ Also see ig_abstract_class_as_node_type_to_imod_abstract_class in
Ecore-GROOVE-Mapping-Library.AbstractClassInstance

Theorem 5.3.20 (Correctness of f/), . ciass)
Fhvsciass (LG) (Definition 5.3.19) is a valid transformation function in the sense of Definition 4.4.31
transforming IG apsciass 0 1M apsciass-

@ Also see ig_abstract_class_as_node_type_to_imod_abstract_class_func in
Ecore-GROOVE-Mapping-Library.AbstractClassInstance

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

5.3.3 Plain objects typed by a subclass

In this section, the transformation of plain objects typed by a regular subclass is discussed. The corre-
sponding type level transformation can be found in Section 5.2.3. This transformation is very similar to
the the transformation of plain objects discussed in Section 5.3.1. Like that transformation, it is possible
to introduce an arbitrary amount of instances of the subclass introduced on the type level. First, the
definition of the corresponding instance model is given.
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Definition 5.3.21 (Instance model Imguypeiass)

Let Imguypeiass be the instance model containing a set of objects objects which are all typed by subclass
name, which extends class supertype. Furthermore, an injective function fid is defined which maps every
object in the set to its corresponding identifier. Imsupciass 15 typed by Tmgubciass (Definition 5.2.21)
and is defined as:

Object = objects
ObjectClass = {(ob7 name) if ob € objects

ObjectId = {(ob, Fid(ob)) if ob € objects

FieldValue = {}
DefaultValue = {}

& Also see imod_subclass in Ecore-GROOVE-Mapping-Library.SubclassInstance

Theorem 5.3.22 (Correctness of Imgypeiass)
Imgsupeiass (Definition 5.3.21) is a valid instance model in the sense of Definition 3.2.19.

& Also see imod_subclass_correct in Ecore-GROOVE-Mapping-Library.SubclassInstance

A visual representation of Imgypeiass With objects = {ob} and fid(ob) = x can be seen in Figure 5.11a.
Although this visualisation only shows one object, it is possible to have an arbitrary amount of objects
in Imguypelass, as long as they are all typed by the corresponding class introduced on the type level. In
the visualisation, the identifier .NewType is used for the class, in correspondence with Figure 5.3a The
correctness proof of Imgyupeiass 1S trivial, and therefore not included here. The proof can be found as
part of the Isabelle validated proofs.

In order to make composing transformation functions possible, Imgypelass should be compatible with
the instance model it is combined with.

Theorem 5.3.23 (Correctness of combine(Im, Imgsupciass))
Assume an instance model I'm that is valid in the sense of Definition 8.2.19. Then Im is compatible
with Imgybeiass (in the sense of Definition 4.4.14) if:

o All requirements of Theorem 5.2.23 are met, to ensure the combination of the corresponding type
models is valid;

o All the objects in Imgypeiass have an (internal and explicit) identity that is not yet used in Im;
e Im is not typed by a type model that defines any fields for the supertype class.
& Also see imod_subclass_combine_correct in

Ecore-GROOVE-Mapping-Library.SubclassInstance

Proof. Use Lemma 4.4.13. It is possible to show that all assumptions hold. Now we have shown that
combine(Im, I'mgypelass) 1S consistent in the sense of Definition 3.2.19. O]

Please note that in this case, it has been made explicit that the new objects introduced do not have any
fields defined. This is by ensuring the supertype does not define any fields. The new subclass does not
have fields itself, as it cannot have existed in the combined type model.

The definitions and theorems for introducing plain objects of regular subclasses within Ecore are now
complete.

Encoding as nodes

As was the case with plain objects of regular classes, a possible encoding for plain objects of subclasses in
Ecore is using nodes in GROOVE. Each node is typed by the node type that was introduced in TG gypeiass,
and copies the identifiers set of the objects to the corresponding nodes. The encoding corresponding to
Imgsuypelass can then be represented as IGgupeiass, defined in the following definition:

Definition 5.3.24 (Instance graph IGgsyubeiass)
Let IG gubelass be the instance graph with as nodes the converted objects of Imguypeiass (Definition 5.3.21).
Furthermore, reuse the injective function fid that maps every object to its identifier. Finally, use the
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node type name introduced in TG gupelass, that extends the supertype node type. (Definition 5.2.4).
IG supclass 15 defined typed by TG supelass and is defined as:

N = objects
E={}
ident = {(fid(ob), ob) if ob € objects

with
type,, = {(ob, ns_to_list(name)) if ob € objects

& Also see ig_subclass_as_node_type in Ecore-GROOVE-Mapping-Library.SubclassInstance

Theorem 5.3.25 (Correctness of IGgsubciass)
IGsubelass (Definition 5.3.24) is a valid instance graph in the sense of Definition 3.3.10.

@ Also see ig_subclass_as_node_type_correct in

Ecore-GROOVE-Mapping-Library.SubclassInstance

A visual representation of IGgypeiass With objects = {ob} and fid(ob) = x can be seen in Figure 5.11b.
Like the previous example for the Ecore instance model, only one node is shown here, but multiple nodes
can be introduced at once if there are more objects in the objects set. As shown in the definition, the
node type identified by NewType is used to type all the nodes, in correspondence with Figure 5.3b. The
correctness proof of IGgypeiass is trivial, and therefore not included here. The proof can be found as
part of the Isabelle validated proofs.

In order to make composing transformation functions possible, G gypeiass should be compatible with the
instance graph it is combined with.

Theorem 5.3.26 (Correctness of combine(IG, IG supelass))
Assume an instance graph IG that is valid in the sense of Definition 3.3.10. Then IG is compatible with
IGsubelass (in the sense of Definition 4.4.25) if:

o All requirements of Theorem 5.2.26 are met, to ensure the combination of the corresponding type
graphs is valid;

o All the nodes in I1Gsupeiass have an (internal and explicit) identity that is not yet used in IG;

e There are no edge types from or to the supertype node type, this includes edges from and to types
that supertype inherits from.

@ Also see ig_subclass_as_node_type_combine_correct in
Ecore-GROOVE-Mapping-Library.SubclassInstance

Proof. Use Lemma 4.4.24. It is possible to show that all assumptions hold. Now we have shown that
combine(IG, IGgubelass) is valid in the sense of Definition 3.3.10. O

Like the correctness for the Ecore instance model, validity is guaranteed here by assuming there exist no
edge types from and to the supertype node type.

The next definitions define the transformation function from Imgypeiass t0 1 G subclass:

Definition 5.3.27 (Transformation function fsupciass)
The transformation function fsubeiass(Im) is defined as:

N = Objectry,
E={}
ident = {(fid(ob), ob) if ob € Objectp,

with
type,, = {(ob, ns_to_list(name)) if ob € Object

@ Also see imod_subclass_to_ig_subclass_as_node_type in
Ecore-GROOVE-Mapping-Library.SubclassInstance
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Figure 5.12: Visualisation of the transformation of enumeration values corresponding to an enumeration
type

Theorem 5.3.28 (Correctness of fsubciass)
fsubctass(Im) (Definition 5.3.27) is a wvalid transformation function in the sense of Definition 4.4.26
transforming Imgupciass Mt0 IG supeiass -

& Also see imod_subclass_to_ig_subclass_as_node_type_func in

Ecore-GROOVE-Mapping-Library.SubclassInstance

The proof of the correctness of fsupeiass Will not be included here. Instead, it can be found in the
validated Isabelle theories. The proof is quite trivial, as extending Im can only add extra objects, but
not remove the existing ones.

Finally, to complete the transformation, the transformation function that transforms IGgyupeiess into
Imsypciass is defined:

Definition 5.3.29 (Transformation function fg,;./4ss)
The transformation function f&,p.ass(IG) is defined as:

Object = Ny
ObjectClass = {(ob, name) if ob € Ni¢

Objectld = {(ob, fid(ob)) if ob€ Nig

FieldValue = {}
DefaultValue = {}

@ Also see ig_subclass_as_node_type_to_imod_subclass in
Ecore-GROOVE-Mapping-Library.SubclassInstance

Theorem 5.3.30 (Correctness of f&,1.10ss)
Foubetass UG) (Definition 5.8.29) is a valid transformation function in the sense of Definition 4.4.31
transforming IG sypclass Mt0 Imgypelass -

& Also see ig_subclass_as_node_type_to_imod_subclass_func in
Ecore-GROOVE-Mapping-Library.SubclassInstance

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

5.3.4 Enumeration values

This section defines the transformation of enumeration values belonging to an enumeration type on the
type level. The corresponding type level transformation can be found in Section 5.2.4. This transforma-
tion introduces new nodes in an instance graph that correspond to the values of an enumeration type.
Within an instance model, nothing new needs to be introduced, and there the empty instance model is
used once more.

First, the instance model corresponding to T'm gnum is defined.

Definition 5.3.31 (Instance model Imgum)
Let Imgpum be the empty instance model Im. (Definition 4.4.9), except that it is typed by the type model
Tmgnum (Definition 5.2.31).
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& Also see imod_enum in Ecore-GROOVE-Mapping-Library.EnumInstance

Theorem 5.3.32 (Correctness of Imgpum)
Imgnum (Definition 5.3.31) is a valid instance model in the sense of Definition 3.2.19.

& Also see imod_enum_correct in Ecore-GROOVE-Mapping-Library.EnumInstance
Since the instance model corresponding to the transformation of enumeration values does not define any

objects, there is no visual representation needed. Moreover, the correctness proof of Im gy, is trivial,
and therefore not included here. The proof can be found as part of the Isabelle validated proofs.

In order to make composing transformation functions possible, Im gnyum should be compatible with the
instance model it is combined with.

Theorem 5.3.33 (Correctness of combine(Im, Imgnum,))
Assume an instance model I'm that is valid in the sense of Definition 3.2.19. Then Im is compatible
with IMmpgpum (in the sense of Definition 4.4.14) if:

o All requirements of Theorem 5.2.33 are met, to ensure the combination of the corresponding type
models is valid.

@ Also see imod_enum_combine_correct in Ecore-GROOVE-Mapping-Library.EnumInstance

Proof. Use Lemma 4.4.13. It is possible to show that all assumptions hold. Now we have shown that
combine(Im, Imgnym) is consistent in the sense of Definition 3.2.19. O

Please note that this combination is trivial, as the instance model is empty. However, on the instance
graph level, more complex definitions are used.

The definitions and theorems for introducing plain objects of regular classes within Ecore are now com-
plete.

Encoding of node type values as nodes

Section Section 5.2.4 has shown two possible encodings of an enumeration type in GROOVE. Both
encodings require a different definition on the instance level. In the case that an enumeration type is
encoded as node types, the enumeration values will be nodes typed by these node types, one node for
each value of the enumeration type. This gives rise to an instance graph IGgnumnNodes, defined in the
following definition:

Definition 5.3.34 (Instance graph IG gnumNodes)

Let IGEnumNodes be the instance graph corresponding TG gprnumNodes (Definition 5.2.34). IG EnumNodes
defines a node for each possible value of the enumeration type encoded by TG EnumNodes- Fach of these
nodes is typed by its corresponding node type. Furthermore, the function fob and fib are defined. fob
converts each value of the enumeration type to its internal node identity. fid maps each value of the
enumeration type to an explicit identity. IGEpumNodes S defined typed by TG gnumNodes and is defined
as:

N = {fob(v) | v € values}
E={}
ident = {(fid(v),fob(v)) if v € values

with
type,, = {(v7 ns_to_list(name) @ (v)) if v € values

@ Also see ig_enum_as_node_types n Ecore-GROOVE-Mapping-Library.EnumInstance
Theorem 5.3.35 (Correctness of IG gnumnNodes)

IGEnumNodes (Definition 5.3.84) is a valid instance graph in the sense of Definition 3.3.10.

@ Also see ig_enum_as_node_types_correct «n Ecore-GROOVE-Mapping-Library.EnumInstance
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A visual representation of IG gnumnNodes With .Example as identifier for the encoded enumeration type
and OPTION A, OPTION B and OPTION _C as its values can be seen in Figure 5.12a. In this repre-
sentation, it can also be seen that each values has its corresponding identifier, with fid(OPTION _A) =
ExampleOptionA, fid(OPTION B) = EzampleOptionB and fid(OPTION _C) = EzampleOptionC.
Furthermore, the instances shown here correspond to the visual representation shown in Figure 5.4b.
The correctness proof of IG gnumnNodes 18 trivial, and therefore not included here. The proof can be found
as part of the Isabelle validated proofs.

In order to make composing transformation functions possible, IG gnumnNodes Should be compatible with
the instance graph it is combined with.

Theorem 5.3.36 (Correctness of combine(IG, IG EgnumnNodes))
Assume an instance graph IG that is valid in the sense of Definition 3.3.10. Then IG is compatible with
IGEnumNodes (in the sense of Definition 4.4.25) if:

o All requirements of Theorem 5.2.36 are met, to ensure the combination of the corresponding type
graphs is valid;

o All the nodes in IGEnumNodes have an (internal and explicit) identity that is not yet used in IG.
@ Also see ig_enum_as_node_types_combine_correct in

Ecore-GROOVE-Mapping-Library.EnumInstance

Proof. Use Lemma 4.4.24. It is possible to show that all assumptions hold. Now we have shown that
combine(IG, IG gnumNodes) is valid in the sense of Definition 3.3.10. O

The next definitions define the transformation function from Img,um t0 IGEpumNodes:

Definition 5.3.37 (Transformation function fgnumnodes)
The transformation function fEpumNodes(I™m) is defined as:

N = {fob(v) | v € values}
E={}
ident = {( Fid(v), fob(v)) if v € values
with
type,, = {(v7 ns_to_list(name) @ (v)) if v € values

@ Also see imod_enum_to_ig_enum_as_node_types in
Ecore-GROOVE-Mapping-Library.EnumInstance

Theorem 5.3.38 (Correctness of frnumNodes)
fEnumNodes(Im) (Definition 5.8.37) is a valid transformation function in the sense of Definition 4.4.26
transforming Imgnum mto IG gpumNodes -

@ Also see imod_enum_to_ig_enum_as_node_types_func in
Ecore-GROOVE-Mapping-Library.EnumInstance

The proof of the correctness of frnumnodes Will not be included here. Instead, it can be found in the
validated Isabelle theories. It should be noted that the proof is trivial, as the function has to introduce
all nodes a new nodes. There is nothing to convert from Im gpym-

Finally, to complete the transformation, the transformation function that transforms IG gnumnNodes INt0O
Imgnum is defined:

Definition 5.3.39 (Transformation function ff, ... Nodes)
The transformation function fr,.. nodes IG) is defined as the function that always outputs the empty
instance model Im. (Definition 4.4.9), except that it is typed by TmEnum-

@ Also see ig_enum_as_node_types_to_imod_enum in
Ecore-GROOVE-Mapping-Library.EnumInstance

Theorem 5.3.40 (Correctness of fr,. ... Nodes)
FEnumNodes IG) (Definition 5.3.39) is a valid transformation function in the sense of Definition 4.4.31
transforming IG gnumNodes Mt0 IMEpum -
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@ Also see ig_enum_as_node_types_to_imod_enum_func n
Ecore-GROOVE-Mapping-Library.EnumInstance

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

Encoding of flag values as nodes

The previous subsection discussed how to encode the enumeration values when the enumeration type
is encoded as different node types. In this subsection, the transformation of the enumeration values is
discussed in the case that the enumeration type is encoded using flags in GROOVE.

In the case that an enumeration type is encoded using flags for the values, a node is introduced for each
value, all typed by the enumeration node type. Each of the nodes has a single flag, corresponding to the
value the node represents. This gives rise to an instance graph IG gpumFiags, defined in the following
definition:

Definition 5.3.41 (Instance graph IGgnumFiags)

Let IG EnumFiags e the instance graph corresponding TG gpumFiags (Definition 5.2.41). 1G grumFiags
defines a node for each possible value of the enumeration type encoded by TG gnumFiags- Fach of these
nodes is typed by the corresponding node type and has one of the flags set, the flag corresponding to the
value the node represents. Furthermore, the function fob and fib are defined. fob converts each value
of the enumeration type to its internal node identity. fid maps each value of the enumeration type to an
explicit identity. IG EnumFiags 15 defined typed by TG gnumFiags and is defined as:

N = {fob(v) | v € values}
E = {(fob(v), (ns _to_list(name), (v),ns_to_list(name)), fob(v) ) | v € values}
ident = {(fid(v), fob(v)) if v € values
with
type,, = {(v,ns_to_list(name)) if v € values

@ Also see ig_enum_as_flags ¢n Ecore-GROOVE-Mapping-Library.EnumInstance

Theorem 5.3.42 (Correctness of IGgnumFiags)
IGEnumFiags (Definition 5.3.41) is a valid instance graph in the sense of Definition 3.3.10.

@ Also see ig_enum_as_flags_correct in Ecore-GROOVE-Mapping-Library.EnumInstance

A visual representation of IG gnumFiags With .Example as identifier for the encoded enumeration type
and OPTION A, OPTION B and OPTION _C as its values can be seen in Figure 5.12b. In this repre-
sentation, it can also be seen that each values has its corresponding identifier, with fid(OPTION _A) =
ExampleOptionA, fid(OPTION B) = ExzampleOptionB and fid(OPTION C) = ExzampleOptionC.
Furthermore, the instances shown here correspond to the visual representation shown in Figure 5.4c.
The correctness proof of IG gnumFiags is trivial, and therefore not included here. The proof can be found
as part of the Isabelle validated proofs.

In order to make composing transformation functions possible, IG gpumFriags should be compatible with
the instance graph it is combined with.

Theorem 5.3.43 (Correctness of combine(/G, IGEnumFiags))
Assume an instance graph IG that is valid in the sense of Definition 3.3.10. Then IG is compatible with
IG gnumFiags (in the sense of Definition 4.4.25) if:

o All requirements of Theorem 5.2.43 are met, to ensure the combination of the corresponding type
graphs is valid;

o All the nodes in IG gnumFiags have an (internal and explicit) identity that is not yet used in IG.

@ Also see ig_enum_as_flags_combine_correct in Ecore-GROOVE-Mapping-Library.EnumInstance

Proof. Use Lemma 4.4.24. Tt is possible to show that all assumptions hold. Now we have shown that
combine(IG, IG grnumFiags) is valid in the sense of Definition 3.3.10. O
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The next definitions define the transformation function from I'mgnum to IGEnumFiags:

Definition 5.3.44 (Transformation function fenumriags)
The transformation function fenumriags(IMm) is defined as:

N = {fob(v) | v € values}
E= {(fob(v)7 (ns_to_list(name), (v),ns_to_list(name)), fob(v)) |ve values}

ident = {(fid(v),fob(v)) if v € values
with
type,, = {(v,ns_to_list(name)) if v € values

& Also see imod_enum_to_ig_enum_as_flags in Ecore-GROOVE-Mapping-Library.EnumInstance

Theorem 5.3.45 (Correctness of fenumFiags)
fEnumFlags(Im) (Definition 5.8.44) is a valid transformation function in the sense of Definition 4.4.26
transforming Imgnum nto 1G EpumFiags-

& Also see imod_enum_to_ig_enum_as_flags_func in
Ecore-GROOVE-Mapping-Library.EnumInstance

The proof of the correctness of fenumFiags Will not be included here. Instead, it can be found in the
validated Isabelle theories. It should be noted that the proof is trivial, as the function has to introduce
all nodes a new nodes. There is nothing to convert from Imgpym-

Finally, to complete the transformation, the transformation function that transforms IG gpumFiags into
Imgpum 1s defined:

Definition 5.3.46 (Transformation function ff,,,.riags)
The transformation function fg,,mriags(1G) is defined as the function that always outputs the empty
instance model Im, (Definition 4.4.9), except that it is typed by Tmgnum.-

@ Also see ig_enum_as_flags_to_imod_enum in Ecore-GROOVE-Mapping-Library.EnumInstance

Theorem 5.3.47 (Correctness of [z, F1ags)
fEnumFlags{G) (Definition 5.5.46) is a valid transformation function in the sense of Definition 4.4.31
transforming IG gnumFiags M0 IMEpum.

@ Also see ig_enum_as_flags_to_imod_enum_func in

Ecore-GROOVE-Mapping-Library.EnumInstance

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

5.3.5 User-defined data types

In this section, the instance level transformation corresponding to the type level transformation of user-
defined data types is discussed. The type level transformation of user-defined data types can be found
in Section 5.2.5.

This definition does not actually introduce values for user-defined data types. This is done upon instan-
tiating the type via a field. Therefore, an empty instance model and empty instance graph will be used
for completeness.

First, the corresponding instance model is introduced.

Definition 5.3.48 (Instance model Imyserrype)
Let Imyserrype be the empty instance model Im. (Definition 4.4.9), except that it is typed by the type
model Ty serrype (Definition 5.2.48).

@ Also see imod_userdatatype in Ecore-GROOVE-Mapping-Library.UserDataTypeInstance
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Theorem 5.3.49 (Correctness of Imyserrype)
Imyserrype (Definition 5.3.48) is a valid instance model in the sense of Definition 3.2.19.

@ Also see imod_userdatatype_correct in
Ecore-GROOVE-Mapping-Library.UserDataTypeInstance

Since IMmygerType does not define any objects, there is no need for a visual representation. However, in
order to make composing transformation functions possible, Imy serrype should still be compatible with
the instance model it is combined with.

Theorem 5.3.50 (Correctness of combine(Im, Imyserrype))
Assume an instance model I'm that is valid in the sense of Definition 3.2.19. Then Im is compatible
with Imy serrype (i the sense of Definition 4.4.14) if:

o All requirements of Theorem 5.2.50 are met, to ensure the combination of the corresponding type
models is valid.

@ Also see imod_userdatatype_combine_correct in
Ecore-GROOVE-Mapping-Library.UserDataTypeInstance

Proof. Use Lemma 4.4.13. It is possible to show that all assumptions hold. Now we have shown that
combine(Im, Imyserrype) 18 consistent in the sense of Definition 3.2.19. O]

The definitions and theorems for the Ecore instance model corresponding to TmygerType are now com-
plete.

The node type encoding

As has been shown earlier, an possible encoding for user-defined data types is by introducing a node
type. This has been done in TGyserrype. Like the Ecore instance model, the GROOVE instance graph
is also empty, because the values for the type are not instantiated now. This gives rise to IGyserrypes
which is defined as follows:

Definition 5.3.51 (Instance graph IGuyserrype)
Let IGyserrype be the empty instance graph IG. (Definition 4.4.20), except that it is typed by the type
graph TGuyserrype (Definition 5.2.51).

@ Also see ig_userdatatype_as_node_type in
Ecore-GROOVE-Mapping-Library.UserDataTypeInstance

Theorem 5.3.52 (Correctness of IGyserrype)
IGyserType (Definition 5.3.51) is a valid instance graph in the sense of Definition 8.8.10.

& Also see ig_userdatatype_as_node_type_correct in

Ecore-GROOVE-Mapping-Library.UserDataTypeInstance

In order to make composing transformation functions possible, IGyserrype should be compatible with
the instance graph it is combined with.

Theorem 5.3.53 (Correctness of combine(/G, IGuserType))
Assume an instance graph IG that is valid in the sense of Definition 3.3.10. Then IG is compatible with
IGUserType (in the sense of Definition 4.4.25) if:

o All requirements of Theorem 5.2.58 are met, to ensure the combination of the corresponding type
graphs is valid.

@ Also see ig_userdatatype_as_node_type_combine_correct in
Ecore-GROOVE-Mapping-Library.UserDataTypeInstance

Proof. Use Lemma 4.4.24. It is possible to show that all assumptions hold. Now we have shown that
combine(IG, IGyserrype) is valid in the sense of Definition 3.3.10. O

The next definitions define the transformation function from Imyserrype t0 IGUserType:
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<4 someld :Example someld : Example

field = "some value" field = "some value"

(b) IGpataricia with one node and string value
(a) Impatarieta with one object and string value “some value”
“some value”

Figure 5.13: Visualisation of the transformation of field values from fields typed by data types

Definition 5.3.54 (Transformation function frserrype)
The transformation function fuserrype(Im) is defined as the function that always outputs the empty
instance graph I1G. (Definition 4.4.20), except that it is typed by TGy serrype-

@ Also see imod_userdatatype_to_ig_userdatatype_as_node_type in
Ecore-GROOVE-Mapping-Library.UserDataTypeInstance

Theorem 5.3.55 (Correctness of fuserrype)
fuserrype(Im) (Definition 5.3.54) is a valid transformation function in the sense of Definition 4.4.26
transforming Imyserrype 80 IGUserType-

@ Also see imod_userdatatype_to_ig_userdatatype_as_node_type_func in
Ecore-GROOVE-Mapping-Library.UserDataTypeInstance

The proof of the correctness of fyserrype Will not be included here. Instead, it can be found in the
validated Isabelle theories. Obviously, the proof is trivial, as the function does not do any conversion. It
does just output the empty instance model.

Finally, to complete the transformation, the transformation function that transforms IGyserrype into
IMmyserType is defined:

Definition 5.3.56 (Transformation function f{;,.,.1ype)
The transformation function f{,serType(IG) is defined as the function that always outputs the empty
instance model Im. (Definition 4.4.9), except that it is typed by TMmyserType-

@ Also see ig_userdatatype_as_node_type_to_imod_userdatatype in
Ecore-GROOVE-Mapping-Library.UserDataTypeInstance

Theorem 5.3.57 (Correctness of f{;,.,.7ype)
fUserrype (IG) (Definition 5.5.56) is a valid transformation function in the sense of Definition 4.4.31
transforming IGyserrype 00 IMyserType-

@ Also see ig_userdatatype_as_node_type_to_imod_userdatatype_func in
Ecore-GROOVE-Mapping-Library.UserDataTypeInstance

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

5.3.6 Data field values

The previous sections have shown the instance level transformations of the introduction of all kinds of
types and their instances. From this section onward, these types and their instances will be enriched by
introducing fields. In this section, the instance level transformation belonging to the transformation of
a data field is discussed. The type level transformation for data fields can be found in Section 5.2.6. On
the instance level, values for the data fields are introduced.

Definition 5.3.58 (Instance model Impataricid)

Let Impataricia be an instance model typed by Tmpatariela (Definition 5.2.58). Define a set objects,
which represent the objects that will get a value for the field introduced by Tmpatarieid- Furthermore,
define a function obids which maps each of these objects to their corresponding identifier and a function
values, which maps each of these objects to its value for the field introduced by Tmpatarieid- IMDataField
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is defined as:
Object = objects
ObjectClass = {(ob7 classtype) if ob € objects
Objectld = {(ob7 obids(ob)) if ob € objects

FieldValue = {((ob7 (classtype, name)), values(ob)) if ob € objects
DefaultValue = {}

@ Also see imod_data_field in Ecore-GROOVE-Mapping-Library.DataFieldValue

Theorem 5.3.59 (Correctness of Impataricld)
Impatariea (Definition 5.8.58) is a valid instance model in the sense of Definition 3.2.19.

& Also see imod_data_field_correct in Ecore-GROOVE-Mapping-Library.DataFieldValue

A visual representation of Impataricld With objects = {ob} and obids(ob) = someld can be seen in
Figure 5.13a. In this visualisation, the field value for ob is defined as values(ob) = “some value”. Although
this visualisation only shows one object, it is required to define a value for all objects that contain the
field. Failing to do so would result in an invalid instance model after it is combined with another model,
as the next definition will show. The correctness proof of Impgutqrieid only is already quite involved, but
not be included here for conciseness. It can be found as part of the validated Isabelle proofs.

In order to make composing transformation functions possible, Im pgtqricia should be compatible with
the instance model it is combined with.

Theorem 5.3.60 (Correctness of combine(Im, Impatarield))
Assume an instance model I'm that is valid in the sense of Definition 8.2.19. Then Im is compatible
with Impataricid (in the sense of Definition 4.4.14) if:

o All requirements of Theorem 5.2.60 are met, to ensure the combination of the corresponding type
models is valid;

e The class type on which the field is defined by TMmpataricia Mmay not be extended by another class
type in the type model corresponding to Im;

o All of the objects in the set objects must already be objects in Im;

o All objects typed by the class type on which the field is defined must occur in the set objects and
thus have a value in Impatarield;

e For all of the objects in the set objects, the identifier set by obids must be the same identifier as
set by Im for that object;

e For all objects in set objects, the value set by the values function must be valid.
& Also see imod_data_field_combine_correct in

Ecore-GROOVE-Mapping-Library.DataFieldValue

Proof. Use Lemma 4.4.13. It is possible to show that all assumptions hold. Now we have shown that
combine(Im, ImpataField) 18 consistent in the sense of Definition 3.2.19. O

As explained earlier, Impgtarieiq needs to introduce values for all objects that are typed by the class
type on which the field is defined. This is enforced by the requirements of Theorem 5.3.60. The proof is
not included here for conciseness, but can be found as part of the validated proofs in Isabelle.

The definitions and theorems for introducing values for fields of data types within Ecore are now com-
plete.
Encoding as edges and nodes

In the type level transformation of data fields, data fields were encoded in GROOVE as edge types to
an primitive type. On the instance level, this edge type will be used and edges will be created to give a
value to each node type that has the field defined. The encoding corresponding to I'm pgtqFiciqa can then
be represented as IG paiarield, defined in the following definition:
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Definition 5.3.61 (Instance graph IGpataricid)

Let IG patariela be the instance graph typed by type graph TG pataricia (Definition 5.2.61). Reuse the
set objects from Impatarield- Moreover, reuse the functions obids and values from Impgatarieid- The
objects in the set objects are converted to nodes in Impaiaricid- For each of these objects, an edge of
the encoded field is created. This edge targets a node that corresponds to the value set by values for the
corresponding object. Finally, the identity of the objects is defined using obids. IGpataricia s defined
as:

N = objects U {values(ob) | ob € objects}
E = {(ob, (ns_to_list(classtype), (name), fieldtype),values(ob)) | ob € objects}

ident = {(obids(ob), ob) if ob € objects
with
type,, = {(ob7 ns_to_list(classtype)) if ob € objects

& Also see ig_data_field_as_edge_type in Ecore-GROOVE-Mapping-Library.DataFieldValue

Theorem 5.3.62 (Correctness of IGpataFicld)
IGpatarield (Definition 5.3.61) is a valid instance graph in the sense of Definition 3.3.10.

@ Also see ig_data_field_as_edge_type_correct in
Ecore-GROOVE-Mapping-Library.DataFieldValue

A visual representation of IGpatariela With objects = {ob} and obids(ob) = someld can be seen in
Figure 5.13b. Like the previous visualisation, the field value for ob is defined as values(ob) = “some value”.
Although this visualisation only shows one node, it is required to define a value for all nodes typed by
the node type corresponding to the field. Failing to do so would result in an invalid instance graph after
it is combined with another graph, as the next definition will show. The correctness proof of I1G pytaFicid
only is already quite involved, but not be included here for conciseness. It can be found as part of the
validated Isabelle proofs.

In order to make composing transformation functions possible, IGpgataricid should be compatible with
the instance graph it is combined with.

Theorem 5.3.63 (Correctuess of combine(IG, IG pataricld))
Assume an instance graph IG that is valid in the sense of Definition 3.3.10. Then IG is compatible with
IG pataFicld (in the sense of Definition 4.4.25) if:

o All requirements of Theorem 5.2.63 are met, to ensure the combination of the corresponding type
graphs is valid;

e The node type on which the corresponding field is defined is not extended by other node types within
the type graph corresponding to IG;

o All nodes in IG that are typed by the node type on which the field is defined are also nodes in
IGDataField ;

e For all nodes shared between IG and IG patarield, each node must have the same identifier in both
IG and IG pataFicid;

e For all nodes for which the field is set, the values function must define a valid value;

o If an primitive type has incoming or outgoing edge types in the type graph corresponding to IG,
then the lower multiplicity of these edge types must be 0.

& Also see ig_data_field_as_edge_type_combine_correct in

Ecore-GROOVE-Mapping-Library.DataFieldValue

Proof. Use Lemma 4.4.24. It is possible to show that all assumptions hold. Now we have shown that
combine(IG, IG patarieid) is valid in the sense of Definition 3.3.10. O

Like the definition for the combination of instance models, the combination of instance graphs also
requires the user to set a value for all nodes that are typed by the node type that corresponds to the
field type. This is to keep the graph valid.

The next definitions define the transformation function from Impaiaricid t0 IG pataField:
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Definition 5.3.64 (Transformation function fpataricid)
The transformation function fpataricia(Im) is defined as:

N = Objectrm, U {values(ob) | ob € Object n,}
E = {(ob, (ns_to_list(classtype), (name), fieldtype),values(ob)) | ob € Objectry, }
ident = {(obids(ob),ob) if ob € Objectpm,

with
type,, = {(ob, ns_to_list(name)) if ob € Objectyn,

& Also see imod_data_field_to_ig_data_field_as_edge_type in
Ecore-GROOVE-Mapping-Library.DataFieldValue

Theorem 5.3.65 (Correctness of fpataricid)
fpataricia(Im) (Definition 5.3.64) is a valid transformation function in the sense of Definition 4.4.26
tmnsforming ImDataField into IGDataField-

& Also see imod_data_field_to_ig_data_field_as_edge_type_func in
Ecore-GROOVE-Mapping-Library.DataFieldValue
The proof of the correctness of fpatarieia Will not be included here. Instead, it can be found in the

validated Isabelle theories.

Finally, to complete the transformation, the transformation function that transforms IGpgtarieid into
Impatarield is defined:

Definition 5.3.66 (Transformation function f},,,,rie1a)
The transformation function fr. ;. mieq(IG) is defined as:

Object = {src(e) | e € Erg}
ObjectClass = {(ob, classtype) if ob € {src(e) | e € Ejg}
Objectld = {(ob7 obids(ob)) if ob € {src(e) | e € Erg}

FieldValue = {((ob, (classtype, name)), values(ob)) if ob € {src(e) | e € Erg}
DefaultValue = {}

@ Also see ig_data_field_as_edge_type_to_imod_data_field in
Ecore-GROOVE-Mapping-Library.DataFieldValue

Theorem 5.3.67 (Correctness of 1., mic1a)
FhatarieiaIG) (Definition 5.3.66) is a valid transformation function in the sense of Definition 4.4.31
transforming 1G pataFictd mMt0 IMpaiaFicid-

& Also see ig_data_field_as_edge_type_to_imod_data_field_func in
Ecore-GROOVE-Mapping-Library.DataFieldValue

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

5.3.7 Enumeration field values

In this section, the instance level transformation belonging to the transformation of an enumeration field
is discussed. The type level transformation for enumeration fields can be found in Section 5.2.7. On the
instance level, values for the enumeration fields are introduced.

Definition 5.3.68 (Instance model Imgnumricid)

Let Impnumricia be an instance model typed by Tmgnumricia (Definition 5.2.68). Define a set objects,
which represent the objects that will get a value for the field introduced by Tmgpumricid- Furthermore,
define a function obids which maps each of these objects to their corresponding identifier and a func-
tion values, which maps each of these objects to its value for the field introduced by TmgnumFicld-
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4 someld :Example
field = OPTION_B

(a) IMmEnumFicia With one object and its field referencing enumeration option OPTION_B

someld : Example

field

| ExistingEnumOptionA : ExistingEnum$OPTION _A |

[ ExistingEnumOptionC : ExistingEnum$OPTION C }

| ExistingEnumOptionB : ExistingEnumSOPTION B

(b) IGEnumFiecldNodes With one node and and its edge referencing enumeration option OPTION_B

someld : Example

field

ExistingEnumOptionA : ExistingEnum
OPTION_A

ExistingEnumOptionC : ExistingEnum
OPTION C

ExistingEnumOptionB : ExistingEnum
OPTION B

(¢) IG EnumFieldFlags With one node and its edge referencing enumeration option OPTION B

Figure 5.14: Visualisation of the transformation of field values from fields typed by enumeration types

IMmpnpumField 1S defined as:
Object = objects
ObjectClass = {(ob7 classtype) if ob € objects
Objectld = {(ob7 obids(ob)) if ob € objects

FieldValue = {((ob7 (classtype, name)), [enum, (enumid, values(ob))}) if ob € objects
DefaultValue = {}

@ Also see imod_enum_field in Ecore-GROOVE-Mapping-Library.EnumFieldValue

Theorem 5.3.69 (Correctness of ImpnumFieid)
Imgnumricla (Definition 5.3.68) is a valid instance model in the sense of Definition 3.2.19.

@ Also see imod_enum_field_correct in Ecore-GROOVE-Mapping-Library.EnumFieldValue

A visual representation of I'mppumricia With objects = {ob} and obids(ob) = someld can be seen in
Figure 5.14a. In this visualisation, the field value for ob is defined as wvalues(ob) = OPTION_B.
Although this visualisation only shows one object, it is required to define a value for all objects that
contain the field. Failing to do so would result in an invalid instance model after it is combined with
another model, as the next definition will show. The correctness proof of Img,umricia only is quite
involved, but not be included here for conciseness. It can be found as part of the validated Isabelle
proofs.

In order to make composing transformation functions possible, Imgpymrieid should be compatible with
the instance model it is combined with.

Theorem 5.3.70 (Correctness of combine(Im, ImgnumFicid))
Assume an instance model Im that is valid in the sense of Definition 3.2.19. Then Im is compatible
with IMppumField (in the sense of Definition 4.4.14) if:

o All requirements of Theorem 5.2.70 are met, to ensure the combination of the corresponding type
models is valid;

e The class type on which the field is defined by TmgnumFicia Mmay not be extended by another class
type in the type model corresponding to Im;

o All of the objects in the set objects must already be objects in Im;

o All objects typed by the class type on which the field is defined must occur in the set objects and
thus have a value in IMgpumField;
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e For all of the objects in the set objects, the identifier set by obids must be the same identifier as
set by Im for that object;

e For all objects in set objects, the value set by the values function must be valid.

& Also see imod_enum_field_combine_correct in
Ecore-GROOVE-Mapping-Library.EnumFieldValue

Proof. Use Lemma 4.4.13. It is possible to show that all assumptions hold. Now we have shown that
combine(Im, ImgnymField) 18 consistent in the sense of Definition 3.2.19. O

As explained earlier, I'mgnumFiciq needs to introduce values for all objects that are typed by the class
type on which the field is defined. This is enforced by the requirements of Theorem 5.3.70. The proof is
not included here for conciseness, but can be found as part of the validated proofs in Isabelle.

The definitions and theorems for introducing values for fields of data types within Ecore are now com-
plete.

Encoding as edges and nodes with a node type encoded enumeration type

As discussed in Section 5.2.7, there are two different encodings for a field typed by an enumeration
type. These correspond to the two different encodings of the enumeration type itself. On the instance
level, these encodings also need to be distinguished. The first encoding of the values assumes that
the enumeration is encoded using node types. The encoding corresponding to Impgnumrieid 1S then
represented as IG gnumFieldNodes, defined in the following definition:

Definition 5.3.71 (Instance graph IGgnumFieldNodes)

Let IG gnumFicldNodes be the instance graph typed by type graph TG gnumFicidNodes (Definition 5.2.71).
Reuse the set objects from Im ppumrieid- Moreover, reuse the functions obids and values from I'm gpumrieid-
Furthermore, define enumob to be the function that maps an enumeration value to an internal node iden-
tity. Similarly, define enumids as the function that maps an enumeration value to its explicit node id.

Within IGgnumFieldNodes, the objects in the set objects are converted to nodes in Imgnympicld- For
each of these objects, an edge of the encoded field is created. This edge targets a node that corresponds to
the value set by values for the corresponding object. Furthermore, the identity of the objects is defined
using obids. Finally, ensure that the instances of the enumeration values exist and encode them in the
same way as IGEnumNodes (Definition 5.3.34). 1GEnumFicldNodes 15 defined as:

N = objects U {enumob(v) | v € enumvalues}
E = {(ob, (ns_to_list(classtype), (name),ns_to_list(enumid)), enumob(values(ob))) | ob € objects}

ident — (obids(ob), ob) if ob € objects
- (enumids(v), enumob(v)) if v € enumuvalues

{(ob, ns_to_list(classtype)) if ob € objects
type,, =

(enumob(v),ns_to_list(enumid) @ (v)) if v € enumvalues

@ Also see ig_enum_as_node_types_field_as_edge_type in
Ecore-GROOVE-Mapping-Library.EnumFieldValue

Theorem 5.3.72 (Correctness of IGgnumFicidNodes)
IG EnumFicldNodes (Definition 5.3.71) is a valid instance graph in the sense of Definition 3.5.10.

@ Also see ig_enum_as_node_types_field_as_edge_type_correct in
Ecore-GROOVE-Mapping-Library.EnumFieldValue

A visual representation of IGEnumFicidNodes With objects = {ob} and obids(ob) = someld can be
seen in Figure 5.14b. Like the previous visualisation, the field value for ob is defined as values(ob) =
OPTION_B. Although this visualisation only shows one node, it is required to define a value for all
nodes that are typed by the node type corresponding to the field. Failing to do so would result in an
invalid instance graph after it is combined with another graph, as the next definition will show. The
correctness proof of IGgpumricidNodes Only is quite involved, but not be included here for conciseness.
It can be found as part of the validated Isabelle proofs.

In order to make composing transformation functions possible, IG gnumFicidNodes Should be compatible
with the instance graph it is combined with.
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Theorem 5.3.73 (Correctness of combine(IG, IGgnumFicidNodes))
Assume an instance graph IG that is valid in the sense of Definition 3.3.10. Then IG is compatible with
IGEnumFicldNodes (in the sense of Definition 4.4.25) if:

o All requirements of Theorem 5.2.73 are met, to ensure the combination of the corresponding type
graphs is valid;

e The node type on which the corresponding field is defined is not extended by other node types within
the type graph corresponding to IG;

e All nodes in IG that are typed by the node type on which the field is defined are also modes in
IGEnumFieldNodes 5

o All nodes in IGgnumFicldNodes that encode the values of the corresponding enumeration type are
also nodes in IG;

e For all nodes shared between I1G and IG gnumFieldNodes, €ach node must have the same identifier
in both IG and IGEnumFieldNodes;'

e For all nodes for which the field is set, the values function must define a valid value.
& Also see ig_enum_as_node_types_field_as_edge_type_combine_correct in

Ecore-GROOVE-Mapping-Library.EnumFieldValue

Proof. Use Lemma 4.4.24. Tt is possible to show that all assumptions hold. Now we have shown that
combine(IG, IG gnumFicldNodes) 18 valid in the sense of Definition 3.3.10. O

Like the definition for the combination of instance models, the combination of instance graphs also
requires the user to set a value for all nodes that are typed by the node type that corresponds to the
field type. This is to keep the graph valid.

The next definitions define the transformation function from ImgpumFiecid t0 IG EnumFieldNodes:

Definition 5.3.74 (Transformation function fgpumFieldNodes)
The transformation function fgpumFicidNodes(IM) is defined as:
N = Objectrm U {enumob(ob) | v € enumvalues}
E = {(ob, (ns_to_list(classtype), (name), ns_to_list(enumid)), enumob(values(ob))) |
ob € Objectlm}
dent (obids(ob), ob) if ob € Objectrp,
ident =
(enumids(v), enumob(v)) if v € enumvalues

with

{(ob, ns_to_list(classtype)) if ob € Objectry,
type, =

(enumob(v),ns_to_list(enumid) @ (v)) if v € enumvalues

@ Also see imod_enum_field_to_ig_enum_as_node_types_field_as_edge_type in
Ecore-GROOVE-Mapping-Library.EnumFieldValue

Theorem 5.3.75 (Correctness of fgrnumFicidNodes)
fEnumFicidNodes(Im) (Definition 5.3.74) is a valid transformation function in the sense of Definition 4.4.26

tmnsforming ImEnumField into IGEnumFieldNodes~
& Also see imod_enum_field_to_ig_enum_as_node_types_field_as_edge_type_func in

Ecore-GROOVE-Mapping-Library.EnumFieldValue

The proof of the correctness of frnumricidNodes Will not be included here. Instead, it can be found in
the validated Isabelle theories.

Finally, to complete the transformation, the transformation function that transforms I'GgnumprieidNodes
into ImgnumFiela 1s defined:
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Definition 5.3.76 (Transformation function fg,. ... ricldNodes)
The transformation function [, . ricraNodes LG) is defined as:

Object = {src(e) | e € Erg}
ObjectClass = {(ob, name) if ob € {src(e) | e € Erg}
Objectld = {(ob, obids(ob)) if ob € {src(e) | e € Erq}

FieldValue = {((ob, (classtype, name)), (enum, (enumid, values(ob)))) if ob € {src(e) | e € Erg}
DefaultValue = {}

& Also see ig_enum_as_node_types_field_as_edge_type_to_imod_enum_field in
Ecore-GROOVE-Mapping-Library.EnumFieldValue

Theorem 5.3.77 (Correctness of ff. ... ;icldNodes)
FenumFicliNodes LG) (Definition 5.3.76) is a valid transformation function in the sense of Definition 4.4.31
transforming 1G gpumFieldNodes 80 IM ErumFicld-
@ Also see ig_enum_as_node_types_field_as_edge_type_to_imod_enum_field_func in
Ecore-GROOVE-Mapping-Library.EnumFieldValue

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

Encoding as edges and nodes with a flag encoded enumeration type

The second possible encoding of the values assumes that the enumeration is encoded using flags. The
encoding corresponding to Im gnymricid is then represented as G grnumFicldFiags, defined in the following
definition:

Definition 5.3.78 (Instance graph IGgrnumFicidFiags)

Let IG EnumFicidFiags be the instance graph typed by type graph TG gnumFicldFiags (Definition 5.2.78).
Reuse the set objects from Impnumricid- Moreover, reuse the functions obids and values from Imgnymrieid-
Furthermore, define enumob to be the function that maps an enumeration value to an internal node iden-
tity. Similarly, define enumids as the function that maps an enumeration value to its explicit node id.

Within I1G EnumFieldFlags, the objects in the set objects are converted to nodes in Imgnumrieid- For each
of these objects, an edge of the encoded field is created. This edge targets a node that corresponds to the
value set by values for the corresponding object. Furthermore, the identity of the objects is defined using
obids. Finally, ensure that the instances of the enumeration values exist and encode them in the same
way as IGEnumFiags (Definition 5.3.41). IG gnumFicldFiags 1S defined as:

N = objects U {enumob(v) | v € enumuvalues}
E = {(ob, (ns_to_list(classtype), (name), ns_to_list(enumid)), enumob(values(ob))) | ob € objects}
‘dent — {(obzds(ob)7 ob) if ob € objects

(enumids(v), enumob(v)) if v € enumvalues

with

tvpe. — (ob,ns_to_list(classtype)) if ob € objects
YPen = (enumob(v),ns_to_list(enumid)) if v € enumvalues

@ Also see ig_enum_as_flags_field_as_edge_type in
Ecore-GROOVE-Mapping-Library.EnumFieldValue

Theorem 5.3.79 (Correctness of IGgnumFicidFiags)
IGEnumFicidFiags (Definition 5.3.78) is a valid instance graph in the sense of Definition 3.8.10.

@ Also see ig_enum_as_flags_field_as_edge_type_correct in
Ecore-GROOVE-Mapping-Library.EnumFieldValue

A visual representation of IG gnumFieldFiags With objects = {ob} and obids(ob) = someld can be seen
in Figure 5.14c. It does not differ much from the previous encoding, except that the values of the
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enumeration type are shown as flags on the nodes instead of using seperate types. The formal definition
is therefore very similar, except for the definition of type,,. Although this visualisation only shows one
node, it is required to define a value for all nodes that are typed by the node type corresponding to the
field. Failing to do so would, once more, result in an invalid instance graph after it is combined with
another graph. The correctness proof of IG gnumricidriags only is quite involved, but not be included
here for conciseness. It can be found as part of the validated Isabelle proofs.

In order to make composing transformation functions possible, IG gnymFicidFiags should be compatible
with the instance graph it is combined with.

Theorem 5.3.80 (Correctness of combine(/G, IGEnumFicidFiags))
Assume an instance graph IG that is valid in the sense of Definition 3.3.10. Then IG is compatible with
IG gnumFieldFiags (in the sense of Definition 4.4.25) if:

o All requirements of Theorem 5.2.80 are met, to ensure the combination of the corresponding type
graphs is valid;

e The node type on which the corresponding field is defined is not extended by other node types within
the type graph corresponding to IG;

e All nodes in IG that are typed by the node type on which the field is defined are also modes in
I1G EnumFicldFlags;

o All nodes in IGEnumFicldFiags that encode the values of the corresponding enumeration type are
also nodes in IG;

e For all nodes shared between IG and IG gnumFieldFlags, €ach node must have the same identifier
in both IG and IGEnumFiecldFiags;

e For all nodes for which the field is set, the values function must define a valid value.
& Also see ig_enum_as_flags_field_as_edge_type_combine_correct in

Ecore-GROOVE-Mapping-Library.EnumFieldValue

Proof. Use Lemma 4.4.24. Tt is possible to show that all assumptions hold. Now we have shown that
combine(IG, IG grumFicldFiags) is valid in the sense of Definition 3.3.10. O

The next definitions define the transformation function from Imgnumricid t0 IG EnumFicldFiags:

Definition 5.3.81 (Transformation function fgnumFicidFiags)
The transformation function fenumFicidFiags(IMm) is defined as:

N = Objectrm U {enumob(ob) | v € enumvalues}
E = {(ob, (ns_to_list(classtype), (name),ns_to_list(enumid)), enumob(values(ob))) |
ob € Objectjm}
‘dent — (obids(ob), ob) if ob € Objectp,
| (enumids(v), enumob(v)) if v € enumuvalues
with
{(ob, ns_to_list(classtype)) if ob € Objectry,
type, =

(enumob(v),ns_to_list(enumid)) if v € enumuvalues

@ Also see imod_enum_field_to_ig_enum_as_flags_field_as_edge_type in
Ecore-GROOVE-Mapping-Library.EnumFieldValue

Theorem 5.3.82 (Correctness of fenumFicidFiags)
fEnumFicldFiags(Im) (Definition 5.8.81) is a valid transformation function in the sense of Definition 4.4.26
tmnsforming ImEnumField into IGEnumFieldFlags .

& Also see imod_enum_field_to_ig_enum_as_flags_field_as_edge_type_func in
Ecore-GROOVE-Mapping-Library.EnumFieldValue
The proof of the correctness of fenumFieldFiags Will not be included here. Instead, it can be found in

the validated Isabelle theories.

Finally, to complete the transformation, the transformation function that transforms IGEgnumFicldFiags
into ImgnumFiela 1s defined:
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Figure 5.15: Visualisation of the transformation of field values from fields typed by nullable class types

Definition 5.3.83 (Transformation function fg,,... riciariags)
The transformation function f,’anumFieldFlags(IG) is defined as:
Object = {src(e) | e € Erg}
ObjectClass = {(ob, classtype) if ob € {src(e) | e € E1g}
Objectld = {(ob, obids(ob)) if ob € {src(e) | e € Erg}

FieldValue = {((ob, (classtype, name)), [enum, (enumid, values(ob))]) if ob € {src(e) | e € Erg}
DefaultValue = {}

@ Also see ig_enum_as_flags_field_as_edge_type_to_imod_enum_£field in
Ecore-GROOVE-Mapping-Library.EnumFieldValue

Theorem 5.3.84 (Correctness of f5,,..mricldriags)
FEnumFiciariags (IG) (Definition 5.3.83) is a valid transformation function in the sense of Definition 4.4.31
tmnsformmg IGEnumFieldFlags mnto ImEnumField-

@ Also see ig_enum_as_flags_field_as_edge_type_to_imod_enum_field_func in
Ecore-GROOVE-Mapping-Library.EnumFieldValue

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

5.3.8 Nullable class field values

This section introduces the instance level transformation belonging to the transformation of a nullable
class field. The type level transformation for nullable class fields can be found in Section 5.2.8. On the
instance level, values for these fields are introduced.

Definition 5.3.85 (Instance model Im nyiabieClassField)

Let ImpnuiiableClassField be an instance model typed by TmyuiiabieClassField (Definition 5.2.85). Define
disjoint sets valobjects and nilobjects. The objects in valobjects will get a proper class value for the
field introduced by T'm nyiiableClassField, While the objects in nilobjects get a nil value for the same field.
Furthermore, define a function obids which maps each of these objects to their corresponding identifier
and a function values, which maps the objects in valobjects to its value for the field introduced by
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TMNullableClassField- {MNullableClassField 5 defined as:

Object = nilobjects Uwvalobjects U {values(ob) | ob € valobjects}

(ob, classtype) if ob € nilobjects U valobjects

ObjectClass = , . '
(ob, fieldtype) if ob € {values(ob) | ob € valobjects}

Objectld = {(ob, obids(ob)) if ob € objects

(ob, (classtype, name)), nil) if ob € nilobjects
ob

ieldValue = (
FieldVal {((

, (classtype, name)), [obj, values(ob)]) if ob € valobjects
DefaultValue = {}

& Also see imod_nullable_class_field in
Ecore-GROOVE-Mapping-Library.NullableClassFieldValue

Theorem 5.3.86 (Correctness of ImnyiiabieClassField)
ImpyuiiableClassField (Definition 5.3.85) is a valid instance model in the sense of Definition 3.2.19.

& Also see imod_nullable_class_field_correct in
Ecore-GROOVE-Mapping-Library.NullableClassFieldValue

A visual representation of I'myuiableCiassFicid With valobjects = {ob,} and nilobjects = {oby} can
be seen in Figure 5.15a. In this visualisation, the field value for ob, is defined as values(ob,) = o0b,.
Furthermore, the value for oby, is nil, because it occurs within the set nilobjects. Like the previous
transformations for field values, the value needs to be set for all objects that are typed by the class type
corresponding to the field. Failing to do so would result in an invalid instance model after it is combined
with another model, as the next definition will show. The correctness proof of Im nuiiabieClassField only is
already quite involved, but not be included here for conciseness. It can be found as part of the validated
Isabelle proofs.

In order to make composing transformation functions possible, Im nyiiabieClass Field Should be compatible
with the instance model it is combined with.

Theorem 5.3.87 (Correctness of combine(Im, ImyuiiableClass Field))
Assume an instance model I'm that is valid in the sense of Definition 3.2.19. Then Im is compatible
with IMNuliableClassFicld (in the sense of Definition 4.4.14) if:

o All requirements of Theorem 5.2.87 are met, to ensure the combination of the corresponding type
models is valid;

e The class type on which the field is defined by Tm nuiiabieClassField May not be extended by another
class type in the type model corresponding to Im;

o All of the objects in the sets nilobjects and valobjects must already be objects in Im;
o All of the objects referenced by the objects in the set valobjects must already be objects in Im;

o All objects typed by the class type on which the field is defined must occur in the set nilobjects U
valobjects and thus have a value in ImpyuyiiableClassField;

e For all of the objects in the set objects, the identifier set by obids must be the same identifier as
set by Im for that object;

e The sets valobjects and nilobjects must be disjoint, each object only gets a proper class value or a
nil value, not both;

e For all objects in set valobjects, the value set by the values function must be valid.
& Also see imod_nullable_class_field_combine_correct in

Ecore-GROOVE-Mapping-Library.NullableClassFieldValue

Proof. Use Lemma 4.4.13. It is possible to show that all assumptions hold. Now we have shown that
combine(I'm, Im NyiiableClassFicid) 1S consistent in the sense of Definition 3.2.19. O

As explained earlier, Im nyiabieClass Field Needs to introduce values for all objects that are typed by the

class type on which the field is defined. This is enforced by the requirements of Theorem 5.3.87. The proof
is not included here for conciseness, but can be found as part of the validated proofs in Isabelle.
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The definitions and theorems for introducing values for fields of data types within Ecore are now com-
plete.

Encoding as edges and nodes

In the type level transformation of nullable class fields, nullable class fields were encoded in GROOVE
as edge types to a corresponding encoded node type. On the instance level, this edge type will be used
and edges will be created to give a value to each node type that has the field defined. The encoding
corresponding to ImpyuyiiableClassField can then be represented as IGnuiiabieClassField; defined in the
following definition:

Definition 5.3.88 (Instance graph IG yuiiableClassFicld)

Let IG NullableClassFicid be the instance graph typed by type graph TG NuliableClassField (Definition 5.2.88).
Reuse the sets nilobjects and valobjects from ImnuiiableClassField- Moreover, reuse the functions obids
and values from I'mpyuiableClassField-

The objects in the sets nilobjects and valobjects are converted to nodes in IMmpyyiiableClassField- For
each of these objects, an edge of the encoded field is created. This edge targets a node that corresponds
to the value set by values for the corresponding object in valobjects. The outgoing multiplicity of the
edge type created by TG NuilapleClassField %S 0..1, such that the objects in nilobjects do not need to have
this edge, representing the absence of a value. Finally, the identity of the objects is defined using obids.
IG NultableClassField 15 defined as:

N = nilobjects Uwvalobjects U {values(ob) | ob € valobjects}
E = {(ob, (ns_to_list(classtype), (name),ns_to_list( fieldtype)), values(ob)) | ob € valobjects}

ident = {(obids(ob), ob) if ob € objects
with

tvpe. — (ob,ns_to_list(classtype)) if ob € nilobjects U valobjects
YPen = (ob,ns_to_list(fieldtype)) if ob € {values(ob) | ob € valobjects}

@ Also see ig_nullable_class_field_as_edge_type in
Ecore-GROOVE-Mapping-Library.NullableClassFieldValue

Theorem 5.3.89 (Correctness of IG NyuiabieClassField)
IG NulabieClassField (Definition 5.3.88) is a valid instance graph in the sense of Definition 3.5.10.

@ Also see ig_nullable_class_field_as_edge_type_correct in
Ecore-GROOVE-Mapping-Library.NullableClassFieldValue

A visual representation of IG nuiiableClassFietda With valobjects = {ob,} and nilobjects = {oby} can be
seen in Figure 5.15b. Like the previous visualisation, the field value for ob,, is defined as values(ob,) = 0b,,.
Since ob, was in the set nilobjects, no edge has been created for this node. Like the previous field
encodings, one needs to set the values for the field for all objects of the encoded class type at once.
Failing to do so would result in an invalid instance graph after it is combined with another graph, as the
next definition will show. The correctness proof of IG nuiiabieClassFielda Only is already quite involved,
but not be included here for conciseness. It can be found as part of the validated Isabelle proofs.

In order to make composing transformation functions possible, IGnuyiiabieClassFieid Should be compatible
with the instance graph it is combined with.

Theorem 5.3.90 (Correctness of combine(IG, IG nyitabieClass Field))
Assume an instance graph IG that is valid in the sense of Definition 3.3.10. Then IG is compatible with
IG NultabieClassFicid (in the sense of Definition 4.4.25) if:

o All requirements of Theorem 5.2.90 are met, to ensure the combination of the corresponding type
graphs is valid;

e The node type on which the corresponding field is defined is not extended by other node types within
the type graph corresponding to IG;

e All nodes in IG are also nodes in IGNullableClass Field;
e For all nodes shared between IG and IG NyjiableClassField, €ach node must have the same identifier

in both IG and I1G NuliableClassField;
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o The sets valobjects and nilobjects must be disjoint, each node gets either one edge to another node,
or no edge at all;

e For all nodes for which the field is set, the values function must define a valid value.
@ Also see ig_nullable_class_field_as_edge_type_combine_correct in

Ecore-GROOVE-Mapping-Library.NullableClassFieldValue

Proof. Use Lemma 4.4.24. It is possible to show that all assumptions hold. Now we have shown that
combine(IG, IG NuiiapleClassFieid) 1s valid in the sense of Definition 3.3.10. O

The next definitions define the transformation function from I'm yuyiiabieClassFieid 10 LG NullableClass Field:

Definition 5.3.91 (Transformation function fnuiabieClassField)
The transformation function fnuiapieClassFietd(Im) is defined as:

N = Objectry,
E = {(ob, (ns_to_list(classtype), (name), ns_to_list( fieldtype)), values(ob)) |
ob € Objectr,, N ob € valobjects}
ident = {(obids(ob), ob) if ob € Objectym,

with

tvpo. — (ob,ns_to_list(name)) if ob € Objecty, A ob € nilobjects U valobjects
YPen = (ob,ns_to_list(name)) if ob € Objectr,, N ob € {values(ob) | ob € valobjects}

& Also see imod_nullable_class_field_to_ig_nullable_class_field_as_edge_type in
Ecore-GROOVE-Mapping-Library.NullableClassFieldValue

Theorem 5.3.92 (Correctness of fnuiiableClassField)
INuttabieClassFicia(Im) (Definition 5.3.91) is a wvalid transformation function in the sense of Defini-

tion 4.4.20 transforming ImyuiiableClassFietd nt0 1GNulableClass Field-
& Also see imod_nullable_class_field_to_ig_nullable_class_field_as_edge_type_func in
Ecore-GROOVE-Mapping-Library.NullableClassFieldValue

The proof of the correctness of fnuiiabieClassFieid Will not be included here. Instead, it can be found in
the validated Isabelle theories.

Finally, to complete the transformation, the transformation function that transforms I'G yyiiabieCiass Field
into ImpyuitableClassField 18 defined:

Definition 5.3.93 (Transformation function fj . iabicciassFicid)
The transformation function fy,uaieciassrierd IG) s defined as:

Object = N]G

(ob, classtype) if ob € Nig A ob € nilobjects U valobjects

ObjectClass = ) ] )
(ob, fieldtype) if ob € Nig A ob € {values(ob) | 0b € valobjects}
ObjectId = {(ob, obids(ob)) if ob € Nig

(
(

, (classtype, name)), nil) if ob € Nyg A ob € nilobjects

. ((ob
FieldValue = . . )
((ob, (classtype, name)), [obj, values(ob)]) if ob € Nyg A ob € valobjects

DefaultValue = {}

& Also see ig_nullable_class_field_as_edge_type_to_imod_nullable_class_field in
Ecore-GROOVE-Mapping-Library.NullableClassFieldValue

Theorem 5.3.94 (Correctness of fiiabicClass Ficid)
INuwtabieciassricta IG)  (Definition 5.3.93) is a wvalid transformation function in the sense of Defini-

tion 4.4.31 transforming I1G NullableClassField 110 IMNwilableClassField-

@ Also see ig_nullable_class_field_as_edge_type_to_imod_nullable_class_field_func in
Ecore-GROOVE-Mapping-Library.NullableClassFieldValue
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Figure 5.16: Visualisation of the transformation of field values from containment fields typed by a set of
a proper class type

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.

5.3.9 Contained class set field values

This section introduces the instance level transformation belonging to the transformation of a contain-
ment field of a set of a proper class type. The type level transformation belonging to these fields can be
found in Section 5.2.9. On the instance level, values for these fields are introduced.

Definition 5.3.95 (Instance model ImcontainedClassSetField)

Let ImContainedC’lassSetField be an instance model typ@d by TmContainedC’lassSetField (Deﬁmtwn 5295)

Define a set objects, which represent the objects that will get a value for the field introduced by Tmpatarieid-
Furthermore, define a function obids which maps each of these objects to their corresponding identifier and

a function values, which maps each of these objects to its value for the field introduced by TmpataField-

Please note that values returns a set of objects, as the field allows for this. Impaiariciqd 1S defined as:

Object = objects U ( U values(ob))

obcobjects
ObjectClass — (ob, classtfype) %f ob € objects
(ob, containedtype) if 0b € U ypeopjects values(ob)

Objectld = {(ob, obids(ob)) if ob € objects
FieldValue = {((ob, (classtype, name)), [setof, ([obj, ob] | ob € values(ob)>]) if ob € objects
DefaultValue = {}

& Also see imod_contained_class_set_field in
Ecore-GROOVE-Mapping-Library.ContainedClassSetFieldValue

Theorem 5.3.96 (Correctness of IMcontainedClassSetField)
IMmcontainedClassSetField (Definition 5.3.95) is a valid instance model in the sense of Definition 3.2.19.

& Also see imod_contained_class_set_field_correct in

Ecore-GROOVE-Mapping-Library.ContainedClassSetFieldValue

A visual representation of IMmcontainedClassSetField With objects = {obg, 0by, 0b.} can be seen in Fig-
ure 5.16a. This example is typed by TmcontainedClassSetField il Figure 5.9a. In this visualisation, the field
value for ob, is defined as values(ob,) = {0b, }. Furthermore, the value for oby, is values(ob,) = {0b,, 0b. }.
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Finally, the value for ob, is values(ob.) = {}, which is allowed because the lower bound of the multiplicity
is set 0 by the example. Like the previous transformations for field values, the value needs to be set for
all objects that are typed by the class type corresponding to the field. Failing to do so would result in
an invalid instance model after it is combined with another model, as the next definition will show. The
correctness proof of ImcontainedClassSet Field Only is already quite involved, but not be included here for
conciseness. It can be found as part of the validated Isabelle proofs.

In order to make composing transformation functions possible, ImcontainedClassSetField Should be com-
patible with the instance model it is combined with.

Theorem 5.3.97 (Correctness of combine(Im, ImcontainedClassSetField))
Assume an instance model I'm that is valid in the sense of Definition 3.2.19. Then Im is compatible
with IMcontainedClassSetFicld (in the sense of Definition 4.4.14) if:

All requirements of Theorem 5.2.97 are met, to ensure the combination of the corresponding type
models is valid;

The class type on which the field is defined by TmcontainedClassSet Field May not be extended by
another class type in the type model corresponding to Im;

The contained type and the class type cannot be the same, e.g. classtype # containedtype.
All of the objects in the set objects must already be objects in Im;
All of the referenced objects cannot be objects in I'm, they are newly introduced by IMcontainedClassSet Field;

All objects typed by the class type on which the field is defined must occur in the set objects and
thus have a value in IMcontainedCiassSet Field;

For all of the objects in the set objects, the identifier set by obids must be the same identifier as
set by Im for that object;

The object ids for the newly introduced objects must be unique with respect to each other and all
other objects within Im;

For all objects in set valobjects, the value set by the values function must be valid and the amount
of elements in each value must be within the multiplicity mul.

@ Also see imod_contained_class_set_field_combine_correct in
Ecore-GROOVE-Mapping-Library.ContainedClassSetFieldValue

Proof. Use Lemma 4.4.13. Tt is possible to show that all assumptions hold. Now we have shown that
combine(Im, ImcontainedClassSetField) 1S consistent in the sense of Definition 3.2.19. O]

Please note that all objects referenced by any objects via this field are newly created. They may not
exist on the existing model. This is enforced to ensure that the containment relations of objects remain
acyclic, which is needed to keep the instance model valid. The proof is not included here for conciseness,
but can be found as part of the validated proofs in Isabelle.

The definitions and theorems for introducing values for fields of data types within Ecore are now com-

plete.

Encoding as edges and nodes

In the type level transformation of contained class set fields, a single containment edge type was intro-
duced to encode the values for the containment field. On the instance level, the values for each object
will be encoded using this edge type. The encoding corresponding to ImcontainedClassSetField can then
be represented as IGcontainedClassSet Field, defined in the following definition:

Definition 5.3.98 (Instance graph IGcontainedClassSetField)

Let IGC'ontainedClassSetField be the instance g?“(lph typed by type gmph TGContainedClassSetField (Deﬁnl'
tion 5.2.98). Reuse the set objects from IMcontainedClassSetField- Moreover, reuse the functions obids

and values from ImcontainedClassSet Field-

The objects in the set objects are converted to nodes in I'McontainedClassSet Field- For each of these
objects, a edge is created for each referenced object within the value of that field. Each of these edges
targets an node that encodes an object that was referenced by the value. Finally, the identity of the objects
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is defined using obids. 1GcontainedClassSetFicld 1S defined as:

N = objects U ( U values(ob))

obEobjects
E= U {(ob, (ns_to_list(classtype), (name),ns_to_list(containedtype)),v) | v € values(ob)}
obcobjects
ident = {(obicl:s(ob)7 ob) if ob € objects U (Uobeobjects values(ob))
with
tvpe. — (ob,ns_to_list(classtype)) if ob € objects
YPen = (v,ns_to_list(containedtype)) if v € U,peopjects values(ob)

@ Also see ig_contained_class_set_field_as_edge_type in
Ecore-GROOVE-Mapping-Library.ContainedClassSetFieldValue

Theorem 5.3.99 (Correctness of IGcontainedClassSetField)
I1GContainedClassSetField (Definition 5.8.98) is a valid instance graph in the sense of Definition 3.3.10.

@ Also see ig_contained_class_set_field_as_edge_type_correct in
Ecore-GROOVE-Mapping-Library.ContainedClassSetFieldValue

A visual representation of IGcontainedClassSetFicld With objects = {0bg, 0by, 0b.} can be seen in Fig-
ure 5.16b. This example is typed by TG containedCiassSet Field in Figure 5.9b. In this visualisation, the field
value for ob, is defined as values(ob,) = {ob, }. Furthermore, the value for oby, is values(ob,) = {0b,, 0b. }.
Finally, the value for ob. is values(ob.) = {}. Like the previous field encodings, one needs to set the
values for the field for all objects of the encoded class type at once. Failing to do so would result in an
invalid instance graph after it is combined with another graph, as the next definition will show. The
correctness proof of IGcontainedCiassSetField only is already quite involved, but not be included here for
conciseness. It can be found as part of the validated Isabelle proofs.

In order to make composing transformation functions possible, IGcontainedCiassSet Field Should be com-
patible with the instance graph it is combined with.

Theorem 5.3.100 (Correctness of combine(IG, IGcontainedClassSetField))
Assume an instance graph IG that is valid in the sense of Definition 3.3.10. Then IG is compatible with
IG containedClassSetFicld (in the sense of Definition 4.4.25) if:

o All requirements of Theorem 5.2.100 are met, to ensure the combination of the corresponding type
graphs is valid;

e The node type on which the corresponding field is defined is not extended by other node types within
the type graph corresponding to IG;

e The contained type and the class type cannot be the same, e.g. classtype # containedtype.
e All nodes in objects are also nodes in IGcontainedClassSet Field;

e All nodes referenced by the nodes in objects are not already nodes in IGcontainedClassSetField; €-9-
the nodes referenced by values are newly introduced;

o All nodes typed by the node type on which the field is defined must occur in the set objects and thus
have a value in IGContainedClassSetField;

e The object ids for the newly introduced objects must be unique with respect to each other and all
other objects within IG;

e For all nodes shared between IG and 1G containedClassSet Field, €ach node must have the same iden-
tiﬁ@’f‘ in both IG and IGContainedClassSetField7'

e For all nodes in set objects, the value set by the values function must be valid and the amount of
elements in each value must be within the multiplicity mul.

@ Also see ig_contained_class_set_field_as_edge_type_combine_correct in
Ecore-GROOVE-Mapping-Library.ContainedClassSetFieldValue

Proof. Use Lemma 4.4.24. It is possible to show that all assumptions hold. Now we have shown that
combine(IG, IGcontainedClassSet Field) 1S valid in the sense of Definition 3.3.10. O
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The next definitions define the transformation function from I'mcontainedClassSet Field 1O
IGContainedClQSSSetField:

Definition 5.3.101 (Transformation function fcontainedClassSetField)
The transformation function fcontainedClassSetField(Im) is defined as:

N = Objectrm,
E= U {(ob, (ns_to_list(classtype), (name),ns_to_list(containedtype)), v) |
obeObjectrm, NobEobjects
v € values(ob) }

ident = {(obids(ob), ob) if ob € Objectn,
with

; (ob,ns_to_list(classtype)) if ob € Objectr,, A ob € objects
e =
YPen (v,ns_to_list(containedtype)) if v € U pconject;,, nobeobjects Values(ob)

& Also see imod_contained_class_set_field_to_ig_contained_class_set_field_as_edge_type
1n Ecore-GROOVE-Mapping-Library.ContainedClassSetFieldValue

Theorem 5.3.102 (Correctuess of foontainedClassSet Field)
foontainedClasssetriela(Im) (Definition 5.8.101) is a valid transformation function in the sense of Defi-
nition 4426 tmnsforming ImContainedC’lassSetField mto IGC’ontainedClassSetField-

& Also see
imod_contained_class_set_field_to_ig_contained_class_set_field_as_edge_type_func in
Ecore-GROOVE-Mapping-Library.ContainedClassSetFieldValue

The proof of the correctness of foontainedClassSetFieid Will not be included here. Instead, it can be found
in the validated Isabelle theories.

Finally, to complete the transformation, the transformation function that transforms
IGContainedClassSetField into ImContainedClassSetField is defined:

Definition 5.3.103 (Transformation function f(,,;aincdCiassSet Ficid)
The transformation function fé . aincdciasssetFieid LG) s defined as:

Object = NIG
ObjectClass = (0b, classtype) if ob € Ny A ob € objects
J (Ob’ Containedtype) if ob € NIG Nob e Uoonbjects UalueS(Ob)

ObjectId = {(ob, obids(ob)) if ob € Ny

FioldVal ((ob, (classtype, name)), [setof, ([obj, ob] | ob € values(ob))}) if ob € Nig A
ieldValue =
ob € objects

DefaultValue = {}

& Also see ig_contained_class_set_field_as_edge_type_to_imod_contained_class_set_field
in Ecore-GROOVE-Mapping-Library.ContainedClassSetFieldValue

Theorem 5.3.104 (Correctness of f{, . 1uincdClassSet Field)
FeontainedClasssetried LG) (Definition 5.3.108) is a valid transformation function in the sense of Defi-
nition 4431 tmnsforming IGContainedClassSetField wnto ImContainedClassSetField-
@ Also see
ig_contained_class_set_field_as_edge_type_to_imod_contained_class_set_field_func in
Ecore-GROOVE-Mapping-Library.ContainedClassSetFieldValue

Once more, the correctness proof is not included here but can be found in the validated Isabelle proofs
of this thesis.
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Chapter 6
Application

This chapter will provide the necessary steps to apply the work presented in this thesis. So far, the
thesis has introduced formalisations of Ecore and GROOVE;, discussed in Section 3.2 and Section 3.3
respectively. Furthermore, an transformation framework for reasoning about composable model transfor-
mations has been introduced as part of Chapter 4. Finally, the previous chapter introduced some small
transformations that represent the ‘building blocks’ to use within the framework. In this chapter, the
transformation framework is applied by building an example model from scratch, showing the necessary
steps to apply the framework. Building the model will be done using the ‘building blocks’ of the library of
transformations. Furthermore, each of the steps is described formally using the formalisations presented
earlier.

Contrary to the previous chapters, no distinction will be made between the type level and instance level.
This distinction is unneeded because the different levels are ultimately tied to each other. When building
an instance model or instance graph iteratively, a corresponding type model or type graph is build as
well. Therefore, within this chapter, an instance model will be built. For each step in building the
instance model, the corresponding step on the level of a type model will be discussed as well. Therefore,
the steps for building both models are presented in a mixed fashion.

6.1 The model

Throughout this chapter, the steps for building the same model are shown. The model that will be
built is a model that represents student housing. A visualisation of the final Ecore model is included in
Figure 6.1. Within the model, student houses are represented through the .House type. A house can have
0 till 9 rooms, which are represented by the .Room type. Each room can have one tenant, represented by
the .Tenant. Possibly, the tenant can have another subtenant, which is modelled through the subtenant
relation.

Since many student houses have a name, this is reflected as such in the model. The .House type has a string
attribute name which represents the name of the house. Furthermore, some houses do have a common
living room, while others do not. This is modelled through the boolean attribute living room.

Each room within the house is identified by some identifier. Some houses number their rooms, and others
use letters for the same purpose. The identifier of a room is reflected by the string attribute room id.
Furthermore, a room can either be small, medium or large. The size is used to determine the price of
the room. This size of the room is represented using an enumeration type .RoomSize. Each room sets
one size using the room_size attribute, which is typed by the .RoomSize enumeration type.

For tenants, the model stores the name and the age through the string attribute name and int attribute
age respectively. Furthermore, a tenant can be a regular tenant or a subtenant, which is represented
using an another enumeration type .TenantType. Each tenant is either a regular tenant of a subtenant,
which is modelled using the type attribute, which is typed by the .TenantType enumeration type.

In the next section, this model will be built in 15 steps. Furthermore, a corresponding GROOVE encoding
will be built at the same time. At the end of the next section, the model of Figure 6.1 is obtained, as
well as the corresponding GROOVE encoding.

6.2 Building the model

Within this section, the 15 steps are provided to build the model represented by Figure 6.1. For each of
these 15 steps, the corresponding Ecore model and GROOVE graphs are shown.
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< TRRoom1 :Room

room_id ="1"

room_size = "LARGE"

rooms

<> TR:House
name = "TwoRem"
living_room = false

rooms

room_id ="2

tenant

<> Tenant1 Tenant
name = "B.R. Mankjon"

age =23
type = REGULAR

<> BHPRoomA :Room
room_id ="A"
room_size = "SMALL"

tenant

< Tenant3 Tenant
name ="L. Horn"
age=18

type = REGULAR

age =24

room_size ="

< TRRoom2 :Room

"

'"MEDIUM"

tenant

<> Tenant2 Tenant
name ="P.J.R. Nam"

type = REGULAR

<> BHP :House
name = "B.H. Paleis"
living_room = true

< BHPRoomC :Room

rooms rooms
rooms
< BHPRoomB :Room
room_id ="B"

room_size = "SMALL"

(a) Instance model

[ Q House

1

5’ name: EString

— living_room:

room_id ="C"
room_size = "SMALL"

tenant

< Tenant4 Tenant
name ="A.C.C. Turg"
age =24

type = REGULAR

subtenant

< Tenant5 Tenant
name = "M. Silon"
age=19

type = SUBTENANT

“* TenantType

= REGULAR
= SUBTENANT

! EBoolean
“* RoomSize
= SMALL
[0..1] subtenant | _ MEDIUM
[0..9] rooms — LARGE
[ E| Room £ Tenant
' room_id : EString ' name: EString
— room_size: ' age:Elnt
T RoomSize [0..1] tenant o type:
! TenantType

(b) Type model

Figure 6.1: The final model of student housing

Page 158



Before the model is built, it is necessary to initialize the initial models. The initial models are empty
and are used as a starting point. Each step will then add more elements to the model until the final
model is obtained. Therefore, define the following models:

Initial models

Tmgy = Tm, (Definition 4.3.8)
Imy = Im, (Definition 4.4.9)

TGy = TG, (Definition 4.3.19)
1Gy = IG. (Definition 4.4.20)

fo(Img) = IG. (Definition 4.4.20)
f(IGo) =  Ime (Definition 4.4.9)

Essentially, every model is defined to be the empty model, and every graph is defined to be the empty
graph. Furthermore, fj is the mapping function which projects I'mg (and T'mg) onto IGy (and T'G)).
14 is the inverse function which maps IGy (and T'Gp) onto I'mg (and T'my).

6.2.1 Houses

The first step of building the model is to add a type. Without any types, nothing interesting can be
produced. The first type will be the class type for houses. Section 5.2.1 is used to introduce the class
type, while on the instance level, Section 5.3.1 is used to introduce the house objects.

The name of the new house type is .House. Furthermore, 2 house objects are introduced, objects =
{TR, BHP}. Furthermore, we assume that the object identifiers are equal to the internal node id, so
fid(TR) = TR and fid(BHP) = BHP. The following model is obtained:

Models after step 1

Tm, = combine(Tmo, Tmciass) =
Class = {.House}

Enum = {}

UserDataType = {}

Field = {}

FieldSig = {}
EnumValue = {}
Inh = {}
Prop={}
Constant = {}

ConstType = {}
Im; = combine(Tmq, Imciass) =
Object = {TR, BHP}

ObjectClass(ob) = {(T'R, .House), (BH P, .House)}
Objectld = {(T'R,TR),(BHP, BHP)}
FieldValue = {}
DefaultValue = {}

TG, = combine(TGo, TGciass) =
NT = {(House)}
ET ={}
C = {((House), (House)) }
abs = {}
mult = {}
contains = {}
IG, = combine(TGy, IGciass) =
N = {TR,BHP)
E={}

ident = {(TR,TR),(BHP, BHP)}

type,, = {(T'R, (House}), (BH P, (House))}
filImi) = fo(Imo) U forass(Imciass) (Definition 4.4.27)
[UG) = fo(IGo) U flass(IGciass) (Definition 4.4.32)
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< TR :House

<> BHP :House

(a) Instance Model I'mq

[ Q House ]

(b) Type Model T'mi

Figure 6.2: The Ecore model after step 1

BHP : House

(a) Instance Graph IG;

(b) Type Graph TG,

Figure 6.3: The GROOVE graphs after step 1
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A visual representation of T'm; and Im; can be found in Figure 6.2. Similarly, a visual representation
of TG1 and IG; can be found in Figure 6.3. Please note that because of the definitions of fi(Im;) and
f1(IG1), we have that f1(Imy) = IGy and f{(IG1) = Imy. Furthermore, f;(Im;) and f](IG}) are valid
mapping functions themselves, such that they can be combined with another mapping function in the
next step.

The models itself are not very special as of yet, but that is expected. Each step is only a small building
block, and introducing a type is not very special.

6.2.2 The Room class

The second step is very similar to the previous step, as yet another type will be introduced. This time
around, the class type for rooms is introduced. Section 5.2.1 is used to introduce the class type, while
on the instance level, Section 5.3.1 is used to introduce the house objects.

The name of the new room type is .Room. However, this time, no objects of the room type will be
introduced just yet, therefore, objects = {}. Moreover, there is no need to define fid. The following
model is obtained:

Models after step 2

Tmo = combine(T'my, Tmeiass) =
Class = {.House, .Room}
Enum = {}
UserDataType = {}
Field = {}

FieldSig = {}
EnumValue = {}
Inh ={}

Prop = {}
Constant = {}

ConstType = {}
Img = combine(Tm1, ImClasS) =
Object = {TR, BHP}

ObjectClass(ob) = {(TR, .House), (BH P, .House)}
Objectld = {(TR,TR),(BHP, BHP)}
FieldValue = {}
DefaultValue = {}

TGy = combine(TG1,TGClass> =
NT = {{House), (Room)}
ET = {}

C = {((House), (House)), ((Room), (Room)) }
abs = {}

mult = {}
contains = {}
I1Gy = combine(TG1, IGciass) =

N = {TR,BHP)

E= )
ident = {(TR,TR),(BHP,BHP)}
type,, = {(T'R, (House)), (BH P, (House))}

folIma) = f1(Im1) U forass(Imeiass) (Definition 4.4.27)
f5(IG2) = fiIG1) U flass(IGClass) (Definition 4.4.32)

A visual representation of T'ms and I'ms can be found in Figure 6.4. Similarly, a visual representation
of TGy and IG5 can be found in Figure 6.5. Please note that because of the definitions of fo(Imsg) and
5(IG2), we have that fo(Imz) = IG2 and f5(IG2) = I'ms. Furthermore, fo(Ims) and f4(IG2) are valid
mapping functions themselves, such that they can be combined with another mapping function in the
next step.

The visual representation of the models is still not stunning, mainly because the instance model and
instance graph have not changed during this step. These are unchanged because the room objects will

Page 161



<> TR :House

<> BHP :House

(a) Instance Model I

[ £ House ]

B )

(b) Type Model T'ma

Figure 6.4: The Ecore model after step 2

HP :

(a) Instance Graph IG2

(b) Type Graph T'G»

Figure 6.5: The GROOVE graphs after step 2
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all be contained by houses, and therefore need to be introduced later to keep the model and graphs
valid.

6.2.3 House names

In the third step, something interesting finally happens. This step introduces the names for houses, or in
model terms, the name attribute on the .House class is introduced, including its values. Section 5.2.6 is
used to introduce the field, while on the instance level, Section 5.3.6 is used to introduce the values.

The classtype of the new field is .House, as the field will be defined for houses. The name of the new
field is name and the fieldtype is string. The set of objects of which the value is set is is equal to all
house objects, so objects = {T R, BHP}. The function for obids returns the existing identifier of each of
these objects. The values function is defined as follows:

values = {(TR,“TwoRem”), (BH P,“B.H. Paleis”)}

The following model is obtained:

Models after step 3

Tms = combine(Tma, TMmpataFicid) =
Class = {.House, .Room}
Enum = {}

UserDataType = {}
Field = {(.House, name)}
FieldSig = {((.House, name), (string, 1..1))}
EnumValue = {}
Inh ={}
Prop = {}
Constant = {}

ConstType = {}
Ims = combine(T'ma, IMpataFicid) =
Object = {TR, BHP}

ObjectClass(ob) = {(TR, .House), (BH P, .House)}
Objectld = {(TR,TR),(BHP, BHP)}

FieldValue = {((TR, (.House, name)), [string,“TwoRem”]),

((BHP7 (.House, name)), [string,“B.H. Paleis”])}

DefaultValue = {}
TG3 = combine(TG’g,TGDampield) =
NT = {(House), (Room), string}

ET = {((House), (name), string) }
= {((House), (House)), ((Room), (Room)), (string, string) }
abs ={}

mult = {(((House), (name), string), (0..%, 1..1))}

contains = {}
1G5 = combine(T'Ga, IG patarield) =
N = {TR, BHP,“TwoRem”, “B.H. Paleis”}

E= {(TR, ((House), (name), string),“TvvoRem”)7

(BHP, ((House>, (name}, string),“B.H. Paleis”) }

ident = {(T'R, TR), (BHP, BHP)}
type,, = {(T'R, (House)), (BH P, (House) ), (“TwoRem”, string), (“B.H. Paleis”, string) }

f3 (Im3) = fa (ImQ) U fDataneld(ImDataneld) (Deﬁnition 4427)
f5(IGs) = f5(IG2) U fpararieia {GDatarieia) (Definition 4.4.32)

A visual representation of T'mg and I'mg can be found in Figure 6.6. Similarly, a visual representation
of TG3 and IG3 can be found in Figure 6.7. Please note that because of the definitions of f3(Img) and

Page 163



<> TR :House
name = "TwoRem"

<> BHP :House
name = "B.H. Paleis"

(a) Instance Model Ims

[ Q House ]

5’ name: EString

e

(b) Type Model T'ms

Figure 6.6: The Ecore model after step 3

TR : House
name = "TwoRem"

BHP : House
name = "B.H. Paleis"

(a) Instance Graph IG3

House
name: string

(b) Type Graph T'G3

Figure 6.7: The GROOVE graphs after step 3
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f4(IG3), we have that f3(Ims) = IG3 and fi(IG3) = I'ms. Furthermore, f5(I'mg) and f{(IG3) are valid
mapping functions themselves, such that they can be combined with another mapping function in the
next step.

Although visually the models are still not very advanced, formally they already from quite a definition.
This definition will only get more substantial as more fields and objects are added in the next steps.

6.2.4 Rooms

In the fourth step, the room objects will be introduced as part of the introduction of the rooms con-
tainment relation. This step introduces the rooms relation on the .House class, including its values.
Section 5.2.9 is used to introduce the field, while on the instance level, Section 5.3.9 is used to introduce
the values.

The classtype of the new field is .House, as the field will be defined for houses. The name of the new
field is rooms and the containedtype is .Room. The set of objects of which the value is set is equal to all
house objects, so objects = {TR, BHP}. The function for obids returns the existing identifier of each
of these objects. The multiplicity is set to 0..9 for the new field, and the values function is defined as
follows:

values = { (TR7 {TRRoom1, TRRoomQ})7 (BHP, {BHPRoomA, BHPRoomB, BHPRoomC}) }

Please note that the referenced objects are all new. For these new objects obids returns as identifier the
internal node label, just as was done for the houses. The following model is obtained:

Models after step 4

Tmy = combine(ng, TmContainedClassSetField) =
Class = {.House, .Room}
Enum = {}

UserDataType = {}

Field = {(.House, name), (.House, rooms)}

FieldSig = {((.House, name), (string, 1..1)),
((-House, rooms), ([setof, |.Room],0..9)) }

EnumValue = {}
Inh = {}

Prop = {(containment, (.House, rooms)) }
Constant = {}
ConstType = {}

Im4 - COH’IbiHG(TTTLg, ImContainedClassSetField) =
Object = {TR, BHP, TRRoom1, TRRoom2, BHPRoomA, BHPRoomB,
BHPRoomC'}

ObjectClass(ob) = {(T'R, .House), (BH P, .House), (I'RRoom1, .Room),
(TRRoom2,.Room), (BH PRoomA, .Room), (BH PRoomB, .Room),
(BHPRoomC, .Room)}
Objectld = {(TR,TR),(BHP,BHP),(TRRoom1,TRRoom1),
(TRRoom2,TRRoom?2),(BHPRoomA, BHPRoomA),
(BHPRoomB, BHPRoomB), (BHPRoomC, BHPRoomC')}

FieldValue ((TR (.House, name)), [string, “TwoRem’ ])

(BH P, (.House, name)), [string, “B.H. Paleis”]),

/\/—\z—’b\

(-House, rooms)), [setof, <[obj,TRRoom1],
[obj, TRRoom?2])] ) )
((BHR (.House, rooms)) [setof, ([obj, BH P RoomA],

[obj, BH PRoomB], (obj, BH P Room())] ) }
DefaultValue = {}
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Models after step 4

TGy = combine(TG’g, TGContainedClassSetField) =
NT = {(House), (Room), string}
ET = {((House), (name), string), ({House), (rooms), (Room)) }

AA

= {(

(House), (House)), ((Room), (Room)), (string, string) }

mult = {( ((House), (name) strmg),(O..*,l..l)),
(¢

( (House), (rooms), (Room) ),(0"1’0"9»}

contains = {((House), (rooms (Room)) }

IG4 = COHIbiIle(TGg, IGContaznedClassSetheld) =
N = {TR,BHP,TRRooml,TRRoom2, BHP RoomA, BHP RoomB, BHP RoomC,

“TwoRem”, “B.H. Paleis”}
E = {(TR ((House), (name>7string),“TvvoRem”)7

BHP House> <name>,string),“B.H. Paleis”),
TR, ((House), (rooms), (Room)), TRRooml)7
TR, ((House), (rooms), (Room)), TRRoom2)7

BH P, ((House), (rooms), (Room)), BHPROOTTLA),

N T N T NN N

BH P, ({House), (rooms), (Room)), BHPRoomB) ,

(BHP (House), <rooms>,<Room>),BHPRoomC)}

ident = {(TR,TR),(BHP,BHP),(TRRoom1,TRRoom1),(TRRoom2, T RRoom?2),
(BHPRoomA, BHPRoomA),(BHPRoomB, BHPRoomB),
(BHPRoomC, BHPRoom(C')}

type,, = {(T'R, (House)), (BH P, (House) ), (T RRoom1, (Room)), (T' RRoom2, (Room)),
(BHPRoomA, (Room)), (BHPRoomB, (Room)), (BH PRoomC, (Room)),
(“TwoRem”, string), (“B.H. Paleis”, string)}

f4 (I’ITL4) = f3 (ImB) u fContainedClassSetField(ImContainedClassSetField)
(Definition 4.4.27)
fﬁi (IG4) = fé (IG?)) U fé’ontainedClassSetField(IGCOHtainedClaSSSetF’ield)

(Definition 4.4.32)

A visual representation of T'm,4 and I'my4 can be found in Figure 6.8. Similarly, a visual representation
of TG4 and IG4 can be found in Figure 6.9. Please note that because of the definitions of fy(Im4) and
f1(IGy4), we have that f4(Im4) = IG4 and fi(IG4) = Imy. Furthermore, fy(I'm4) and f1(IG4) are valid
mapping functions themselves, such that they can be combined with another mapping function in the
next step.

The introduction of the room objects makes that the model represents something. A house has rooms
that it contains, and each house has a different set of rooms. Still, there is room to enlarge the model
more, such that more details are included.

6.2.5 Room identifiers

In the fifth step, the room identifiers are introduced by introducing another string field. This step
introduces gives each room a size, or in model terms, the room size attribute on the .Room class is
introduced, including its values. Section 5.2.7 is used to introduce the field on the type level, while on
the instance level, Section 5.3.7 is used to introduce the values.

The classtype of the new field is .Room, as the field will be defined for rooms. The name of the new
field is room id and the fieldtype is .string. The set of objects of which the value is set is equal to
all room objects, so objects = {T RRoom1, T RRoom2, BHP RoomA, BHPRoomB, BHPRoom(C}. The
function for obids returns the existing identifier of each of these objects. The values function is defined

Page 166



<> TR:House
name = "TwoRem"
rooms rooms

< TRRoom1 :Room < TRRoom2 :Room

<> BHP :House
name = "B.H. Paleis"

rooms rooms
rooms

<> BHPRoomA :Room <> BHPRoomB :Room <» BHPRoomC :Room

(a) Instance Model Iy

[ Q House ]

' name: EString

[0..9] rooms

B )

(b) Type Model T'm4

Figure 6.8: The Ecore model after step 4
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TR : House

name = "TwoRem"
rooms rooms
TRRoom1 : Room} [TRRoom2 : Room
BHPRoomA : Room | [ BHPRoomB : Room | [ BHPRoomC : Room
rooms T /
rooms rooms
BHP : House
name = "B.H. Paleis"

(a) Instance Graph IG4

House
name: string

T

rooms

(b) Type Graph TG4

Figure 6.9: The GROOVE graphs after step 4
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as follows:

values = {(TRRoom1,“1”), (T RRoom?2,“2”), (BHPRoomA,*A”),
(BHPRoomB,“B”), (BHPRoomC,“C")}

The following model is obtained:

Models after step 5

TTTL5 = combine(Tm4,TmDamField) =
Class = {.House, .Room}
Enum = {}

UserDataType = {}
Field = {(.House, name), (.House, rooms), (.Room, room_id)}
FieldSig = {((.House, name), (string, 1..1)),
((.House, rooms), ([setof, |.Room],0..9)),
((.Room, room_id), (string, 1..1)) }
EnumValue = {}
Inh = {}
Prop = {(containment, (.House, rooms)) }
Constant = {}
ConstType = {}

Ims = combine(T'my, Impataricld) =
Object = {TR, BHP,TRRoom1,TRRoom2, BHPRoomA, BHPRoomB,
BHPRoomC'}

ObjectClass(ob) = {(TR, .House), (BH P, .House), (T RRoom1, .Room),
(TRRoom2,.Room), (BH PRoomA, .Room), (BH PRoomB, .Room),
(BHPRoomC, .Room)}
Objectld = {(TR,TR),(BHP,BHP),(TRRoom1,TRRooml),
(TRRoom2, T RRoom2), (BH PRoomA, BHPRoomA),
(BHPRoomB, BHPRoomB), (BHPRoomC, BHPRoomC')}

FieldValue {((TR (House, name)), [string, “TwoRem’] )

((BHP, (House, name)), [string, “B.H. Paleis] ),

( (.House, rooms)), [setof, ([obj, T RRoom1],

[obj, TRRoom2])] ),

((BHP, (House, rooms)) [setof, (obj, BH PRoom ],
[obj, BH PRoomB], (obj, BHPRoomC))] )

(TRRoom1, (-Room, room_id)), [string, “1"] ),

(TRRoom2, (-Room, room_id)), [string, 2"] ),

(BHPRoom A, (:Room, room_id)), [string, “A”] ),

(

(

BH P RoomB, (.Room, room _id)), [string,“B”])7
BH P RoomC!, (.Room, room_id)), [string,“C”])

}

e

DefaultValue = {}

Page 169




Models after step 5

TG5 = combine(TG4,TGDatapield) =
NT = {(House), (Room), string}

ET = {((House), (name), string), ({House), (rooms), (Room)),
((Room), (room_id), string) }
C = {((House), (House)), ((Room), (Room)), (string, string) }
abs = {}

mult = {( ((House), (name), string), (0..*,1..1)),
((
((

( (House), (rooms), (Room) ),( )

)
( (Room), (room _id) strlng),( ))}

contains = {((House), (rooms), (Room)) }
1G5 = combine(T'Gy4, IGpatarield) =
N = {TR,BHP,TRRoom1,TRRoom2, BHPRoomA, BHPRoomB, BHP RoomC,

(UIWORem”’ LCB.H. PaleiS777 “177’ “277, “A”’ L(B”’ L(C”}
E= { (TR ((House), (name), string), “TwoRem”) ,

BH P, ((House), (name), string), “B.H. Paleis”),

~

((House) <rooms>,(Room>),TRRoom1)7

~

({House), (rooms), (Room)), TRR00m2>,

BH P, ((House), (rooms), (Room)), BHPRoomA),

sy

((House), (rooms), (Room)), BHPRoomB> ,
((House), (rooms), (Room)), BHPRoomC) ,
TRRooml1, ((Room), (room_id), string), “1”) ,

T RRoom2, ({Room), (room _id), string), “2”) ,

BH PRoomA, ({(Room), <room7id>,string),“A”)7

BHPRoomB, ((Room), (room_id), string),“B”) ,

/—\A/—\/—\A/%\/—\/—\/—\/—\/—\

BHPRoomC, ({(Room), (room_id), string),“C”)}

ident = {(TR,TR),(BHP,BHP),(TRRooml,TRRooml), (T RRoom2, T RRoom2),
(BHPRoomA, BHPRoomA),(BHPRoomB, BHPRoomB),
(BHPRoomC, BHPRoom(C')}

type,, = {(T'R, (House)), (BH P, (House)), (TTRRoom1, (Room)), (I'RRoom2, (Room)),
(BHPRoomA, (Room)), (BHPRoomB, (Room)), (BH PRoomC, (Room)),
(“TwoRem”, string), (“B.H. Paleis”, string), (“1”, string), (“2”, string), (“A”, string),
(“B”, string), (“C”, string) }

fs(Ims) = fa(Ima)U fpataricia(IMpDataricia) (Definition 4.4.27)
fé (IG5) = f!l(IGAL) (] fIDataField(IGDamFiEld) (Deﬁnition 4432)

A visual representation of T'ms and I'ms can be found in Figure 6.10. Similarly, a visual representation
of TG5 and IG5 can be found in Figure 6.11. Please note that because of the definitions of f5(Ims)
and ff(IG5), we have that f5(Ims) = IG5 and fL(IG5) = Ims. Furthermore, f5(Ims) and fL(IGs) are
valid mapping functions themselves, such that they can be combined with another mapping function in
the next step.

The visualisation unveils no surprising details. A string field was already added earlier to the house
objects and introducing such a field on the room only shows that it is indeed possible to introduce fields
on contained objects.
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<> TR:House
name = "TwoRem"

rooms rooms
< TRRoom1 :Room < TRRoom2 :Room
room_id ="1" room_id ="2"

<> BHP :House

name = "B.H. Paleis"

rooms rooms
rooms
< BHPRoomA :Room < BHPRoomB :Room < BHPRoomC :Room
room_id ="A" room_id ="B" room_id ="C"

(a) Instance Model Ims

[ Q House ]

' name: EString

[0..9] rooms

] Room

' room_id : EString

(b) Type Model T'ms

Figure 6.10: The Ecore model after step 5
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TR : House

name = "TwoRem"
7oms rooms
TRRooml : Room TRRoom?2 : Room
room id = "1" room_id = "2"
BHPRoomA : Room BHPRoomB : Room BHPRoomC : Room
room_id = "A" room_id = "B" room_id = "C"
rooms
rooms rooms
BHP : House
name = "B.H. Paleis"

(a) Instance Graph IG5

House
name: string

!

rooms

Room
room _id: string

(b) Type Graph T'Gs

Figure 6.11: The GROOVE graphs after step 5
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6.2.6 The room size enumeration type

In the sixth step, a new type will be introduced. This time around, it will not be a class type, but an
enumeration type. It is the .RoomSize enumeration type used to specify the room sizes. Section 5.2.4
is used to introduce the enumeration type on the type level, while on the instance level, Section 5.3.4 is
used to introduce the values of the enumeration.

The name of the new enumeration type is .RoomSize, and it has values = {SMALL, MEDIUM, LARGE}.
Please note that there are multiple encodings possible to encode an enumeration type in GROOVE. The
encoding using flags is chosen for this enumeration type. The function fob which maps the enumeration
values to internal node ids is defined as follows:

fob = {(SMALL, SmallSize), (MEDIUM, MediumSize), (LARGE, LargeSize)}

The function fid which maps the enumeration values to explicit node identifiers is equal to the definition
of fob, so fid = fob. The following model is obtained:

Models after step 6

Tmg = combine(T'ms, TmEnpum) =
Class = {.House, .Room}

Enum = {.RoomSize}
UserDataType = {}
Field = {(.House, name), (.House, rooms), (.Room, room _id)}
FieldSig = {((.House, name), (string, 1..1)),
((.House, rooms), ([setof, |.Room],0..9)),
((.Room, room_id), (string, 1..1)) }
EnumValue = {(.RoomSize, SMALL), (.RoomSize, MEDIUM), (.RoomSize, LARGE)}
Inh = {}
Prop = {(containment, (.House, rooms)) }
Constant = {}
ConstType = {}
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Models after step 6

Img = combine(T'ms, Imppum) =
Object = {TR, BHP,TRRoom1,TRRoom2, BHP RoomA, BHP RoomB,
BHPRoomC'}

ObjectClass(ob) = {(T'R, .House), (BH P, .House), (T RRoom1, .Room),
(TRRoom2,.Room), (BH PRoomA, .Room), (BH PRoomB, .Room),
(BHPRoomC, .Room)}
Objectld = {(TR,TR),(BHP,BHP),(TRRoom1,TRRooml),
(TRRoom2,TRRoom?2),(BHPRoomA, BHP RoomA),
(BHPRoomB, BHPRoomB), (BHPRoomC, BHPRoomC')}

FieldValue ((TR (.House, name)), [string, “TwoRem’ ])

B (.House, name)), [strlng,“B.H. Palels”]),

/\/_\r—’H

(.House, rooms)), [setof, ( [obj, T RRoom1],
[obj, TRRoom2])] ),
((BHP, (.House, rooms)) [setof, { [obj, BH P Room AJ,
lobj, BH PRoomB), (obj, BH P RoomC))] ) :
TRRooml, (.Room, room_id)), [string,“l”]),

TRRoom2, (.Room, roomﬁid)), [string,“?”]),

/N -7 N7 NN

(
(
(BHPRoom A, (:Room, room_id)), [string, “A”] ),
(BHPRoomB, (.Room, room_id)), [string,“B”]),
(

( BH P RoomC!, (.Room, room_id)), [string,“C”])}
DefaultValue = {}

TGe = combine(TGs, TG EnumFiags) =
NT = {(House), (Room), (RoomSize), string}

ET = {((House), (name), string), ({House), (rooms), (Room)),
((Room), (room_id), string), ({RoomSize), (SMALL), (RoomSize)),

((RoomSize), (MEDIUM), (RoomSize)), ((RoomSize), (LARGE), (RoomSize)) }
C = {((House), (House)), ({(Room), (Room)), ((RoomSize), (RoomSize)),
( trlng,strlng)}
abs = {}
mult = {(((House),(name} string), (0..%,1..1) ),
(((House)7 (rooms), (Room)), (0..1,0.. )),
(((Room),(room_id) string), (0..%, 1. 1)),
(((RoomSize), (SMALL), (RoomSize)), (0..1,0..1) ),
(((RoomSize), (MEDIUM), (RoomSize}), (0..1,0..1)),
(((RoomSize),(LARGE> (RoomSize)), (0. 1,0..1))}
contains = {((House), (rooms), (Room)) }
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Models after step 6

IGG = combine(TG’5, IGEnumFlags) =
N = {TR,BHP,TRRooml,TRRoom2, BHP RoomA, BHP RoomB, BHP RoomC,

SmallSize, MediumSize, LargeSize, “TwoRem”, “B.H. Paleis”,“1”,“2” “A” “B”,
(LC”}
E= {(TR, ((House), (name), string),“TwoRem”),

BHP, ((House>, <name>,string),“B.H. Paleis”),

~

({House), (rooms), (Room)), TRRooml)7

=
S

, ({(House), (rooms), (Room)), TRRoomQ),
BH P, ((House), (rooms), (Room)), BHPRoomA>,
BH P, ({House), (rooms), (Room)),BHPRoomB)7
BHP, ({House), (rooms), (Room)), BHPRoomC)7
TRRooml1, ((Room), (room_id), string),“l”),
T RRoom2, ({Room), (room _id), string),“Q”)
BHPRoomA, ((Room), (room_id), string), “A”
BH PRoomB, ((Room), (room_id), string),“B”

BHPRoomC, ((Room), (room_id), string), “C”

\_/\_/v

SmallSize, ((RoomSize), (SMALL), (RoomSize

~

) SmallSize),

MediumSize, ((RoomSize), (MEDIUM), (RoomSize)), MediumSize),

SN S N N N N NS NS NS NS, N NS, NN, N

LargeSize, ((RoomSize), (LARGE), (RoomSize)),LargeSize)}

ident = {(TR,TR),(BHP,BHP),(TRRooml,TRRooml), (T RRoom2, T RRoom2),
(BHPRoomA, BHPRoomA),(BHPRoomB, BHP RoomB),
(BHPRoomC, BHPRoomC), (SmallSize, SmallSize),
(MediumSize, MediumSize), (LargeSize, LargeSize)}

type,, = {(T'R, (House)), (BH P, (House) ), (T RRoom1, (Room)), (T' RRoom2, (Room)),

BHPRoomA, (Room)), (BHPRoomB, (Room)), (BH P RoomC, (Room)),
SmallSize, (RoomSize)), (MediumSize, (RoomSize)), (LargeSize, (RoomSize)),
“TwoRem”, string), (“B.H. Paleis”, string), (“1”, string), (“2”, string), (“A”, string),
“B”, string), (“C”, string) }

Je(Img) = fs(Ims) U fEnumFiags(IMEnuwm) (Definition 4.4.27)

fe(Ge) = f5(IG5) U foumPiags (LG EnumFlags) (Definition 4.4.32)

—~~ N —~

A visual representation of T'mg and I'mg can be found in Figure 6.12. Similarly, a visual representation
of TG and IGg can be found in Figure 6.13. Please note that because of the definitions of fg(Img)
and f§(IGg), we have that fo(Img) = IGs and fi(IGg) = Img. Furthermore, fo(Img) and fi(IGs) are
valid mapping functions themselves, such that they can be combined with another mapping function in
the next step.

The introduction of the enumeration type shows the encoding of an enumeration type as GROOVE flags
in practice. It should be noted that although the instance model has not changed, the instance graph
obtained instances of the enumeration values. These instances will be referenced by an enumeration field
in the next step.

6.2.7 Room sizes

In the seventh step, a field referencing the new enumeration type is introduced. Section 5.2.7 is used to
introduce the enumeration field on the type level, while on the instance level, Section 5.3.7 is used to
introduce the values.
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<> TR:House
name = "TwoRem"

rooms rooms
< TRRoom1 :Room < TRRoom2 :Room
room_id ="1" room_id ="2"

<> BHP :House

name = "B.H. Paleis"

rooms rooms
rooms

< BHPRoomA :Room < BHPRoomB :Room < BHPRoomC :Room

room_id ="A" room_id ="B" room_id ="C"

(a) Instance Model Img

[ Q House ]

' name: EString

¥ RoomSize

= SMALL

= MEDIUM
[0..9] rooms — LARGE

] Room

' room_id : EString

(b) Type Model T'mg

Figure 6.12: The Ecore model after step 6
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TR : House

LargeSize : RoomSize name = "TwoRem" MediumSize : RoomSize
LARGE MEDIUM
rooms rooms
TRRooml : Room TRRoom?2 : Room
room_id — uqn roomiid — non
SmallSize : RoomSize
SMALL
BHPRoomA : Room BHPRoomB : Room BHPRoomC : Room
room id = "A" room id = "B" room id ="C"
rooms
rooms rooms
BHP : House
name = "B.H. Paleis"

(a) Instance Graph IGs

House RoomSize
name: string LARGE
MEDIUM
t SMALL
rooms
Room

room _id: string

(b) Type Graph T'Gs

Figure 6.13: The GROOVE graphs after step 6
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The classtype of the new field is .Room, as the field will be defined for rooms. The name of the new
field is room_size and the enumid is .RoomSize. Furthermore, the set of enumuvalues is equal to the
set of values for the .RoomSize enumeration type, so enumvalues = {SMALL, MEDIUM, LARGE}. Then,
enumids returns for each enumeration value the corresponding node identifier used in the GROOVE
graph, while enumob lists the corresponding internal node id.

The set of objects of which the value is set is equal to all room objects, so objects = {T RRoom1, T RRoom2, BHP RoomA, .
The values function is defined as follows:

values = {(TRRoom1,LARGE), (T RRoom2, MEDIUM), (BHPRoomA,SMALL),
(BHPRoomB,SMALL), (BHPRoomC,SMALL)}

The following model is obtained:

Models after step 7

Tmy = Combine(Tmﬁ, TmEnunLField) =
Class = {.House, .Room}

Enum = {.RoomSize}
UserDataType = {}
Field = {(.House, name), (.House, rooms), (.Room, room_id),
(.Room, room _size)}
FieldSig = {((.House, name), (string, 1..1))7
((.House7 rooms), ([setof, |.Room], O..9)),
((.-Room, room_id), (string, 1..1)),
((.Room, room_size), (.RoomSize, 1..1)) }
EnumValue = {(.RoomSize, SMALL), (.RoomSize, MEDIUM), (.RoomSize, LARGE)}
Inh = {}
Prop = {(containment, (.House, rooms)) }
Constant = {}
ConstType = {}
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Models after step 7

Im7; = combine(T'me, IMmgnumFicid) =
Object = {TR, BHP,TRRoom1,TRRoom2, BHP RoomA, BHP RoomB,

BHPRoomC'}

ObjectClass(ob) = {(T'R, .House), (BH P, .House), (T RRoom1, .Room),

(TRRoom2,.Room), (BH PRoomA, .Room), (BH PRoomB, .Room),
(BHPRoomC, .Room)}

Objectld = {(TR,TR),(BHP,BHP),(TRRoom1,TRRooml),

FieldValue

DefaultValue = {}

(TRRoom2,TRRoom?2),(BHPRoomA, BHP RoomA),
(BHPRoomB, BHPRoomB), (BHPRoomC, BHPRoomC')}

((TR (.House, name)), [string, “TwoRem’ ])

B (.House, name)), [strlng,“B.H. Palels”]),

/\/_\r—’H

(.House, rooms)), [setof, ( [obj, T RRoom1],
[obj, TRRoom2])] ),
((BHP, (.House, rooms)) [setof, { [obj, BH P Room AJ,
lobj, BH PRoomB), (obj, BH P RoomC))] ) :
TRRooml, (.Room, room_id)), [string,“l”]),
T RRoom2, (.Room, room _id)), [string,“Z”]),
BH P Room A, (:Room, room_id)), [string, “A"] ),

BHPRoomB, (.Room, room _id)), [stringﬁ‘B”])7

TRRoom1, (.Room, room _size)), [enum, (.RoomSize, LARGE)])
TRRoom2, (.Room, room _size)), [enum, (.RoomSize, MEDIUM)] )

BHPRoomA, (.Room, room_size)), [enum, (.RoomSize, SMAL

1)
).
1)}

(
(
(
(
(BHPRoomC, (:Room, room_id)), [string, “C"] ),
(
(
( L)
(BHPRoomB, (.Room, room _size)), [enum, (.RoomSize, SMALL)
(

BH PRoomC, (.Room, room_size)), [enum, (.RoomSize, SMALL)

(
(
(
(
(
(
(
(
(
(
{
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Models after step 7

TGr = combine(T'Ge, TG EnumFieldFiags) =
NT = {(House), (Room), (RoomSize), string }

ET = {((House), (name), string), ({House), (rooms), (Room)),
((Room), (room_id), string), ((Room), (room _size), (RoomSize)),
((RoomSize), (SMALLY), (RoomSize)), ((RoomSize), (MEDIUM), (RoomSize)),
((RoomSize), (LARGE), (RoomSize)) }
C = {((House), (House)), ({(Room), (Room)), ((RoomSize), (RoomSize)),
(string, string)}

abs = {}

mult = {( (House), (name), string), (0..x,1..1) )
)
)

House), (rooms), (Room)), (0..1,0..9 )

Room), (room_id), string), (0., 1..1) ),

Room), (room_size), (RoomSize}), (0., 1..1)),
RoomSize), (SMALL), (RoomSize}), (0.1, 0..1)),
RoomsSize), (MEDIUM), (RoomSize)), (o..1,o..1)),

RoomSize), (LARGE), (RoomSize)), (0..1, O..l))}

contains = { ((House), (rooms), (Room)) }

o~~~ N N N
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Models after step 7

1G, = combine(T'Gg, IG EnumFieldFlags) =
N = {TR,BHP,TRRooml,TRRoom2, BHP RoomA, BHP RoomB, BHP RoomC,

SmallSize, MediumSize, LargeSize, “TwoRem”, “B.H. Paleis”,“1”,“2” “A” “B”,
(LC”}
E= {(TR, ((House), (name), string),“TwoRem”),

BHP, ((House>, <name>,string),“B.H. Paleis”),

~

({House), (rooms), (Room)), TRRooml)7

=
S

, ({(House), (rooms), (Room)), TRRoomQ),
BH P, ((House), (rooms), (Room)),BHPRoomA),
BH P, ({House), (rooms), (Room)),BHPRoomB)7
BHP, ({House), (rooms), (Room)), BHPRoomC)7
TRRooml1, ((Room), (room_id), string),“l”),

T RRoom2, ({Room), (room _id), string), “2”)
BHPRoomA, ((Room), (room_id), string) “A”)
BH PRoomB, ((Room), (room_id), string) “B”)
BH PRoomC, ((Room), (room_id), string) “C”)
TRRoom]1, ({Room), (room _size), (RoomSize) ),LargeSize)7
TRRoom?2, ((Room), (room _size), (RoomSize))

BHPRoomA, ((Room), (room _size), (RoomSize)

, MediumSize)
) SmallSize ),
)

BH PRoomB, ({(Room), (room _size), (RoomSize) SmallSzze),
BH PRoomC, ({(Room), (room_size), (RoomSize)) SmallSzze)
SmallSize, ((RoomSize), (SMALL), (RoomSize)), SmallSzze),

MediumSize, ((RoomSize), (MEDIUM), (RoomSize)), MediumSize) ,

o W N N Y Y Y Y N Y e e e e N e N N S

LargeSize, ((RoomSize), (LARGE), <RoomSize>),La’rgeSize)}
ident = {(TR,TR),(BHP,BHP),(TRRoom1,TRRoom1),(TRRoom2, TRRoom?2),
BHPRoomA, BHPRoomA),(BHPRoomB, BHPRoomB),

(

(BHPRoomC, BHPRoomC), (SmallSize, SmallSize),
(MediumSize, MediumSize), (LargeSize, LargeSize)}
={

type,, (TR, (House)), (BHP, (House)), (T RRoom1, (Room)), (T RRoom2, (Room)),
(BHPRoomA, (Room)), (BHPRoomB, (Room)), (BH PRoomC, (Room)),
(SmallSize, (RoomSize)), (MediumSize, (RoomSize)), (LargeSize, (RoomSize)),
(“TwoRem”, string), (“B.H. Paleis”, string), (“17, string), (“2”, string), (“A”, string),
(“B”, string), (“C”, string) }
fr(Im7) = fe(Ime) U fEnumFieldFiags(IMEnumField) (Definition 4.4.27)
f4(IGr) = t(IGg) U flEnumFieldFlaqs (IG EnumFieldFiags) (Definition 4.4.32)

A visual representation of Tm7 and I'm; can be found in Figure 6.14. Similarly, a visual representation
of TG7 and IG7 can be found in Figure 6.15. Please note that because of the definitions of f7(Imy)
and f7(IG7), we have that f7(Imy7) = IG7 and f7(IG7) = I'mz. Furthermore, f7(Imz) and f7(IG7) are
valid mapping functions themselves, such that they can be combined with another mapping function in
the next step.

On the instance model level, no surprising elements are introduced. An enumeration field acts like most
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< TRRoom1 :Room

room_id ="1"

room_size = "LARGE"

<> BHPRoomA :Room
room_id ="A"
room_size = "SMALL"

<> TR:House
name = "TwoRem"

rooms rooms

<> BHP :House
name = "B.H. Paleis"

rooms rooms
rooms
< BHPRoomB :Room
room_id ="B"

room_size = "SMALL"

(a) Instance Model Imy

[ Q House

1

' name: EString

[0..9] rooms

] Room

' room_id : EString

— room_size:
! RoomSize

(b) Type Model T'm~

< TRRoom2 :Room
room_id ="2"
room_size = "MEDIUM"

<» BHPRoomC :Room
room_id ="C"
room_size = "SMALL"

¥ RoomSize

= SMALL
= MEDIUM
= LARGE

Figure 6.14: The Ecore model after step 7
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TR : House

LargeSize : RoomSize name = "TwoRem" MediumSize : RoomSize
LARGE MEDIUM
. rooms rooms /
room size / \ room _size
TRRooml : Room TRRoom?2 : Room
room_id — uqn roomgid — non
SmallSize : RoomSize
SMALL
room _size room size room _size
BHPRoomA : Room BHPRoomB : Room BHPRoomC : Room
room id = "A" room_id = "B" room id = "C"
rooms
rooms rooms
BHP : House
name = "B.H. Paleis"

(a) Instance Graph IG~

House RoomSize
name: string LARGE
MEDIUM
t / SMALL
rooms g
room _SIZe
Room

room _id: string

(b) Type Graph TG~

Figure 6.15: The GROOVE graphs after step 7
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other attributes within Ecore. However, the visualisation shows how enumeration values are referenced
by their instance nodes in the instance graph. The encoding of the field makes use of the presented
encoding to emulate enumeration types within GROOVE.

6.2.8 Tenants

The eighth step introduces another class type. This time, the .Tenant type is introduced to enrich the
model and graphs even further. Section 5.2.1 is used to introduce the class type, while on the instance
level, Section 5.3.1 is used to introduce the house objects.

The name of the new tenant type is .Tenant. Furthermore, 5 tenant objects are introduced, objects =
{Tenantl, Tenant2, Tenant3, Tenant4, Tenant5}. Furthermore, we assume that the object identifiers
are equal to the internal node id, so fid(Tenantl) = Tenantl and fid(Tenant2) = Tenant2, etc. The
following model is obtained:

Models after step 8

Tmg = combine(T'mz, Tmciass) =
Class = {.House, .Room, .Tenant}

Enum = {.RoomSize}
UserDataType = {}
Field = {(.House, name), (.House, rooms), (.Room, room _id),
(.Room, room _size)}
FieldSig = {((.House, name), (string, 1..1)),
((.House, rooms), ([setof, I.Room], 0..9)),
((.Room, room_id), (string, 1..1)),
((.Room, room_size), (.RoomSize, 1..1)) }
EnumValue = {(.RoomSize, SMALL), (.RoomSize, MEDIUM), (.RoomSize, LARGE)}
Inh ={}
Prop = {(containment, (.House, rooms))}
Constant = {}
ConstType = {}
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Models after step 8

Img = combine(Tmz, Imciass) =
Object = {TR, BHP,TRRoom1,TRRoom2, BHP RoomA, BHP RoomB,

BH PRoomC, Tenantl, Tenant2, Tenant3, Tenant4, Tenant5}

ObjectClass(ob) = {(T'R, .House), (BH P, .House), (T RRoom1, .Room),

(TRRoom2,.Room), (BH PRoomA, .Room), (BH PRoomB, .Room),
(BHPRoomC, .Room, (Tenantl, .Tenant), (Tenant2, . Tenant),
(T'enant3, .Tenant), (T'enant4, . Tenant), (T'enant5, . Tenant)}

Objectld = {(TR,TR),(BHP, BHP),(TRRoom1,TRRoom1),

FieldValue

(TRRoom2,TRRoom?2), (BHPRoomA, BHPRoomA),
(BHPRoomB, BHPRoomB),(BHPRoomC, BHPRoom(C),
(Tenantl, Tenantl), (Tenant2, Tenant2), (T'enant3, Tenant3),
(Tenantd, Tenantd), (Tenant5, Tenant5)}

{((TR (House, name)), [string, “TwoRem"] ),

( (BHP, (.House, name)), [string, “B.H. Palels”]),

( (.House, rooms)), [setof, ([obj, T R Room!1],

[obj, T RRoom?2])] ) ,

((BHR (.House, rooms)) [setof, { obj, BH P Room Al,
[obj, BH PRoomB], (obj, BH P Room())] ) ,

TRRoom1, (-Room, room_id)), [string, “1"] ),

T RRoom2, (.Room, room _id)), [string,“2”]>,

BH P Room A, (:Room, room_id)), [string, “A"] ),

BHPRoomB, (.Room, room_id)), [string,“B”])7

TRRoom]1, (.Room, room_size)), [enum, (.RoomSize, LARGE)])
TRRoom2, (.Room, room _size)), [enum, (.RoomSize, MEDIUM)] )

BHPRoomA, (.Room, room_size)), [enum, (.RoomSize, SMAL

).
).
0}

L)
L)

I N T N N7 N7 N7 NS N NN

(
(
(
(
(BH P Room(C, (.Room, room_id)), [string,“C”]),
(
(
(
(BHPRoomB, (.Room, room_size)), [enum, (.RoomSize, SMAL
(

(

BH PRoomC, (.Room, room_size)), [enum, (.RoomSize, SMALL)

DefaultValue = {}
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Models after step 8

TGg = combine(TG7, TGciass) =
NT = {(House), (Room), (Tenant), (RoomSize), string}

ET = {((House), (name), string), ({House), (rooms), (Room)),
((Room), (room_id), string), ((Room), (room _size), (RoomSize)),
((RoomSize), (SMALL), (RoomSize)), ({(RoomSize), (MEDIUM), (RoomSize)),
((RoomSize), (LARGE), (RoomSize)) }
= {(({House), (House)), ((Room), (Room)), ({Tenant), (Tenant)),
(<R00m5|ze> (RoomSize)), (string, string) }

abs = {}
mult = {( (House), (name), string), (0..x,1..1) )
)

House), {rooms), (Room)), (0..1,0..9 )

Room), (room _id), string), (0..x, 1..1)),

Room), (room_size), (RoomSize}), (0., 1..1)),
RoomSize), (SMALLY), (RoomSize)), (0..1, 0..1)),
RoomSize), (MEDIUM), (RoomSize)), (0..1,0..1)),

RoomSize), (LARGE), (RoomSize)), (0..1, O..l))}

contains = {((House), (rooms), (Room)) }

e~ o~ N N N~
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Models after step 8

IGg = combine(TG7, IGciass) =
N = {TR,BHP,TRRoom1,TRRoom2, BHPRoomA, BHPRoomB, BHP RoomC,

Tenantl, Tenant2, Tenant3, Tenant4, Tenant5, SmallSize, MediumSize,
LargeSize,“TwoRem”,“B.H. Paleis”, “17,42” “A” “B” “C”}

( ({House) <name>,string),“TwoRem”),

BHP, ({House), (name), string),“B.H. Paleis”),
TR, ({House) (rooms),(Room)),TRRooml),
TR, ((House) <rooms>,(Room)),TRRoomQ)7
BHP, ({House), (rooms),(Room)%BHPRoomA),
BHP, ((House), <rooms>,(Room)),BHPRoomB),
BHP, ((House), <rooms>,(Room}),BHPRoomC),
TRRoom]1, ({Room), (room_id),string),“l”),

TRRoom?2, ((Room), (room_id), string), “2”)

v

BHPRoomB, ((Room>7 (room_id>,string) «gy

\_/

BHPRoomC, ((Room>, <room7id>,string) s

\_/

TRRooml1, ((Room), (room_size), (RoomSize)

~

LargeSize)
TRRoom2, ({Room), (room _size), (RoomSize)), MedzumSzze)
BHPRoomA, ((Room), (room_size), (RoomSize)) SmallSzze),
BH PRoomB, ((Room), (room _size), (RoomSize)) SmallSzze),
BH PRoom(C, ({Room), (room _size), (RoomSize)) SmallSzze)
SmallSize, ((RoomSize), <SMALL>,<Room5ize>),SmallSzze),

MediumSize, ((RoomSize), (MEDIUM), (RoomSize)), MediumSz'ze) ,

£={
(BHP
(TR
(7R
(
(BHP
(BHP
(
(
(BHPRoomA ({Room), (room_id), string), “A”
(
(
(
(
(
(
(
(
(
(

LargeSize, ((RoomSize), (LARGE), (RoomSize)),LargeSize)}

ident = {(TR,TR),(BHP,BHP),(TRRooml,TRRooml), (T RRoom2, T RRoom2),
(BHPRoomA, BHPRoomA),(BHPRoomB, BHPRoomB),
(BHPRoomC, BHPRoom(C'), (Tenantl, Tenantl), (Tenant2, Tenant2),
(Tenant3, Tenant3), (Tenantd, Tenantd), (Tenantb, Tenant5),
(SmallSize, SmallSize), (MediumSize, MediumSize),
(LargeSize, LargeSize)}

type,, = {(T'R, (House)), (BH P, (House) ), (T RRoom1, (Room)), (T RRoom2, (Room)),
(BHPRoomA, (Room)), (BHPRoomB, (Room)), (BH PRoomC, (Room)),
(T'enantl, (Tenant)), (T'enant2, (Tenant)), (T'enant3, (Tenant)),
(Tenantd, (Tenant)), (T'enant5, (Tenant)), (SmallSize, (RoomSize)),
(MediumSize, (RoomSize)), (LargeSize, (RoomSize)), (“TwoRem”, string),
(“B.H. Paleis”, string), (“1”, string), (“2”, string), (“A”, string), (“B”, string),
(“C”, string) }

fs(Img) = fr(Im7) U forass(IMmciass) (Definition 4.4.27)
JeIGs) = fL(IG7) U flynss(IGciass) (Definition 4.4.32)

A visual representation of T'mg and I'mg can be found in Figure 6.16. Similarly, a visual representation
of TGs and IGg can be found in Figure 6.17. Please note that because of the definitions of fs(Ims)
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< TRRoom1 :Room
room_id ="1"
room_size = "LARGE"

<> Tenant1 Tenant

<> BHPRoomA :Room
room_id ="A"
room_size = "SMALL"

<> Tenant3 Tenant

rooms

<> TR:House
name = "TwoRem"

<> BHP :House
name = "B.H. Paleis"

rooms
rooms
< BHPRoomB :Room
room_id ="B"

room_size = "SMALL"

rooms

(a) Instance Model Imsg

Q House

1

5’ name: EString

[0..9] rooms

] Room

' room_id : EString
— room_size:
1 RoomSize

(b) Type Model T'msg

< TRRoom2 :Room
room_id ="2"
room_size = "MEDIUM"

<> Tenant2 Tenant

< BHPRoomC :Room
room_id ="C"
room_size = "SMALL"

<> Tenant4 Tenant

<> Tenant5 Tenant

“* RoomSize

= SMALL
= MEDIUM
= LARGE

£ Tenant

Figure 6.16: The Ecore model after step 8
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TR : House

LargeSize : RoomSize name = "TwoRem" MediumSize : RoomSize
LARGE MEDIUM
. rooms rooms /
room size / \ room _size
TRRooml : Room TRRoom2 : Room
room id = "1" room id = "2"
Tenantl : Tenant] [Tenant2 : Tenant]

Tenant5 : Tenant

Tenant4 : Tenant

SmallSize : RoomSize
Sl

room _size room _size room _size
BHPRoomA : Room BHPRoomB : Room BHPRoomC : Room
room_id = "A" room id = "B" room id ="C"
rooms rooms rooms
BHP : House
name = "B.H. Paleis"

(a) Instance Graph IGs

House RoomSize
name: string LARGE
MEDIUM
Y / SMALL
rooms g
room _size

Room
room_id: string

(b) Type Graph TGs

Figure 6.17: The GROOVE graphs after step 8
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and f§(IGs), we have that fs(Img) = IGg and f{(IGs) = Img. Furthermore, fs(Imsg) and fi(IGs) are
valid mapping functions themselves, such that they can be combined with another mapping function in
the next step.

The introduction of the tenant class shows that models can be extended if there is already much infor-
mation in the model. Introducing types can be done at any moment, so there is no need to introduce
all types at the beginning. In that sense, the transformation framework presented by this thesis is not
deterministic; there are multiple ways to encode the same model.

6.2.9 Tenant names

In the ninth step, the tenants are named. Formally, the name attribute on the .Tenant class is introduced,
including its values. As before, Section 5.2.6 is used to introduce the field, while on the instance level,
Section 5.3.6 is used to introduce the values.

The classtype of the new field is .Tenant, as the field will be defined for tenants. The name of the new
field is name and the fieldtype is string. The set of objects of which the value is set is is equal to all
tenant objects, so objects = {Tenantl, Tenant2, Tenant3, Tenant4, Tenant5}. The function for obids
returns the existing identifier of each of these objects. The values function is defined as follows:

values = values = {(Tenantl,“B.R. Mankjon”), (Tenant2,“P.J.R. Nam”), (Tenant3,“L. Horn”),
(Tenantd,“A.C.C. Turg”), (Tenant5,“M. Silon”)}

The following model is obtained:

Models after step 9

Tmg = combine(Tmsg, TMmpataFicid) =
Class = {.House, .Room, .Tenant}

Enum = {.RoomSize}
UserDataType = {}
Field = {(.House, name), (.House, rooms), (.Room, room _id),
(.Room, room _size), (.Tenant, name)}
FieldSig = {((.House, name), (string, 1..1)),
((.House, rooms), ([setof, I.Room], 0..9)),
Room, room _id), (string, 1..1)),

Tenant, name), (string, 1..1)) }
EnumValue = {(.RoomSize, SMALL), (.RoomSize, MEDIUM), (.RoomSize, LARGE)}
Inh ={}
Prop = {(containment, (.House, rooms)) }
Constant = {}
ConstType = {}

(.
(C
((.Room, room_size), (.RoomSize, 1..1)),
(C

(.
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Models after step 9

Img = combine(T'mg, Impatarield) =
Object = {TR, BHP,TRRoom1,TRRoom2, BHP RoomA, BHP RoomB,

BH PRoomC, Tenantl, Tenant2, Tenant3, Tenant4, Tenant5}

ObjectClass(ob) = {(T'R, .House), (BH P, .House), (T RRoom1, .Room),

(TRRoom2,.Room), (BH PRoomA, .Room), (BH PRoomB, .Room),
(BHPRoomC, .Room, (Tenantl, .Tenant), (Tenant2, . Tenant),
(T'enant3, .Tenant), (T'enant4, .Tenant), (T'enant5, . Tenant)}

Objectld = {(TR,TR),(BHP, BHP),(TRRoom1,TRRoom1),

FieldValue

DefaultValue = {}

(TRRoom2,TRRoom?2),(BHPRoomA, BHPRoomA),
(BHPRoomB, BHPRoomB),(BHPRoomC, BHPRoom(C),
(T'enantl, Tenantl), (Tenant2, Tenant2), (T'enant3, Tenant3),
(Tenantd, Tenantd), (Tenant5, Tenant5)}

((TR (.House, name)), [string, “TwoRem’ ])

={

( (BHP, (.House, name)), [string, “B.H. PaleiS”]),

( (.House, rooms)), [setof, {[obj, T R Room!1],

[obj, T RRoom?2])] ) ,

((BHR (.House, rooms)) [setof, { obj, BH P Room Al,
[obj, BH PRoomB], (obj, BH P Room())] ) ,

TRRoom1, (-Room, room_id)), [string,“1"] ),

T RRoom2, (.Room, room _id)), [string,“2”]>,

BH P Room A, (:Room, room_id)), [string, “A"] ),

BH PRoomB, (.Room, room _id)), [string,“B”]),

BH PRoomC, (.Room, room_id)), [string,“C”]),

TRRoom]1, (.Room, room_size)), [enum, (.RoomSize, LARGE)])

1)
)
)

TRRoom2, (.Room, room _size)), [enum, (.RoomSize, MEDIUM)] )
L)
L]

BH PRoomB, (.Room, room _size)), [enum, (.RoomSize, SMALL)
BH PRoomC, (.Room, room_size)), [enum, (.RoomSize, SMALL)]
Tenantl, (.Tenant, name ) string, “B.R. Mankjon”]),

Tenant2, (.Tenant,name ), string,“P.J.R. Nam”]),

(

(

(

(

(

(

(
(BHPRoomA, (.Room, room_size)), [enum, (.RoomSize, SMAL
(

(

(

(

(
(Tenant4,
(

(- [
(- [

Tenant3, (. Tenant, name)), [string, “L. Horn”]),
(.Tenant, name)), [string, “A.C.C. Turg”]),
(- ) [

Tenantb, (. Tenant,name)), |string, “M. Silon”])}

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
{
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Models after step 9

TGy = combine(TGs, TG pataField) =
NT = {(House), (Room), (Tenant), (RoomSize), string}

ET = {((House), (name), string), ({House), (rooms), (Room)),
((Room), (room_id), string), ((Room), (room _size), (RoomSize)),
((Tenant), (name), string), ((RoomSize), (SMALL), (RoomSize)),
((RoomSize), (MEDIUM), (RoomSize)), ((RoomSize), (LARGE), (RoomSize)) }
= {({House), (House)), ((Room), (Room)), ({Tenant), (Tenant)),
(<R00m5|ze> (RoomSize)), (string, string) }

abs = {}

mult = {( (House), (name), string), (0..x,1..1) )
)
)

House), {rooms), (Room)), (0..1,0..9 )

Room), (room _id), string), (0..x,1..1 )

Room), (room_size), (RoomSize}), (0., 1..1)),
Tenant), (name), string), (0..+,1..1) ),

RoomSize), (SMALLY), (RoomSize)), (0..1, 0..1)),
RoomsSize), (MEDIUM), (RoomSize)), (0..1,0..1)),

RoomSize), (LARGE), (RoomSize)), (0..1, O..l))}
House), (rooms), (Room)) }

contains
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Models after step 9

IGQ = combine(TG’g, IGDatan’eld) =
N = {TR,BHP,TRRoom1,TRRoom2, BHP RoomA, BHPRoomB, BHP RoomC,

Tenantl, Tenant2, Tenant3, Tenantd, Tenantb, SmallSize, MediumSize,
LargeSize,“TwoRem”, “B.H. Paleis”, “17,“2”,“A”,“B”,“C”,“B.R. Mankjon”,
“P.J.R. Nam”,“L. Horn”,“A.C.C. Turg”,“M. Silon”}

E = {(TR ((House), (name),string),“’I\)VORem”)7
BH P, ((House), (name), string), “B.H. Paleis”),
TR, ({House) <rooms>,(Room>),TRRoom1>,
TR, ((House) (rooms>7(Room>),TRRoom2),
BH P, ((House), (rooms), (Room)),BHPRoomA),
BH P, ({House), (rooms), (Room)),BHPRoomB),
BH P, ({House), (rooms), (Room)),BHPRoomC)7
TRRoom]1, ((Room), (room _id), string),“l”)7
TRRoom2, ((Room), (room_id), string), “2”)
BHPRoomA, ((Room), (room_id), string), “A”

BHPRoomB, ((Room), (room_id), string) “B”)
BH PRoomC!, ((Room), (room_id), string) “C”)

TRRoom1, ((Room), (room _size) Room&ze),LargeSize)

\_/

BHPRoomA, ((Room), (room_size), (RoomSize)), SmallSize

)

, MediumSize),
)
)

BHPRoomB, ((Room), (room_size), (RoomSize)), SmallSize

)

— ——

BHPRoomC, ((Room), (room_size), (RoomSize)), SmallSize ),

\_/

Tencmtl Tenant> (name>,string),“B.R. Mamkjon”)7
Tenant2, ((Tenant), (name), string), “P.J.R. Nam”),
Tenant3, ( (Tenant), (name) strlng) “L. Horn”),

Tenant4, ( (Tenant), (name) strlng) “A.C.C. Turg”)7
Tenant5, ({Tenant), (name), string), “M. Silon”)7
SmallSize, ((RoomSize), <SMALL>,(RoomSize)),SmallSz’ze),

MediumSize, ((RoomSize), (MEDIUMY), (RoomSize)), MediumSize),

(
(7R
(TR
(BHP
(
(
(
(
(
(
(
(
(TRRoom2 (Room), (room _size), (RoomSize)
(
(
(
(
(
(
(
(
(
(
(

LargeSize, ((RoomSize), (LARGE), (RoomSize)),LargeSize) }
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Models after step 9
ident = {(TR,TR),(BHP, BHP),(TRRoom1,TRRoom1),(TRRoom2, T RRoom?2),
(BHPRoomA, BHPRoomA),(BHPRoomB, BHPRoomB),
(BHPRoomC, BHPRoomC), (Tenantl, Tenantl), (Tenant2, Tenant2),
(T'enant3, Tenant3), (T'enantd, Tenantd), (Tenantb, Tenant5),

(SmallSize, SmallSize), (MediumSize, MediumSize),
(LargeSize, LargeSize)}

type,, = {(T'R, (House)), (BH P, (House)), (I'RRoom1, (Room)), (I'RRoom2, (Room)),
(BHPRoomA, (Room)), (BHPRoomB, (Room)), (BH PRoomC, (Room)),
(Tenantl, (Tenant)), (Tenant2, (Tenant)), (T'enant3, (Tenant)),
(Tenantd, (Tenant)), (Tenantb, (Tenant)), (SmallSize, (RoomSize)),
(MediumSize, (RoomSize}), (LargeSize, (RoomSize)), (“TwoRem”, string),
(“B.H. Paleis”, string), (“1”, string), (“2”, string), (“A”, string), (“B”, string),
(“C7, string), (“B.R. Mankjon”, string), (“P.J.R. Nam”, string),
(“A.C.C. Turg”, string), (“L. Horn”, string), (“M. Silon”, string)}

foImg) = fs(Img) U fpataricia(IMmpataricia) (Definition 4.4.27)
fé (IGQ) = fé (IGS) [ fbataField(IGDamFiEld) (Deﬁnition 4432)

A visual representation of T'mg and I'mg can be found in Figure 6.18. Similarly, a visual representation
of TGy and IGy can be found in Figure 6.19. Please note that because of the definitions of fo(Imyg)
and f§(IGy), we have that fo(Img) = IGg and f{(IGg) = Img. Furthermore, fo(Img) and fi(IGy) are
valid mapping functions themselves, such that they can be combined with another mapping function in
the next step.

Just like the other types, it is possible to introduce fields for the tenant objects. This way, even types
that are introduced later on can be enriched with new information. The visualisation shows the different
names set for the tenants in both the Ecore model and GROOVE graphs.

6.2.10 Tenant ages

In the tenth step, yet another data field is introduced. In this step, the .Tenant class is enriched with
an age field and its values. As before, Section 5.2.6 is used to introduce the field, while on the instance
level, Section 5.3.6 is used to introduce the values.

The classtype of the new field is .Tenant, as the field will be defined for tenants. The name of the new
field is age and the fieldtype is int. The set of objects of which the value is set is is equal to all tenant
objects, so objects = {Tenantl, Tenant2, Tenant3, Tenantd, Tenant5}. The function for obids returns
the existing identifier of each of these objects. The values function is defined as follows:

values = values = {(Tenantl, 23), (Tenant2,24), (Tenant3, 18),
(Tenant4, 24), (Tenant5,19)}

The following model is obtained:
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ro

< TRRoom1 :Room

room_id ="1"

room_size = "LARGE"

<> Tenant1 Tenant

name = "B.R. Mankjon"

<> TR:House
name = "TwoRem"

oms rooms

room_id ="2"

< TRRoom2 :Room

room_size = "MEDIUM"

<> Tenant2 Tenant

<> BHP :House
name = "B.H. Paleis"

rooms

name ="P.J.R. Nam"

<> BHPRoomA :Room
room_id ="A"
room_size = "SMALL"

<> Tenant3 Tenant
name ="L. Horn"

rooms
rooms
< BHPRoomB :Room
room_id ="B"

room_size = "SMALL"

< BHPRoomC :Room
room_id ="C"
room_size = "SMALL"

<> Tenant4 Tenant
name ="A.C.C. Turg"

<> Tenant5 Tenant
name = "M. Silon"

(a) Instance Model Img

Q House

1

5’ name: EString

[0..9] rooms

] Room

' room_id : EString
— room_size:
1 RoomSize

“* RoomSize

SMALL
MEDIUM
LARGE

£ Tenant

5’ name

: EString

(b) Type Model T'myg

Figure 6.18: The Ecore model after step 9
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TR : House
name = "TwoRem"

LargeSize : RoomSize MediumSize : RoomSize
LARGE MEDIUM

\ rooms rooms /

room size / \ room size

TRRoom1 : Room TRRoom?2 : Room
room_id = "1" room id = "2"

Tenant2 : Tenant

Tenantl : Tenant
name = "P.J.R. Nam"

name = "B.R. Mankjon"

Tenant5 : Tenant
name = "M. Silon"

Tenant4 : Tenant
name = "A.C.C. Turg"

TN 2 TR SmallSize : RoomSize
name = "L. Horn" SMALL

T

room _size room size room _ size
BHPRoomA : Room BHPRoomB : Room BHPRoomC : Room
room id = "A" room id = "B" room_id = "C"
rooms rooms rooms
BHP : House
name = "B.H. Paleis"

(a) Instance Graph IGy

House RoomSize

name: string LARGE
MEDIUM

t / SMALL

rooms g
room _size
Room Tenant
room_id: string name: string

(b) Type Graph T'Gy

Figure 6.19: The GROOVE graphs after step 9
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Models after step 10

Tmyy = combine(Tmg, TMmpatarield) =
Class = {.House, .Room, .Tenant}

Enum = {.RoomSize}
UserDataType = {}
Field = {(.House, name), (.House, rooms), (.Room, room_id),
(.Room, room _size), (.Tenant, name), (.Tenant, age) }
FieldSig = {(( House, name), (string, 1..1)),
((.House, rooms), ([setof, I.Room], 0..9)),
((.-Room, room_id), (string, 1..1)),
((.-Room, room_size), (.RoomSize, 1..1)),
((.Tenant, name), (string, 1..1)),
((.Tenant, age), (int, 1..1)) }
EnumV alue = {(.RoomSize, SMALL), (.RoomSize, MEDIUM), (.RoomSize, LARGE)}
Inh ={}
Prop = {(containment, (.\House, rooms))}
Constant = {}
ConstType = {}
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Models after step 10

Imyg =

combine(T'mg, IMmpataFicid) =

Object = {TR, BHP,TRRoom1,TRRoom2, BHP RoomA, BHP RoomB,

BH PRoomC, Tenantl, Tenant2, Tenant3, Tenant4, Tenant5}

ObjectClass(ob) = {(T'R, .House), (BH P, .House), (T RRoom1, .Room),

(TRRoom2,.Room), (BHPRoomA, .Room), (BH PRoomB, .Room),
(BHPRoomC, .Room, (Tenantl, . Tenant), (Tenant2, . Tenant),
(T'enant3, .Tenant), (T'enant4, . Tenant), (T'enant5, . Tenant) }

Objectld = {(TR,TR),(BHP, BHP),(TRRoom1,TRRoom1),

FieldValue

(TRRoom2, T RRoom?2),(BHPRoomA, BHPRoomA),

(BHPRoomB, BHPRoomB),(BHPRoomC, BHP Room(C),

(Tenantl, Tenantl), (Tenant2, Tenant2), (T'enant3, Tenant3),
(Tenantd, Tenantd), (Tenant5, Tenant5)}

((TR (.House, name)), [string, “TwoRem’ ])

= {

( (BH P, (.House, name)), [string, “B.H. Paleis”]),

( (.House, rooms)), [setof, ([obj, T RRoom!1],
[obj, T RRoom?2])] ) ,

((BHP, (.House, rooms)) [setof, ([obj, BH PRoom Al,
[obj, BH PRoomB], (obj, BH P Room())] ) :

TRRoom]1, (.Room, room_id)), [string,“l”]),

(
T RRoom2, (.Room, room _id)), [string, “2"] )
BHPRoomA, (.Room, room_id)), [string, “A”] )
BH P RoomB, (Room, room_id)), [string, “B"] ),
BH PRoomC, (.Room, room_id)), [string,“C”]),

TRRooml, (.Room, room _siz

)
e ), [enum (.RoomSize, LARGE )
TRRoom2, (.Room, room_size))

)]
, [enum, (.RoomSize, MEDIUM)]
BHPRoomA, (.Room, room _size)), [enum, (.RoomSize, SMALL
L)

)

) )]
BHPRoomB, (.Room, room_size) ), [enum (.RoomSize, SMAL ]
), [enum, (.RoomSize, SMALL)]

)
)
)
)

Tenantl, (.Tenant, name ), string, “B.R. Mankjon”]),

, (. Tenant, name)), |string,“P.J.R. Nam”D,

, (.Tenant, name

( )
( )

Tenant3, (.Tenant, name)
( )), [string, “A.C.C. Turg’]),
( )

[
). |
), [string, “L. Horn”]),
): |
(.Tenant, name)), [string, “M. Silon”]),
(.Tenant, age)), [int, 23])
Tenant2, (.Tenant, age

)

Tenant3, (.Tenant, age

TN TN N N T N T N T N S NS NS NS NS NS NS, NS, NS, NS, NN,

, |int, 24

(
(
(
(
(
(
(
(
(
(BH P RoomC, (.Room, room size)
(
(
(
(
(
(
(
(
(
(

),
), fint,24]),
). [mt» 18]),
Tenantd, (Tenant, age)), [int,24] )
), [int,19])

(

Tenant5, (.Tenant, age)), |int, 19 }

DefaultValue = {}
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Models after step 10

TG = combine(TGy, TG pataFicid) =
NT = {(House), (Room), (Tenant), (RoomSize), string, int}

ET = {((House), (name), string), ((House), (rooms), (Room)),
((Room), (room_id), string), ((Room), (room _size), (RoomSize)),
((Tenant), (name), string), ((Tenant), (age), int),
((RoomSize), (SMALL), (RoomSize)), ((RoomSize), (MEDIUM), (RoomSize)),
((RoomSize), (LARGE), (RoomSize)) }
= {(({House), (House)), ((Room), (Room)), ({Tenant), (Tenant)),
( (RoomSize), RoomS|ze>)7 (string,string), (int, int)}

abs =

mult ( ((House), (name), string), (0..%, 1. 1)
House), (rooms), (Room)). (0..1,0..9) )
Room), {room _id), string), (0..+,1..1) ),
Room), (room _size), (Room&ze}),(O..*,l..l)),

Tenant), (name), string), (0..*,1..1))7

RoomSize), (SMALL), (RoomSize)), (O..l,O..l)),
RoomSize), (MEDIUM), <RoomSize)),(O..l,O..l)),

RoomSize), (LARGE), (RoomSize))7(O..l,O..l))}

contains =

-1
(
(
(
(
(
(
(
(
{

((
((
((
((
((Tenant), (age), int) (0..*70..1)),
((
((
((
(¢

House), (rooms), (Room)) }
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Models after step 10

IG1 = combine(TGy, IG pataFicld) =

N = {TR,BHP,TRRoom1,TRRoom2, BHP RoomA, BHPRoomB, BHP RoomC,

Tenantl, Tenant2, Tenant3, Tenantd, Tenantb, SmallSize, MediumSize,
LargeSize,“TwoRem”, “B.H. Paleis”, “17,“2”,“A”,“B”,“C”,“B.R. Mankjon”,

“P.J.R. Nam”,“L. Horn”,“A.C.C. Turg”,“M. Silon”, 23, 24,18,19}

E = {(TR ((House), (name),string),“T\voRem”),

BH P, ((House), (name), string), “B.H. Paleis”),
TR, ((House), (rooms), <Room>),TRRoom1),

TR, ((House), (rooms), (Room>),TRRoom2),

BH P, ((House), (rooms), <Room>),BHPRoomA),
BH P, ((House), (rooms), <Room>),BHPRoomB)7
BH P, ({House), (rooms), (Room)),BHPRoomC)7
TRRoom]1, ((Room), (room _id), string),“l”),
TRRoom?2, ({(Room), (room_id), string), “2”)
BHPRoomA, ((Room), (room_id), string), “A”

BHPRoomB, ((Room), (room_id), string) “B”)
BH P RoomC, ((Room), (room_id), string) “C”)

TRRooml1, ({(Room), (room _size) RoomSnze),LargeSize)

TRR00m2 Room) (room _size), (RoomSize) ,MedlumSzze)
),SmallSize ,
BHPRoomB, ((Room), (room_size), (RoomSize)), SmallSize ),

\/v\_/

BHPRoomC, ({(Room), (room_size), (RoomSize)), SmallSize ),
Tenantl Tenant), (name),string),“B.R. Mankjon”)7
Tenant2, ((Tenant), (name), string), “P.J.R. Naufn”)7
Tenant3, ((Tenant), (name) strlng) “L. Horn”),

Tenant4, ({Tenant), (name) strlng) “A.C.C. Turg)

Tenantl, ((Tenant), (age), |nt ,23 (Tencmt? Tenant>7<age>7int),24

(
(
Tenant5, (
(
(

Tenant3, 18

(

(

(

(

(Tenant), (name), string), “M. Sllon)
(

(Tenant), (age), in

(

t
Tenant5, ((Tenant), (age),int), 19

)

)18,
).19)

SmallSize, ((RoomSize), (SMALL), (RoomSize)), SmallS’zze)

MediumsSize, ((RoomSize), (MEDIUM), (RoomSize)), MediumSize),

(
(7R
(TR
(BHP
(
(
(
(
(
(
(
(
(
(BHPRoomA ({Room), (room_size), (RoomSize)
(
(
(
(
(
(
(
(
(
(
(
(
(

LargeSize, ((RoomSize), (LARGE), <RoomSize>),LargeSize) }

(Tenant4 (Tenant), (age), int), 24

)
)

3
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Models after step 10
ident = {(T'R,TR),(BHP, BHP),(TRRoom1,TRRoom1),(TRRoom2, T RRoom?2),
(BHPRoomA, BHPRoomA),(BHPRoomB, BHPRoomB),
(BHPRoomC, BHPRoomC), (Tenantl, Tenantl), (Tenant2, Tenant2),
(T'enant3, Tenant3), (T'enantd, Tenantd), (T'enantb, Tenant5),
(SmallSize, SmallSize), (MediumSize, MediumSize),
(LargeSize, LargeSize)}
type,, = {(T'R, (House)), (BH P, (House)), (I'RRoom1, (Room)), (I'RRoom2, (Room)),
(BHPRoomA, (Room)), (BHPRoomB, (Room)), (BH PRoomC, (Room)),
(Tenantl, (Tenant)), (Tenant2, (Tenant)), (T'enant3, (Tenant)),
(Tenantd, (Tenant)), (T'enant5, (Tenant)), (SmallSize, (RoomSize)),
(MediumSize, (RoomSize)), (LargeSize, (RoomSize)), (“TwoRem”, string),
(
(
(
(

“B.H. Paleis”, string), (“1”, string), (“2”, string), (“A”, string), (“B”, string),
“C”, string), (“B.R. Mankjon”, string), (“P.J.R. Nam”, string),
“A.C.C. Turg”, string), (“L. Horn”, string), (“M. Silon”, string), (23, int),
24,int), (18, int), (19,int)}

fioImio) = fo(Imo) U fpataricta(IMpataricta) (Definition 4.4.27)

flolGw0) = foIGo) U fhutarieia LG DataFieia) (Definition 4.4.32)

A visual representation of Tmyy and Imqq can be found in Figure 6.20. Similarly, a visual representation
of TGy and IG1g can be found in Figure 6.21. Please note that because of the definitions of f1o(Im1g)
and f1,(IG1o), we have that fio(Imio) = IG1o and f1o(IG10) = Imig. Furthermore, f19(Imyg) and
f10(IGyp) are valid mapping functions themselves, such that they can be combined with another mapping
function in the next step.

The introduction of age for the tenant shows that the data field transformation can also be applied
with another type than string. The visualisation shows the different ages for the different tenants visu-
ally.

6.2.11 The tenant type enumeration type

In the eleventh step, another enumeration type is introduced. This time, the .TenantType enumeration
type used to specify a type for a tenant is introduced. Section 5.2.4 is used to introduce the enumeration
type on the type level, while on the instance level, Section 5.3.4 is used to introduce the values of the
enumeration.

The name of the new enumeration type is .TenantType, and it has values = {REGULAR, SUBTENANT}.
Please note that there are multiple encodings possible to encode an enumeration type in GROOVE.
This time, the encoding using nodes is chosen. The function fob which maps the enumeration values to
internal node ids is defined as follows:

fob = {(REGULAR, RegularType), (SUBTENANT, SubtenantType)}

The function fid which maps the enumeration values to explicit node identifiers is equal to the definition
of fob, so fid = fob. The following model is obtained:
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<> TR:House
name = "TwoRem"

rooms

< TRRoom1 :Room
room_id ="1"
room_size = "LARGE"

<> Tenant1 Tenant
name = "B.R. Mankjon"
age =23

rooms

< TRRoom2 :Room
room_id ="2"
room_size = "MEDIUM"

<> Tenant2 Tenant
name ="P.J.R. Nam"
age =24

<> BHPRoomA :Room
room_id ="A"
room_size = "SMALL"

<> Tenant3 Tenant
name ="L. Horn"
age=18

<> BHP :House
name = "B.H. Paleis"

rooms
rooms
< BHPRoomB :Room
room_id ="B"

room_size = "SMALL"

(a) Instance Model I'mqg

[ Q House

1

5’ name: EString

[0..9] rooms

] Room

' room_id : EString

o
1

room_size:
RoomSize

(b) Type Model T'mio

< BHPRoomC :Room
room_id ="C"
room_size = "SMALL"

<> Tenant4 Tenant
name ="A.C.C. Turg"
age =24

<> Tenant5 Tenant
name = "M. Silon"
age=19

“* RoomSize

SMALL
MEDIUM
LARGE

£ Tenant

name : EString
age: Eint

Figure 6.20: The Ecore model after step 10
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name = "TwoRem"

TR : House ‘

LargeSize : RoomSize MediumSize : RoomSize
LARGE MEDIUM

\ rooms rooms /

room size / \ room size

TRRoom1 : Room TRRoom?2 : Room
room_id = "1" room_id = "2"
Tenantl : Tenant Tenant2 : Tenant
age = 23 age = 24

name = "B.R. Mankjon" | name = "P.J.R. Nam"

Tenant5 : Tenant
age = 19
name = "M. Silon"

Tenant4 : Tenant

Tenant3 : Tenant SmallSize : RoomSize — o
age = 18 Sl name —ag“eA_C C. Turg"
name = "L. Horn" / T \ - e
room _size room _size room _ size
BHPRoomA : Room BHPRoomB : Room BHPRoomC : Room
room_id = "A" room_id = "B" room_id = "C"
rooms rooms rooms
BHP : House
name = "B.H. Paleis"

(a) Instance Graph IGio

House RoomSize
name: string LARGE
MEDIUM
t / SMALL
rooms g
room _size
Room Tenant

age: int
name: string

room id: string

(b) Type Graph T'G1o

Figure 6.21: The GROOVE graphs after step 10
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Models after step 11

Tmi1 = combine(Tmi9, TMERum) =
Class = {.House, .Room, .Tenant}

Enum = {.RoomSize, .TenantType}
UserDataType = {}
Field = {(.House, name), (.House, rooms), (.Room, room_id),
(.Room, room _size), (.Tenant, name), (.Tenant, age) }
FieldSig = {((.House, name), (string, 1..1)),
((.House7 rooms), ([setof, |.Room], 0..9))7
((.-Room, room_id), (string, 1..1)),
((.-Room, room_size), (.RoomSize, 1..1)),
((.Tenant, name), (string, 1..1)),
((.Tenant, age), (int, 1..1))}
EnumV alue = {(.RoomSize, SMALL), (.RoomSize, MEDIUM), (.RoomSize, LARGE)
(.TenantType, REGULAR), (. TenantType, SUBTENANT)}
Inh = {}
Prop = {(containment, (.House, rooms)) }
Constant = {}
ConstType = {}
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Models after step 11

Im11 =

combine(T'mio, IMmpnum) =

Object = {TR, BHP,TRRoom1,TRRoom2, BHP RoomA, BHP RoomB,

BH PRoomC, Tenantl, Tenant2, Tenant3, Tenant4, Tenant5}

ObjectClass(ob) = {(T'R, .House), (BH P, .House), (T RRoom1, .Room),

(TRRoom2,.Room), (BHPRoomA, .Room), (BH PRoomB, .Room),
(BHPRoomC, .Room, (Tenantl, . Tenant), (Tenant2, . Tenant),
(T'enant3, .Tenant), (T'enant4, . Tenant), (T'enant5, . Tenant) }

Objectld = {(TR,TR),(BHP, BHP),(TRRoom1,TRRoom1),

FieldValue

(TRRoom2, T RRoom?2),(BHPRoomA, BHPRoomA),

(BHPRoomB, BHPRoomB),(BHPRoomC, BHP Room(C),

(Tenantl, Tenantl), (Tenant2, Tenant2), (T'enant3, Tenant3),
(Tenantd, Tenantd), (Tenant5, Tenant5)}

((TR (.House, name)), [string, “TwoRem’ ])

= {

( (BH P, (.House, name)), [string, “B.H. Paleis”]),

( (.House, rooms)), [setof, ([obj, T RRoom!1],
[obj, T RRoom?2])] ) ,

((BHP, (.House, rooms)) [setof, ([obj, BH PRoom Al,
[obj, BH PRoomB], (obj, BH P Room())] ) :

TRRoom]1, (.Room, room_id)), [string,“l”]),

(
T RRoom2, (.Room, room _id)), [string, “2"] )
BHPRoomA, (.Room, room_id)), [string, “A”] )
BH P RoomB, (Room, room_id)), [string, “B"] ),
BH PRoomC, (.Room, room_id)), [string,“C”]),

TRRooml, (.Room, room _siz

)
e ), [enum (.RoomSize, LARGE )
TRRoom2, (.Room, room_size))

)]
, [enum, (.RoomSize, MEDIUM)]
BHPRoomA, (.Room, room _size)), [enum, (.RoomSize, SMALL
L)

)

) )]
BHPRoomB, (.Room, room_size) ), [enum (.RoomSize, SMAL ]
), [enum, (.RoomSize, SMALL)]

)
)
)
)

Tenantl, (.Tenant, name ), string, “B.R. Mankjon”]),

, (. Tenant, name)), |string,“P.J.R. Nam”D,

, (.Tenant, name

( )
( )

Tenant3, (.Tenant, name)
( )), [string, “A.C.C. Turg’]),
( )

[
). |
), [string, “L. Horn”]),
): |
(.Tenant, name)), [string, “M. Silon”]),
(.Tenant, age)), [int, 23])
Tenant2, (.Tenant, age

)

Tenant3, (.Tenant, age

TN TN N N T N T N T N S NS NS NS NS NS NS, NS, NS, NS, NN,

, |int, 24

(
(
(
(
(
(
(
(
(
(BH P RoomC, (.Room, room size)
(
(
(
(
(
(
(
(
(
(

),
), fint,24]),
). [mt» 18]),
Tenantd, (Tenant, age)), [int,24] )
), [int,19])

(

Tenant5, (.Tenant, age)), |int, 19 }

DefaultValue = {}
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Models after step 11

TG = Combine(TGm, TGEnumNodes) =
NT = {(House), (Room), (Tenant), (RoomSize), (TenantType),

)
(TenantType, REGULAR), (TenantType, SUBTENANT), string, int}
ET = {((House), (name), string), ((House), (rooms), (Room)),
((Room), (room_id), string), ((Room), (room _size), (RoomSize)),

(
((Tenant), (name), string), ((Tenant), (age), int),
((RoomSize), (SMALL), (RoomSize)), ({(RoomSize), (MEDIUM), (RoomSize)),
((RoomSize), (LARGE), (RoomSize)) }

C = {((House), (House)), ((Room), (Room)), ({Tenant), (Tenant)),
((RoomSize), (RoomSize)), ((TenantType), (TenantType)),
((TenantType, REGULARY), (TenantType, REGU LAR)),
((TenantType, SUBTENANT), (TenantType, SUBTENANT)),
((TenantType, REGULAR), (TenantType)),

((TenantType, SUBTENANT), (TenantType)), (string, string), (int7 int)}
= {(TenantType)}

mult = {(((House), (name), string), (0..%,1..1) )
(((House)7 (rooms), (Room)), (0..1,0. 9)),
(((Room), (room_id), string), (0..x, 1. 1))7
(((Room), (room_size), (RoomSize)), (0..%, 1..1)),
(((Tenant>7 (name), string), (0..%, 1..1)),
(((Tenant>, (age), int)7 (O..*7 O..l)),
(((RoomSize)7 (SMALL), (RoomSize)), (0..1, 0..1)),
(((RoomSize% (MEDIUM), (RoomSize)), (0..170..1)),
(((RoomSize>7 (LARGE), (RoomSize)), (0..1, O..l))}

contains = {((House), (rooms), (Room)) }
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Models after step 11

I1Gy = combine(TGlO, [GEnumNodes) =
N = {TR,BHP,TRRoom1,TRRoom2, BHP RoomA, BHPRoomB, BHP RoomC,

Tenantl, Tenant2, Tenant3, Tenantd, Tenantb, SmallSize, MediumSize,
LargeSize, RegularType, SubtenantType, “TwoRem”, “B.H. Paleis”, “17, 427 “A”
“B”,“C”,“B.R. Mankjon”,“P.J.R. Nam”,“L. Horn”,“A.C.C. Turg”,“M. Silon”, 23,
24,18,19}

N T N N T N T N N N N N T N N N N N N N N N N TN TN TN N TN N N N

E (TR, ((House), <name>,string),“TwoRem”),

BHP, ((House>7 (name), string),“B.H. Paleis”),

~

~
SRS

((House), (rooms), (Room>),TRRoom1),
, ((House), (rooms), <Room>),TRR00m2),
BH P, ((House), (rooms), (Room)), BHPRoomA),

BH P, ({House), (rooms), (Room)), BHPRoomB) ,

&

HP, ({House), (rooms), (Room)), BHPRoomC) ,
TRRoom]1, ((Room), (room_id), string),“l”)7
T RRoom2, ({(Room), (room _id), string), “2”)
BHPRoomA, ((Room), (room_id), string) “A”)
)

BH PRoomC, ((Room), (room_id), string) “C”)

BH PRoomB, ((Room), (room_id), string),“B”

TRRoom]1, ({Room), (room _size), (RoomSize) ,LargeSz’ze)

))
))

\_/

TRRoom?2, ({(Room), (room _size), (RoomSize) ediumSize ),

)

)

N——

BHPRoomB, ((Room), (room_size), (RoomSize)), SmallSize

N———

)

M
BHPRoomA, ({(Room), (room _size), (RoomSize)), SmallSize
)
):

BH PRoomC, ({(Room), (room_size), (RoomSize) SmallSzze)
Tenantl, ((Tenant), (name), string),“B.R. Mankjon”)7
Tenant2, ((Tenant name) strlng) “P.J.R. Nam”),
Tenant3, ((Tenant , {(name) strlng) “L. Horn”),
Tenant4, ((Tenant), (name), string),“A.C.C. Turg” )
Tenantb, ((Tenant name) strlng) “M. Sllon)
Tenantl, ((Tenant , (age), |nt 3) (TenantZ (Tenant), <age>,int),24),
Tenant3, ((Tenant (age), |nt 18) (Tenant4 (Tenant), <age>,int),24),
Tenant5, ({Tenant), (age), int), 9),
)

SmallSize, ((RoomSize), (SMALL), (RoomSize)), SmallSzze)

MediumSize, ((RoomSize), (MEDIUM), (RoomSize)), MediumSize) ,

LargeSize, ((RoomSize), (LARGE), (RoomSize)),LargeSize) }
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Models after step 11
ident = {(T'R,TR),(BHP, BHP),(TRRoom1,TRRoom1),(TRRoom2, T RRoom?2),
(BHPRoomA, BHPRoomA),(BHPRoomB, BHPRoomB),
(BHPRoomC, BHPRoomC), (Tenantl, Tenantl), (Tenant2, Tenant2),
(T'enant3, Tenant3), (T'enantd, Tenantd), (T'enantb, Tenant5),
SmallSize, SmallSize), (MediumSize, MediumSize),

(

(LargeSize, LargeSize), (RegularType, RegularType),

(SubtenantType, SubtenantType)}

= {(TR, (House)), (BH P, (House)), (T RRoom1, (Room)), (T RRoom?2, (Room)),
(BHPRoomA, (Room)), (BHPRoomB, (Room)), (BH P RoomC, (Room)),
(Tenantl, (Tenant)), (Tenant2, (Tenant)), (T'enant3, (Tenant)),

(T'enantd, (Tenant)), (T'enantb, (Tenant)), (SmallSize, (RoomSize)),
(MediumSize, (RoomSize}), (LargeSize, (RoomSize)),

(RegularType, (TenantType, REGULARY)),

(SubtenantType, (TenantType, SUBTENANT)), (“TwoRem”, string),

(

(

type,,

“B.H. Paleis”, string), (“1”, string), (“2”, string), (“A”, string), (“B”, string),
“C”, string), (“B.R. Mankjon”, string), (“P.J.R. Nam”, string),
(“A.C.C. Turg”, string), (“L. Horn”, string), (“M. Silon”, string), (23, int),

(24,int), (18,int), (19, int)}
f11(1m11) = 1 (Imlo) L fEnumNodes (ImEnum) (Deﬁnition 4427)
f{l(IGll) = { (IGlo) L fflEnumNodes(IGE"umNOdﬁs) (Deﬁnition 4432)

A visual representation of T'my; and I'mq; can be found in Figure 6.22. Similarly, a visual representation
of TG1; and IG1; can be found in Figure 6.23. Please note that because of the definitions of f11(Imq1)
and fi;(IG11), we have that f11(Imy1) = IGy1 and f{;(IG11) = Imq;. Furthermore, f11(Imy1) and
f11(IG11) are valid mapping functions themselves, such that they can be combined with another mapping
function in the next step.

The introduction of the tenant type enumeration type shows how different encodings can be combined
within the transformation framework. The previous enumeration for room sizes was encoded using flags,
while this enumeration is encoded using nodes types. Both of these encodings are present in the same
model with the same transformation function.

6.2.12 Tenant types

In the twelfth step, a field referencing the new enumeration type is introduced. Section 5.2.7 is used to
introduce the enumeration field on the type level, while on the instance level, Section 5.3.7 is used to
introduce the values.

The classtype of the new field is .Tenant, as the field will be defined for tenants. The name of the new
field is type and the enumid is .TenantType. Furthermore, the set of enumuvalues is equal to the set
of values for the .TenantType enumeration type, so enumvalues = {REGULAR,SUBTENANT}. Then,
enumids returns for each enumeration value the corresponding node identifier used in the GROOVE
graph, while enumob lists the corresponding internal node id.

The set of objects of which the value is set is equal to all tenant objects, so objects = {Tenantl, Tenant2,
Tenant3, Tenantd, Tenant5}. The values function is defined as follows:

values = values = {(Tenantl, REGULAR), (T'enant2, REGULAR), (T'enant3, REGULAR),
(T'enant4, REGULAR), (Tenant5, SUBTENANT)}

The following model is obtained:
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< TRRoom1 :Room

room_id ="1"

room_size = "LARGE"

<> Tenant1 Tenant
name = "B.R. Mankjon"

age =23

<> BHPRoomA :Room
room_id ="A"
room_size = "SMALL"

<> Tenant3 Tenant
name ="L. Horn"
age=18

<> TR:House
name = "TwoRem"

rooms rooms

room_id ="2"

< TRRoom2 :Room

room_size = "MEDIUM"

<> Tenant2 Tenant

age =24

<> BHP :House
name = "B.H. Paleis"

rooms rooms
rooms
< BHPRoomB :Room
room_id ="B"

room_size = "SMALL"

(a) Instance Model Imq1

[ Q House

1

5’ name: EString

name ="P.J.R. Nam"

< BHPRoomC :Room
room_id ="C"
room_size = "SMALL"

<> Tenant4 Tenant
name ="A.C.C. Turg"
age =24

<> Tenant5 Tenant
name = "M. Silon"
age=19

< TenantType

= REGULAR
= SUBTENANT

“* RoomSize

= SMALL
= MEDIUM

[0..9] rooms — LARGE
E Room ] [ £ Tenant

' room_id : EString

— room_size:
! RoomSize

c
i

o
i

name : EString
age: Eint

(b) Type Model T'mi1

Figure 6.22: The Ecore model after step 11
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TR : House ‘
LargeSize : RoomSize name = "TwoRem" MediumSize : RoomSize
LARGE MEDIUM
N rooms rooms /
room _size

room size /

N

TRRoom1 : Room
room_id = "1"

TRRoom?2 : Room
room id = "2"

[ SubtenantType : TenantTypeS$SUBTENANT

Tenantl : Tenant
age = 23
name = "B.R. Mankjon"

Tenant2 : Tenant
age = 24
name = "P.J.R. Nam"

Tenant5 : Tenant

RegularType : TenantTypeSREGULAR ]

age = 19
name = "M. Silon"

Tenant4 : Tenant

Tenant3 : Tenant SmallSize : RoomSize — o
age = 18 SV name —ag“eA_C C. Turg"
name = "L. Horn" / T \ - e
room _size room _size room _ size

‘ BHPRoomA : Room ‘ ‘

BHPRoomB : Room

‘ ‘ BHPRoomC : Room

room_id = "A" room id = "B" room id = "C"
rooms rooms rooms
BHP : House
name = "B.H. Paleis"
(a) Instance Graph IG11
House RoomSize ’TenantType$REGULAR‘ ’TenantType$SUBTENANT
name: string LARGE
t MEDIUM
SMALL A X
rooms / | TenantType:
room size  =——--—-Tos |
Tenant
Room - int
room_id: string age: Int
= name: string

Figure 6.23:

(b) Type Graph T'G11

The GROOVE graphs after step 11
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Models after step 12

Tmig = combine(Tm11, T'm EnumField) =
Class = {.House, .Room, .Tenant}

Enum = {.RoomSize, .TenantType}
UserDataType = {}
Field = {(.House, name), (.House, rooms), (.Room, room_id),
(.Room, room_size), (.Tenant, name), (. Tenant, age), (. Tenant, type) }
FieldSig = {((.House, name), (string, 1..1)),

.Room, room_size), (.RoomSize, 1..1)),
Tenant, name), (string, 1..1)),
.Tenant, age), (int, 1..1))7

EnumV alue = {(.RoomSize, SMALL), (.RoomSize, MEDIUM), (.RoomSize, LARGE)
(.TenantType, REGULAR), (. TenantType, SUBTENANT)}
Inh = {}
Prop = {(containment, (.House, rooms))}
Constant = {}

ConstType = {}
Imys = combine(Tmi1, IMpnumFicid) =
Object = {TR, BHP,TRRoom1,TRRoom2, BHP RoomA, BHP RoomB,

BHPRoomC, Tenantl, Tenant2, Tenant3, Tenantd, Tenant5}
ObjectClass(ob) = {(TR, .House), (BH P, .House), (T RRoom1, .Room),

(TRRoom2,.Room), (BHPRoomA, .Room), (BHPRoomB, .Room),

(BHPRoomC, .Room, (Tenantl, . Tenant), (Tenant2, . Tenant),
(Tenant3, .Tenant), (Tenant4, .Tenant), (Tenant5, . Tenant) }
Objectld = {(TR,TR),(BHP, BHP),(TRRoom1,TRRoom]l),
TRRoom2, TRRoom2),(BHP RoomA, BHPRoomA),
BHPRoomB, BHPRoomB),(BHPRoomC, BHP Room(C),
Tenantl, Tenantl), (Tenant2, Tenant2), (Tenant3, Tenant3),

(
(
(
(Tenantd, Tenantd), (Tenant5, Tenant5)}
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Models after step 12

FieldValue = {( (-House, name)) [string,“TWORem”])7

/\

(BHP, (.House, name)), [string, “B.H. Paleis”}),

( (.House, rooms)), [setof, ([obj, T RRoom1],
[obj, TRRoom2])] ),

((BHP, (.House, rooms)) [setof, {obj, BH P Room AJ,
[obj, BH PRoom B, (obj, BH P RoomC))] ) :

string, “17] ) :

string, “2"] ) :

BHPRoomA, (.Room, room_id)), [string,“A”]),

TRRoom1, (.Room,room _id)), [
[

TRRoom2, (.Room, room _id)),

)
BHPRoomB, (.Room, roomiid)), [string,“B”]),
BH P RoomC!, (.Room, room_id)), [string,“C”]),

TRRooml1, (.Room,room _size)), [enum, (.RoomSize, LARGE)])

)
TRRoom2, (.Room, room _size) ), [enum .RoomSize, MEDIUM

BHPRoomA, (.Room, room_size) ), [enum (.-RoomSize, SMALL) ),
)

BHPRoomB, (.Room, room_size ) [enum (.RoomSize, SMAL

)]
)]
1),
BH PRoomC, (.Room, room size)), [enum, (.RoomSize, SMALL)]

)
Tenantl, (.Tenant, name ) string, “B.R. Mankjon”]),

Tenant2, (.Tenant, name)), [string, “P.J.R. Nam”}),

, |string,“A.C.C. Turg”]),

[
[

, [stringﬁ‘L. Horn”D,
Tenant4, (.Tenant,name)), |
[

)
)
)
Tenant5, (. Tenant, name)), [string, “M. snon”]),
Tenantl, (.Tenant, age)), [int, 23])

int, 24

) )

Tenant2, (.Tenant, age

Tenant4, (.Tenant, age)

Tenantb, (.Tenant, age)), |int, 19

) )

), [

) [int, 24] )
Tenant3, (.Tenant, age)), [int, 1] )

), [int,24] ),

). [int, 19] )

) (-

Tenantl, (.Tenant, type)), [enum, (.TenantType, REGULAR)]

Tenant2, (.Tenant, type) ,[enum (.TenantType, REGULAR)

)
Tenant4, (.Tenant, type)), [enum, (.TenantType, REGULAR)]

(
(
(
(
(
(
(
(
(
(
( )
( )
(Tenant3, (.Tenant, name)
( )
( )
(
(
(
(
(
(
(
(
(
(

) )
) 1)

Tenant3, (.Tenant, type ),[enum .TenantType, REGULAR ]),
) )
)

TN TN N N N S N N N S N S N S N NS NS N NS NS NS, NS, NS, NS, NS, NS, NN,

Tenant5, (.Tenant, type)), [enum, (. TenantType, SUBTENANT)])}

DefaultValue =

——

}
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Models after step 12

TGy = Combine(TGllaTGEnumFieldNodes) =
NT = {(House), (Room), (Tenant), (RoomSize), (TenantType),

)
(TenantType, REGULAR), (TenantType, SUBTENANT), string, int}
ET = {((House), (name), string), ((House), (rooms), (Room)),

((Room), (room_id), string), ((Room), (room _size), (RoomSize)),
((Tenant), (name), string), ((Tenant), (age), int),

((Tenant), (type), (TenantType)), ((RoomSize), (SMALL), (RoomSize)),
((RoomSize), (MEDIUM), (RoomSize)),

((RoomSize), (LARGE), (RoomSize)) }

C = {((House), (House)), ((Room), (Room)), ({Tenant), (Tenant)),
((RoomSnze (RoomSize)), ((TenantType), (TenantType)),
((TenantType REGULAR), (TenantType,REGULAR)),
((TenantType SUBTENANT), <TenantType,SUBTENANT>),
((TenantType REGULAR), (TenantType)),

((TenantType, SUBTENANT), (TenantType)), (string, string), (int, int) }
= {(TenantType)}

mult {( ((House), (name), string), (0..%,1..1) )
(( (House), (rooms), (Room)), (0..1,0. 9)),
(( (Room), (room _id), strlng) (O *, 1. 1)),
(( (Room), (room _size), (RoomSize)), (0..%, 1. 1))
(( (Tenant), (name), string), (0..x, 1..1)),
(( (Tenant), (age), |nt), (0..*,0..1)),
(( (Tenant), (type), (TenantType)), (O..*,l..l)),
(( (RoomSize), (SMALL), (RoomSize)), (0. 1,0..1))7
(( (RoomSize), (MEDIUM), (RoomSize) ), (0..1,0..1)),
(( (RoomSize), (LARGE), (RoomSize)), (0. 1,0..1))}

contains = {((House), (rooms), (Room)) }
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Models after step 12

1G 2 =

combine(T'G11, IGEnumFicldNodes) =

N = {TR,BHP,TRRoom1,TRRoom2, BHPRoomA, BHPRoomB, BHP RoomC,
Tenantl, Tenant2, Tenant3, Tenantd, Tenantb, SmallSize, MediumSize,
LargeSize, RegularType, SubtenantType, “TwoRem”, “B.H. Paleis”, “17, 427 “A”
“B”,“C”,“B.R. Mankjon”,“P.J.R. Nam”,“L. Horn”,“A.C.C. Turg”,“M. Silon”, 23,
24,18,19}

(.

BH
TR
TR
BH
BH

BH

((House), (name), string), “TwoRem”) ,
({(House), (name), string), “B.H. Paleis”),
({House) (rooms>,(Room>),TRRoom1),
({House) (rooms>,<Room>),TRR00m2),
({(House), (rooms), (Room)), BHPRoomA) ,
({House), (rooms), (Room)), BHPRoomB) ,

({House), (rooms), (Room)), BHPRoomC’)7

TRRoom]1, ((Room), (room_id), string),“l”)7

T RRoom2, ({Room), (room _id), string), “2”)

BH PRoomB, ((Room), (room_id), string),“B”

BHPRoomA, ((Room), (room_id), string) “A”)

BH PRoomC, ((Room), (room_id), string) “C”)

TRRoom 1

TRR00m2

BHPRoomB, ((Room), (room_size), (RoomSize)

BH PRoomC, ({(Room), (room_size), (RoomSize)

({(Room), (room_size), (RoomSize) ,LargeSz’ze)

, (RoomSize) ediumSize |,

))
))

({(Room), (room_size)

\_/

)

)

N——

,SmallSize

N———

)

SmallSize ),

v

Tenantl, ((Tenant), (name), string),“B.R. Mankjon”)7

Tenant?2, ( Tenant), name>,string),“P.J.R. Nam”),

Tenant3, ({Tenant), name),string),“L. Horn”),

Tenant4, ((Tenant), (name), string),“A.C.C. Turg)

Tenantb, ((Tenant), (name) strlng) “M. Sllon)

Tenantl, ({(Tenant), (age), |nt 23) (TenantZ Tenant>,<age>,int),24

Tenant3,

Tenant), (age), int), 19),

Tenant), (type), (TenantType)), RegularType ),

Tenant), (type), (TenantType)), RegularType

)

Tenant) RegularType |,

v\_/v

Tenantd, ({(Tenant), (type), (TenantType) RegularType),

B

(BEP

(TR

(TR

(

(

(

(

(

(

(

(

(

( M
(BHPRoomA ({Room), (room_size), (RoomSize) ), SmallSize
( )
( ),
(

(

( (

( (

( (

( (

( (

(Tenant5, (

( (

( (

( (

( (

( (

(
(
(
(
(
(
(Tenant), (age), int), 18 (Tenams4 (Tenant), (age), int), 24
(
(
(
(
(
(

):
):
), (type), (TenantType)),
):
):

Tenantb, ({(Tenant), (type), (TenantType) SubtenantType),

Y

)
)
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Models after step 12

SmallSize, ((RoomSize), (SMALL), <RoomSize>),SmallSize),

MediumSize, ((RoomSize), (MEDIUM), (RoomSize)), MediumSize) ,

N N N

LargeSize, ((RoomSize), (LARGE), (RoomSize>),LargeSize)}

ident = {(TR,TR),(BHP,BHP),(TRRooml,TRRooml),(T RRoom2,T RRoom2),
(BHPRoomA, BHPRoomA),(BHPRoomB, BHPRoomB),
(BHPRoomC, BHPRoomC), (Tenantl, Tenantl), (Tenant2, Tenant2),
(T'enant3, Tenant3), (Tenantd, Tenantd), (Tenantb, Tenant5),

(SmallSize, SmallSize), (MediumSize, MediumSize),

(LargeSize, LargeSize), (RegularType, RegularType),

(SubtenantType, SubtenantType)}

= {(TR, (House)), (BH P, (House)), (T RRoom1, (Room)), (' RRoom?2, (Room)),
(BHPRoomA, (Room)), (BHPRoomB, (Room)), (BH PRoomC, (Room)),
(Tenantl, (Tenant)), (T'enant2, (Tenant)), (T'enant3, (Tenant)),

(T'enantd, (Tenant)), (T'enantb, (Tenant)), (SmallSize, (RoomSize)),
(MediumSize, (RoomSize}), (LargeSize, (RoomSize)),

(RegularType, (TenantType, REGULARY)),

(SubtenantType, (TenantType, SUBTENANT)), (“TwoRem”, string),

(

(

type,,

“B.H. Paleis”, string), (“1”, string), (“2”, string), (“A”, string), (“B”, string),
“C”, string), (“B.R. Mankjon”, string), (“P.J.R. Nam”, string),
(“A.C.C. Turg”, string), (“L. Horn”, string), (“M. Silon”, string), (23, int),

(24,int), (18,int), (19, int)}
fizIma2) = fii(Imi1) U fEnumFictdNodes IMEnumFicia) (Definition 4.4.27)
f{Q (IG12) = { (IGll) U fj/EnumFieldNodes (IGEnumFieldNodes) (Deﬁnition 4432)

A visual representation of Tmys and Imqo can be found in Figure 6.24. Similarly, a visual representation
of TG4 and IG125 can be found in Figure 6.25. Please note that because of the definitions of f15(Imq2)
and f1,(IG12), we have that fia(Imi2) = IG12 and f{5(IG12) = Imyy. Furthermore, fi2(I'mjs) and
f12(IG12) are valid mapping functions themselves, such that they can be combined with another mapping
function in the next step.

The previous step showed how two different encodings of an enumeration type were combined within the
same model. This step concludes the combination of these encodings by showing that it is possible to
reference values from the tenant type enumeration type, even though it is encoded in a different encoding
than the room sizes enumeration type.

6.2.13 Room & tenant relationship

In the thirteenth step, a relationship between two objects is introduced. This is the first step in which
a relation is introduced between existing objects. For this relation, a object of .Room may reference a
single .Tenant object. Section 5.2.8 is used to introduce the field on the type level, while on the instance
level, Section 5.3.8 is used to introduce the values.

The classtype of the new field is .Room, as the field will be defined for rooms. The name of the new
field is tenant and the fieldtype is .Tenant. The set of objects that will receive a value is defined as
valobjects = {T RRoom1, TRRoom?2, BHPRoomA, BHPRoomC'}, while the set of objects that will not
receive a value is defined as nilobjects = {BHPRoomB}. The union of these sets is equal to all the
room objects, as expected. The function for obids returns the existing identifier of each of these objects.
The values function is defined as follows:

values = {(TRRooml, Tenantl), (T RRoom2, Tenant2), (BHPRoomA, Tenant3),
(BHPRoomC, Tenant4)}

For the objects referenced by the objects in valobjects, the function obids returns their existing identifier.
The following model is obtained:

Page 215



<> TR:House
name = "TwoRem"

rooms rooms

< TRRoom2 :Room
room_id ="2"
room_size = "MEDIUM"

< TRRoom1 :Room
room_id ="1"
room_size = "LARGE"

<> Tenant2 Tenant
name ="P.J.R. Nam"

<> Tenant1 Tenant
name = "B.R. Mankjon"

age =23
type = REGULAR

<> BHPRoomA :Room
room_id ="A"
room_size = "SMALL"

< Tenant3 Tenant
name ="L. Horn"
age=18

type = REGULAR

age =24

type = REGULAR

<> BHP :House
name = "B.H. Paleis"

rooms rooms
rooms
< BHPRoomB :Room
room_id ="B"

room_size = "SMALL"

(a) Instance Model Imq2

[ Q House

1

5’ name: EString

< BHPRoomC :Room
room_id ="C"
room_size = "SMALL"

< Tenant4 Tenant
name ="A.C.C. Turg"
age =24

type = REGULAR

< Tenant5 Tenant
name = "M. Silon"
age=19

type = SUBTENANT

“* TenantType

= REGULAR
= SUBTENANT

“* RoomSize

= SMALL
= MEDIUM

[0..9] rooms — LARGE
E Room ] [ £ Tenant

' room_id : EString

— room_size:
! RoomSize

' age:Elnt

type:
TenantType

=0

' name: EString

(b) Type Model T'mi2

Figure 6.24: The Ecore model after step 12



TR : House ‘
LargeSize : RoomSize name = "TwoRem" MediumSize : RoomSize
LARGE MEDIUM
N rooms rooms /
room _size

room size /

N

TRRoom1 : Room
room_id = "1"

TRRoom?2 : Room
room id = "2"

[ SubtenantType : TenantTypeSSUBTENANT

Tenantl : Tenant
age = 23
name = "B.R. Mankjon"

Tenant2 : Tenant
age = 24

type
name = "P.J.R. Nam" P

{

{

type type Tenantb : Tenant
age = 19
[RegularType : TenantType$REGULAR} name = "M. Silon"
type type
Tenant3 : Tenant SmallSize : RoomSize Tenant4 : Tenant
age = 18 SV name —ag“eA:CZé Turg"
name = "L. Horn" / T \ - e
room _size room _size room _ size

‘ BHPRoomA : Room ‘ ‘

BHPRoomB : Room

‘ ‘ BHPRoomC : Room

room_id = "A" room id = "B" room id = "C"
rooms rooms rooms
BHP : House
name = "B.H. Paleis"
(a) Instance Graph IGi2
House RoomSize ’TenantType$REGULAR‘ ’TenantType$SUBTENANT
name: string LARGE
t MEDIUM
SMALL A X
rooms / | TenantType:
room size _em——-—-Te- |
type
Tenant |—
Room Cint
room_id: string age: Int
= name: string

Figure 6.25:

(b) Type Graph T'G12

The GROOVE graphs after step 12
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Models after step 13

Tmyz = combine(T'my2, TMNuilableClass Field) =
Class = {.House, .Room, .Tenant}

Enum = {.RoomSize, .TenantType}
UserDataType = {}
Field = {(.House, name), (.House, rooms), (.Room, room_id),
(.Room, room _size), (.Room, tenant), (.Tenant, name), (. Tenant, age),
(.Tenant, type)}
FieldSig = {((.House, name), (string, 1..1)),
((.House, rooms), ([setof, I.Room], 0..9)),
((.Room, room_id), (string, 1..1)),
((.-Room, room_size), (.RoomSize, 1..1)),
((.Room, tenant), (?.Tenant, 0..1)),
((.Tenant, name), (string, 1..1)),
((.Tenant, age), (int, 1..1)),
((.Tenant, type), (.TenantType, 1..1)) }
EnumValue = {(.RoomSize, SMALL), (.RoomSize, MEDIUM), (.RoomSize, LARGE)
(.TenantType, REGULAR), (. TenantType, SUBTENANT)}
Inh = {}
Prop = {(containment, (-House, rooms))}
Constant = {}

ConstType = {}
Imys = combine(T'm12, IMNuilableClassField) =
Object = {TR, BHP,TRRoom1,TRRoom2, BHPRoomA, BHPRoomB,

BHPRoomC, Tenantl, Tenant2, Tenant3, Tenantd, Tenant5}

ObjectClass(ob) = {(TR, .House), (BH P, .House), (T RRoom1, .Room),
(TRRoom2,.Room), (BHPRoomA, .Room), (BHPRoomB, .Room),
(BHPRoomC, .Room, (Tenantl, . Tenant), (Tenant2, . Tenant),
(Tenant3, .Tenant), (T'enant4, . Tenant), (T'enantb, . Tenant) }

Objectld = {(TR,TR),(BHP, BHP),(TRRoom1,TRRoom]l),

(TRRoom2,TRRoom?2),(BHPRoomA, BHPRoomA),
(BHPRoomB, BHPRoomB),(BHPRoomC, BHPRoom(C,
(Tenantl, Tenantl), (Tenant2, Tenant2), (Tenant3, Tenant3),
(Tenantd, Tenantd), (Tenant5, Tenant5)}

FieldValue

/

—{ (TR House, name)), [string, “TwoRem"] ),
( (BHP, (House, name)), [string, “B.H. Palels”]),
(TR, (:House, rooms)), [setof, (obj, T RIoom1],
[obj, TRRoom2])] ),

((BHP, (.House, rooms)) [setof, { obj, BH P Room Al,

[obj, BH PRoom ], (obj, BH PRoomC))] ),
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Models after step 13

TRRooml, string, “1”] ) ,
string, “2”] ) ,

BHPRoomA, (.Room, room_id) ,[string,“A”]),

(.Room, room _id)), [
TRRoom2, (.Room, room_id)), [

)
BH PRoomB, (.Room, room _id)), [string,“B”]),
BH P RoomC, (Room, room _id)), [string,“C"] ),
TRRoom1, (:Room, room_size)) , [enum, (.RoomSize, LARGE)] ),

¢)), [enum, (.RoomSize, MEDIUM

TRRoom2, (.Room, room_siz ,

BHPRoomA, (.Room, room_size) ), [enum (.RoomSize, SMAL ),

BHPRoomB, (.Room, room_size)), [enum, (.RoomSize, SMAL

)

)]
L)]
L]
BH PRoomC, (.Room, room size)), [enum, (.RoomSize, SMALL)]
)
)

BHPRoomA, (.Room, tenant), [obj7 TenantS] ),

i

TRRoom1, (.Room, tenant), [obj, Tenant1]
T RRoom2, (.Room, tenant), [obj, Tenant2]
BHPRoomB, (.Room, tenant), [nil]),

BH PRoomC, (.Room, tenant), [obj, Tenant4] ) ,
.Tenant, name ), string,“B.R. Mankjon”]),
, (. Tenant, name)), |string,“P.J.R. Nam”D,

( )

( )
Tenant3, (.Tenant, name)
, (.Tenant, name)), |string,“A.C.C. Turg”]),

( )

[
):
), [string, “L. Horn”D,
): [
):

, (. Tenant, name)), |string, “M. Silon”])7
Tenantl, (. Tenant,age)), [int, 23])

Tenant2, (.Tenant, age)), |int, 24

b b

i
[int, 24] )
Tenant3, (. Tenant, age ,[mt,lg]),
,[mt,24]>,
Tenant5, (Tenant, age)), fint, 19]
(-

b b

))

)

))

Tenant4, (.Tenant, age))
)

Tenant, type) ,[enum TenantType, REGULAR )

)

Tenant, type)), [enum, (.TenantType, REGULAR)]

)
Tenant4, (.Tenant, type) ,[enum .TenantType, REGULAR)

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(Tenantl,
(
(
(
(
(
(
(
(
(
(
(
(
(
(

(- )

« ) ):
Tenant3, (.Tenant, type)),[enum, (. TenantType, REGULAR ]),

( ) ).

( )

TN TN TN N N N N N N N N N N S N S N S N S N N NS NS NS NS NS, NS, NS, NS, N, NN N

Tenantb, (.Tenant, type) ,[enum .TenantType, SUBTENANT)])}

DefaultValue =

—~—

}
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Models after step 13

TG3 = combine(T'G12, TG NullableClass Field) =
NT = {(House), (Room), (Tenant), (RoomSize), (TenantType),

(TenantType, REGULAR), (TenantType, SUBTENANT), string, int}
ET = {((House), (name), string), ((House), (rooms), (Room)),

Room), (tenant), (Tenant)), ((Tenant), (name), string),
Tenant), (age), int), ((Tenant), (type), (TenantType)),
RoomSize), (SMALL), (RoomSize)),

RoomSize), (MEDIUM), (RoomSize)),

RoomSize), (LARGE), (RoomSize)) }

((House), (House)), ((Room), (Room)), ((Tenant), (Tenant)),
(RoomSize), (RoomSize)), ({TenantType), (TenantType)),
(TenantType, REGULAR), (TenantType, REGU LAR)),
(TenantType, SUBTENANT), (TenantType, SU BTENANT>),
(TenantType, REGULAR), (TenantType)),

(TenantType, SUBTENANT), (TenantType)), (string, string), (int, int) }
(TenantType) }

mult ((House), (name), string), (0..%,1..1) )

(House), (rooms), (Room)), (0..1,0. 9)),
(Room), (room _id), string), (0..%, 1. 1))7
(Room), (room _ size), (RoomSize)),(O..*,l..l)),

(Room), (tenant), (Tenant>),(0..*,0..1)),

(Tenant), (age),int), (0..%,0..1) ),

(Tenant), (type), (TenantType)),(O..*,l..l)),
(RoomSize), (SMALL), (RoomSize)), (0. 1,0..1)),
(RoomSize), (MEDIUM), (RoomSize)), (0..1,0..1) )
(RoomSize), (LARGE), (RoomSize)), (0..1,0.1) ) }

{(
((«
((«
((«
((«
(( (Tenant), (name), string), (0..*71..1)),
((«
((«
(
((«
((«
= {({

contains (House), (rooms), (Room)) }
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Models after step 13

I1G3 = combine(T'G12, I G NuilabieClassField) =
N = {TR,BHP,TRRoom1,TRRoom2, BHP RoomA, BHPRoomB, BHP RoomC,

Tenantl, Tenant2, Tenant3, Tenantd, Tenantb, SmallSize, MediumSize,
LargeSize, RegularType, SubtenantType, “TwoRem”, “B.H. Paleis”, “17, 427 “A”
“B”,“C”,“B.R. Mankjon”,“P.J.R. Nam”,“L. Horn”,“A.C.C. Turg”,“M. Silon”, 23,
24,18,19}

E

N T N T N T N N N N N N T N N N N N T N N N N N N TN TN TN TN TN N N N

(TR; ((House), (name), string), “TwoRem”) ,

BHP, ((House>7 (name), string),“B.H. Paleis”),

~

~
SRS

((House), (rooms), (Room>),TRRoom1),
, ((House), (rooms), <Room>),TRR00m2),
BH P, ((House), (rooms), (Room)), BHPRoomA),

BH P, ({House), (rooms), (Room)), BHPRoomB) ,

&

HP, ({House), (rooms), (Room)), BHPRoomC) ,

TRRoom]1, ({(Room), (room_id), string),“l”)7

T RRoom2, ({Room), (room _id), string),“Z”)7

BHPRoomA, ((Room), (room_id), string), “A”),

BHPRoomB, ((Room), (room_id), string), “B”),

BH PRoomC, ((Room), (room_id), string), “C”),

TRRoom]1, ({(Room), (tenant), <Tenant>),Tenant1),

TRRoom?2, ((Room), (tenant), (Tenant>),Tenant2),
BHPRoomA, ((Room), (tenant), (Tenant)), Tenant3),
BHPRoomC, ((Room), (tenant), (Tenant)), Tenomtél)7
TRRoom]1, ((Room), (room _size), (RoomSize>),LargeSize),

T RRoom2, ((Room), (room _size), (RoomSize)), MediumSize)
BHPRoomA, ({(Room), (room_size), (RoomSize)) SmallSzze),
BH PRoomB, ((Room), (room _size), (RoomSize)) SmallSzze),
BH PRoomC, ((Room), (room_size), (RoomSize)) SmallSzze)
Tenantl, ( Tenant), (name>,string),“B.R. Mankjon” >7
Tenant), (name) strlng) “P.J.R. Nam”),

Tenant3, ({Tenant), (name), string), “L. Horn”),

~
)
S
e
3
S

(
(¢
(
4, ((Tenant), (name), string), “A.C.C. Turg)
(Tenant), (name), string) , “M. Sllon)
Tenantl, ((Tenant), (age), int) 23) (TenantZ Tenant},(age),int),%),
Tenant3, ((Tenant), (age),int), 18 (Tenant4 Tenant>,<age>7int),24),
(

Tenantb, ({Tenant), (age), |nt ,19),
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Models after step 13

Temmtl,( (Tenant), (type), (TenantType) ) RegularType),

Tenant2, ({Tenant), (type), (TenantType)), RegularType),

Tenant3, ({Tenant), (type), (TenantType)), RegularType),

Ten(mt4,( (Tenant), (type), (TenantType) ) RegularType),
((Tenant), (type)

Tenantb, ({Tenant), (type ,<TenantType)),SubtenantType),
SmallSize, ((RoomSize), (SMALL), (RoomSize)),SmallSize),
MediumSize, ((RoomSize), (MEDIUM), (RoomSize)), MediumSize),

LargeSize, ((RoomSize), (LARGE), <RoomSize>),La7‘geSz’ze)}

(TR,TR),(BHP,BHP),(TRRooml,TRRooml),(TRRoom2, T RRoom2),
BHPRoomA, BHPRoomA),(BHPRoomB, BHPRoomB),

BHPRoomC, BHPRoomC), (Tenantl, Tenantl), (Tenant2, Tenant2),
Tenant3, Tenant3), (Tenantd, Tenantd), (Tenant5, Tenant5),

SmallSize, SmallSize), (MediumSize, MediumSize),

LargeSize, LargeSize), (RegularType, RegularType),

ident =

N SN NN N N N N

SubtenantType, SubtenantType)}

(TR, (House)), (BHP, (House)), (T RRoom1, (Room)), (T RRoom2, (Room)),
BHPRoomA, (Room)), (BHPRoomB, (Room)), (BH P RoomC, (Room)),
, (Tenant)), (T'enant2, (Tenant)), (T'enant3, (Tenant)),
Tenantd, (Tenant)), (T'enant5, (Tenant)), (SmallSize, (RoomSize)),
MediumSize, (RoomSize)), (LargeSize, (RoomSize)),

RegularType, (TenantType, REGULAR)),

SubtenantType, (TenantType, SUBTENANT)), (“TwoRem”, string),
“B.H. Paleis”, string), (“17, string), (“2”, string), (“A”, string), (“B”, string),
“C”, string), (“B.R. Mankjon”, string), (“P.J.R. Nam”, string),
“A.C.C. Turg”,string), (“L. Horn”, string), (“M. Silon”, string), (23, int),
24,int), (18, int), (19, int)}

U fNultableClass Field(IM NuliableClass Fiela) (Definition 4.4.27)

U fNutabieCiassFieid ! G NutiableClass Fiela) (Definition 4.4.32)

o~/

type,,

~
®
S
)
S
~
—_

A~~~ N N/~ A/~

—~

fis(Imaz) = fia(Imae
fisUG13) = fia(IGaz

N

A visual representation of T'm3 and I'mq3 can be found in Figure 6.26. Similarly, a visual representation
of TG13 and IG13 can be found in Figure 6.27. Please note that because of the definitions of f13(Im13)
and fi5(IG13), we have that fi3(Imys) = IGy3 and fi3(IG13) = Imqs. Furthermore, fi3(I'mi3) and
f13(IGy3) are valid mapping functions themselves, such that they can be combined with another mapping
function in the next step.

The visualisation shows the references between the rooms and the tenants. This transformation shows
how existing objects can be referenced by a new field, while also showing that values can be null. For
example, BHPRoomB has no tenant, which can be seen by the absence of a tenant relation in the
visualisation.

6.2.14 Tenant & subtenant relationship

In the fourteenth step, another relationship between two objects is introduced. For this relation, a object
of .Tenant may reference a single . Tenant object. Section 5.2.8 is used to introduce the field on the type
level, while on the instance level, Section 5.3.8 is used to introduce the values.

The classtype of the new field is .Tenant, as the field will be defined for tenants. The name of the new
field is subtenant and the fieldtype is equal to the classtype, .Tenant. The set of objects that will receive
a value is defined as valobjects = {Tenantd}, while the set of objects that will not receive a value is
defined as nilobjects = {Tenantl, Tenant2, Tenant3, Tenant5}. The union of these sets is equal to all
the tenant objects, as expected. The function for obids returns the existing identifier of each of these
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<> TR:House
name = "TwoRem"

rooms

< TRRoom1 :Room
room_id ="1"
room_size = "LARGE"

tenant

< Tenant1 Tenant
name = "B.R. Mankjon"
age =23

type = REGULAR

rooms

< TRRoom2 :Room
room_id ="2"
room_size = "MEDIUM"

tenant

<> Tenant2 Tenant
name ="P.J.R. Nam"
age =24

type = REGULAR

<> BHP :House
name = "B.H. Paleis"

rooms

<> BHPRoomA :Room
room_id ="A"
room_size = "SMALL"

tenant

< Tenant3 Tenant
name ="L. Horn"
age=18

type = REGULAR

rooms

rooms
<> BHPRoomB :Room

room_id ="B"

room_size = "SMALL"

< BHPRoomC :Room

room_id ="C"

room_size = "SMALL"
tenant

<> Tenant4 Tenant
name ="A.C.C. Turg"

age =24
type = REGULAR

<> Tenant5 Tenant
name = "M. Silon"

age=19

type = SUBTENANT

(a) Instance Model I'mqs

Q House

1

5’ name: EString

[0..9] rooms

] Room

' room_id : EString
— room_size:
1 RoomSize

[0..1] tenant

“* TenantType

= REGULAR
= SUBTENANT

“* RoomSize

SMALL
MEDIUM
LARGE

£ Tenant

' name: EString
' age:Elnt

type:
TenantType

=0

(b) Type Model T'mi3

Figure 6.26: The Ecore model after step 13
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TR : House ‘
LargeSize : RoomSize name = "TwoRem" MediumSize : RoomSize
LARGE MEDIUM
N rooms rooms /
room _size

room size /

N

TRRoom1 : Room
room_id = "1"

TRRoom?2 : Room
room id = "2"

{

tenant

{

tenant [SubtenantType : TenantTypeSSUBTENANT

Tenantl : Tenant
age = 23
name = "B.R. Mankjon"

Tenant2 : Tenant
age = 24

type
name = "P.J.R. Nam" P

{

{

type type Tenant5 : Tenant
age = 19
[RegularType : TenantTypeSREGULAR] name = "M. Silon"
type type
SmallSize : RoomSize Tenantd : Tenant

age = 18

Tenant3 : Tenant ‘

age = 24
SV name = "A.C.C. Turg"

name = "L. Horn"

/

room siz
tenant oom_size

room size

R f

room _ size tenant

‘ BHPRoomA : Room ‘ ‘

BHPRoomB : Room

‘ ‘ BHPRoomC : Room

room_id = "A" room id = "B" room id = "C"
rooms rooms rooms
BHP : House
name = "B.H. Paleis"
(a) Instance Graph IGi3
House RoomSize ’TenantType$REGULAR‘ ’TenantType$SUBTENANT
name: string LARGE
t MEDIUM
SMALL A X
rooms / | TenantType:
room size _em——-—-Te- |
type
Room Tenant |—
reem ok BT —tenant—> age: int
= name: string

Figure 6.27:

(b) Type Graph T'G13

The GROOVE graphs after step 13
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objects. The values function is defined as follows:

values = {(Tenant4, Tenant5)

For the objects referenced by the objects in valobjects, the function obids returns their existing identifier.
The following model is obtained:

Models after step 14

Tmiy = combine(T'mis, TMNuilableClass Field) =
Class = {.House, .Room, .Tenant}

Enum = {.RoomSize, .TenantType}
UserDataType = {}

Field = {(.House, name), (.House, rooms), (.Room, room _id),

(.Room, room _size), (.Room, tenant), (. Tenant, name), (.Tenant, age),
(.Tenant, type), (.Tenant, subtenant)}
FieldSig = {(( House, name), (string, 1..1)),
((-House, rooms), ([setof, |.Room],0..9)),
((.-Room, room_id), (string, 1..1)),
((.Room, room_size), (.RoomSize, 1..1)),
((.Room, tenant), (?.Tenant, 0..1)),
((.Tenant, name), (string, 1..1)),
((.Tenant, age), (int, 1..1)),
((.Tenant, type), (.TenantType, 1..1)),
((.Tenant, subtenant), (?.Tenant, 0..1)) }
EnumValue = {(.RoomSize, SMALL), (.RoomSize, MEDIUM), (.RoomSize, LARGE)
(.TenantType, REGULAR), (.TenantType, SUBTENANT)}
Inh = {}
Prop = {(containment, (.House, rooms)) }
Constant = {}
ConstType = {}
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Models after step 14

Imyy = combine(Tm13, IMmNuliableClassField) =
Object = {TR, BHP,TRRoom1,TRRoom2, BHP RoomA, BHP RoomB,

BH PRoomC, Tenantl, Tenant2, Tenant3, Tenant4, Tenant5}
ObjectClass(ob) = {(T'R, .House), (BH P, .House), (T RRoom1, .Room),
(TRRoom2,.Room), (BHPRoomA, .Room), (BH PRoomB, .Room),
(BHPRoomC, .Room, (Tenantl, . Tenant), (Tenant2, . Tenant),
(T'enant3, .Tenant), (T'enant4, . Tenant), (T'enant5, . Tenant) }
Objectld = {(T'R,TR), (BHP, BHP), (T RRoom1, TRRoom1),

FieldValue

(TRRoom2, T RRoom?2),(BHPRoomA, BHPRoomA),

(BHPRoomB, BHPRoomB),(BHPRoomC, BHP Room(C),
(Tenantl, Tenantl), (Tenant2, Tenant2), (T'enant3, Tenant3),

(Tenantd, Tenantd), (Tenant5, Tenant5)}
((TR (.House, name)), [string, “TwoRem’ ])

( (BH P, (.House, name)), [string, “B.H. Paleis”]),
( (.House, rooms)), [setof, <[obj, TRRooml],

[obj, TRRoom?2])] ) ,

((BHR (.House, rooms)) [setof, ([obj, BH P Room A,

[obj, BH PRoomB], (obj, BH P Room())] ) :
((TRRooml7 (.Room, room _id)), [string,“1”] ),

((TRRoom27 (.Room, room _id)), [string,“2”] ) ,
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Models after step 14

DefaultValue = {}

BHPRoomA, (.Room, room _i )), [string,“A”]),
BHPRoomB, (.Room, room |d)), [string,“B”]),
BHPRoomC, (.Room, room_id)), [stringﬁ‘C”]),
TRRooml, (.Room, room _size)), [enum, (.RoomSize, L/—\RGE)])
TRRoom2, (.Room, room _size)), [enum, (.RoomSize, MEDIUM)] |,
BHPRoomA, (.Room, room _size)), [enum, (.RoomSize, SMALL
BHPRoomB, (.Room, room size)), [enum, (.RoomSize, SMALL

)]
)]
)]);
BH PRoomC, (.Room, room size)), [enum, (.RoomSize, SMALL)]

)
)

BHPRoomA, (.Room, tenant), [obj, Tenant3| ) ;

)

TRRooml1, (.Room, tenant), [obj, Tenant1

]
]

TRRoom2, (.Room, tenant), [obj,Temth

BHPRoomB, (.Room, tenant), [nil]),
BHPRoomC, (.Room, tenant), [obj,Tenant4]),
Tenantl, (.Tenant, name ), string,“B.R. Mankjon”]),

Tenant2, (.Tenant, name)), [string, “P.J.R. Nam”}),

)
)
Tenant3, (.Tenant, name)
)), |string, “A.C.C. Turg”]),
)

[
). [
), [string, L. Horn”D,
): [
Tenants, (.Tenant, name)), [string, “M. Silon”] ),
Tenantl, (.Tenant, age)), [int, 23])

Tenant2, (.Tenant, age)), |int, 24

) )

)

1)
Tenant4, (.Tenant, age)), |nt,24])7
)

(-

int, 19

) )

), [i
) [
Tenant3, (.Tenant, age)), [int, 18
) [
Tenantb, (.Tenant age) [

)

Tenantl, (.Tenant, type)), [enum, (.TenantType, REGULAR)]

Tenant2, (.Tenant, type)), [enum, (.TenantType, REGULAR)]
Tenant3, (.Tenant, type ),[enum .TenantType, REGULAR ]

Tenant5, (.Tenant, type)), [enum,(.TenantType7SUBTENANT)]),

1)

)
Tenant4, (.Tenant, type)), [enum, (.TenantType, REGULAR)]

Tenantl, (.Tenant, subtenant) )

Tenant2, (.Tenant, subtenant)), mI])

Tenant4, (.Tenant, subtenant)), obJ,Tenant3D

((
((
((
((
((
((
((
((
((
((
((
((
((
((
((
((
((Tenant4 (.Tenant, name
((
((
((
((
((
((
((
((
((
((
((
((
((
((
((
((

[ni

[
Tenant3, (-Tenant, subtenant)), [nil] ),

[

[ni

)
Tenant5, (.Tenant, subtenant)), [ni ])}
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Models after step 14

TGy = combine(T'G13, TG NullableClass Field) =
NT = {(House), (Room), (Tenant), (RoomSize), (TenantType),

(TenantType, REGULAR), (TenantType, SUBTENANT), string, int}
ET = {((House), (name), string), ((House), (rooms), (Room)),
((Room), (room_id), string), ((Room), (room _size), (RoomSize)),

(
((Room), (tenant), (Tenant)), ((Tenant), (name), string),
((Tenant), (age), int), ((Tenant), (type), (TenantType)),
((Tenant), (subtenant), (Tenant)), ((RoomSize), (SMALL), (RoomSize)),
((RoomSize), (MEDIUMY), (RoomSize)),
((RoomSize), (LARGE), (RoomSize)) }

C = {((House), (House)), ((Room), (Room)), ({Tenant), (Tenant)),
((RoomSize), (RoomSize)), ((TenantType), (TenantType)),
((TenantType, REGULAR), (TenantType, REGU LAR)),
((TenantType, SUBTENANT), (TenantType, SU BTENANT>),
((TenantType, REGULARY), (TenantType)),

((TenantType, SUBTENANT), (TenantType)), (string, string), (int,int) }
= {(TenantType)}

mult = {(((House), (name), string), (0..x,1..1) )
(((House>7 (rooms), (Room)), (0..1,0. 9)),
(((Room), (room_id), string), (0..x, 1. 1))7
(((Room), (room_size), (RoomSize)), (0..x, 1..1)),
(((Room), (tenant), (Tenant)), (0..x, 0..1)),
(((Tenant>7 (name), string), (0..%, 1..1)),
(((Tenant>, (age), int)7 (O..*7 O..l)),
(((Tenant)7 (type), (TenantType)), (0..x, 1..1)),
(((Tenant>7 (subtenant), (Tenant)), (0..x, 0..1)),
(((RoomSize>7 (SMALL), (RoomSize)), (0..1, O..l)),
(((RoomSize)7 (MEDIUM), (RoomSize))7 (O..l,O..l)),
(((RoomSize>7 (LARGE), (RoomSize)), (0..1, 0..1))}

contains = { ((House), (rooms), (Room)) }
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Models after step 14

1G4 = combine(T'G13, I G NuilabieClassField) =
N = {TR,BHP,TRRoom1,TRRoom2, BHP RoomA, BHPRoomB, BHP RoomC,

Tenantl, Tenant2, Tenant3, Tenantd, Tenantb, SmallSize, MediumSize,
LargeSize, RegularType, SubtenantType, “TwoRem”, “B.H. Paleis”, “17, 427 “A”
“B”,“C”,“B.R. Mankjon”,“P.J.R. Nam”,“L. Horn”,“A.C.C. Turg”,“M. Silon”, 23,
24,18,19}

E

N T N T N T N N N N N N T N N N N N T N N N N N N TN TN TN TN TN N N N

(TR; ((House), (name), string), “TwoRem”) ,

BHP, ((House>7 (name), string),“B.H. Paleis”),

~

~
SRS

((House), (rooms), (Room>),TRRoom1),
, ((House), (rooms), <Room>),TRR00m2),
BH P, ((House), (rooms), (Room)), BHPRoomA),

BH P, ({House), (rooms), (Room)), BHPRoomB) ,

&

HP, ({House), (rooms), (Room)), BHPRoomC) ,

TRRoom]1, ({(Room), (room_id), string),“l”)7

T RRoom2, ({Room), (room _id), string),“Z”)7

BHPRoomA, ((Room), (room_id), string), “A”),

BHPRoomB, ((Room), (room_id), string), “B”),

BH PRoomC, ((Room), (room_id), string), “C”),

TRRoom]1, ({(Room), (tenant), <Tenant>),Tenant1),

TRRoom?2, ((Room), (tenant), (Tenant>),Tenant2),
BHPRoomA, ((Room), (tenant), (Tenant)), Tenant3),
BHPRoomC, ((Room), (tenant), (Tenant)), Tenomtél)7
TRRoom]1, ((Room), (room _size), (RoomSize>),LargeSize),

T RRoom2, ((Room), (room _size), (RoomSize)), MediumSize)
BHPRoomA, ({(Room), (room_size), (RoomSize)) SmallSzze),
BH PRoomB, ((Room), (room _size), (RoomSize)) SmallSzze),
BH PRoomC, ((Room), (room_size), (RoomSize)) SmallSzze)
Tenantl, ( Tenant), (name>,string),“B.R. Mankjon” >7
Tenant), (name) strlng) “P.J.R. Nam”),

Tenant3, ({Tenant), (name), string), “L. Horn”),

~
)
S
e
3
S

(
» (¢
(
4, ((Tenant), (name), string), “A.C.C. Turg)
(Tenant), (name), string) , “M. Sllon)
Tenantl, ({(Tenant), (age), |nt 23) (TenantZ Tenant},(age),int),%),
(
(

Tenant3, ({Tenant), (age), |nt ,18 (Tenant4 Tenant>,<age>7int),24),

Tenantb, ({Tenant), (age), |nt ,19),
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Models after step 14

Tenantl, ((Tenant), (type), (TenantType)), RegularType ),

Tenant2, ((Tenant), (type), (TenantType) RegularType),

(Tenan

(¢ ) )
((Tenant), {type) ):
Tenant3, ((Tenant), (type), (TenantType)), RegularType ),
Tenant4, ({ t) ) ),
((Tenant), {type) ):
(¢

K
)
), (type), (TenantType) RegularType),
I
(

Tenant4, ((Tenant), (subtenant), (Tenant)), Tenant5),
SmallSize, ((RoomSize), (SMALL), <RoomSize>),SmallSize),

(
(
(
(
(Tenant5, (Tenant), (type), (TenantType) SubtenantType),
(
(
(Medmezze ((RoomSize), (MEDIUM), (RoomSize)),Mealz'umSize)7
(

LargeSize, ((RoomSize), (LARGE), (RoomSize}),LargeSize)}

ident = {(TR,TR),(BHP,BHP),(TRRooml,TRRooml), (T RRoom2, T RRoom2),
(BHPRoomA, BHPRoomA),(BHPRoomB, BHPRoomB),
(BHPRoomC, BHPRoom(C), (Tenantl, Tenantl), (Tenant2, Tenant2),
(T'enant3, Tenant3), (Tenantd, Tenantd), (Tenantb, Tenant5),

(SmallSize, SmallSize), (MediumSize, MediumSize),

(LargeSize, LargeSize), (RegularType, RegularType),

(SubtenantType, SubtenantType)}

= {(TR, (House)), (BH P, (House)), (T RRoom1, (Room)), (T’ RRoom?2, (Room)),
(BHPRoomA, (Room)), (BHPRoomB, (Room)), (BHPRoomC, (Room)),
(Tenantl, (Tenant)), (T'enant2, (Tenant)), (T'enant3, (Tenant)),

(Tenant4, (Tenant)), (T'enant5, (Tenant)), (SmallSize, (RoomSize)),
(MediumSize, (RoomSize)), (LargeSize, (RoomSize)),

(RegularType, (TenantType, REGULARY)),

(SubtenantType, (TenantType, SUBTENANT)), (“TwoRem”, string),

(

(

type,,

“B.H. Paleis”, string), (“1”, string), (“2”, string), (“A”, string), (“B”, string),
“C”, string), (“B.R. Mankjon”, string), (“P.J.R. Nam”, string),
(“A.C.C. Turg”, string), (“L. Horn”, string), (“M. Silon”, string), (23, int),

(24,int), (18, int), (19, int)}
fralImag) = fiz3(Imaz) U fNuitabieClassFietd {MNwilabieClass Field) (Definition 4.4.27)
[1aIG1a) = fis(IG13) U fNwiiabieClass Fietd LG NullableClass Ficta) (Definition 4.4.32)

A visual representation of T'my4 and I'mq4 can be found in Figure 6.28. Similarly, a visual representation
of TG14 and IG14 can be found in Figure 6.29. Please note that because of the definitions of f14(Im14)
and f1,(IG14), we have that f14(Imys) = IG14 and fi,(IG14) = Imys. Furthermore, fi4(I'my4) and
f14(IG14) are valid mapping functions themselves, such that they can be combined with another mapping
function in the next step.

The visualisation shows once more a new field for referencing existing objects. The most important
aspect of this field is that it can reference objects from the same type as its source type. This property
is useful for making self relations, but also for creating relations between objects of the same type, as
can be seen in the visualisation of Tenant4, which has Tenantb as a subtenant.

6.2.15 Living rooms

In the final step, a last data field is introduced. In this step, the .House class is enriched with an
living_room field and its values. As before, Section 5.2.6 is used to introduce the field, while on the
instance level, Section 5.3.6 is used to introduce the values.

The classtype of the new field is .House, as the field will be defined for houses. The name of the new
field is living_room and the fieldtype is bool. The set of objects of which the value is set is is equal to
all house objects, so objects = {T R, BHP}. The function for obids returns the existing identifier of each

Page 230



<> TR:House
name = "TwoRem"

rooms

< TRRoom1 :Room

room_id ="1"

room_size = "LARGE"

tenant

<> Tenant1 Tenant
name = "B.R. Mankjon"

age =23

type = REGULAR

<> BHPRoomA :Room
room_id ="A"
room_size = "SMALL"

tenant

< Tenant3 Tenant
name ="L. Horn"
age=18

type = REGULAR

rooms

< TRRoom2 :Room

room_id ="2"

room_size = "MEDIUM"

tenant

<> Tenant2 Tenant
name ="P.J.R. Nam"

age =24

type = REGULAR

<> BHP :House
name = "B.H. Paleis"

rooms

rooms

rooms

<> BHPRoomB :Room
room_id ="B"
room_size = "SMALL"

< BHPRoomC :Room
room_id ="C"
room_size = "SMALL"

tenant

< Tenant4 Tenant
name ="A.C.C. Turg"
age =24

type = REGULAR

subtenant

< Tenant5 Tenant
name = "M. Silon"
age=19

type = SUBTENANT

(a) Instance Model I'mqa4

Q House

1

5’ name: EString

[0..9] rooms

] Room

' room_id : EString
room_size:

c
! RoomSize

[0..1] subtenant

“* TenantType

= REGULAR
= SUBTENANT

“* RoomSize

SMALL
MEDIUM

LARGE

[0..1] tenant

£ Tenant

' name: EString
' age:Elnt

type:
TenantType

=0

(b) Type Model T'mi4

Figure 6.28: The Ecore model after step 14
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TR : House

name = "TwoRem"

LARGE MEDIUM

\ rooms rooms /

room size / \ room size

‘ LargeSize : RoomSize ‘ MediumSize : RoomSize

TRRooml1 : Room TRRoom2 : Room
room _id = "1" room id = "2"
tenant tenant [SubtenantType : TenantType$SSUBTENANT
Tenantl : Tenant Tenant2 : Tenant
age = 23 age = 24

type
name = "B.R. Mankjon" | name = "P.J.R. Nam" vp

{

type type Tenant5 : Tenant
age = 19
[RegularType : TenantTypeSREGULAR] name = "M. Silon"
3
type type subtenant
™~ 1
Tenant3 : Tenant SmallSize : RoomSize M:_'ginant
aee u=|_ 1g " Sl name =ag“eA_C C. Turg"
name = "L. Horn / T \ ? i
tenant room size room size room _size tenant
BHPRoomA : Room BHPRoomB : Room BHPRoomC : Room
room_id = "A" roomiid ="B" room_id ="C"
rooms rooms rooms
BHP : House
name = "B.H. Paleis"
(a) Instance Graph IG14
House RoomSize| |TenantTypeSREGULAR | [TenantTypeSSUBTENANT
name: string LARGE
MEDIUM

!

rooms

SMALL

f i Tenant Type
room size __H------T--

type
Tenant | —

|
|
1

Room

N —> s
room_id: string tenant age: Int

name: string

subtenant

(b) Type Graph T'G14

Figure 6.29: The GROOVE graphs after step 14
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of these objects. The values function is defined as follows:

values = {(TR, false), (BH P, true)}

The following model is obtained:

Models after step 15

Tmis = combine(T'm14, TMpataField) =
Class = {.House, .Room, .Tenant}

Enum = {.RoomSize, .TenantType}
UserDataType = {}
Field = {(.House, name), (.House, rooms), (.Room, room _id),
(.Room, living_room), (.Room, room _size), (.Room, tenant),
(.Tenant, name), (. Tenant, age), (. Tenant, type),
(.Tenant, subtenant)}

FieldSig = {((.House, name), (string, 1..1)),

(

(

(.Room, room_size), (.RoomSize, 1..1)),
(.Room, living_room), (bool, 1..1)),
(.Room, tenant), (?.Tenant, 0..1)),
(.Tenant, name), (string, 1..1)),
(.Tenant, age), (int, 1..1))7
(.Tenant, type), (.TenantType, 1..1)),
(
(

Tenant, subtenant), (?.Tenant, 0..1)) }
.RoomSize, SMALL), (.RoomSize, MEDIUM), (.RoomSize, LARGE)

Prop = {(containment, (.House, rooms)) }
Constant = {}
ConstType = {}
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Models after step 15

Imys = combine(Tmi4, ImpataField) =
Object = {TR, BHP,TRRoom1,TRRoom2, BHP RoomA, BHP RoomB,

BH PRoomC, Tenantl, Tenant2, Tenant3, Tenant4, Tenant5}
ObjectClass(ob) = {(T'R, .House), (BH P, .House), (T RRoom1, .Room),
(TRRoom2,.Room), (BHPRoomA, .Room), (BH PRoomB, .Room),
(BHPRoomC, .Room, (Tenantl, . Tenant), (Tenant2, . Tenant),
(T'enant3, .Tenant), (T'enant4, . Tenant), (T'enant5, . Tenant) }
Objectld = {(T'R,TR), (BHP, BHP), (T RRoom1, TRRoom1),

FieldValue

(TRRoom2, T RRoom?2),(BHPRoomA, BHPRoomA),

(BHPRoomB, BHPRoomB),(BHPRoomC, BHP Room(C),
(Tenantl, Tenantl), (Tenant2, Tenant2), (T'enant3, Tenant3),

(Tenantd, Tenantd), (Tenant5, Tenant5)}
((TR (.House, name)), [string, “TwoRem’ ])

( (BH P, (.House, name)), [string, “B.H. Paleis”]),
( (.House, rooms)), [setof, <[obj, TRRooml],

[obj, TRRoom?2])] ) ,

((BHR (.House, rooms)) [setof, ([obj, BH P Room A,

[obj, BH PRoomB], (obj, BH P Room())] ) :

(.House, living_room))), [boolean,false]),

TRRooml, (.Room, room i ,[string,“l”]),

/N7 N 7 N N

(TR

(B (.House, living_room))), [boolean,true]),
( id)

(

)
TRRoom2, (.Room, room _id)), [string,“Z”]),
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Models after step 15

DefaultValue = {}

BHPRoomA, (.Room, room _i )), [string,“A”]),
BHPRoomB, (.Room, room |d)), [string,“B”]),
BHPRoomC, (.Room, room_id)), [stringﬁ‘C”]),
TRRooml, (.Room, room _size)), [enum, (.RoomSize, L/—\RGE)])
TRRoom2, (.Room, room _size)), [enum, (.RoomSize, MEDIUM)] |,
BHPRoomA, (.Room, room _size)), [enum, (.RoomSize, SMALL
BHPRoomB, (.Room, room size)), [enum, (.RoomSize, SMALL

)]
)]
)]);
BH PRoomC, (.Room, room size)), [enum, (.RoomSize, SMALL)]

)
)

BHPRoomA, (.Room, tenant), [obj, Tenant3| ) ;

)

TRRooml1, (.Room, tenant), [obj, Tenant1

]
]

TRRoom2, (.Room, tenant), [obj,Temth

BHPRoomB, (.Room, tenant), [nil]),
BHPRoomC, (.Room, tenant), [obj,Tenant4]),
Tenantl, (.Tenant, name ), string,“B.R. Mankjon”]),

Tenant2, (.Tenant, name)), [string, “P.J.R. Nam”}),

)
)
Tenant3, (.Tenant, name)
)), |string, “A.C.C. Turg”]),
)

[
). [
), [string, L. Horn”D,
): [
Tenants, (.Tenant, name)), [string, “M. Silon”] ),
Tenantl, (.Tenant, age)), [int, 23])

Tenant2, (.Tenant, age)), |int, 24

) )

)

1)
Tenant4, (.Tenant, age)), |nt,24])7
)

(-

int, 19

) )

), [i
) [
Tenant3, (.Tenant, age)), [int, 18
) [
Tenantb, (.Tenant age) [

)

Tenantl, (.Tenant, type)), [enum, (.TenantType, REGULAR)]

Tenant2, (.Tenant, type)), [enum, (.TenantType, REGULAR)]
Tenant3, (.Tenant, type ),[enum .TenantType, REGULAR ]

Tenant5, (.Tenant, type)), [enum,(.TenantType7SUBTENANT)]),

1)

)
Tenant4, (.Tenant, type)), [enum, (.TenantType, REGULAR)]

Tenantl, (.Tenant, subtenant) )

Tenant2, (.Tenant, subtenant)), mI])

Tenant4, (.Tenant, subtenant)), obJ,Tenant3D

((
((
((
((
((
((
((
((
((
((
((
((
((
((
((
((
((Tenant4 (.Tenant, name
((
((
((
((
((
((
((
((
((
((
((
((
((
((
((
((

[ni

[
Tenant3, (-Tenant, subtenant)), [nil] ),

[

[ni

)
Tenant5, (.Tenant, subtenant)), [ni ])}
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Models after step 15

TGis = combine(T'G14, TG pataFieid) =
NT = {(House), (Room), (Tenant), (RoomSize), (TenantType),

)
(TenantType, REGULAR), (TenantType, SUBTENANT), string, int, bool }

ET = {((House), (name), string), ((House), (rooms), (Room)),

((House), (living_room), bool), ({(Room), (room _id), string),
Room), (room _size), (RoomSize)), ((Room), (tenant), (Tenant)),
Tenant), (name), string), ((Tenant), (age), int),

RoomSize), (SMALL), (RoomSize)),

RoomSize), (MEDIUM), (RoomSize)),

RoomSize), (LARGE), (RoomSize)) }

((House), (House)), ((Room), (Room)), ((Tenant), (Tenant)),
RoomSize), (RoomSize)), ((TenantType), (TenantType)),
(TenantType, REGULAR), (TenantType, REGU L/—\R)),
(TenantType, SUBTENANT), (TenantType, SU BTENANT}),
(TenantType, REGULAR), (TenantType)),

o~~~ o~ o~ o~

I
Il

—~

o

ool, bool) }
(TenantType)}

o~ o~~~ o~ —~ A

=
=
=
Il

/

({House), (name), string), (o..*,1..1)),

House), (rooms), (Room)). (0..1,0..9) )
House), (living_room), booI),(O..*,l..l)),
Room), (room_id), string), (0., 1..1))7

Room), {room _size), (RoomSize)),(0..*,1..1)),
Room), {tenant), (Tenant)), (0..+,0..1) ),
Tenant), (name), string), (0.., 1..1)),

age), int), (0..+,0..1) ),

type), (TenantType)), (0., 1..1)),

Tenant), (subtenant), <Tenant>),(0..*,0..1)),

t

o
>
<)
>

)
)
Tenant), (
)
RoomSize), (SMALL), (RoomSize)), (O..l, O..l)),

RoomSize), (MEDIUM), (RoomSize))7 (O..l,O..l)),

RoomSize), (LARGE), (RoomSize)), (0..1,0..1) ) }

N TN N N TN N N N N N TN N N A

(¢
(¢
({
(¢
({
({
(¢
(¢
({
(¢
(¢
({
(¢

contains = { ((House), (rooms), (Room)) }

(
(
(
(Tenant), (type), (TenantType)), ((Tenant), (subtenant), (Tenant)),
(
(
(

TenantType, SUBTENANT), <TenantType)), (string7 string), (int7 int),
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Models after step 15

IG15 = combine(TG14, [GDataField) =
N = {TR,BHP,TRRoom1,TRRoom2, BHP RoomA, BHPRoomB, BHP RoomC,

Tenantl, Tenant2, Tenant3, Tenantd, Tenantb, SmallSize, MediumSize,
LargeSize, RegularType, SubtenantType, “TwoRem”, “B.H. Paleis”, “17, 427 “A”
“B”,“C”,“B.R. Mankjon”,“P.J.R. Nam”,“L. Horn”,“A.C.C. Turg”,“M. Silon”, 23,
24,18, 19, false, true}

E

SN T N T N N N N N N N N N N N N N T N T N N N T N N TN TN N TN N TN N N

(TR, ((House), (name), string),“TwoRem”),
BH P, ((House), (name), string), “B.H. Paleis”),
TR, ((House), (living_room), bool),false),

BHP, ((House>7 (living_room), bool),true)7

~
SR

({House), (rooms), <Room>),TRRoom1),

~

, ({(House), (rooms), (Room>),TRRoom2),
BHP, ((House), (rooms), (Room)), BHPRoomA),

BH P, ((House), (rooms), (Room)), BHPRoomB)7

Sy

H P, ({House), (rooms), (Room)),BHPRoomC’)7

TRRoom]1, ({Room), (room _id), string)f‘l”)7

TRRoom?2, ((Room), (room_id), string),“?”),

BHPRoomA, ((Room), (room_id), string), “A”),

BHPRoomB, ((Room), (room_id), string), “B”),

BH P RoomC!, ((Room), (room_id), string), “C”),

TRRooml1, ((Room), (tenant), (Tenant>),Tencmt1>,

TRRoom2, ({(Room), (tenant), <Tenant>)7Tenant2>,
BHPRoomA, ((Room), (tenant), (Tenant)), Tencmt3),

BH PRoomC, ((Room), (tenant), (Tenant)), Tencmt4>,
TRRooml1, ({(Room), (room _size), (RoomSize>),LargeSize),
TRRoom?2, ({(Room), (room _size), (RoomSize)), MediumSize)
BHPRoomA, ((Room), (room _size), (RoomSize)) SmallSzze),
BHPRoomB, ((Room), (room_size), (RoomSize)) SmallSzze),
BH P RoomC, ({(Room), (room_size), (RoomSize)) SmallSzze)

Tenantl, ((Tenant), (name), string), “B.R. Mankjon” ),

(
Tenant2, ((Tenant name) strlng) “P.J.R. Nam”),
Tenant3, ((Tenant , {(name) strlng) “L. Horn”),
Tenant4, ((Tenant), (name), string),“A.C.C. Turg” )
Tenantb, ((Tenant name) strlng) “M. Silon” )
Tenantl, ((Tenant , (age), |nt 3) (Tenant2 (Tenant), <age>,int),24),
Tenant3, ((Tenant), (age), int), 8) (Tenant4 Tenant},(age),int),%),
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Models after step 15

Tenantb, ((Tenant) ,(age),int),19>,

Tenant5, ({Tenant), (type), (TenantType) SubtenantType),

Tenantl, ((Tenant), (type), TenantType) RegularType)
Tenant2, ({Tenant), (type), (TenantType)), RegularType),
Tenant ), (type), (TenantType) ) RegularType)
Tenant4, ({Tenant), (type), (TenantType)), RegularType),
), (type) )
(

(¢

(¢ t)

(( t)
3, ({Tenant)

(¢ t)

(¢ t)

(¢

Tenant4, ((Tenant), (subtenant), (Tenant)), Temmt5),
SmallSize, ((RoomSize), (SMALL), (RoomSize)),SmallSize),
MediumSize, ((RoomSize), (MEDIUM), (RoomSize)),MediumSize),

LargeSize, ((RoomSize), (LARGE), <RoomSize>),LargeSize)}

(TR,TR),(BHP,BHP),(TRRooml,TRRooml),(TRRoom2, T RRoom2),
BHPRoomA, BHPRoomA),(BHPRoomB, BHPRoomB),

BHPRoomC, BHPRoomC), (Tenantl, Tenantl), (Tenant2, Tenant2),
Tenant3, Tenant3), (Tenantd, Tenantd), (Tenant5, Tenant5),

SmallSize, SmallSize), (MediumSize, MediumSize),

LargeSize, LargeSize), (RegularType, RegularType),

ident =

Mﬁ/ﬂ/ﬂ/ﬂ/ﬂ/ﬂ/‘\/-\/‘\/‘\/-\

~ o~~~

o~ o~

SubtenantType, SubtenantType)}

(TR, (House)), (BH P, (House)), (T RRoom1, (Room)), (T RRoom2, (Room)),
BHPRoomA, (Room)), (BHPRoomB, (Room)), (BHP RoomC, (Room)),
,(Tenant)), (T'enant2, (Tenant)), (T'enant3, (Tenant)),

Tenantd, (Tenant)), (T'enant5, (Tenant)), (SmallSize, (RoomSize)),
MediumSize, (RoomSize)), (LargeSize, (RoomSize)),

RegularType, (TenantType, REGULARY)),

SubtenantType, (TenantType, SUBTENANT)), (“TwoRem”, string),

“B.H. Paleis”, string), (“1”, string), (“2”, string), (“A”, string), (“B”, string),
“C”, string), (“B.R. Mankjon”, string), (“P.J.R. Nam”, string),

“A.C.C. Turg”, string), (“L. Horn”, string), (“M. Silon”, string), (23, int),
24,int), (18, int), (19, int), (false, bool), (true, bool)}

Il
—~

type,

~
)
N
S
S
o~
—

A~~~ N~~~

—~

Jis(Imys) = (Imaa

fia U fpatarield(IMpatariera) (Definition 4.4.27)
fis(UG15) = f14(UG1

U f/DataField(IGDataField) (Deﬁnition 4432)

A visual representation of T'mys and I'mq5 can be found in Figure 6.30. Similarly, a visual representation

of TG15 and IG15 can be found in Figure 6.31. Please note that because of the definitions of f15(Im1s)
and f15(IG15), we have that fis(Imis) = IG15 and f15(IG15) = Imas. Furthermore, fi15(Imgs) and
f15(IG15) are valid mapping functions themselves, such that they can be combined with another mapping
function in the next step.

The final step is just for completeness and shows the addition of a data field for the last time. This time,
it is shown that fields can still be added to already existing types with (containment) relations, by adding
a boolean attribute to the rooms. The final model and graphs can be seen in the visualisations.
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<> TR:House
name = "TwoRem"
living_room = false

rooms rooms
< TRRoom1 :Room < TRRoom2 :Room
room_id ="1" room_id ="2"
room_size = "LARGE" room_size = "MEDIUM"

tenant tenant
<> Tenant1 Tenant <> Tenant2 Tenant
name = "B.R. Mankjon" name ="P.J.R. Nam"
age =23 age =24
type = REGULAR type = REGULAR

< BHP :House

name = "B.H. Paleis"
living_room = true

rooms rooms
rooms
< BHPRoomA :Room < BHPRoomB :Room < BHPRoomC :Room
room_id ="A" room_id ="B" room_id ="C"
room_size = "SMALL" room_size = "SMALL" room_size = "SMALL"
tenant tenant

< Tenant3 Tenant < Tenant4 Tenant

name ="L. Horn" name ="A.C.C. Turg"

age=18 age =24

type = REGULAR type = REGULAR

subtenant

< Tenant5 Tenant
name = "M. Silon"
age=19

type = SUBTENANT

(a) Instance Model I'mqs

[ £ House ] “* TenantType
5’ name: EString = REGULAR
— living_room: = SUBTENANT
! EBoolean

“* RoomSize

SMALL
MEDIUM
LARGE

[0..1] subtenant

[0..9] rooms

[ E| Room £ Tenant

' room_id : EString ' name: EString
— room_size: ' age:Elnt
T RoomsSize [0..1] tenant o type:

! TenantType

(b) Type Model T'mi5

Figure 6.30: The Ecore model after the final step
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TR : House

living_ room = false

LargeSize : RoomSize name = "TwoRem" MediumSize : RoomSize
LARGE MEDIUM
room size rooms roorri room size
TRRooml : Room TRRoom2 : Room
room_id = "1" room id = "2"
tenant tenf”t [SubtenantType : TenantType$SSUBTENANT
Tenantl : Tenant Tenant2 : Tenant
age = 23 age = 24 type
name = "B.R. Mankjon" | name = "P.J.R. Nam" r
tyfe tyfe Tenant5 : Tenant
age = 19
[RegularType : TenantTypeSREGULAR} name = "M. Silon"
¥
type type subtenant
T~ 1
Tenant3 : Tenant SmallSize : RoomSize L”a:t::_zi"a"t
aee u=|_ 1g " Sl name =g“A_C C. Turg"
name = "L. Horn / T \ ? i
tenant room _size room size room _ size tenant
l
BHPRoomA : Room BHPRoomB : Room BHPRoomC : Room
room_id = "A" room_id = "B" room id ="C"
rooms roo‘ms rooms
BHP : House
living_room = true
name = "B.H. Paleis"
(a) Instance Graph IGis
House .
.. RoomSize ’TenantType$REGULAR‘ ’TenantTypeSSUBTENANT
living room: bool
e stri LARGE
name: string MEDIUM
f / SMALL R N
TenantType
rooms room _size el ¥Pe,
Room

—tenant—> age: int

room _id: string R G

type
Tenant | —

subtenant

(b) Type Graph T'G15

Figure 6.31: The GROOVE graphs after the final step
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Chapter 7

Conclusion

In Chapter 1 of this thesis, the need for verification in complex software projects was discussed. Modern
approaches to software verification use models to verify a piece of software. However, not all models
are suited for this task. Moreover, creating multiple models in different modelling languages for the
same software is time-consuming and expensive. The use of model transformations to automatically
transform models between different modelling languages was presented as a solution. However, in order
for model transformations to be of use in the context of software verification, a formal foundation for the
model transformations is required. This thesis has shown a formal foundation for model transformations
between EMF/Ecore and GROOVE, which can be of use in the field of software verification.

As discussed in Section 2.1, EMF /Ecore is a popular modelling language for modelling software. However,
its models are not well-suited for verification. As discussed in Section 2.2, GROOVE is created especially
for software verification but uses a different modelling language than EMF /Ecore. Therefore, model
transformations should be used to convert between the two models automatically. A formalisation of the
modelling languages themselves was provided in Chapter 3. These formalisations are the foundation of
the formalisation of the model transformations presented as part of the transformation framework.

The transformation framework presented in Chapter 4 provides the main result of this thesis. The
transformation framework includes a formalisation of transformation functions between Ecore models
and GROOVE graphs, which allows the user to reason about these transformation functions formally.
Furthermore, the transformation framework has presented a structured way to compose these transforma-
tion functions iteratively while maintaining the correctness. The composability of these transformation
functions is essential, as it allows the user of the framework to build significant model transformations
without loss of correctness. The correctness property is relevant in the field of software verification, as it
allows for verification of Ecore models within GROOVE, without the loss of confidence that the results
might be incorrect due to transformation errors.

In order to further validate the transformation framework, Chapter 5 has presented a small library of
transformations that can be used within the transformation framework. The transformations from the
library presented in this chapter are all small transformations with a few elements, that can be added to
a larger model using the framework. In this way, the transformations can be used to compose significant
transformations. The library of transformations allows a user to build specific models without the need
to define transformation functions for each created model.

Finally, Chapter 6 has shown an application of the transformation framework and the library of transfor-
mations in a practical example. Throughout the chapter, a single model is built from scratch, showing
each of the steps taken to build the model using the transformation framework. Each step combines a
transformation from the library of transformations with the existing transformation function, making
the transformation function larger and allowing more complex models to be transformed.

In this final chapter, the work presented by the thesis will be concluded. First, the advantages and
limitations of the work will be discussed. Then the work will be evaluated and the research questions
introduced in Section 1.4 will be answered. Finally, some proposals for future work are discussed.

7.1 Advantages & Limitations

Although the approach taken by this thesis has some distinct advantages over other possible methods
for proving the correctness of model transformations, there are also some limitations of the work that
need to be discussed. These advantages and limitations are further discussed in this section before the
work is evaluated.
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As explained earlier, the transformation framework presented in Chapter 4 is considered the main result
of this thesis. This framework is compelling, in that it allows to compose model transformations, which
allows for creating possibly infinitely large model transformations between Ecore and GROOVE. In order
to have composable model transformations, the concept of combining models and graphs is used. Within
this work, it has been chosen to maintain the correctness of the transformation at each step. This
correctness means that only valid or consistent models and graphs are used within each step. The use
of correct models and graphs is favourable because it makes proving the correctness of the combination
much more straightforward. The correctness properties of the individual models and graphs can be used
to prove the correctness of the combinations.

Maintaining correctness in each step of the composition is a definite advantage to maintaining the proof
of correctness. However, it also presents limitations for the transformation steps. Because of the required
correctness properties, each transformation step has to be valid itself. For some transformations, this
means quite significant transformation steps. For example, when introducing a new field on the type
level, it is required to introduce the value for this field for all related objects on the instance level
within one step. The introduction of all values at once is the only way that correctness is maintained.
However, these are already quite large proofs, and they become increasingly complicated when adding
inheritance. If a field is added to a supertype, a value for the field must be introduced for all instances
of the supertype and its subtypes. Introducing values in this way means that an even more significant
transformation step is needed to achieve such a composition. In practice, it is possible to use more
substantial transformations, but it means that the complexity of proving each transformation step is
increased.

The consequences of this limitation are directly visible from the library of transformations, Chapter 5.
The transformations that introduce new fields are already quite complex, especially in their proofs.
Furthermore, these transformations cannot be used on extended types because of the limitation above.
Separate transformations need to be proven to allow the addition of fields to an extended type.

Because of the limitations of the transformation framework and the limited amount of time available
for this thesis, the library of transformations is quite small and incomplete. Only a selected set of
transformations is presented here, which does not even cover all concepts of Ecore. On the side of Ecore,
the following concepts still need to be covered:

e The introduction of fields on types that are extended by other types, as discussed above.

e The introduction of fields typed by different container types still needs to be covered. Only one
transformation shows the use of a setof-type in conjunction with a containment property (Sec-
tion 5.2.9 and Section 5.3.9), but the other containers also need to be covered. Also, container
types containing attributes still need to be covered.

e The concept of multiple inheritance, which is supported by Ecore and GROOVE, but not used
in any transformation. Only one transformation with ‘single’ inheritance is shown as part of
Section 5.2.3 and Section 5.3.3.

e Most of the different model properties (Definition 3.2.10), defaultValue, identity, keyset, opposite
and readonly to be precise, are not yet covered by any of the transformations. The model properties
that are covered, abstract and containment are not yet covered in their full potential.

e The introduction of constants and their corresponding values is not covered yet. Since they are
only used in conjunction with defaultValue properties, it makes sense to cover them at the same
time.

Covering all concepts of Ecore with one or more encodings in GROOVE would mean that all concepts
of GROOVE are also covered. However, this way of achieving coverage means the addition of a lot more
transformations, which could be its own research. Therefore, this is considered future work as described
in Section 7.3.

A different limitation of this thesis, in general, is the focus on syntactical correctness only. No effort has
been made to prove the correctness of the semantics of a model under transformation. This correctness
property has been excluded on purpose, as EMF /Ecore is a quite general modelling framework in which
a lot of different software models can be expressed. Therefore, it is difficult to prove something about
the semantics on an abstract level. A consequence of this decision is that curious encodings are possible,
which are still syntactically correct. For example, one might create an encoding that multiplies all
integer values within a model with a certain number x, when transformed into a GROOVE graph. Then,
a different transformations function can be used to convert back to a model, dividing all integer values
with the same number z. Although this is syntactically correct, it could have enormous implications for
the use within software verification, as the values of the model have changed. If this is not taken into
account beforehand, the results of the software verification could still be questionable.
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Although the work presented by this thesis has some limitations, the work is still considered a useful
contribution. It is believed (although not proven) that it is possible to work around the limitations of
the transformation framework, possibly with more substantial transformations. Moreover, the semantics
of a transformation could be addressed in future research and does not invalidate the work presented
here. Therefore, the work presented in this thesis should be used as a foundation, rather than a piece of
work that is ready to use.

7.2 FEvaluation

This section will evaluate the research carried out in this thesis and answer the main research question
presented in Section 1.4. In order to answer the main research question, the subquestions need to be
evaluated and answered. The answers to the subquestions are the following:

1.

2.

3.

4.

“What is a suitable formalisation of Ecore models and what Ecore models are valid within this
formalisation?”

For this thesis, a suitable formalisation of Ecore was presented in Section 3.2. The formalisation is
considered suitable since it can express almost all concepts of Ecore. Therefore, it is also able to
express all the models used throughout this thesis, which are type models and instance models.

The set of valid models within this formalisation depend on the model level. For type models, the
set of consistent models is constrained by Definition 3.2.11. For instance models, the set of valid
models is constrained by Definition 3.2.19. These definitions answer the question which models are
valid within the formalisation, and the examples shown throughout this thesis show the existence
of these models.

The answer to this question is validated using the existing theory available on Ecore. Also, each
part of the formalisation can be traced back to elements within the Ecore metamodel. Together,
the answer to the first question is considered validated.

“What is a suitable formalisation of GROOVE grammars and what GROOVE grammars are valid
within this formalisation?”

Just like the previous question, a suitable formalisation was presented within this thesis. The
suitable formalisation for GROOVE graphs can be found in Section 3.3. The formalisation is
considered suitable since it can express the relevant GROOVE graphs used throughout this thesis,
which are type models and instance models.

The set of valid grammars within the formalisation depend on the set of graphs defined for a
GROOVE grammar. In order to answer the main research question, it is only relevant to know
when type graphs and instance graphs are valid. For type graphs, the set of consistent graphs
is constrained by Definition 3.3.5. For instance graphs, the set of valid graphs is constrained
by Definition 3.3.10. These definitions answer the question of which graphs are valid within the
formalisation, and the examples shown throughout this thesis show the existence of these graphs.
Since the main research question only needs to show the validity of the presented graph types, the
answer to the question is sufficient.

Once more, the answer to this question is validated using the existing theory available. Existing
theory on GROOVE and graph theory has been used to validate the formalisation, and therefore
the answer to this question is considered validated.

“What is a suitable formalisation for the model transformations between Ecore and GROOVE?”

A formalisation for model transformations between Ecore and GROOVE was given as part of the
presented transformation framework in Chapter 4. Definition 4.3.25, Definition 4.3.30, Defini-
tion 4.4.26 and Definition 4.4.31 are the relevant definitions that specify the properties of (com-
posable) transformation functions between different models and graphs.

The formalisation is considered suitable since it gives rise to a significant set of possible transfor-
mations, which allow for building large complex models. The existence and correctness of this set
are validated using the library of transformations in Chapter 5, which defines and proves a small
set of possible transformations within this formalisation. These transformations show the existence
of model transformations between Ecore and GROOVE that fit within the presented formalisation.
Furthermore, the transformations can map between the formalisations of Ecore and GROOVE by
using these formalisations as input and output, giving confidence in the fact that multiple trans-
formation functions can cover all elements of Ecore and GROOVE. Therefore, the formalisation of
the model transformations themselves can be considered suitable.

“What model transformations are correct within the formalisation?”
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Definition 4.3.25, Definition 4.3.30, Definition 4.4.26 and Definition 4.4.31 constrain the transfor-
mation functions that are considered syntactically valid within the formalisation. Furthermore,
the library of transformations in Chapter 5 has shown some examples of transformations that
are proven to be valid with respect to these definitions, and each of these transformations is also
reversible. Therefore, multiple transformations have been presented which are each syntactically
correct within the formalisation. Furthermore, the formalisation allows us the combine these trans-
formation functions (as presented in Chapter 4), while maintaining the correctness of the functions.
This has also been proven as part of this thesis.

The answer to this question is validated by validating all the correctness proofs. For this thesis, all
the proofs are validated using the Isabelle theorem prover, as presented by Section 2.3. Therefore,
it is validated that the proofs are correct, meaning that by following the definitions, it is clear which
model transformations are syntactically valid within the formalisation. Therefore, the question is
considered answered.

5. “How can correct model transformations between Ecore and GROOVE be composed?”

As explained earlier in Section 1.5, answering this question consists of two parts. First Chapter 4
has shown on a formal level how model transformations are combined. This formalisation has
been done for transformations at both levels. Secondly, it has been shown how to compose these
transformations in practice, which can be found in Chapter 6.

Chapter 4 describes the composability of model transformations by explaining the necessary def-
initions to combine models, graphs and transformation functions. Using Theorem 4.3.29, Theo-
rem 4.3.36, Theorem 4.3.36 and Theorem 4.4.38 it is possible to show that these definitions indeed
give rise to a new transformation function, which is then proven to be syntactically correct.

Chapter 6 shows how to apply these definitions by composing a large transformation function out
of the small transformation functions presented in the library of transformations (see Chapter 5).
This example shows how the definitions from Chapter 4 can be applied in practice, answering the
practical part of the question.

As explained before, all proofs within this thesis have been validated using the Isabelle theorem
prover, as presented by Section 2.3. That means that the proofs presented to prove the composition
of transformation functions are correct. The correctness of these proofs validates that the method of
composing transformation functions is syntactically correct. Furthermore, the example of Chapter 6
shows that it is possible to apply these definitions in practice, which validates that there is actual
use for the composability definitions. Together this shows that all parts of the answer are validated,
so the question is considered validated.

With the answers to the subquestions given, it is possible to answer the main research question:

“What is a suitable formalisation for composable model transformations between Ecore and GROOVE
that gives rise to correct model transformations between Ecore and GROOVE?”

In order to give a formalisation for the model transformations, formalisations for Ecore and GROOVE
were needed. Subquestions 1 and 2 have shown suitable transformations for both languages. The
formalisation for composable model transformations is given as part of Chapter 4. Subquestions 3
explains that the formalisation is suitable, whereas subquestion 5 shows that the formalisation indeed
allows for composable model transformations. The correctness of these transformations is proven, which
is explained in subquestions 4 and 5. Finally, Chapter 5 and Chapter 6 have shown that there indeed exist
such model transformations in practice. The existence of these model transformations is also explained in
subquestions 3 and 5. Altogether, these answer the main research question, as the thesis has shown that
there exists a suitable formalisation for composable model transformations between Ecore and GROOVE.
It has also shown that this formalisation gives rise to syntactically correct model transformations between
Ecore and GROOVE.

7.3 Future work

Although this thesis has provided a complete framework for composing transformation functions between
Ecore and GROOVE, much work remains to be done to make this solution viable in practice. In future
work, limitations of this work could be addressed, and additional work can be performed in order to
make implementations of the work possible. Possible improvements and future work are discussed in this
section.
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7.3.1 Improvements to the transformation framework

This thesis has provided a transformation framework for composable model transformations between
Ecore and GROOVE. As discussed in Section 7.1, the choices made within this transformation framework
have advantages and limitations. An important limitation is the requirement to maintain correctness at
each step of composing a transformation function. As a consequence, the small transformations presented
in the library of transformations can become quite substantial, and are more difficult to prove.

One could investigate the possibility of making the requirement of correctness less strict. This could be
done by allowing some partial compositions, that need to be applied in a specific order, to achieve once
more a correct transformation. These partial compositions would make the individual transformation
steps smaller, and thus easier to prove. However, it will probably introduce some new requirements to
maintain the general correctness of the transformation, which should be researched further.

7.3.2 Complete the library of transformations

This thesis has provided a non-exhaustive library of transformations that can be applied within the
transformation framework. As explained in Section 7.1, several concepts of Ecore are not yet covered.
Future research might focus on defining a complete library of transformations, that can compose every
possible transformation function. Such research would consist of adding transformations for missing
concepts and possibly a proof that all valid models and graphs can indeed be built.

In order to achieve completeness of the library, at least the following transformations should be pro-
vided:

e For all transformations that introduce fields, there should be counterparts that can introduce these
fields on types that are extended by other types. In order to create these transformations, the
set of shared objects should contain not only all instances of the supertype but also all instances
of all subtypes. Furthermore, for all these objects, a value needs to be introduced for the newly
introduced field. Please note that this should be done for both the introduction of fields on abstract
classes and the introduction of fields on regular classes. When done carefully, the proof created
for the instance level could be reused for both of these transformations. Furthermore, the proofs
created for regular classes might be able to replace the existing transformations for introducing
fields.

e New transformations need to be introduced that cover all the possible container types. This
means that transformations should be created that introduce a field typed by a bagof, setof, seqof
or ordof container type, containing any other possible type. Because of the limitations of the
transformation framework, it will not be possible to prove this for all contained types at once, so
multiple transformations will be needed here.

e A transformation should be created that allows for introducing multiple inheritance. Multiple
inheritance can be introduced by either creating a transformation that introduces a new type that
extends from a set of existing types, or by creating a transformation that introduces a set of new
types from which one existing subtype does inherit. The new types should be created in one
transformation, to be able to proof that the inheritance relation remains valid.

e For all transformations introducing some field, an additional transformation would need to be
created that introduces a defaultValue property on the corresponding field. This transformation
would also need to introduce a new constant and its value.

e A transformation should be created that introduces a new class type with an identity property.
Because of the limitations of the transformation framework, all the attributes that are part of the
identity property need to be introduced as well. Furthermore, all the instances of the new class
type need to be created within the same transformation, and all values for all the attributes should
be defined. Such a transformation would be substantial, and would undoubtedly benefit from the
possibility to do partial compositions, as proposed by Section 7.3.1.

e Multiple transformations should be created which introduce a new field with an keyset property.
Because of the limitations of the transformation framework, all the attributes that are part of the
keyset property need to be introduced as well. Furthermore, a value for the field and all related
attributes needs to be introduced at the instance level, within one transformation step. Once more,
such a transformation would be substantial, and would undoubtedly benefit from the possibility to
do partial compositions, as proposed by Section 7.3.1.

e Multiple transformations should be created which introduce a new field with an opposite property.
Introducing the opposite property can be done between existing types and instances, it only has to
be made sure that transformations exist for all possible types for a field with an opposite property.
Extra care should be given to introducing a new field that has a opposite property and a containment
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property on one of the fields. In this case, it is needed to introduce the instances contained by the
containment relation as well.

e For all the transformations introducing some field, an additional transformation would need to be
created that introduces a readonly property on the corresponding field. Since a read-only property
is only used for the semantics of the model and not anywhere in the syntax, this should be quite
trivial.

e Transformations need to be created for some combinations of properties, especially containment and
identity, to ensure that models combining these properties can be created within the transformation
framework.

Although it is believed that introducing all these transformations would eventually result in a complete
library of transformations, no proof for this claim exists. Therefore, this should be taken into account
when performing this work.

7.3.3 Add more encodings

This thesis has shown that elements in Ecore can have multiple encodings in GROOVE. An example of
this is given in Section 5.2.4 and Section 5.3.4. Future work might focus on defining more encodings for
different elements of Ecore. Having the choice between multiple encodings for the same element when
transforming an Ecore model to GROOVE might be beneficial for the verification of specific properties.
Different encodings might have their advantages and disadvantages within the field of verification, and
therefore a choice between encodings might make more use cases possible.

Each of these encodings should be proven correct within the transformation framework. Moreover, as
shown in Section 5.2.7 and Section 5.3.7, it might be the case that introducing new encodings might
also need specific transformations for related elements that use the encoding. Therefore, providing more
encodings could be a quite substantial amount of work.

Besides introducing more encodings, such research would also include research on the possible encodings
for an element. Furthermore, the practical use of each of these encodings could be investigated.

7.3.4 Implementation

The framework presented in this thesis only represents a mathematical foundation. In order to apply this
framework in practice, it needs to be implemented as part of EMF, GROOVE or as a standalone tool.
Such implementation would allow a user to automatically transform Ecore models into GROOVE graphs
and vice versa while having the framework as a formal foundation to show the syntactical correctness of
the transformations.

The implementation of this framework is not a trivial task in itself. Such an implementation would
need to figure out how to decompose models and graphs into their separate components in order to
build a transformation. This decomposition might give rise to more fundamental research, as the current
framework does not describe the decomposition of models and graphs. Furthermore, an approach to the
decomposition of models and graphs might be an ambiguous process, meaning that a model or graph
can be decomposed in more than one way. Research on how to handle this ambiguity also needs to be
carried out when applicable. Furthermore, an implementation would need to deal with multiple possible
encodings when composing the transformation function, as it is possible to transform a model using
multiple correct graph encodings.
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Appendix A

Example Isabelle Theory

This appendix contains an export of the Multiplicity theory used to formalise Definition 3.1.1 within

Isabelle. It is used in Section 2.3 to explain the concepts of Isabelle theories.

theory Multiplicity
imports Main
begin

A.1 Linear order of natural numbers including unbounded

datatype M = Star | Nr nat

notation
Star ((x) 1000) and
Nr ((-) [1000] 1000)

instantiation M :: linorder
begin

fun less-e¢-M :: M = M = bool where
less-eq-M - * = True |

less-eqg-M (a) (b) = (a < b) |

less-eq-M - - = False

fun less-M :: M = M = bool where
less-M (=) x = True |

less-M (a) (b) = (a < b) |

less-M - - = False

instance proof
fixzyza M
show (z < y)=(z<yA-y <z
proof (induction z arbitrary: y)
case Star
then show ?case by simp-all
next
case (Nr 1)
then show ?case by (cases y) auto
qed

show z < z by (induction z) simp-all
thenshowz <y =y <z =2 =y
proof (induction z arbitrary: y)

case Star

then show ?case by (cases y) simp-all
next

case (Nr z)

then show ?case by (cases y) simp-all
qed

showzr <y = y<z= 2 <2
proof (induction z arbitrary: y z)
case Star
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then show ?case by (cases y) simp-all
next
case (Nr z)
then show ?case
proof (induction y arbitrary: z)
case Star
then show ?case by (cases z) simp-all
next
case (Nr z)
then show ?case by (cases z) simp-all
qed
qed

showz <yVvy<z
proof (induction z arbitrary: y)
case Star
then show ?case by simp
next
case (Nr z)
then show ?case by (cases y) auto
qed
qed

end

A.2 Definition of multiplicity
type-synonym multiplicity = M x M

definition lower :: multiplicity = M where
lower m = fst m

declare lower-def[simp add]

definition upper :: multiplicity = M where
upper m = snd m

declare upper-def[simp add]

locale multiplicity = fixes mult :: multiplicity
assumes lower-bound-valid[simp]: lower mult #
assumes upper-bound-valid: upper mult # 0

assumes properly-bounded[simp): lower mult < upper mult

context multiplicity
begin

lemma upper-bound-valid-alt[simp]: upper mult > 1
using less-M.elims not-less upper-bound-valid by fastforce

end

abbreviation multiplicity-notation :: M = M = multiplicity ((-/..-) [52, 52] 51) where

l.ou = (lLu)

definition within-multiplicity :: nat = multiplicity = bool (infixl in 50) where

nin m = lower m < n A n < upper m

theorem mult-zero-unbounded-valid[simp]: n in 0..x
unfolding within-multiplicity-def
by simp

theorem mult-single-value-bound[simp): n in m.m = n = m

unfolding within-multiplicity-def
by auto

end
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