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Preface

In the late 1960s and early 1970s, the concepts of graph transformation and
graph grammars started to become of interest in picture processing and com-
puter science. The main idea was to generalize well-known rewriting tech-
niques from strings and trees to graphs, leading to graph transformations and
graph grammars. In particular, the concepts of algebraic graph transforma-
tion gained considerable importance in the early years and have done so even
more in the last decade. Today, algebraic graph transformation techniques are
playing a central role in theoretical computer science, as well as in several ap-
plied areas, such as software engineering, concurrent and distributed systems,
and visual modeling techniques and model transformations.

The aim of this book is to present the fundamentals of algebraic graph
transformation techniques for the purposes of teaching, research, and devel-
opment, with respect to the following aspects:

1. Fundamentals in the sense of an introduction with a detailed motivation
to algebraic graph transformation, including the main constructions and
results, as well as their generalization to high-level replacement systems,
with a wide range of applications in computer science and related areas.

2. Fundamentals in the sense of mathematical theories, which are the basis
for precise definitions, constructions, and results, and for the implementa-
tion of algebraic graph transformation in a tool environment called AGG.

3. Fundamentals in the sense of the integration of data types and process
specification techniques, where the concepts of algebraic data types are
integrated with graph rewriting, leading to the concept of typed attributed
graph transformation.

In accordance with these aims, the book is organized in four parts:

e Part I: Introduction to Graph Transformation Systems, where graph trans-
formations based on classical graphs are introduced and the main construc-
tions and results are motivated in detail.
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e Part II: Adhesive High-Level Replacement Categories and Systems, where
the theory is presented in a categorical framework with applications to a
large variety of high-level structures, especially transformation systems for
various kinds of graphs and Petri nets.

o Part III: Typed Attributed Graph Transformation Systems, where the con-
cepts of typed attributed graphs are carefully introduced and the main
results are obtained as instantiations of Part II.

e Part IV: Case Study on Model Transformation, and Tool Support by AGG,
where the concepts of typed attributed graph transformation are applied
in a separate case study to visual model transformation, and it is shown
how the theory is implemented in the AGG tool.

The book is organized in such a way that the reader can switch, after
the introduction in Part I, immediately to Part III; however, the concepts
and results in both of these parts are instantiations of the categorical theory
presented in Part II.

The material of this book is based on a theory of algebraic graph trans-
formation developed at the Technical University of Berlin in cooperation with
several international partners in the EU projects COMPUGRAPH, GET-
GRATS, APPLIGRAPH and SEGRAVIS. This material can also be seen as
being in the tradition of algebraic specification techniques, described in the
EATCS series of Monographs in Theoretical Computer Science.

We are most thankful to Hans-Jorg Kreowski, Michael Pfender, Hans-
Jiirgen Schneider, Barry Rosen, and Grzegorz Rozenberg for creating the al-
gebraic approach to graph transformation in fruitful cooperation with the first
author in the 1970s. For the main contributions to the algebraic approach in
subsequent years, we would like to thank in addition Paolo Baldan, Roswitha
Bardohl, Paolo Bottoni, Andrea Corradini, Gregor Engels, Claudia Ermel,
Ingrid Fischer, Annegret Habel, Reiko Heckel, Berthold Hoffmann, Manuel
Koch, Barbara Konig, Martin Korff, Jochen Kiister, Juan de Lara, Leen Lam-
bers, Michael Lowe, Ugo Montanari, Mark Minas, Fernando Orejas, Julia Pad-
berg, Karl-Heinz Pennemann, Francesco Parisi-Presicce, Detlef Plump, Leila
Ribeiro, Francesca Rossi, Olga Runge, Andy Schiirr, Pawel Sobociriski, Daniel
Varré, Szilvia Varré-Gyapay, Annika Wagner, and Dietmar Wolz.

We would especially like to thank Reiko Heckel for several useful comments
concerning the overall structure of the book.

A draft version of the book was carefully studied by the participants of a
compact seminar on “Fundamentals of Algebraic Graph Transformation” for
advanced students and young researchers in the SEGRAVIS TMR, network.
We are most grateful to the following members of this seminar, whose com-
ments led to several useful improvements in the final version of this book:
Paolo Baldan, Enrico Biermann, Benjamin Braatz, Esther Guerra, Stefan
Hénsgen, Frank Herrmann, Markus Klein, Barbara Konig, Sebastian Kuh-
nert, Juan de Lara, Tihamer Levendovsky, Katharina Mehner, Tony Modica,
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Mattia Monga, Allesandra Raffaetta, Guilherme Rangel, Giovanni Toffetti
Carughi, Daniel Varré, Szilvia Varré-Gyapay, and Jessica Winkelmann.

Finally, we thank Grzegorz Rozenberg and all the other editors of the
EATCS monograph series, and those at Springer-Verlag, especially Ronan
Nugent, for smooth publication.
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Introduction to Graph Transformation Systems



3

The first Part of this book provides a general introduction to graph transfor-
mation, graph transformation systems, and graph grammars. In Chapter 1,
we start with an overview of various graph transformation approaches, espe-
cially the algebraic approach; we describe the organization of the chapters of
the book; and we provide some bibliographic notes. In Chapter 2, we give a
detailed introduction to the algebraic approach in the case of graphs, labeled
graphs and typed graphs, leading to the basic notions and results of graph
transformation systems described in Chapter 3.

The classical theory of labeled graph grammars and labeled graph transfor-
mation systems was mainly developed in the 1970s, particularly as a result of
a cooperation between TU Berlin (H. Ehrig, M. Pfender, and H.J. Kreowski),
the University of Erlangen (H.J. Schneider), and IBM Yorktown Heights (B.
Rosen) (see [EPS73, ER76, Kre78, Ehr79]). The theory was extended in the
1980s and 1990s by groups in Bremen (H.J. Kreowski, A. Habel, D. Plump,
and B. Hoffmann), Pisa (U. Montanari, A. Corradini, and P. Baldan), Rome
(F. Parisi-Presicce and P. Bottoni), Leiden/Paderborn (G. Rozenberg and G.
Engels) and Porto Allegre (L. Ribeiro and M. Korff), in cooperation with TU
Berlin (H. Ehrig, G. Taentzer, M. Lowe, and R. Heckel); this is documented
in the three volumes of the Handbook of Graph Grammars and Computation
by Graph Transformation [Roz97, EEKR99, EKMR99]. The main work in
the last five years has been on extensions of the theory to typed attributed
graph transformation and adhesive high-level replacement systems, which are
described in Parts II and III of this book.

For those readers who are interested mainly in the concepts and results of
transformation systems for classical and typed attributed graphs, but not so
much in the general theory and the proofs, it is advisable to read Part I, skip
Part II, and continue after Part I with Parts III and IV.
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General Introduction

The main idea of graph grammars and graph transformation is the rule-based
modification of graphs, where each application of a graph rule leads to a
graph transformation step. Graph grammars can be used to generate graph
languages similar to Chomsky grammars in formal language theory. Moreover,
graphs can be used to model the states of all kinds of systems, which allows
one to use graph transformation to model state changes in these systems. This
enables the user to apply graph grammars and graph transformation systems
to a wide range of fields in computer science and other areas of science and
engineering. A detailed presentation of various graph grammar approaches
and application areas of graph transformation is given in the three volumes of
the Handbook of Graph Grammars and Computing by Graph Transformation
[Roz97, EEKR99, EKMR99).

1.1 General Overview of Graph Grammars and Graph
Transformation

The research area of graph grammars or graph transformation is a discipline
of computer science which dates back to the 1970s. Methods, techniques, and
results from the area of graph transformation have already been studied and
applied in many fields of computer science, such as formal language theory,
pattern recognition and generation, compiler construction, software engineer-
ing, the modeling of concurrent and distributed systems, database design and
theory, logical and functional programming, artificial intelligence, and visual
modeling.

This wide applicability is due to the fact that graphs are a very natural
way of explaining complex situations on an intuitive level. Hence, they are
used in computer science almost everywhere, for example for data and control
flow diagrams, for entity relationship and UML diagrams, for Petri nets, for
visualization of software and hardware architectures, for evolution diagrams
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of nondeterministic processes, for SADT diagrams, and for many more pur-
poses. Like the token game for Petri nets, graph transformation allows one to
model the dynamics in all these descriptions, since it can describe the evo-
lution of graphical structures. Therefore, graph transformations have become
attractive as a modeling and programming paradigm for complex-structured
software and graphical interfaces. In particular, graph rewriting is promising
as a comprehensive framework in which the transformation of all these very
different structures can be modeled and studied in a uniform way.
Before we go into more detail, we discuss the following basic question.

1.1.1 What Is Graph Transformation?

Graph transformation has at least three different roots:

e from Chomsky grammars on strings to graph grammars;
e from term rewriting to graph rewriting;
e from textual description to visual modeling.

We use the notion of graph transformation to comprise the concepts of graph
grammars and graph rewriting. In any case, the main idea of graph transfor-
mation is the rule-based modification of graphs, as shown in Fig. 1.1.

Fig. 1.1. Rule-based modification of graphs

The core of a rule or production, p = (L, R) is a pair of graphs (L, R), called
the left-hand side L and the right-hand side R. Applying the rule p = (L, R)
means finding a match of L in the source graph and replacing L by R, leading
to the target graph of the graph transformation. The main technical problems
are how to delete L and how to connect R with the context in the target
graph. In fact, there are several different solutions to how to handle these
problems, leading to several different graph transformation approaches, which
are summarized below.

1.1.2 Aims and Paradigms of Graph Transformation

Computing was originally done on the level of the von Neumann Machine
which is based on machine instructions and registers. This kind of low-level
computing was considerably improved by assembler and high-level imperative
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languages. From the conceptual point of view — but not necessarily from the
point of view of efficiency — these languages were further improved by func-
tional and logical programming languages. This newer kind of computing is
based mainly on term rewriting, which, by analogy with graphs and graph
transformations, can be considered as a concept in the field of tree trans-
formations. Trees, however, unlike graphs, do not allow sharing of common
substructures, which was one of the main reasons for the efficiency problems
concerning functional and logical programs. This motivates us to consider
graphs rather than trees as the fundamental structures of computing.

The main idea is to advocate graph transformations for the whole range of
computing. Our concept of computing by graph transformations is not focused
only on programming but includes also specification and implementation by
graph transformation, as well as graph algorithms and computational models,
and computer architectures for graph transformations.

This concept of computing by graph transformations was developed as
a basic paradigm in the ESPRIT Basic Research Actions COMPUGRAPH
and APPLIGRAPH and in the TMR Network GETGRATS during the years
1990-2002. It can be summarized in the following way.

Computing by graph transformation is a fundamental concept for the fol-
lowing items:

o Visual modeling and specification. Graphs are a well-known, well-
understood, and frequently used means to represent system states. Class
and object diagrams, network graphs, entity-relationship diagrams, and
Petri nets are common graphical representations of system states or classes
of system states; there are also many other graphical representations. Rules
have proved to be extremely useful for describing computations by local
transformations of states. In object-oriented modeling, graphs occur at
two levels: the type level (defined on the basis of class diagrams) and the
instance level (given by all valid object diagrams). Modeling by graph
transformation is visual, on the one hand, since it is very natural to use
a visual representation of graphs; on the other hand, it is precise, owing
to its formal foundation. Thus, graph transformation can also be used in
formal specification techniques for state-based systems.

The aspect of supporting visual modeling by graph transformation is
one of the main intentions of the ESPRIT TMR Network SEGRAVIS
(2002-2006). In fact, there are a wide range of applications in the support
of visual modeling techniques, especially in the context of UML, by graph
transformation techniques.

e Model transformation. In recent years, model-based software development
processes (such as that proposed by the MDA [REFW*04]) have evolved. In
this area, we are witnessing a paradigm shift, where models are no longer
mere (passive) documentation, but are used for code generation, analysis,
and simulation as well. An important question is how to specify such model
transformations. Starting from visual models as discussed above, graph
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transformation is certainly a natural choice. On the basis of the underlying
structure of such visual models, the abstract syntax graphs, the model
transformation is defined. Owing to the formal foundation, the correctness
of model transformations can be checked. More precisely, correctness can
be formulated on a solid mathematical basis, and there is a good chance of
verifying correctness using the theory of graph transformation. The first
steps in this direction have been taken already (see Chapter 14).
Concurrency and distribution. When graph transformation is used to de-
scribe a concurrent system, graphs are usually taken to describe static
system structures. System behavior expressed by state changes is mod-
eled by rule-based graph manipulations, i.e. graph transformation. The
rules describe preconditions and postconditions of single transformation
steps. In a pure graph transformation system, the order of the steps is
determined by the causal dependency of actions only, i.e. independent rule
applications can be executed in an arbitrary order. The concept of rules
in graph transformation provides a clear concept for defining system be-
havior. In particular, for modeling the intrinsic concurrency of actions,
graph rules provide a suitable means, because they explicate all structural
interdependencies.

If we stick to sequential execution, parallel transformations have to be
modeled by interleaving their atomic actions arbitrarily. This interleaving
leads to the same result if the atomic actions are independent of each
other. Simultaneous execution of actions can be modeled if a parallel rule
is composed from the actions.

Parallel and distributed graph transformation both offer structured

rule applications, in both temporal and spatial dimensions. Distributed
graphs contain an additional structure on the graphs. Graphs are allowed
to be split into local graphs and, after local transformations, local graphs
are joined again to one global graph. Parallel graph transformation can
be considered as a special case of distributed graph transformation, where
the host graph is nondistributed.
Software development. In software development, a large variety of differ-
ent structures occur on different levels, which can be handled as graphs.
We distinguish architectural and technical structures from administrative
configurations and integration documents. All this structural information
evolves, i.e. it changes during the software development process. This in-
cludes editing of documents, execution of operations, modification (opti-
mization) of programs, analysis, configuration and revision control, etc.
Graph transformation techniques have been used to describe this struc-
tural evolution in a rule-based way.

For software development purposes, graphs have several advantages
over trees. Graphs are a powerful description technique for any kind of
structure. This means that all structural information can be expressed by
graphs and does not have to be stored outside the structural part, as is done
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in the case of trees. Attributes are important for storing data information.
In this way, structural information is separated from nonstructural.

Graph transformations are used to describe certain development
processes. Thus, we can argue that we program on graphs. But we do so
in a quite abstract form, since the class of structures is the class of graphs
and is not specialized to a specific class. Furthermore, the elementary op-
erations on graphs are rule applications. Mostly, the execution order of
rule applications relies on structural dependencies only, i.e. it is just given
implicitly. Alternatively, explicit control mechanisms for rule applications
can be used.

A state-of-the-art report on applications, languages, and tools for graph

transformation on the one hand and for concurrency, parallelism, and distri-

but

ion on the other hand is given in Volumes 2 and 3 of the Handbook of Graph

Grammars and Computing by Graph Transformation [EEKR99, EKMR99].

1.1
Fro

.3 Overview of Various Approaches

m an operational point of view, a graph transformation from G to H,

written G = H, usually contains the following main steps, as shown in Fig.

1.2:
1.

Choose a production p : L = R with a left-hand side L and a right-hand
side R, and with an occurrence of L in G.
Check the application conditions of the production.
Remove from G that part of L which is not part of R. If edges dangle
after deletion of L, either the production is not applied or the dangling
edges are also deleted. The graph obtained is called D.
Glue the right-hand side R to the graph D at the part of L which still
has an image in D. The part of R not coming from L is added disjointly
to D. The resulting graph is F.
If the production p contains an additional embedding relation, then embed
the right-hand side R further into the graph E according to this embedding
relation. The end result is the graph H.

T

H

Fig. 1.2. Graph transformation from an operational point of view

h
V

G = D > E

V

Graph transformation systems can show two kinds of nondeterminism:

first, several productions might be applicable and one of them is chosen ar-
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bitrarily; and second, given a certain production, several matches might be
possible and one of them has to be chosen. There are techniques available to
restrict both kinds of choice. Some kind of control flow on rules can be defined
for applying them in a certain order or by using explicit control constructs,
priorities, layers, etc. Moreover, the choice of matches can be restricted by
specifying partial matches using input parameters.

The main graph grammar and graph transformation approaches developed
in the literature so far are presented in Volume 1 of the Handbook of Graph
Grammars and Computing by Graph Transformation [Roz97]:

1. The node label replacement approach, developed mainly by Rozenberg,
Engelfriet, and Janssens, allows a single node, as the left-hand side L,
to be replaced by an arbitrary graph R. The connection of R with the
context is determined by an embedding relation depending on node labels.
For each removed dangling edge incident with the image of a node n in
L, and each node n' in R, a new edge (with the same label) incident with
n' is established provided that (n,n’) belongs to the embedding relation.

2. The hyperedge replacement approach, developed mainly by Habel, Kre-
owski, and Drewes, has as the left-hand side L a labeled hyperedge, which
is replaced by an arbitrary hypergraph R with designated attachment
nodes corresponding to the nodes of L. The gluing of R to the context
at the corresponding attachment nodes leads to the target graph without
using an additional embedding relation.

3. The algebraic approach is based on pushout constructions, where pushouts
are used to model the gluing of graphs. In fact, there are two main variants
of the algebraic approach, the double- and the single-pushout approach.
The double-pushout approach, developed mainly by Ehrig, Schneider, and
the Berlin and Pisa groups, is introduced in Section 1.2 and presented later
in Part I of this book in more detail. In both cases, there is no additional
embedding relation.

4. The logical approach, developed mainly by Courcelle and Bouderon, allows
graph transformation and graph properties to be expressed in monadic
second-order logic.

5. The theory of 2-structures was initiated by Rozenberg and Ehrenfeucht,
as a framework for the decomposition and transformation of graphs.

6. The programmed graph replacement approach of Schiirr combines the glu-
ing and embedding aspects of graph transformation. Furthermore, it uses
programs in order to control the nondeterministic choice of rule applica-
tions.

1.2 The Main Ideas of the Algebraic Graph
Transformation Approach

As mentioned above, the algebraic graph transformation approach is based
on pushout constructions, where pushouts are used to model the gluing of
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graphs. In the algebraic approach, initiated by Ehrig, Pfender, and Schneider
in [EPS73], two gluing constructions are used to model a graph transformation
step, as shown in Fig. 1.4. For this reason, this approach is also known as the
double-pushout (DPO) approach, in contrast to the single-pushout (SPO)
approach. Both of these approaches are briefly discussed below.

1.2.1 The DPO Approach

In the DPO approach, roughly speaking, a production is given by p =
(L,K,R), where L and R are the left- and right-hand side graphs and K
is the common interface of L and R, i.e. their intersection. The left-hand side
L represents the preconditions of the rule, while the right-hand side R de-
scribes the postconditions. K describes a graph part which has to exist to
apply the rule, but which is not changed. L\ K describes the part which is to
be deleted, and R\ K describes the part to be created.

A direct graph transformation with a production p is defined by first finding
a match m of the left-hand side L in the current host graph G such that m is
structure-preserving.

When a direct graph transformation with a production p and a match m is
performed, all the vertices and edges which are matched by L\ K are removed
from G. The removed part is not a graph, in general, but the remaining
structure D := (G\m(L)) Um(K) still has to be a legal graph, i.e., no edges
should be left dangling. This means that the match m has to satisfy a suitable
gluing condition, which makes sure that the gluing of L\ K and D is equal to
G (see (1) in Fig. 1.3). In the second step of a direct graph transformation,
the graph D is glued together with R\ K to obtain the derived graph H (see
(2) in Fig. 1.3). Since L and R can overlap in K, the submatch occurs in the
original graph G and is not deleted in the first step, i.e. it also occurs in the
intermediate graph D. For gluing newly created vertices and edges into D, the
graph K is used. This defines the gluing items at which R is inserted into D.
A graph transformation, or, more precisely, a graph transformation sequence,
consists of zero or more direct graph transformations.

More formally, a direct graph transformation with p and m is defined as
follows. Given a production p = (L «— K — R) and a context graph D, which
includes also the interface K, the source graph G of a graph transformation
G = H via p is given by the gluing of L and D via K, written G = L +x D,
and the target graph H is given by the gluing of R and D via K, written
H = R+x D. More precisely, we shall use graph morphisms K — L, K — R,
and K — D to express how K is included in L, R, and D, respectively. This
allows us to define the gluing constructions G = L+ D and H = R+x D
as the pushout constructions (1) and (2) in Fig. 1.3, leading to a double
pushout. The resulting graph morphism R — H is called the comatch of the
graph transformation G = H.

In order to apply a production p with a match m of L in G, given by a
graph morphism m : L — G as shown in Fig. 1.3, we first have to construct a
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context graph D such that the gluing L+ x D of L and D via K is equal to G.
In the second step, we construct the gluing R+ D of R and D via K, leading
to the graph H and hence to a DPO graph transformation G = H via p and
m. For the construction of the first step, however, a gluing condition has to
be satisfied, which allows us to construct D with L 4+, D = G. In the case of
an injective match m, the gluing condition states that all dangling points of
L, i.e. the nodes x in L such that m(z) is the source or target of an edge e in
G\ L, must be gluing points z in K.

- ——» R

K
(1) l (2) l

- D—m» [

Q=i

Fig. 1.3. DPO graph transformation

A simple example of a DPO graph transformation step is given in Fig.
1.4, corresponding to the general scheme in Fig. 1.3. Note that in the diagram
(POL1), G is the gluing of the graphs L and D along K, where the numbering
of the nodes indicates how the nodes are mapped by graph morphisms. The
mapping of the edges can be uniquely deduced from the node mapping. Note
that the gluing condition is satisfied in Fig. 1.4, because the dangling points
(1) and (2) of L are also gluing points. Moreover, H is the gluing of R and
D along K in (PO2), leading to a graph transformation G = H via p. In
fact, the diagrams (PO1) and (PO2) are pushouts in the category Graphs of
graphs and graph morphisms (see Chapter 2).

For technical reasons, the morphisms K — L and K — R in the produc-
tions are usually restricted to injective graph morphisms. However, we allow
noninjective matches m : L — G and comatches n : R — H. This is es-
pecially useful when we consider a parallel production p; + ps : Ly + Lo «—
K1+ K5 — Ry + Ro, where + denotes the disjoint union. Even for injective
matches m; : Ly — G of p; and ms : Ly — G of py, the resulting match
m : L1 + Ly — G is noninjective if the matches mq(L1) and ma(L2) are
overlapping in G.

1.2.2 The Algebraic Roots

In Chapter 2, we shall see that a graph G = (V, E, s,t) is a special case of
an algebra with two base sets V (vertices) and E (edges), and operations
s : E — V (source) and t : E — V (target). Graph morphisms f :
G1 — G2 are special cases of algebra homomorphisms f = (fy : Vi — V4,
fE : E1 — E5). This means that fy and fg are required to be compatible with
the operations, i.e. fyyos; = sqo0 fg and fy oty = tgo fr. In Fig. 1.4, all arrows
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Fig. 1.4. Example of DPO graph transformation

between the boxes are graph morphisms. Moreover, the gluing construction of
graphs can be considered as an algebraic quotient algebra construction. This
algebraic view of graphs and graph transformations is one of the main ideas of
the algebraic graph transformation approach introduced in [EPS73, Ehr79].

1.2.3 From the DPO to the SPO Approach

As pointed out already, the gluing constructions in the algebraic approach are
pushouts in the category Graphs based on (total) graph morphisms. On the
other hand, the production p = (L «+ K — R) shown in Fig. 1.4 can also be
considered as a partial graph morphism p : L — R with domain dom(p) = K.
Moreover, the span (G «— D — H) can be considered as a partial graph
morphism s : G — H with dom(s) = D. This leads to the diagram in Fig.
1.5, where the horizontal morphisms are partial and the vertical ones are total
graph morphisms. In fact, Fig. 1.5 is a pushout in the category PGraphs of
graphs and partial graph morphisms and shows that the graph transformation
can be expressed by a single pushout in the category PGraphs. This approach
was initiated by Raoult [Rao84] and fully worked out by Lowe [Low90], leading
to the single-pushout approach.

From the operational point of view, the SPO approach differs in one main
respect from the DPO approach, which concerns the deletion of context graph
elements during a graph transformation step. If the match m : L — G does not
satisfy the gluing condition with respect to a production p = (L — K — R),
then the production is not applicable in the DPO approach. But it is applicable
in the SPO approach, which allows dangling edges to occur after the deletion
of L\K from G. However, the dangling edges in G are also deleted, leading to
a well-defined graph H.
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If, in Fig. 1.4, vertex (2) were to be deleted from K, the gluing condition
would not be satisfied in the DPO approach. In the SPO approach, this would
mean that vertex (2) is not in the domain of p, leading to a dangling edge
e in G after deletion of L \ dom(p) in Fig. 1.5. As a result, edge e would be
deleted in H.

A detailed presentation and comparison of the two approaches is given
in Volume 1 of the Handbook of Graph Grammars and Computing by Graph
Transformation [Roz97]. In this book, however, we consider only the DPO
approach as the algebraic graph transformation approach.

<:)
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Fig. 1.5. Example of SPO graph transformation

1.2.4 From Graphs to High-Level Structures

The algebraic approach to graph transformation is not restricted to the graphs
of the form G = (V, E, s,t) considered above, but has been generalized to a
large variety of different types of graphs and other kinds of high-level struc-
tures, such as labeled graphs, typed graphs, hypergraphs, attributed graphs,
Petri nets, and algebraic specifications, which will be considered in later chap-
ters of this book. This extension from graphs to high-level structures — in
contrast to strings and trees, considered as low-level structures — was initi-
ated in [EHKP91a, EHKP91b] leading to the theory of high-level replacement
(HLR) systems. In [EHPPO04], the concept of high-level replacement systems
was joined to that of adhesive categories introduced by Lack and Sobociriski
in [LS04], leading to the concept of adhesive HLR categories and systems,
which will be described in Chapters 4 and 5. The theory of adhesive HLR, sys-
tems, developed in Part II of this book, can be instantiated in particular to
typed attributed graph transformation systems, described in Part III, which
are especially important for applications to visual languages and software en-
gineering. In Part I of this book, we give an introduction to classical graph
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transformation systems, as considered in [Ehr79]. Hence the fundamentals of
algebraic graph transformation are given in this book on three different levels:
in Part I on the classical level, in Part IT on the level of adhesive HLR systems,
and in Part III on the level of typed attributed graph transformation systems.
A more detailed overview of the four Parts is given below.

1.3 The Chapters of This Book and the Main Results

The chapters of this book are grouped into Parts I-IV and three appendices.

1.3.1 Part I: Introduction to Graph Transformation Systems

Part I of this book is an introduction to graph transformation systems in
general and to the algebraic approach in the classical sense of [Ehr79] in par-
ticular. In Chapter 2, we introduce graphs, graph morphisms, typed graphs
and the gluing construction for sets and graphs. In order to show that the
gluing construction is a pushout in the sense of category theory, we also in-
troduce some basic notions of category theory, including the categories Sets
and Graphs, and pullbacks as dual constructions of pushouts.

This is the basis for introducing the basic notions of graph transformation
systems in Chapter 3. As mentioned above, a direct graph transformation
is defined by two gluing constructions, which are pushouts in the category
Graphs. The first main results for graph transformations discussed in Chap-
ter 3 are concerned with parallel and sequential independence of graph trans-
formations. The Local Church—Rosser Theorem allows one to apply two graph
transformations G = H; via p; and G = Hs via ps in an arbitrary order, pro-
vided that they are parallel independent. In this case they can also be applied
in parallel, leading to a parallel graph transformation G = H via the parallel
production p1 + p2. This second main result is called the Parallelism Theorem.
In addition, in Chapter 3 we give a detailed description of the motivation
for and an overview of some other main results including the Concurrency,
Embedding, and Extension Theorems, as well as results related to critical
pairs, confluence, termination, and the Local Confluence Theorem. Finally,
we discuss graph constraints and application conditions for graph transfor-
mations. All these results are stated in Chapter 3 without proof, because they
are special cases of corresponding results in Parts II and III.

1.3.2 Part II: Adhesive HLR Categories and Systems

In Part II, we introduce adhesive HLR categories and systems, as outlined
in Subsection 1.2.4 above. In addition to pushouts, which correspond to the
gluing of graphs, they are based on pullbacks, corresponding to the inter-
section and homomorphic preimages of graphs. The basic axioms of adhesive
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HLR categories stated in Chapter 4 require construction and basic compatibil-
ity properties for pushouts and pullbacks. From these basic properties, several
other results, called HLR properties, can be concluded, which allow us to prove
the main results stated in Part I on the general level of high-level replacement
systems. We are able to show that there are several interesting instantiations
of adhesive HLR systems, including not only graph and typed graph transfor-
mation systems, but also hypergraph, Petri net, algebraic specification, and
typed attributed graph transformation systems. The HLR properties allow us
to prove, in Chapter 5, the Local Church—Rosser and Parallelism Theorems,
concerning independent transformations, as well as the Concurrency Theorem,
concerning the simultanous execution of causally dependent transformations.

Some further important results for transformation systems are the Em-
bedding, Extension, and Local Confluence Theorems presented in Chapter 6.
The first two allow us to embed transformations into larger contexts, and with
the third one we are able to show local confluence of transformation systems
on the basis of the confluence of critical pairs.

In Chapter 7, we define constraints and application conditions for adhesive
HLR systems, which generalize the graph constraints and application condi-
tions introduced in Chapter 3. We are able to show, as the main results, how
to transform constraints into right application conditions and, further, how
to transform right to left application conditions. A left or right application
condition is a condition which has to be satisfied by the match L. — G or the
comatch R — H, respectively, of a DPO transformation, as shown for graphs
in Fig. 1.3.

1.3.3 Part III: Typed Attributed Graph Transformation Systems

In Part III, we apply the theory of Part II to the case of typed attributed
graph transformation systems outlined in Subsection 1.2.4. In Chapter 8, we
introduce attributed type graphs AT'G, typed attributed graphs, and typed
attributed graph morphisms leading to the category AGraphsarc of typed
attributed graphs and the construction of pushouts and pullbacks in this cat-
egory. In Chapter 9, we define the basic concepts of typed attributed graph
transformations. Moreover, we extend some of the main results from the case
of graphs considered in Chapter 3 to typed attributed graphs. In particular,
this leads to the important result of local confluence for typed attributed
graph transformation systems based on confluence of critical pairs. All the re-
sults suggested in Chapter 3 and presented in the general framework of Part
IT are instantiated for typed attributed graph transformation in Chapters 9
and 10. They are proven in Chapter 11 by showing that AGraphsarg is an
adhesive HLR category with suitable additional properties, which allows us to
apply the general results from Part II. In Chapter 12, we apply the categori-
cal theory of constraints and application conditions to typed attributed graph
transformation systems and discuss termination in addition. In Chapter 13,
we introduce attributed type graphs with inheritance in order to model type
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inheritance in the sense of class inheritance in UML. The main result shows
the equivalence of concrete transformations without inheritance and abstract
transformations with inheritance. However, the use of inheritance leads to a
much more efficient representation and computation of typed attributed graph
transformations.

1.3.4 Part IV: Case Study and Tool Support

In Part IV, we show how the theory of Part III can be applied in a case
study and what kind of tool support can be offered at present. A case study
of model transformation from statecharts to Petri nets using typed attributed
graph transformation systems is given in Chapter 14. In Chapter 15, we show
how typed attributed graph transformation has been implemented in the AGG
tool environment developed at TU Berlin [AGG, ERT99).

1.3.5 Appendices

In Appendix A, we give a short introduction to category theory summarizing
the main categorical concepts introduced in Parts I-III together with some
technical results. Since, on the one hand, typed attributed graphs as consid-
ered in Part III are based on algebraic signatures and algebras, and, on the
other hand, algebraic specifications themselves and in connection with Petri
nets are interesting instantiations of adhesive HLR systems, we review the
corresponding algebraic concepts from [EMS85] in Appendix B. Finally, we
present in Appendix C all of the proofs that were postponed in Parts I-III.

1.3.6 Hints for Reading This Book

For those readers who are interested mainly in the concepts and results of
transformation systems for classical and typed attributed graphs, but not so
much in the general theory and in the proofs, it is advisable to read Part I
but to skip Part II and continue immediately with Parts III and IV.

1.4 Bibliographic Notes and Further Topics

In this last section of the introduction, we present some bibliographic notes
and an overview of further topics concerning concepts, applications, languages,
and tools for graph transformation systems.

1.4.1 Concepts of Graph Grammars and Graph Transformation
Systems

Graph transformation originally evolved in the late 1960s and early 1970s
[PR69, Pra7l, EPS73] as a reaction to shortcomings in the expressiveness
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of classical approaches to rewriting, such as Chomsky grammars and term
rewriting, to deal with nonlinear structures. The main graph grammar and
graph transformation approaches that are still popular today are presented
in Volume 1 of the Handbook of Graph Grammars and Computing by Graph
Transformation [Roz97] and have been mentioned in Subsection 1.1.2 already.
In contrast to the algebraic approach, which is based on the concept of gluing
(see Section 1.2), the NLC approach [JR80] and other ones such as that of
Nagl in [Nag79] can be considered as embedding approaches. In this case,
the embedding (of the right-hand side into the context graph) is realized by
a disjoint union, with as many new edges as needed to connect the right-
hand side with the context graph. Nagl’s approach has been extended by
Schiirr to programmed graph replacement systems [Sch97], leading to the
PROGRES approach in [SWZ99]. In the FUJABA approach [FUJ], graph
transformations are used in order to define transformations from UML to
Java and back again. Both approaches allow the replacement of substructures
in an unknown context using the concept of set nodes or multiobjects.

Concerning the algebraic approach described in Parts I and II, most of the
concepts in the classical case of graph transformation systems were developed
in the 1970s [EPS73, Ehr79]. Application conditions were first considered in
the 1980s [EH86], and negative application conditions together with graph
constraints in the 1990s [HW95, HHT96], including the important result of
transforming graph constraints into application conditions.

The main parts of the theory for the DPO and SPO approaches are pre-
sented in Volume 1 of the Handbook of Graph Grammars and Computing by
Graph Transformation [Roz97]. In addition to our presentation in Part I, the
presentation in the Handbook includes an abstract concurrent semantics of
graph transformation systems in the DPO case. This is based on the shift
equivalence of parallel graph transformations, developed by Kreowski in his
Ph.D. thesis [Kre78]. Further concepts concerning parallelism, concurrency,
and distribution for the algebraic and other approaches are presented in Bal-
dan’s Ph.D. thesis [Bal00] and in Volume 3 of the Handbook of Graph Gram-
mars and Computing by Graph Transformation [EKMR99]. For the concepts
of term graph rewriting, hierarchical graph transformation systems, graph
transformation modules and units, and for the first approaches to the anal-
ysis, verification, and testing of graph transformation systems, we refer to
the proceedings of the first and second International Conferences on Graph
Transformation ICGT 2002 [CEKRO02] and ICGT 2004 [EEPRO04].

The first approach to HLR categories and systems, as presented in Part
II, was described in [EHKP91b] and was joined to adhesive categories [LS04]
in [EHPP04] and [EEHP04]. Attributed and typed attributed graph trans-
formations, as described in Part III, were considered explicitly in the 1990s,
especially in [LKW93, CL95, HKT02]. A fundamental theory for these impor-
tant kinds of graph transformation systems was first developed in [EPT04] as
an instantiation of adhesive HLR systems.
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1.4.2 Application Areas of Graph Transformation Systems

At the very beginning, the main application areas of graph transformation
systems were rule-based image recognition [PR69] and translation of diagram
languages [Pra71]. Later on, graph transformations have been applied to sev-
eral areas in computer science, biology, chemistry, and engineering, as docu-
mented in Volume 2 of the Handbook of Graph Grammars and Computing by
Graph Transformation [EEKR99]. More recently, graph transformations have
been applied most successfully to the following areas in software engineering,
some part of which have been mentioned already in Subsection 1.1.2:

model and program transformation;

syntax and semantics of visual languages;

visual modeling of behavior and programming;
modeling, metamodeling, and model-driven architecture;
software architectures and evolution;

refactoring of programs and software systems;

security policies.

Other important application areas have been term graph rewriting, DNA
computing, Petri nets, process algebras and mobile systems, distributed algo-
rithms and scheduling problems, graph theory, logic, and discrete structures.
These application areas have been subject of the international conferences
ICGT 2002 [CEKRO02] and ICGT 2004 [EEPRO4], together with the follow-
ing satellite workshops and tutorials, most of which have been published in
Electronic Notes in Theoretical Computer Science (see e.g. [GTV03, SET03)):

Graph Transformation and Visual Modeling Techniques (GTVMT);
Software Evolution through Transformations (SETRA);

Petri Nets and Graph Transformations (PNGT);

DNA Computing and Graph Transformation (DNAGT);

Graphs, Logic and Discrete Structures;

Term Graph Rewriting (TERMGRAPH).

1.4.3 Languages and Tools for Graph Transformation Systems

In Chapter 15, we discuss the implementation of typed attributed graph trans-
formation using the AGG language and tool [AGG, ERT99]. A basic version
of AGG was implemented by Lowe et al. in the early 1990s, and later a com-
pletely redesigned version was implemented and extended by Taentzer, Runge,
and others. Another general-purpose graph transformation language and tool
is PROGRES [Sch97, SWZ99]. Quite different support is offered by FUJABA
[FUJ], an environment for round-trip engineering between UML and Java
based on graph transformation.

Two examples of more application-specific tools are DIAGEN [Min97] and
GenGed [BE00, Bar02]. These provide support for the generation of graphical
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editors based on the definition of visual languages using graph grammars. In
addition, several model transformation tools based on graph transformation
have been developed, e.g. ATOM?® [dLV02a], MetaEnv [BP02], and Viatra
[VP03]. More detailed presentations of languages and tools are given in Vol-
ume 2 of the Handbook of Graph Grammars and Computing by Graph Trans-
formation [EEKR99] and in the proceedings [MST02, MST04] of the GraBats
workshops on graph-based tools held as satellite events of ICGT 2002 and
2004 [CEKRO02, EEPRO4].

1.4.4 Future Work

The aim of this book is to present the fundamentals of algebraic graph trans-
formation based on the double-pushout approach. As discussed above, there
are several other topics within the DPO approach which have been published
already, but are not presented in this book. There are also several interesting
topics for future work. First of all, it would be interesting to have a similar
fundamental theory for the single-pushout approach. A comparative study of
the DPO and SPO approaches is presented in Volume 1 of the Handbook of
Graph Grammars and Computing by Graph Transformation [Roz97]. Another
important topic for future research is the DPO approach with borrowed con-
text [EKO04], motivated by process algebra and bigraphical reactive systems
in the sense of Milner [Mil01] and Sobocinski [Sob04]. Concerning the main
topics of this book, it is open to extend the main results for graph transfor-
mations to the case of negative and general application conditions and also
to study new kinds of constraints for graphs and typed attributed graphs.
Concerning typed attributed graph transformation, we have introduced type
inheritance, but it remains open to extend the theory in Chapters 9-12 to
this case. Finally, the theory has to be extended to meet the needs of several
interesting application domains. In particular, in the area of model transfor-
mations (Chapter 14), it remains open to develop new techniques in addition
to the analysis of termination and confluence, to show the correctness of model
transformations.
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Graphs, Typed Graphs, and the Gluing
Construction

This chapter is an introduction to graphs and typed graphs. Moreover, some
basic notions of category theory are presented which are essential to the gluing
construction of graphs. In Section 2.1, we define graphs, graph morphisms, and
typed graphs. To analyze graphs with categorical methods, we introduce cat-
egories, and as special morphism types, monomorphisms, epimorphisms, and
isomorphisms in Section 2.2. In Section 2.3, we present the gluing construc-
tion as the basis of graph transformation steps; it is a pushout in categorical
terms. Pullbacks, which are the dual construction to pushouts in a category,
are introduced in Section 2.4.

2.1 Graphs and Typed Graphs

A graph has nodes, and edges, which link two nodes. We consider directed
graphs, i.e. every edge has a distinguished start node (its source) and end
node (its target). We allow parallel edges, as well as loops.

Definition 2.1 (graph). A graph G = (V,E,s,t) consists of a set V
of nodes (also called vertices), a set E of edges, and two functions s,t : E — V|
the source and target functions:

E

s —
t—»v

Remark 2.2. In the literature, a graph G is often represented by a set V' of
nodes and a set £ C V x V of edges. This notion is almost the same as the
one in Definition 2.1: for an element (v, w) € E, v represents its source and w
its target node, but parallel edges are not expressible.

To represent undirected graphs, for each undirected edge between two
nodes v and w we add both directed edges (v, w) and (w,v) to the set E of
edges.
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Example 2.3 (graph). The graph Gs = (Vs, Es, ss, ts), with node set Vg =
{u,v,z,y}, edge set Es = {a, b}, source function sg : Fg — Vg : a,b — u and
target function tg : Es — Vg : a,b +— v, is visualized in the following:

a
(S — 1
Gs

@ ( X4

O

Graphs are related by (total) graph morphisms, which map the nodes and
edges of a graph to those of another one, preserving the source and target of
each edge.

Definition 2.4 (graph morphism). Given graphs G1,Gy with G; =
(Vi, Eiysiyt;) for i = 1,2, a graph morphism f : G; — Ga, f = (fv, &)
consists of two functions fy : Vi — Vo and fg : 1 — FEs that preserve the
source and target functions, i.e. fy osy =sq0 fg and fy oty =ty 0 fg:

Ey -
Lo
v Y

A graph morphism f is injective (or surjective) if both functions fv, fg are
injective (or surjective, respectively); f is called isomorphic if it is bijective,
which means both injective and surjective.

Fact 2.5 (composition of graph morphisms). Given two graph mor-
phisms f = (fv, fr): G1 — G2 and g = (gv,gr) : G2 — Gs, the composition
gof=I(gvofv,gro fr): Gi1 — Gs is again a graph morphism.

Proof. As compositions of functions, gy o fy : Vi1 — V3 and ggo fg : 1 — E3
are well defined. Using the associativity of the composition of functions and
the fact that f and g, as graph morphisms, preserve the source and target
functions, we conclude that

1. gvofrosi=gvosyofp=s30ggo fgand
2. gvofyoti=gvotaofp=t3ogro fE.

Therefore g o f also preserves the source and target functions. a

A type graph defines a set of types, which can be used to assign a type to
the nodes and edges of a graph. The typing itself is done by a graph morphism
between the graph and the type graph.

Definition 2.6 (typed graph and typed graph morphism). A type
graph is a distinguished graph TG = (Vra, Era, sta,tra). Vre and Erg
are called the vertex and the edge type alphabets, respectively.
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A tuple (G, type) of a graph G together with a graph morphism type : G —
TG is then called a typed graph.

Given typed graphs GT = (Gi,type1) and GI = (Ga,types), a typed
graph morphism f : GT — GT is a graph morphism f : G1 — G such that
types o f = type;:

GL—F—=Go
N = /
typer  typez

TG

Example 2.7 (typed graph). Consider the following type graph Gp = (Vr,
Er, sy, tr) with Vp = {s,t}, Er ={e}, sr: Er = Vp : e s,and tr : By —
Vr : e — t. This type graph ensures that all edges of a graph G typed over
Gr link from an s-typed node to a t-typed node, and each node is either a
source (with only outgoing edges) or a sink (with only incoming edges).

The graph Gg from Example 2.3, together with the morphism type =
(typey,typeg) : Gg — Gr with typey : Vo — Vp : u,x — s;v,y — t and
typeg : Es — Er : a,b — e, is then a typed graph (typed over Gr). The
graph G = (Gg,type) and its typing morphism are explicitly shown in the
left-hand side of the following diagram, and in a compact notation on the
right-hand side, where each node and edge is labeled with its type (we have
left out their names):

oy S X se_cpet
Gs G
: s @ [

[ X3

O

In addition to graphs and typed graphs, we now introduce labeled graphs,
which were originally considered as the main notion of graphs (see [EPS73,
Ehr79]). In fact, we can show that labeled graphs and labeled graph mor-
phisms can be considered as special cases of typed graphs and typed graph
morphisms. For this reason, we present the theory in the following sections for
graphs and typed graphs only, but it can also be applied to labeled graphs.

Definition 2.8 (labeled graph and labeled graph morphism). A label
alphabet L = (Ly,Lg) consists of a set Ly of node labels and a set Ly
of edge labels.

A labeled graph G = (V| E,s,t,ly,lg) consists of an underlying graph
G° = (V, E, s,t) together with label functions

ly:V—>Lyandlg: E — Lg.
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A labeled graph morphism f : G1 — Gs is a graph morphism f: G¢ — GY
between the underlying graphs which is compatible with the label functions, i.e.
lavofy=ULyvandlygo fe =1 E:

S1 —m=
/El t1—>‘/1\

LB ‘ ‘ l1,v\
LE\ = fe = fv = ’LV
l2,E\ * * /l2,v

S2 —m=
E2 t24>‘/2

Fact 2.9 (labeled graphs as special typed graphs). Given a label alpha-
bet L = (Lv, Lg), the type graph TG(L) is defined by TG(L) = (Vra, Erc,
sTaG, tTg) with

Vrg = Ly,

ETG = LV X LE X Lv,

sra : Erg — Vrg @ (a,2,b) — a,

tra: Erg — Vra @ (a,2,b) — b.

There is then a bijective correspondence between labeled graphs (and labeled
graph morphisms) over the label alphabet L and typed graphs (and typed graph
morphisms) over the type graph TG(L).

Construction. Given alabeled graph G = (V, E, s,t,ly, ), the corresponding
typed graph over TG(L) is given by GT = (GO, type : G° — TG(L)) with
G° = (V,E,s,t), typey =1ly : V — Vpg = Ly, and typeg : E — Erg =
LV X LE X Lv, defined by

typeg(x) = (ly o s(x),lg(x),lv o t(x)).

Given a labeled graph morphism f : G; — Ga, the typed graph morphism
f:GT — GT is given by f : GY — GY, satisfying types o f = type;:
Gy —r—=GY
N = /
typey typez

TG(L)

Vice versa, given GT = (G, type : G® — TG(L)), the corresponding labeled
graph G is given by G = (G, ly,lg), with ly = typey : V — Ly = Vg, and
lg : E — Lg, defined by lg(e) = x with typer(e) = (a,z,b). Given a typed
graph morphism f : GT — GI with a graph morphism f : G{ — G9, then f
is also a labeled graph morphism f : G; — Gs. ad

Proof. Tt is easy to check that the commutativity of the diagrams (0) (sep-
arately for s and t), (1), and (2) below for labeled graph morphisms is
equivalent to the commutativity of the diagrams (0), (2), (3), (4) for typed
graph morphisms and that the constructions above are inverse to each other,
with type1 p(x) = (li,v o s1(z),l1,p(2),l1,v o t1(x)) and types p(z) = (I2,v ©
s2(2),l2,5(x), l2,v o ta(x)):
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z E“l 213‘/‘1 z
1,E 1,v
- i N
LE\ (1) fe (0) fv (2) /VLV
lz,E\ * /lz,v
Es i
f;; (0) fv
typel B E27i24r Voli,v=type1 v

/37 (; EIN
'/ typez E 2,V =typea v

R\

[ —_—
Ly xLgxLy=Erqg—— ¢~ Z Vrg =Ly

2.2 Introduction to Categories

In general, a category is a mathematical structure that has objects and mor-
phisms, with a composition operation on the morphisms and an identity mor-
phism for each object.

In particular, we shall show that sets, graphs, and typed graphs, together
with functions, graph morphisms, and typed graph morphisms, lead to the
categories Sets, Graphs, and Graphsrtqa, respectively.

Definition 2.10 (category). A category C = (Obc, Morc,o,id) is defined
by
a class Obe of objects;
for each pair of objects A, B € Ob¢c, a set Morc(A, B) of morphisms;
for all  objects A,B,C € Obc, a composition operation
o(a,B,0) : Morc(B,C) x Morc(A, B) — Morc(A,C); and
e for each object A € Obe, an identity morphism ida € Morc(A, A);

such that the following conditions hold:

1. Associativity. For all objects A,B,C,D € Obc and morphisms
f:A—=B,g:B—C,andh:C — D, it holds that (hog)o f = ho(gof).

2. Identity. For all objects A, B € Obc and morphisms f : A — B, it holds
that foida = f andidgo f = f.

Remark 2.11. Instead of f € Morc(A, B), we write f : A — B and leave
out the index for the composition operation, since it is clear which one to use.
For such a morphism f, A is called its domain and B its codomain.

Example 2.12 (categories). In the following, we give examples of structures
that are categories.
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1. The basic example of a category is the category Sets, with the object
class of all sets and with all functions f : A — B as morphisms. The
composition is defined for f : A — Band g: B — C by (go f)(z) =
g(f(z)) for all x € A, and the identity is the identical mapping id4 : A —
A:xr .

2. The class of all graphs (as defined in Definition 2.1) as objects and of all
graph morphisms (see Definition 2.4) forms the category Graphs, with
the composition given in Fact 2.5, and the identities are the pairwise
identities on nodes and edges.

3. Given a type graph T'G, typed graphs over TG and typed graph mor-
phisms (see Definition 2.6) form the category Graphsrtg (see Example
AL6).

4. The category Alg(3X) has as objects algebras over a given signature X,
and the morphisms are homomorphisms between these Y'-algebras. The
composition is defined componentwise for homomorphisms, and the iden-
tities are componentwise identities on the carrier sets (see Appendix B).

O

In the categorical framework, the morphism classes of monomorphisms,
epimorphisms, and isomorphisms are of special interest, because in our exam-
ple categories they correspond to injective, surjective, and bijective functions
or morphisms, respectively.

Definition 2.13 (monomorphism, epimorphism, and isomorphism).
Given a category C, a morphism m : B — C' is called a monomorphism if,
for all morphisms f,g: A — B € Morc, it holds that mo f = m o g implies
f=y:

A morphism e : A — B € Morc is called an epimorphism if, for all mor-
phisms f,g: B — C € Morc, it holds that f oe = go e implies f = g:

A == C

e—» B

A morphism i : A — B is called an isomorphism if there exists a morphism
i1 B — A such thatioi ! =idg and i ' oi=idu:

A= 0B

Remark 2.14. Monomorphisms, epimorphisms, and isomorphisms are closed
under composition: if f : A — B and g : B — C are monomorphisms (or
epimorphisms or isomorphisms), so is g o f.

An isomorphism is also a monomorphism and an epimorphism. But the
inverse conclusion does not hold: a morphism i that is both a monomorphism
and an epimorphism need not be an isomorphism, since ! might not exist
(in the category).
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Fact 2.15 (monomorphisms, epimorphisms and isomorphisms). In
Sets, Graphs, and Graphstg the monomorphisms (or epimorphisms or
isomorphisms) are exactly those morphisms which are injective (or surjective
or bijective, respectively).

Proof. First we show this fact for the category Sets.

1. m: B — C is injective < m is a monomorphism.
“=" Given f,g: A — B with mo f = m o g, then we have, for all
a € A, m(f(a)) = m(g(a)), and since m is injective, f(a) = g(a), i.e.
f=g
“<”. Suppose dx # y € B : m(z) = m(y). For f,g: {*} — B with
f(+) = 2 and g(x) = y, we have m(f(x)) = m(z) = m(y) = m(g(+)) and
f # g, which is a contradiction.
2. e: A — B is surjective < e is an epimorphism.
“=7" Given f,g: B — C with foe = goe, then we have, for all a € A,
f(e(a)) = g(e(a)), and since e is surjective, f(b) = g(b), i.e. f =g.
“<”. Suppose dx € B : Va € A : e(a) # z. For f,g: B — {*,1,2}

with
l:b=2x 2: b=z
o) = {* : otherwise ’ 9(b) = {* : otherwise ’
we have Va € A : f(e(a)) = g(e(a)). Therefore foe = goe, but f # g,
which is a contradiction.
3. i : A — Bis bijective iff the inverse function i = : B — A with i~ loi = id4
and i 0i~! = idp exists, i.e. i is an isomorphism.

In Graphs and Graphsrtg, a (typed) graph morphism f is injective (or
surjective or bijective) if it is componentwise injective (or surjective or bijec-
tive, respectively), i.e. all components are monomorphisms (or epimorphisms
or isomorphisms, respectively) in Sets, and then also f is a monomorphism (or
an epimorphism or an isomorphism, respectively) in Graphs or Graphsrg,
respectively.

We still have to show that all monomorphisms (and epimorphisms and
isomorphisms) are injective (and surjective and bijective, respectively).

1. Given a monomorphism m : B — C' in Graphs or Graphstg, suppose
that m is not injective.

Case 1: my is not injective. Then we have vy # vy € Vp with
my (v1) = my(v2). Consider the graph A with a single node v (and
the typing typea(v) = typep(vi) = typep(va)). We define morphisms
fig: A — Bby fv(v) =v1 and gv(v) = va; mo f =mog, but f # g.
Therefore m is not a monomorphism, which is a contradiction.

Case 2: mp is not injective. Then we have e; # ey € FEp with
mpg(e1) = mg(ez). Consider the graph A with an edge e between
the two nodes v and w (and the typing typea(v) = typep(sp(er)) =
types(sp(e2)), typea(w) = typep(tpler)) = types(ts(e2)), and
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typea(e) = typep(e1) = typep(ez)). We define morphisms f,g : A — B
by fv(v) = sg(e1), fv(w) = tp(er), fe(e) = e1, and gy (v) = sp(e2),
gv(w) =tg(e2), ge(e) = ez; mo f =mog, but f # g. Therefore m is not
a monomorphism, which is a contradiction.
Given an epimorphism e : A — B in Graphs or Graphsrtg, suppose
that e is not surjective.

Case 1: ey is not surjective, but eg is. Then there exists a node v € Vp
with v ¢ ey (Va), and v is isolated (otherwise e is not surjective). We
construct the graph C = (Vi, Ec, s¢, te) with the disjoint union Ve =

Ve U {v}, Ec = Ep, sc = sp, tc = tp (and the typing morphism
typec : C' — TG with

o) = {050 20>

Now we define morphisms f,g: B — C with

_ _Jzix#o
f(x)—xandg(x)—{v o
These morphisms are well defined and we have foe = goe, but f # g.
Therefore e is not an epimorphism, which is a contradiction.
Case 2: eg is not surjective. Then there exists an edge e € Fp with
e ¢ eg(E4). We construct the graph C' = (Vi E¢, s¢, te) with Vo = Vg,

Ec = Ep U {e},

scz{si(:ﬂ)::wée’tcz{tBEx);x7ge

(and the typing morphism typec : C — TG with

et = {00 22D

Finally, we define morphisms f,g: B — C with

_ _Jz:ixzH#e
f(x)—xandg(x)—{e e
These morphisms are well defined and we have foe = goe, but f # g.
Therefore e is not an epimorphism, which is a contradiction.
Given an isomorphism ¢, then ¢ is a monomorphism and an epimorphism,
and therefore both injective and surjective, i.e. bijective.
O
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2.3 Pushouts as a Gluing Construction

For the application of a graph transformation rule to a graph, we need a
technique to glue graphs together along a common subgraph. Intuitively, we
use this common subgraph and add all other nodes and edges from both
graphs. The idea of a pushout generalizes the gluing construction in the sense
of category theory, i.e. a pushout object emerges from gluing two objects along
a common subobject.

Definition 2.16 (pushout). Given morphisms f: A — B andg: A — C
in a category C, a pushout (D, f',g") over f and g is defined by

e a pushout object D and

e morphisms f':C — D and g : B— D with f'fog=g'o f

such that the following universal property is fulfilled: For all objects X and

morphisms h : B — X and k : C — X with kog = ho f, there is a unique
morphism x : D — X such that xog' = h and z o f' = k:

A—/f—=B

| |
e
T

We shall often use the abbreviation “PO7” for “pushout”. We write D =
B+ 4 C for the pushout object D, where D is called the gluing of B and C via
A, or, more precisely, via (A, f,g).

X

Fact 2.17 (POs in Sets, Graphs, and Graphstg). In Sets, the pushout
object over the morphisms f : A — B and g : A — C can be constructed

as the quotient B U C|=, where = is the smallest equivalence relation with
(f(a),g(a)) € = for all a € A. The morphisms f' and ¢ are defined by
f'(c) =c] for all c € C and ¢'(b) = [b] for all b € B.

Moreover, we have the following properties:

1. If f is injective (or surjective), then f' is also injective (or surjective,
respectively).

2. The pair (f',q') is jointly surjective, i.e. for each x € D there is a preim-
age b € B with ¢'(b) = x or c € C with f'(c) = z.

3. If f is injective and x € D has preimages b € B and ¢ € C with ¢’'(b) =
f'(c) = x, then there is a unique preimage a € A with f(a) = b and
gla) =c.

4. If f and hence also f' is injective, then D is isomorphic to D' = C U
B\ f(4).
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In Graphs and Graphsta, pushouts can be constructed componentwise
for nodes and edges in Sets. Moreover, the above properties 1—4 hold compo-
nentwise.

Proof. In Sets, for a given object X with morphisms h: B — X and k : C' —
X such that ho f = ko g, we define

h(b) ifIbeB:beld
ﬂWD:{k@)ﬁﬂceCzceb*

At least one of these two cases occurs, and if both occur, then the transitive
closure of = implies the existence of ay,...,a, € A with f(a1) = b, g(a1) =
g(a2)a f(a2) = f(a3)7 SRR g(anfl) = g(an) = ¢ which 1mphes h(b) = k(C)
using ho f = ko g. Similarly, by, by € [d] implies h(by) = h(b2) and ¢y, c2 € [d]
implies k(c1) = k(c2). Therefore z is well defined and we have z o f' =k and
zo g’ = h. The uniqueness of x follows from f’ and ¢’ being jointly surjective,
i.e. for all d € D there is a b € B with ¢'(b) =d or a c € C with f/(c) = d.

If f is injective (or surjective), using the properties of the equivalence
relation = it can be shown that f’ is also injective (or surjective, respectively).

Property 2 follows from the construction of D = B U C |=. If f is injective,
the discussion above implies f(a1) = b and g(a1) = ¢, which implies property
3. For property 4, we can show that b : D’ — D, defined by b(z) = [z], is a
bijection.

This pushout construction in Sets works analogously in Graphs and
Graphstg for the sets of nodes and edges, respectively, of the pushout graph.
The source and target functions of the pushout graph are uniquely determined
by the pushout property of the node set of the pushout graph. a

Remark 2.18. For the construction of pushout objects in Sets we consider
the following steps:

1. Define the relation ~ on the disjoint union B U C' as follows: For all a € A
do f(a) ~ g(a).

2. Let [z] = {y € BU C | 2 = y}, where = is the equivalence relation
generated by ~.

3.D:={[z] |z € BUC}.

Note that the eqgivalence relation = is the reflexive, symmetric, and transitive
closure of ~. In ~, all those elements that are reached from the same a € A
are identified. The result D is then the pushout object of f and g.

Example 2.19 (pushout). Given the sets A = {a,b,¢,d}, B = {1,2,3,4},
and C = {5,6,7,8} with morphisms f : A — B, f(a) =1, f(b) = f(c) = 2,
f(dy=3and g: A — C, g(a) = g(b) =5, g(c) = 6, g(d) = 7, we use the
construction in Remark 2.18:

1.1~5,2~52~6,3~T.
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2.1=2=5=6 and 3 = T, therefore [1] = [2] = [5] = [6] = {1,2,5,6},
[]—[]2{3 7}, [4] = {4}, and [8] = {8}.
3.D = {[1], (3], [4], [8]}-

Altogether, we obtain the pushout object D and morphisms /' : C' — D : x
[z] and ¢’ : B — D : x — [z], as shown in the left-hand side of the following
diagram. The analogous construction in Graphs leads to the pushout diagram

over graphs on the right-hand side, where we have depicted the node mappings
only:

@ G4 Ve o0

Finally, we show some important properties of pushouts which are essential
for the theory of graph transformation.

Fact 2.20 (uniqueness, composition, and decomposition of POs).
Given a category C, we have the following:

(a) The pushout object D is unique up to isomorphism.
(b) The composition and decomposition of pushouts result again in a pushout,

e., given the following commutative diagram, the statements below are
valid:

| |
v @
' ' v

C—is¢—=D o/ —»=F

—  Pushout composition: if (1) and (2) are pushouts, then (1) + (2) is
also a pushout.

- Pushout decomposition: if (1) and (1) + (2) are pushouts, then (2) is
also a pushout.
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Proof.

(a) Given the pushout (1), suppose that there is another pushout (1”) with

a pushout object D” and morphisms f” : C — D" ¢” : B — D" such
that f” og = g” o f. Both of the squares (1) and (1”) below are pushouts;
therefore we have morphisms d : D — D" with do f' = f” and dog’ = ¢",
and d’ : D" — D withd" o f" = f' and d" o g’ = ¢":

A—7f—=B A—1f—=B

ERAETI N

C=—1+t—>=D C=—1+t"—»D"
\\g \

D/I

From pushout (1), it follows that idp : D — D is the unique morphism
with idp o f/ = f' and idp o ¢’ = ¢’. The same holds for d” o d; therefore
we have d” o d = idp and, analogously, d o d’ = idp~. This means that
D = D" (see also Remark A.18).

(b) Pushout composition. Given the pushouts (1) and (2), in order to show

that (1) 4+ (2) is a pushout, we assume that we have an object X with
morphisms h : F — X and k : C' — X satisfying hoeo f = ko g. From
pushout (1), we obtain a unique morphism y : D — X with yo f' = k
and y o ¢ = hoe. Pushout (2), in comparison with y and h, gives us a
unique morphism z : F' — X with zoe” = h and z o€’ = y, which implies
zoe of =yo f' =k Moreover, we can also show that x is unique with
respect to the properties zoe” = h and zoe’o f/ = k using the uniqueness
properties of the pushouts (1) and (2).

| o N
g (1) g’ (2) e’
+ ' +

C\f’aDe\ﬂFQ\lg\X

Pushout decomposition. Given the pushouts (1) and (1) + (2), in order
to show that (2) is a pushout, we assume that we have an object X with
morphisms h : £ — X and y : D — X satisfying hoe = y o ¢’. From
pushout (1) + (2), we obtain a unique morphism z : F' — X with zoe” = h
and xoe’ o f' = yo f'. Since (1) is a pushout, the uniqueness of y with
respect to (1) implies x o ¢/ = y. Therefore a has the required properties
zoe’ = hand xoe' = y. Moreover, we can also show that x is unique
with respect to these properties using the uniqueness properties of (1) +
(2) and (1). O
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Example 2.21 (PO composition and decomposition). The following di-
agram illustrates the composition and decomposition of pushouts in Graphs.
The squares (1) and (2) are pushouts, as well as the composed diagram (1) +

(2):

2.4 Pullbacks as the Dual Construction of Pushouts

The dual construction of a pushout is a pullback. Pullbacks can be seen as a
generalized intersection of objects over a common object.

Pushouts, pullbacks, and the stability of pushouts and pullbacks are es-
sential for the concept and theory of (weak) adhesive HLR categories, which
will be studied in Chapter 4.

Definition 2.22 (pullback). Given morphisms f: C — D and g : B — D
in a category C, a pullback (A, f',¢’') over f and g is defined by

e a pullback object A and

e morphisms f':A— B andg : A— C withgo f' = fog

such that the following universal property is fulfilled: For all objects X with
morphisms h : X — B and k : X — C with fok = goh, there is a unique
morphism x : X — A such that f'ox =h and g’ ox = k:

We shall often use the abbreviation “PB” for “pullback”.
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Fact 2.23 (PBs in Sets, Graphs, and Graphstg). In Sets, the pullback

c & AL B over the morphisms f : C — D and g : B — D is constructed by
A=Ugep [7Hd) x g7 (d) = {(c,b) | f(c) =g(b)} € C x B with morphisms
f':A—=B:(¢;b)—bandg : A— C: (¢c,b) — c. Moreover, we have the
following properties:

1. If [ is injective (or surjective), then f’ is also injective (or surjective,
respectively).

2. " and ¢’ are jointly injective, i.e. for all ay,as € A, f'(a1) = f'(a2) and
g'(a1) = ¢'(az2) implies a1 = as.

3. A commutative square, as given in Definition 2.22, is a pullback in Sets
iff, for allb € B, ¢ € C with g(b) = f(c), there is a unique a € A with
f'(a) =b and ¢'(a) = c.

In Graphs and Graphsrtq, pullbacks can be constructed componentwise
for nodes and edges in Sets.

Proof. In Sets, for given morphisms h: X — B and k: X — C with fok =
g o h, the unique morphism z : X — A is given by z(p) = (k(p), h(p)) € A for
all p € X. The required properties can be easily checked.

This pullback construction in Sets works analogously in Graphs and
Graphstg for the sets of nodes and edges, respectively, of the pullback graph.
The source and target functions of the pullback graph are uniquely determined
by the pullback property of the edge set of the pullback graph. ad

Remark 2.24 (special cases of PBs). In Sets, if the given function g :
B — D is an inclusion then the pullback object can be constructed as the
preimage of B under f, i.e. A = f~1(B). If both given functions g : B — D
and f : C'— D are inclusions, then A can be constructed as the intersection
of B and C, i.e. A = BN C. This interpretation works not only for Sets, but
also for Graphs and Graphstg.

Remark 2.25 (relationship between PBs and POs). In Sets, Graphs,
and Graphstg we have the interesting property that a pushout where at
least one of the given morphisms is injective is also a pullback. This property
will be shown for (weak) adhesive HLR categories in Section 4.3. For Sets, it
is an easy consequence of the PO property 3 in Fact 2.17. Vice versa, given
the pullback in Definition 2.22 in Sets, then this pullback is also a pushout
if f and f’ are injective, g and f are jointly surjective, and g is injective up
to f’. The last property means that g(b1) = g(b2) for by # by € B implies
b1,bs € f'(A). This property can be extended to Graphs and GraphsgT
componentwise.

Example 2.26 (pullback). Given the sets B = {1,2,3,4}, C = {5,6,7},
and D = {a,b, ¢,d} with morphisms g : B — D, g(1) = g(2) = a, g(3) = b,
g(4) =c,and f: C — D, f(5) = a, f(6) = b, f(7) = d, then the pullback
object D is constructed as D = {(5, 1), (5,2), (6,3)} with morphisms f’: A —
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B:(z,y)—yand g : A — C: (z,y) — x, as shown in the left-hand side
of the following diagram. The analogous construction in Graphs leads to the
pullback diagram over graphs shown in the right-hand side, where we have
depicted the node mappings only:

Dually to the uniqueness, composition, and decomposition of pushouts
described in Fact 2.20, we have corresponding properties for pullbacks.

Fact 2.27 (uniqueness, composition, and decomposition of PBs).

(a) The pullback object A is unique up to isomorphism.
(b) The composition and decomposition of pullbacks result again in a pullback,
i.e., giwen the following commutative diagram, the statements below are

valid:
A B E
i (1) i (2)
C D——F

—  Pullback composition: if (1) and (2) are pullbacks, then (1) + (2) is
also a pullback.

—  Pullback decomposition: if (2) and (1) + (2) are pullbacks, then (1) is
also a pullback.

Proof. This fact follows by dualization from the corresponding Fact 2.20 for
pushouts. ]
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Graph Transformation Systems

In this chapter, we introduce graph and typed graph transformation systems
and grammars based on the constructions presented in Chapter 2. In Section
3.1, we present the basic definitions for graph transformation (GT) systems
in the classical algebraic approach, based on double pushouts in the category
Graphs of graphs. The construction of direct graph transformations in two
steps is presented in Section 3.2. The first important results, concerning the
independence of transformations, are presented in Section 3.3. In Section 3.4,
we present an overview of the other main results for GT systems. The proofs
of all these results are obtained by instantiation of corresponding results in the
categorical framework of Chapter 5. Finally, we introduce graph constraints
and application conditions in Section 3.5, and refer to the corresponding re-
sults in the general categorical framework in Chapter 7.

3.1 Basic Definitions for GT Systems

In this section, we introduce graph and typed graph transformation systems,
or (typed) graph transformation systems, for short. In the following, we always
use an abbreviated terminology of this kind to handle both cases simultane-
ously. Graph transformation is based on graph productions, which describe a
general way how to transform graphs. The application of a production to a
graph is called a direct graph transformation.

Definition 3.1 (graph production). A (typed) graph production p =

(L L G R) consists of (typed) graphs L, K, and R, called the left-

hand side, gluing graph, and the right-hand side respectively, and two injective
(typed) graph morphisms | and r.
Given a (typed) graph production p, the inverse production is defined by

pl=(RIKLL).
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Definition 3.2 (graph transformation). Given a (typed) graph produc-
tion p = (L L kK5 R) and a (typed) graph G with a (typed) graph mor-
phism m : L — G, called the match, a direct (typed) graph transformation
GEE H from G toa (typed) graph H is given by the following double-pushout
(DPO) diagram, where (1) and (2) are pushouts in the category Graphs (or
Graphsrg, respectively):

r—»R

A sequence Gy = G1 = ... = G, of direct (typed) graph transformations is
called a (typed) graph transformation and is denoted by Gy = G,,. Forn = 0,

we have the identical (typed) graph transformation Gy “ Go. Moreover, for
n = 0 we allow also graph isomorphisms Gy = G}, because pushouts and hence
also direct graph transformations are only unique up to isomorphism.

In Section 3.2, we shall discuss how to construct a direct graph transfor-
mation G 22 H from a given production p and match m.

The application of a production to a graph G can be reversed by its inverse
production — the result is equal or at least isomorphic to the original graph

G.

Fact 3.3 (inverse graph transformation). Given a direct (typed) graph
transformation G 22 H with a comatch morphism n : R — H, then there is

—1
a direct (typed) graph transformation H =yl
Proof. This follows directly from Definitions 3.1 and 3.2. ]

Now we shall define (typed) graph transformation systems and (typed)
graph grammars. The language of a (typed) graph grammar consists of those
(typed) graphs that can be derived from the start graph.

Definition 3.4 (GT system, graph grammar, and language). A graph
transformation system GT'S = (P) consists of a set of graph productions P.

A typed graph transformation system GT'S = (TG, P) consists of a type
graph TG and a set of typed graph productions P.

A (typed) graph grammar GG = (GT'S,S) consists of a (typed) graph
transformation system GT'S and a (typed) start graph S.

The (typed) graph language L of GG is defined by

L ={G | 3 (typed) graph transformation S = GY}.

We shall use the abbreviation “GT system” for “graph and typed graph
transformations system”.
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Remark 3.5. A (typed) graph grammar without its start graph is a (typed)
graph transformation system. In the context of (typed) graph grammars,
(typed) graph transformations are often called (typed) graph derivations.

Similarly to Chomsky grammars, in the string case it is also possible to
distinguish between terminal and nonterminal symbols for the productions in
graph transformation systems and grammars. In the case of nonterminals, the
language L would be restricted to graphs with terminal symbols only.

Example 3.6 (graph grammar MutualExzclusion). In the following, we
show an example of a typed graph grammar, which is a variant of Dijkstra’s
algorithm for mutual exclusion (see [Lyn96]). Given two processes that com-
pete for a resource used by both of them, the aim of the algorithm is to ensure
that once one process is using the resource the other has to wait and cannot
access it.

There is a global variable turn that assigns the resource to any of the
processes initially. Each process i has a flag f(i) with possible values 0, 1, 2,
initially set to 0, and a state that is initially non-active. If the process wants
to access the resource, its state changes to active and the flag value is set
to 1. If the variable turn has assigned the resource already to the requesting
process, the flag can be set to 2, which indicates that the process is accessing
the resource. Then the process uses the resource and is in its critical section.
Meanwhile, no other process can access the resource, because the turn variable
cannot be changed in this stage of the process. After the critical section has
been exited, the flag is set back to 0 and the state to non-active. Otherwise, if
the resource is assigned to a nonactive process, it can be reassigned and then
accessed analogously by the requesting process.

For our typed graph grammar, we have the following type graph T'G and
five typed graph productions, where all morphisms are inclusions:

non—active

C
e B 3
setTurn

setFlag:

non—active active

O O O e a0

start setTurn
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setTurnl:
non—active non—active non—active

GUNPRING &
5 OO OB P

setTurn check

setTurn2:
) P ()
setTurn check

enter:

RON 4.,.\ EVOR
@\@,@ 1w @\@,@

exit:
active non—active
G CEOR ORI GENG
crit start

Each process is typed by P, a resource is typed by R, and T" denotes the turn.
If the flag of a process is set to 0, we do not depict it in the graph. The flag
values 1 and 2 are shown by nodes typed with F'1 or F2, respectively, with
a link from the corresponding process to the node and a link to the required
resource.

The production setFlag allows a nonactive process to indicate a request
for the resource by setting its flag to 1. The production setTurnl allows the
turn to be changed to an active process if the other process, which has the
turn, is nonactive. If the turn is already assigned to the active process, then
the turn remains in setTurn2. Thereafter, in the production enter, the process
enters its critical section. Finally, the process exits the critical section with the
production exit and another process may get the turn and access the resource.

The start graph is the following typed graph S, containing two nonac-
tive processes that can compete for one resource. For better readability, we
have assigned a number to each process node. These numbers show only the
mapping between different graphs and do not belong to the graph itself:

non—active non—active

s (P @O—® (7}

start start
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Altogether, we have the typed graph grammar Mutual Exclusion = (P,S)
with P = {setFlag, setTurnl, setTurn2, enter, exit}.

We can apply the typed graph production setFlag to the start graph S

Fl
with a match m, leading to the direct typed graph transformation S setiagm

G1 shown in the following diagram:

setFlag
non—active active
W) W (e
[ start . setTurn
' | . | |
| | |
m [ [
: v | v v
gjLon—actwe S D active Gl
2 2@ @
start - __ _p setTurn
non—active non—active non—active
@@»@ GLOEONNGEGRD
start start start

If we apply the typed graph productions setTurnl, enter, setFlag,
and exit to G1, then we obtain the direct typed graph transformations

Gl setTuTnl ,mi GQ, G2 entc;grm G3, G3 setFlag,ms G4, and G4 exit m4 G5,
where the graphs G, G3, G4, and G5 are shown in the following, and a typed
graph transformation S = Gj:

non—active @ active
Gy
- © 2
start setTurn

U«setTurnl

non—active @ active

2 ®
2 1 \@/V o)
start check

llenter
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non—active @ active
2 ®
3 7 \@/ o)
start crit

U«setFlag

active @ active
G &i}{ﬁ%» (P
setTurn e crit

lle;cit
active non—active
Gs : (&)1
5 1
setTurn start

To show that this typed graph grammar indeed ensures mutual exclusion, the
whole derivation graph is depicted in the following diagram. The nodes — which
stand for the graphs in the typed graph language — show, in an abbreviated
notation, the state of the processes. On the left-hand side of each node, the
state of the first process is shown, and also its flag value and if the turn is
assigned to that process. Analogously, this information for the second process
is depicted on the right-hand side. The gray nodes are those nodes where the
resource is actually accessed by a process — and only one process can access
it at any one time.
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process 1 process 2| |process 1 process 2
S - non—act. non—act.| |non—act. non—act.

start start start start
flag=0  flag=0 flag=0  flag=0
turn turn
setFlag setFlag
process 1 process 2 process 1 process 2
active non—act.| setFlag setFlag [non—act. active
setTurn start start setTurn
flag=1  flag=0 flag=0  flag=1
turn turn
exit process 1 process 2| [process 1 process 2 exit
non—act. active active non—act.
setTurn2 start setTurn setTurn start setTurn?
flag=0  flag=1 flag=1  flag=0 .
turn turn
setFlag setFlag
setT'u,'rnl setTu'rnl
process 1 process 2 setFlag setFlag process 1 process 2
active non—act. non—act. active
check start Gtart check
flag=1 flag=0 flag=0 flag=1
turn process 1 ;m"ocess 2 process 1 process 2 turn
active active active active
setTurn setTurn setTurn setTurn
flag=1  flag=1 flag=1 flag=1
enter turn turn enter
setFlag setFlag
process 1 process 2 setTurn2 exit exit setTurn2 process 1 process 2
active non—act. non—act. active
crit start start crit
flag=2  flag=0 flag=0  flag=2
turn process 1 process 2 process 1 process 2 turn
active active active active
check setTurn setTurn check
flag=1  flag=1 flag=1 flag=1
turn turn

setFlag setFlag
\ente'r enter /

process 1 process 2| [process 1 process 2
active active active active
crit setTurn setTurn crit
flag=2  flag=1 flag=1  flag=2
turn turn

3.2 Construction of Graph Transformations

In this section, we analyze the question under what conditions a (typed) graph
production p = (L « K — R) can be applied to a (typed) graph G via a
match m. In general, the existence of a context graph D that leads to a pushout
is required. This allows us to construct a direct (typed) graph transformation
GEL H , where, in a second step, the (typed) graph H is constructed as the
gluing of D and R via K.
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Definition 3.7 (applicability of productions). A (typed) graph produc-

tion p = (L LKL R) is applicable to a (typed) graph G via the match
m if there exists a context graph D such that (1) is a pushout in the sense
of Definition 3.2:

[\,4—1 [‘( r— R
m (1) k
' Y
G=—f——D

Example 3.8 (applicability of a production). In the direct typed graph

transformation § s ™ G1 in Example 3.6, the typed graph production

setFlag is applicable via the given match m.

In contrast, the typed graph production deleteProcess : ® «— @ — &
is not applicable to the start graph S via the match m/, as shown in the
following diagram, because no context graph D exists. If the second process
node is deleted, we obtain two dangling loops that have no source and target,
which do not form a proper graph.

@ e e e

non—active’ S

e
2

start
non—active

(P ~(D~(®)

start

- — —

O

This definition does not formulate a syntactical criterion to decide whether
a (typed) graph production is applicable or not. A more constructive approach
is to check the following gluing condition. The two concepts are equivalent,
as shown in Fact 3.11.

Definition 3.9 (gluing condition). Given a (typed) graph production p =

l r

(L — K — R), a (typed) graph G, and a match m : L — G with
X = (Vx,Ex,sx,tx) for all X € {L,K,R,G}, we can state the following
definitions:
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e The gluing points GP are those nodes and edges in L that are not deleted
by p, i.e. GP =y (Vk)Ulg(Ek) = I(K).

e The identification points I P are those nodes and edges in L that are iden-
tified by m, i.e. IP ={v eV, | Jw € VL, w # v : my(v) = my(w)}U{e €
Er | IfeEL, f 7& e: mE(e) = mE(f)}

e The dangling points DP are those nodes in L whose images under m are
the source or target of an edge in G that does not belong to m(L), i.e.
DP={veVy |3Jee€ Ec\mg(EL): sg(e) =my(v) ortg(e) =my(v)}.

p and m satisfy the gluing condition if all identification points and all dangling
points are also gluing points, i.e. IPUDP C GP.

Note that in our terminology, a match m : L — G is a general graph
morphism from the left-hand side L of a production to a graph G, but we still
have to check the gluing condition in order to apply the production via the
match m. If the gluing condition is not satisfied, the production p cannot be
applied via the match m.

Example 3.10 (gluing condition). For the direct typed graph transforma-

tion S SEtgag’m
dangling points:

GP = [(K), which means that the gluing points in L are both nodes.

IP = @, since m does not identify any nodes or edges.

The resource node is the only dangling point: in S, there is an edge from
the turn node 7' (which has no preimage in L) to the resource node R, but
no edge from or to the upper process node P that is not already in L.

This means that TP U DP C GP, and the gluing condition is satisfied by m
and setFlag.

If we look at the typed graph production delete Process from Example 3.8
with the match m’, then we have:

G171 in Example 3.6, we analyze the gluing, identification, and

e GP =I(K), which means that there are no gluing points in L.
IP = @, since m’ does not identify any nodes or edges.

e The process node in L is a dangling point: in S, there are two loops at
this node, which have no preimages in L.

This means that DP ¢ GP, and the gluing condition is not satisfied by m’
and deleteProcess. a

Fact 3.11 (existence and uniqueness of context graph). For a (typed)
graph production p = (L U QR R), a (typed) graph G, and a match m :
L — G, the context graph D with the PO (1) exists iff the gluing condition is
satisfied. If D exists, it is unique up to isomorphism.

Remark 3.12. As usual, the word “iff” means “if and only if”.

In categorical terms, the construction of D together with the morphisms
k:K — Dand f: D — G is called the pushout complement of [ : K — L
and m : L — G leading to the PO (1) below:
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[‘/<—l }"{
m (1) k
Y y
G=—Ff—D

Proof. “=". Given the PO (1), then the properties of the gluing condition
follow from the properties of pushouts in Graphs and Graphsrqa:

1. If m(z) = m(y) for x # y € L and (1) is a pushout, then there exist
' #y € K with [(2') = x and I(y') = y. This means that z,y € [(K),
ie. IP CGP.

2. Consider v € DP with e € Eg\mg(EL) and, without loss of gen-
erality my (v) = sg(e). From property 2 in Fact 2.17, f and m are
jointly surjective, therefore there is an ¢/ € Ep with fg(e’) = e and
fv(sp(e’')) = my(v). This means that, from property 3 in Fact 2.17, there
isav € Vg:l(v') =vand ky(v') = sp(e’). This means that v € [(K),
i.e. DP C GP.

“<”_ If the gluing condition is satisfied, we can construct D = (Vp, Ep, sp,
tp), k, and f (and typep : D — T'G) as follows:

Vp = (Va\mv (V1)) Umy (lv (Vk));

Ep = (Eg\mg(EL)) Umg(le(Ek));

sp = 5¢|Ep, tp = tc|Ep;

kv (v) = my (ly(v)) for all v € Vi, kg(e) = mg(lg(e)) for all e € Fk;
f is an inclusion;

in the case of typed graphs, typep = typec|p.

The well-definedness of this construction and the pushout properties follow
from Definition 3.9 and can be easily checked.

We omit the proof of the uniqueness of D. This can be shown explicitly,
but it also follows from the properties of adhesive HLR categories, as shown
in Theorem 4.26. O

If a (typed) graph production is applicable to a (typed) graph via a match,
i.e. the gluing condition is fulfilled, then we can construct the direct (typed)
graph transformation as follows.

Fact 3.13 (construction of direct (typed) graph transformations).
Given a (typed) graph production p = (L LK R) and a match m : L — G
such that p is applicable to a (typed) graph G via m, the direct (typed) graph
transformation can be constructed in two steps:

1. Delete those nodes and edges in G that are reached by the match m, but
keep the image of K, i.e. D = (G\m(L))Um(I(K)). More precisely, con-
struct the context graph D (see the proof of Fact 3.11) and pushout (1)
such that G = L+ D.
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2. Add those nodes and edges that are newly created in R, i.e. H = D U

(R\r(K)), where the disjoint union U is used to make sure that we add
the elements of R\r(K) as new elements. More precisely, construct the
pushout (2) of D and R via K such that H =R +x D.

This construction is unique up to isomorphism.

L<—o1 K r—=R
N CONNE NN
' Y Y
G=<—f—D 99—

Proof. The first step corresponds to the construction of the pushout comple-
ment, as described in the proof of Fact 3.11.

The second step corresponds to the construction of the pushout, as shown
in Fact 2.17.

The uniqueness of this construction follows from the uniqueness of D (see
Fact 3.11) and the uniqueness of pushout objects (see Fact 2.20). O

Example 3.14 (construction of a graph transformation). We follow

. . . setFlag, .
this construction to analyze the typed graph transformation S setflagm Gi in
Example 3.6:

1. The two loops at the match of the process node in L have no preimage in
K; therefore they are deleted in D. The nodes have a preimage in K and
therefore remain in D.

2. In R, we create the loops at the process node and the flag node with the
label F'1, and the corresponding edges. All these elements are added in
Gh.

O

3.3 Local Church—Rosser and Parallelism Theorems for
GT Systems

In this section, we study under what conditions two direct (typed) graph
transformations applied to the same (typed) graph can be applied in arbitrary
order, leading to the same result. This leads to the notions of parallel and
sequential independence of direct (typed) graph transformations and to the
Local Church—Rosser Theorem. Moreover, the corresponding (typed) graph
productions can be applied in parallel in this case, leading to the Parallelism
Theorem. Both results were shown in the 1970s [ER76, EK76, Ehr79).

Definition 3.15 (parallel and sequential independence). Two direct
(typed) graph transformations G LY gy and G 227 Hy are parallel in-
dependent if all nodes and edges in the intersection of the two matches are

gluing items with respect to both transformations, i.e.
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ml(Ll) n mQ(LQ) g ml(ll(Kl)) N mg(lg(Kg)).

p1,m1 p2,m

Two direct (typed) graph transformations G '==' H, '2=" Hj are sequen-

tially independent if all nodes and edges in the intersection of the comatch

1: Ry — Hi and the match mo are gluing items with respect to both trans-
formations, i.e.

nl(Rl) n mQ(LQ) - nl(rl(Kl)) n mg(lg(Kg))

—1
Remark 3.16. G; 2 G2 2 G4 are sequentially independent iff G p. Gy B
G5 are parallel independent.
Two direct (typed) graph transformations that are not parallel (or sequen-
tially) independent are called parallel (or sequentially) dependent.

Example 3.17 (parallel and sequential independence). We apply the
typed graph production setFlag from Example 3.6 twice to the start graph
S, first with the match m, and the second time with a different match m’ that
maps the process node in L to the lower process node in S. These two direct
typed graph transformations are parallel independent: in the intersection of
the matches, there is only the resource node, which is a gluing point with
respect to both transformations. In the diagram below, we show only the left-
hand sides and the gluing graphs of the productions and, accordingly, the
context graphs, but not the whole direct typed graph transformations:

setFlag setFlag
non—active Ll non—active L2
«@@»<}@@«@@—
start start f
| : \ |
I . \ . : I
| : "o /m'; |
v L v
D1 non—activé . S non—active Dg
4
(r)
. start : ', j iy — start
non—active non— actwe : 2
start start
. . Flag,
The two direct typed graph transformations Go emér}mz Gs setilagms G4

of the typed graph transformation S = G5 are sequentially independent: in
the intersection of the first comatch ny and the second match mg, there is only
the resource node, which is a gluing point with respect to both transforma-
tions. In the diagram below, we show only the right-hand side and the gluing
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graph of the first typed graph production enter, and the left-hand side and
the gluing graph of the second typed graph production setFlag. Accordingly,
the context graphs, but not the whole direct typed graph transformations, are
depicted:

setFlag
Ly K>

non—active

D @@ @

start,

\ . /
n2 \ m3
\ a /
ti / S acti i ti %
active D1 . active . G‘I active D
‘ P crit Lo -<fy — crit
non—active non— act ve .
® @@» (1) (1)=n)
start start

On the other hand, the first two direct typed graph transformations
g sctElagm G setturnlm G of the typed graph transformation S = G5

in Exarnple 3.6 are sequentially dependent: the setTurn loop at the process
node is in the intersection of the first comatch and the second match, but it
is not a gluing item, since it is deleted by the second transformation. O

In order to show the Local Church-Rosser Theorem (Theorem 3.20), we
need the following more categorical characterization of independence. This
will be used as a definition of independence in Part II and allows us to prove
Theorem 5.12, the categorical version of Theorem 3.20.

Fact 3.18 (characterization of parallel and sequential independence)
Two direct (typed) graph transformations G "= PLEY Hy and G 227 Hy are par-
allel independent iff there exist morphisms i : Ly — Dy and j : Ly — Dy such
that fooi=my and f10j =my:
Ry -—m—K; o Ky—r—=Ry
VT
71‘1 lc‘l J7 o m1 oma Yy IcL n‘2

' ra T '

H|i = Dy
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P1,m1 p2,m2

Two direct (typed) graph transformations G == H "==" G’ are sequentially
independent iff there exist morphisms i : Ry — Do and j : Ly — Dy such that
faoi=mn1 and g1 0 j = my:

Ll - Kl _ K2 T24>R2
| | Y | |

my k1 37 nip ma S ko na

' APCEER | S v

G- Dy 91— [] -— fo Do 92— ('

Proof. “=”. Given parallel independent direct (typed) graph transformations
and a node or edge x € Ly, we consider the following two cases:

Case 1: mi(x) ¢ ma(L2). By PO property 2 in Fact 2.17, mg and fo are
jointly surjective. This implies my(x) € fa2(D2).

Case 2: my(z) € ma(La). Since my(x) € my(L1) Nma(L2) C my(l1(K1))N
TYLQ(ZQ(KQ)), we have ml(m) € mg(lg(Kg)) = fg(kQ(KQ)) Q fQ(DQ)

Hence, in both cases, we have m(z) € fo(D2), such that the injectivity of
f2 allows us to define i(x) = f; ' o my(x). This argument implies, separately
for edges and vertices, that fo o4 = my, and ¢ becomes a graph morphism,
because mj and f5 are graph morphisms and f> is injective.

Similarly, there is a j with f; o j = ma.

“<”. Given i, j with fooi =m; and fr10j = mq, let y € mq(L1)Nma(L2);
then y € mq(L1)N f1(j(L2)), which means that y € mq(L1)N f1(D1). Now PO
property 3 in Fact 2.17 implies the existence of z; € K7 with y = mq(l1(z1)) =
fi(k1(z1)). Hence y € my(l1(K1)) and, similarly, y € ma(l2(K2)), which im-
plies ml(Ll) N mQ(LQ) - ml(ll(Kl)) N mg(lg(Kg))

The characterization of sequential independence follows from Remark 3.16.

O

Example 3.19 (characterization of independence). In the parallel in-
dependent typed graph transformations in Example 3.17, we have a graph
morphism ¢ : L1 — Dy that maps the process node in L; to the second pro-
cess node in Dy such that fs o4 = m, and a graph morphism j : Ly — D,
that maps the process node in Lo to the first process node in Dy such that
fioj=m'.

Analogously, the sequential independence of the typed graph transforma-

enter,mo

tions Go =~ G3 set%’mg G4 implies the existence of graph morphisms
i: Ry — DY with fooi =ng and j : Ly — D} with g1 0 j = mg; i maps
the process node in R; to the second process in D}, while j maps the process
node in Lo to the first process node in Dj. O

Theorem 3.20 (Local Church—Rosser Theorem for GT systems).
Given two parallel independent direct (typed) graph transformations G P
H, and G "22° H,, there is a (typed) graph G' together with direct (typed)

!’ !’ 7
p2,mo P1,M G, p1,m1 P2,My

graph transformations Hy =" G' and Hy = such that G "= H; =

G’ and G P22 1, "2 G are sequentially independent.
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Given two sequentially independent direct (typed) graph transformations
G "2 H m’mQ G', there are a (typed) graph Hs and direct (typed) graph

transformations G AL Ho plﬁ> G’ such that G "=2! Hy and G AL H,
are parallel independent:

N

p1,m1 p2,m2

o AN
H1 H2
X / /
p2,mb p1,m)
o
G/
Proof. This follows from Theorem 5.12. O

Example 3.21 (Local Church—Rosser Theorem). We consider the two

parallel independent direct typed graph transformations given in Example

3.17, S setElag™ o and § 5L G’, with G’ as shown below:

active non—active

setTurn start

We can obviously apply the typed graph production setFlag with the opposite
match to each of them, and obtain the following graph X:

active @ active
X
2. (@
setTurn setTurn

These transformations correspond to the following diagram, and Theorem 3.20
setFlag m setFla

also implies that the typed graph transformations S Gy ™ x

setFlag,m’ setFlag,m
and S G =

X are sequentially independent:

PN

setFlag,m setFlag,m’

G £ RAY [ed
' x /
setFlag,m’ setFlag,m
\V\\ /\//(
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Given the sequentially independent direct typed graph transformations

enter,mo setFlag,ms .
G, =" Gs G4, using Theorem 3.20 we can reverse the or-

der of the typed graph productions, leading to a sequentially independent
tFlag,m; ter,m} .
typed graph transformation G =~ —% 2 G, T Gy, with GY% as de-

enter,msa

picted below, and the direct typed graph transformations Go = ~ G3 and

setFlag,m} .
G, = G are parallel independent:

active @ active

o | C%»

setTurn e check
The Local Church—Rosser Theorem states that two parallel independent
direct (typed) graph transformations can be applied in arbitrary order. Now
we shall see that they can also be applied in parallel. For this purpose, we

introduce parallel (typed) graph productions and transformations, which allow
us to formulate the Parallelism Theorem for GT systems.

O

Definition 3.22 (parallel graph production and transformation). Giv-
en two (typed) graph productions py = (L & K1 > Ry) and ps = (Lo &
Ko 3 Ry), the parallel (typed) graph production p; + py is defined by the
disjoint union of the corresponding objects and morphisms: py + pa = (L1 U

Ly 2 K UKy ™2 Ry U Ry).

The application of a parallel (typed) graph production is called a parallel
direct (typed) graph transformation.

Example 3.23 (parallel graph production). In the following diagram, the
parallel typed graph production enter + setFlag over the productions enter
and setFlag from Example 3.6 is shown:

enter + setFlag:

non—active active

Foom o ® @ e

SR s

crit

The application of this production leads to the parallel direct typed graph

. enter+setFlag,ma—+ms
transformation Go B * Gy. O
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Theorem 3.24 (Parallelism Theorem for GT systems). For a (typed)
graph transformation system GTS, we have:

1. Synthesis. Given a sequentially independent direct (typed) graph transfor-
mation sequence G = H; = G’ wvia (typed) graph productions p1 and
D2, then there is a parallel (typed) graph transformation G = G’ via the
parallel (typed) graph production pi + pa, called a synthesis construction.

2. Analysis. Given a parallel (typed) graph transformation G = G’ via p; +
pa2, then there is a construction leading to two sequentially independent
(typed) graph transformation sequences G = Hy = G’ via p1 and p2 and
G = Hy = G’ via py and p1, called an analysis construction.

3. Bijective correspondence. The synthesis and analysis constructions are
inverse to each other up to isomorphism.

AR

p1,m1 p2,m2

H, P1+p2 Ho
~ /
p2,My pP1,mq
XNV A
el

G

Proof. This follows from Theorem 5.18. O

The Parallelism Theorem is the basis of a shift construction which can be
applied to a sequence of parallel (typed) graph transformations. This allows
one to shift the application of a (typed) graph production p within a parallel
(typed) graph transformation ¢ to the left (i.e. toward the beginning), as long
as p is sequentially independent in ¢ from the previous productions, leading
to a “canonical transformation”. The construction and uniqueness of canoni-
cal transformations have been analyzed by Kreowski in [Kre78], leading to a
concurrent semantics of algebraic graph transformation systems (see [Roz97]).

Example 3.25 (Parallelism Theorem). We can apply Theorem 3.24 to the

enter,msa

sequentially independent direct typed graph transformation Go =~ Gj

setllag,ms G4 from Example 3.6, leading to the parallel graph production

enter+ setFlag and the parallel direct graph transformation given in Example
3.23, and vice versa. a

3.4 Overview of Some Other Main Results
for GT Systems

In the previous section, we have analyzed parallel and sequential independence
of (typed) graph transformations, leading to the Local Church—Rosser and
Parallelism Theorems. In this section, we shall give an overview of some other
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main results for (typed) graph transformation systems, which are presented
in full detail in Part II on a categorical level and in Part III for the case of
typed attributed graph transformation systems. In contrast to the previous
section, we now study the properties of dependent transformations. As before,
we present the main results with illustrative examples, but we shall give only
an intuitive idea of some of the new notions used in these results. A formal
definition of these notions and also the proofs of the results are given in Part
IT in the general framework of adhesive HLR categories.

This semiformal presentation is a compromise between completeness and
symmetry between Parts I-1II on the one hand and too much redundancy on
the other hand.

3.4.1 Concurrency Theorem

The Concurrency Theorem is concerned with the execution of general (typed)
graph transformations, which may be sequentially dependent. This means
that, in general, we cannot commute subsequent direct (typed) graph transfor-
mations, as done for independent transformations in the Local Church—Rosser
Theorem, nor are we able to apply the corresponding productions in parallel,
as done in the Parallelism Theorem. Nevertheless, it is possible to apply both
transformations concurrently using a so-called E-concurrent (typed) graph
production p; *g p2. Given an arbitrary sequence G PLED g P22 o of direct
(typed) graph transformations, it is possible to construct an FE-concurrent
(typed) graph production p; *g ps. The “epimorphic overlap graph” E can
be constructed as a subgraph of H from E = ni(R;) U ma(L2), where n
and my are the first comatch and the second match, and Ry and Ly are the
right- and the left-hand side of p; and po, respectively. Note that the restric-
tions e; : Ry — FE of ny and ey : Ly — FE of my are jointly epimorphic
(see Definition A.16), i.e. e; and ey are jointly surjective. The E-concurrent
(typed) graph production p; *g p2 allows one to construct a direct (typed)
graph transformation G "=28* @’ from G to G’ via py *g pa. Vice versa,
each direct (typed) graph transformation G "= & via the E-concurrent
(typed) graph production p; *g pa can be sequentialized, leading to an E-
related (typed) graph transformation sequence G PLIG pp P22 @ of direct
(typed) graph transformations via p; and ps, where “E-related” means that
n1 and my overlap in H as required by E. This leads to the following Concur-
rency Theorem for (typed) graph transformation systems, which is a special
case of Theorem 5.23 in Part II.

Theorem 3.26 (Concurrency Theorem for GT systems). Given two
(typed) graph productions py and pa and an E-concurrent (typed) graph pro-
duction p1 *g p2, we have:

1. Synthesis. Given an E-related (typed) graph transformation sequence G =
H = G’ via p1 and p2, then there is a synthesis construction leading to a
direct (typed) graph transformation G = G’ via p1 *g pa.
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2. Analysis. Given a direct (typed) graph transformation G = G’ via p1*gpa,
then there is an analysis construction leading to an E-related (typed) graph
transformation sequence G = H = G’ via p1 and ps.

3. Bijective correspondence. The synthesis and analysis constructions are
inverse to each other up to isomorphism.

N,
z =

G P1*EP2

G/

Proof. This follows from Theorem 5.23. a

Note that the construction of E-concurrent (typed) graph productions can
be iterated such that each (typed) graph transformation sequence G = G via
(p1,.-.,pPn) can be done in one direct (typed) graph transformation G = G’
via an iterated FE-concurrent (typed) graph production p1* g, poxp,. . .*g, _, Pn.

Example 3.27 (E-concurrent production and E-related transforma-
tion). In Example 3.17, we showed that the direct typed graph transforma-

. tFlag, tTurnl, . .
tions S =" G, T EE Gy were sequentially dependent. This trans-

formation sequence is E-related with respect to the following typed graph
E:

non—active

FE active \

@,@

The corresponding FE-concurrent typed graph production setFlag xg

setTurnl is depicted in the following diagram and leads to the direct typed
setFlag>k_is>etTu7"n1 Gy
2

setTurn

graph production S
setFlag xg setTurnl:

non—active non—active non—active

start check

O
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3.4.2 Embedding and Extension Theorems

In this subsection, we analyze the problem of under what conditions a (typed)
graph transformation ¢ : Gy = G,, can be extended to a graph transformation
t': G = G via an extension morphism ko : Gog — G%. The idea is to obtain
an extension diagram (1) as below, where the same (typed) graph productions

P1,-..,Pn are applied in the same order in ¢ and ¢':
*
G'0 t$ n
ko (1) kn
v « ¥
=G,

Unfortunately, this is not always possible, but we are able to give a nec-
essary and sufficient consistency condition to allow such an extension. This
result is important for all kinds of applications where we have a large (typed)
graph G{), but only small subparts of G{, have to be changed by the (typed)
graph productions p1,...,p,. In this case we choose a suitably small sub-
graph Gy of G and construct a (typed) graph transformation t : Gy = G,
via p1,...,pn first. In a second step, we extend t : Gy = G,, via the inclusion
ko : Go — G} to a (typed) graph transformation ¢’ : Gy = G’ via the same
(typed) graph productions p1, ..., px.

Now we are going to formulate the consistency condition which allows us
to extend t : Gy = G, to t' : G = G, via ko : Go — GJ, leading to the
extension diagram (1) above. The idea is to first construct a boundary graph
B and a context graph C for ky : Go — G, such that G{ is the gluing of
Gy and C along B, i.e. G = Gy +p C. In fact, this boundary graph B is
the smallest subgraph of GGy which contains the identification points I P and
the dangling points DP of kg : Gy — Gy, considered as the match morphism
in Definition 3.9. Now the (typed) graph morphism ko : Gy — G is said to
be consistent with ¢ : Gy = G, if the boundary graph B is preserved by t.
This means that none of the (typed) graph production p1,...,p, deletes any
item of B. The following Embedding Theorem states that this consistency
condition is sufficient; this is a special case of Theorem 6.14 in Part II.

Theorem 3.28 (Embedding Theorem). Given a (typed) graph transfor-
mation t : Gy = G, and a (typed) graph morphism ko : Go — G{, which is
consistent with respect to t, then there is an extension diagram over t and kg.

Proof. This follows from Theorem 6.14. ad

The next step is to show that the consistency condition is also necessary,
and to give a direct construction of G}, in the extension diagram (1) below,
which avoids an explicit construction of ¢’ : Gl = G,. The following Extension
Theorem is a special case of Theorem 6.16 in Part II.
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Theorem 3.29 (Extension Theorem). Given a (typed) graph transforma-
tion t : Go = Gy, with an extension diagram (1) and a pushout diagram (2),
where B is the boundary and C is the context graph of ko : Go — G, then we
have:

1. ko is consistent with respect to t : Gy = Gh,.

2. There is a (typed) graph production der(t) = (Go o p, o G,), called
the derived span of t : Go = Gy, a direct (typed) graph transformation
Gy = G, via der(t), leading to pushouts (3) and (4), and an injective
(typed) graph morphism b: B — D,,.

3. There are pushouts (5) and (6), leading to a direct gluing construction of
D, =D,+pC and G, =G, +pC:

Bt Gyt == G,
| |
@ ko (1)
i v W v
C Gy =G,

G04—d0 b»Dn B—dnob*Gn

B
CC) N N OV i (5)
C

\ v \ i

G G > A E—

D/
Proof. This follows from Theorem 6.16. O

Note that the Embedding and Extension Theorems are, in a sense, inverse
to each other. The Embedding Theorem allows one to embed a transformation
t: Gy = G, into a larger context given by ko : Go — G, by construction
of an extension diagram. This is possible if kg is consistent with respect to .
Vice versa, the Extension Theorem shows that, for each extension diagram,
we have consistency and a direct construction of GJ,.

Example 3.30 (Embedding and Extension Theorems). We embed the
start graph S from Example 3.6, with the typed graph morphism kg, into
a larger context graph G{, where an additional resource is available that is
also assigned to the first process. The boundary and context graphs for ko are
shown in the following diagram:
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non—active @;wn—active

B S start start

C non—activ non active

Since, in the boundary graph, there is only the first process node, which is
preserved by every step of the typed graph transformation ¢ : S = G, we can
extend t over ko to Gl and obtain a typed graph transformation ' : Gf, = G,
where the graph G} is depicted below:

active : : —active
3 (~(®) §
setTurn start

The embedding k{, of S = Gy into a different typed graph G and the
boundary and context graphs of k{, are shown in the following diagram. In
this case, both process nodes and their loop edges are mapped together in G{j

Gt -

by k{. Since the typed graph transformation ¢ : S = G5 does not preserve the
loop edges in the boundary graph, it cannot be extended to G{.

non—active non—active non—active non—active
start start B . stm“t sta'rt

| .

| \

| 0

| ko |

| . |

Y . L
non—active C non—active .-

P
——————— -
start Gg start
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3.4.3 Confluence, Local Confluence, Termination, and Critical
Pairs

The Local Church—Rosser Theorem shows that, for two parallel independent
direct (typed) graph transformations G PLEY Hy and G 227 H,, there
is a (typed) graph G’ together with direct (typed) graph transformations

’
p2,m

Hy 222 G and Hy ™2 G'. This means that we can apply the (typed)
graph productions p; and ps with given matches in an arbitrary order. If each
pair of productions is parallel independent for all possible matches, then it
can be shown that the corresponding (typed) graph transformation system
(GTS) is confluent in the following sense: a GTS is called confluent if, for all
(typed) graph transformations G = H; and G = Hj, there is a (typed) graph
X together with (typed) graph transformations Hy = X and Hy = X. Local
confluence means that this property holds for all pairs of direct (typed) graph
transformations G = H; and G = Hs:

N N
N 7 N\

In the following, we discuss local confluence (and, similarly, confluence) for
the general case in which G = H; and G = H> are not necessarily parallel
independent.

Confluence is an important property of a GTS, because, in spite of lo-
cal nondeterminism concerning the application of a (typed) graph production
(see Subsection 1.1.3), we have global determinism for confluent (typed) graph
transformation systems. Global determinism means that, for each pair of ter-
minating (typed) graph transformations G = H; and G = H, with the same
source graph, the target graphs Hy and Hy are equal or isomorphic. A (typed)
graph transformation G = H is called terminating if no (typed) graph pro-
duction in the GTS is applicable to H anymore.

Lemma 3.31 (global determinism of a GTS). Every confluent (typed)
graph transformation system is globally deterministic.

Proof. Given terminating (typed) graph transformations G = H, and G =
H,, confluence implies the existence of a (typed) graph X together with
(typed) graph transformations H = X and Hy = X. Since G = H; and
G = H, are terminating, the (typed) graph transformations H; = X and
H, = X must have length n = 0 such that H; = X = H,. O

As pointed out above, a sufficient condition for confluence of a GTS is the
property that each pair of direct (typed) graph transformations G = H, and
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G = H, is parallel independent. However, this condition is not necessary, and
we shall now consider the general case including parallel dependence.

However, we only have to study the weak version of confluence, called
local confluence, where the given (typed) graph transformations G = H; and
G = Hy are direct (typed) graph transformations, but Hq = Xand Hy = X
are still general. According to a general result for rewriting systems, it is
sufficient to consider local confluence, provided that the GTS is terminating.

A GTS is defined to be terminating if there is no infinite sequence of graph
transformations (¢, : G = Gp)nen With t,41 = G Ly G, = Gp41. This allows
us to show the following result.

Lemma 3.32 (termination and local confluence imply confluence).
Every terminating and locally confluent (typed) graph transformation system
is also confluent.

Proof. This follows from Lemma 6.25. O

In the following, we discuss how to verify local confluence; termination
criteria will be discussed in the next subsection.

The main idea used in verifying local confluence is the study of critical
pairs. A pair P, "22 K 22 P, of direct (typed) graph transformations is
called a critical pair if it is parallel dependent, and minimal in the sense that
the pair (01, 02) of matches 01 : L1 — K and 03 : Ly — K is jointly surjective.
This means that each item in K has a preimage in Ly or Ls. In other words,
K can be considered as a suitable gluing of L, and L.

The following lemma shows that every pair of parallel dependent direct
(typed) graph transformations is an extension of a critical pair. This is a
special case of Lemma 6.22 in Part II.

Lemma 3.33 (completeness of critical pairs). For each pair of parallel
dependent direct (typed) graph transformations H; Pultt g r2m Hy, there is
a critical pair P, 22 K 222 P, with extension diagrams (1) and (2) and an
injective (typed) graph morphism m:

P, <l=nri.o1 [‘{ p2.00=—> P
(1) 1‘ (2)
Hy =rimi—— Ge—rsm == H,
Proof. This follows from Lemma 6.22. d

If the set of all critical pairs of a GTS is empty, this lemma implies already
local confluence of the GTS. Otherwise, in order to show local confluence, it
is sufficient to show strict confluence of all its critical pairs. As discussed
above, confluence of a critical pair P, <« K = P, means the existence of a
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(typed) graph K’ together with (typed) graph transformations P; = K’ and
P = K

Strictness is a technical condition (see Definition 6.26 in Part II) which
means, intuitively, that the largest subgraph N of K which is preserved by
the critical pair P; <= K = P; is also preserved by P; = K’ and P, = K'. In
[Plu95], it has been shown that confluence of critical pairs without strictness
is not sufficient to show local confluence.

This leads to the following Local Confluence Theorem, which is a special
case of Theorem 6.28 in Part II.

Theorem 3.34 (Local Confluence Theorem and Critical Pair Lem-
ma). A (typed) graph transformation system is locally confluent if all its crit-
ical pairs are strictly confluent.

Proof. This follows from Theorem 6.28. a

Example 3.35 (critical pairs and local confluence). We analyze our
typed graph grammar Mutual Exclusion from Example 3.6. We take a closer
look at the typed graph productions setFlag and setTurnl. For a graph
G that may lead to a critical pair, we have to consider overlappings of the

left-hand sides Ly of setFlag and Lo of setTurnl. The typed graph transfor-

. Fl . .
mations G “2=? P and G setTugnl P, are parallel dependent if the loop in

L5 typed non-active is deleted by setFlag. This leads to the two critical over-

setFlag setTurnl
— Gl — P2

and P| seifles G, St Pj. We show only the corresponding graphs in the
following diagram, not the complete typed graph transformations:

lappings G1 and Gs, and we have the critical pairs P;

active P1 non—active Gl non—active P2
. setFlag setTurnl : E

setTurn ﬂ: start e $ start)/@\\

setTurn setTurn check

active P! non—active non—active

=) 5

setTurnl

I
@ e

w
4
3
3
@ @w
ge&C@
& )
o 3
ol ~

setTurn setTurn
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There are many more critical pairs for other pairs of typed graph transfor-
mations in our grammar. All these critical pairs are strictly confluent. There-
fore the typed graph transformation system is locally confluent. However, as
we can see in the derivation graph in Example 3.6, the typed graph grammar
is not terminating; nevertheless, it is confluent. a

3.4.4 Functional Behavior of GT Systems and Termination
Analysis

As pointed out in the Introduction, (typed) graph transformation systems can
show two kinds of nondeterminism: first, several (typed) graph productions
might be applicable to a given (typed) graph G and one of them is chosen
arbitrarily, and, second, given a certain (typed) graph production, several
matches might be possible and one of them has to be chosen. In addition to
these two kinds of nondeterminism, a (typed) graph transformation system
GTS is, in general, nonterminating (see Subsection 3.4.3).

If we consider a (typed) graph transformation system GT'S as a compu-
tation device for (typed) graphs, where each (typed) graph transformation
G = H is a partial computation for G, then this computation device is, in
general, nondeterministic and partial. If the (typed) graph transformation
G = H is terminating, i.e. no (typed) graph production in GT'S is applicable
to H anymore, then H can be considered as the result of G. But different
terminating (typed) graph transformations G = H, and G = H, may lead
to different, nonisomorphic results H; and Hs. This, however, can be avoided
if the GTS is confluent (see Subsection 3.4.3). If the GTS is terminating and
locally confluent, then the GTS has a functional behavior, as stated in the
following theorem. The functional behavior of typed graph transformation
systems is an important property in several application domains. A typical
example is that of model transformations, which will be studied in Chapter
14.

Theorem 3.36 (functional behavior of GT systems). Given a termi-
nating and locally confluent (typed) graph transformation system GT'S, then
GTS has a functional behavior in the following sense:

1. For each (typed) graph G, there is a (typed) graph H together with a
terminating (typed) graph transformation G = H in GTS, and H is
unique up to isomorphism.

2. Each pair of (typed) graph transformations G = H, and G = H, can be
extended to terminating (typed) graph transformations G = H, = H and
G = H, = H with the same (typed) graph H.

Proof. By Lemma 3.32, GT'S is also confluent.

1. The existence of a terminating (typed) graph transformation G = H
follows from the termination of GT'S, and the uniqueness of H follows
from the confluence of GT'S.
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2. This follows from the confluence of GT'S.
O

In order to analyze the termination of typed graph transformation systems,
let us consider the following kind of layered typed graph grammar. A layered
typed graph grammar is a finite typed graph grammar where the typed graph
productions are distributed over different layers. In each layer, the typed graph
productions are applied for as long as possible before going to the next layer.
Moreover, it makes sense to distinguish between deletion and nondeletion
layers. All typed graph productions in a deletion layer delete at least one
item. The typed graph productions in nondeletion layers do not delete any
items, but they have negative application conditions to prohibit an infinite
number of applications of the same typed graph production (see Section 3.5
for negative application conditions). Finally, a layered typed graph grammar
has a number of deletion and nondeletion layer conditions which have to be
satisfied by the typed graph productions. For a precise definition of layered
typed graph grammars, see Definition 12.15 in Part III, where we use typed
attributed graphs and grammars instead of typed graphs and grammars, and
the condition “finitary” instead of “finite”. A typed graph grammar GG =
(TG, P,Gy) is called “finite” if the graphs TG and Gy, the graphs in each
typed graph production p € P, and the set P are all finite. As a special case
of Theorem 12.26 in Part III, we obtain the following theorem.

Theorem 3.37 (termination of layered typed graph grammars). Fv-
ery layered typed graph grammar GG = (TG, P,Gy) with injective matches
terminates, provided that it is layered in the following sense:

1. P is layered, i.e. for each p € P there is a production layer pl(p) with
0 < pl(p) < ko (pl(p), ko € N), where kg + 1 is the number of layers of
GG, and each typed graph production p € P has a set NAC, of negative
application conditions NAC(n : L — N) (see Definition 3.47); the latter
is abbreviated as n € NAC,.

2. The type set TY PE of GG is given by all graph nodes and edges of the

type graph TG, i.e. TYPE = Vpg U Erg.

. GG is finite.

4. For each type t € TY PE there is a creation layer cl(t) € N and a deletion
layer dl(t) € IN, and each production layer k is either a deletion layer or a
nondeletion layer, satisfying the following layer conditions for all p € Py:

o
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Deletion layer conditions Nondeletion layer conditions

1. p deletes at least one item. 1. p is nondeleting, i.e. K = L such that
p is given by r : L — R injective.

2.0 <cl(t) <di(t) < ko 2. phasn € NAC, withn: L — N,

forall t e TYPE. and there is an injective n’ : N — R
with n’ on =r.

3. p deletes an item of type t 3.z € L with type(z) =t

= di(t) < pl(p). = cl(t) < pl(p).

4. p creates an item of type ¢t 4.p creates an item of type ¢

= cl(t) > pl(p). = cl(t) > pl(p).

Proof. This follows from Theorem 12.26. ad

Example 3.38 (nontermination). The derivation graph in Example 3.6
shows that the typed graph grammar Mutual Fxclusion is not terminating.
Therefore the termination criterion stated in Theorem 3.37 is not fulfilled.

Indeed, we cannot find a set of layers for our typed graph productions
such that all the conditions are fulfilled. If we analyze the productions of our
grammar, we see that all typed graph productions are deleting, i.e. have to
belong to a deletion layer. However, each typed graph production also creates
an item — at least a loop at a process node. Now the deletion layer conditions
imply the following inequalities:

dl(start) < pl(setFlag) < cl(setTurn) < dl(setTurn) <
pl(setTurnl) < cl(check) < dl(check) < pl(enter) <
cl(crit) < dl(erit) < pl(exit) < cl(start) < di(start),

which cannot be fulfilled. a

3.5 Graph Constraints and Application Conditions

Now we are going to extend the theory by introducing graph constraints and
application conditions. Graph constraints allow us to formulate properties for
graphs. In particular, we are able to formulate the condition that a graph
G must (or must not) contain a certain subgraph G’. Beyond that, we can
require that G contains C' (conclusion) if it contains P (premise). Applica-
tion conditions, similarly to the gluing condition in Definition 3.9, allow us
to restrict the application of productions. Both concepts are important for
increasing the expressive power of graph transformation systems.

Application conditions for graph productions were introduced in [EHS86].
In a subsequent paper [HHT96], special kinds of application conditions were
considered which can be represented in a graphical way. In particular, con-
textual conditions such as the existence or nonexistence of certain nodes and
edges or certain subgraphs in the given graph can be expressed. Conditional
application conditions were introduced in [HW95]. Our presentation is based
on [EEHP04].
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Definition 3.39 (graph constraint). An atomic (typed) graph constraint
is of the form PC(a), where a : P — C' is a (typed) graph morphism.

A (typed) graph constraint is a Boolean formula over atomic (typed) graph
constraints. This means that true and every atomic (typed) graph constraint
are (typed) graph constraints, and, for (typed) graph constraints ¢ and ¢; with
i € I for some index set I, —c, Niecrci, and Vicrc; are (typed) graph con-
straints:

P a—s(

N\ _
\ /
G

A (typed) graph G satisfies a (typed) graph constraint c, written G |= ¢, if

c = true;

¢ = PC(a) and, for every injective (typed) graph morphism p : P — G,
there exists an injective (typed) graph morphism q : C — G such that
qoa=p;

c=—c and G does not satisfy c';

c = Nier¢; and G satisfies all ¢; with i € I;

c=Vierc; and G satisfies some ¢; with ¢ € 1.

Two (typed) graph constraints ¢ and ¢’ are equivalent, denoted by ¢ = ¢/,
if for all (typed) graphs G, G |= ¢ if and only if G | .

Remark 3.40. Note that we require injectivity for p and ¢ in the definition
of G = PC(a), but not for a. In fact, we can require a to be injective without
changing the expressive power (see Remark 3.42).

On the other hand, we could instead drop the requirement that p and ¢
must be injective, which would change the notion of satisfaction. This case
is discussed in Chapter 7, where we require that p and g belong to a specific
class M’ of morphisms.

In the categories Graphs and Graphsrg, the empty (typed) graph & is
initial. This means that for each graph G, there is exactly one (typed) graph
morphism p : @ — G. Hence G = PC(@ — () means that G contains C
as a subgraph (up to isomorphism). (Typed) graph constraints of the form
PC(@ — (') are abbreviated as PC(C'). The (typed) graph constraint of the
form PC(@) is equivalent to true, and —true is abbreviated as false.

Example 3.41 (graph constraints). We consider the typed graph con-
straint PC(a : P — C), as shown below, for the typed graphs of the graph
grammar in Example 3.6:

W) (200
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A typed graph G satisfies this constraint if, for each resource node R, there
is a turn variable that connects it to a process. The start graph S obviously
satisfies this constraint — there is only one resource, which is connected to the
first process node.

Some more general examples of graph constraints are:

PC(o 0 — 0): There exists at most one node.
PC(g — 8) There exists a node with a loop.
PC(0 — 8): Every node has a loop.

-PC(g — 8) The graph is loop-free.

—~PC(0 — B): There exists a node without a loop.

Aie; "PC(@ — Cy): The graph is acyclic (Cj denotes a cycle of length
k).

Let us explain the first constraint PC(a : P — C), where P consists of two
nodes, which are mapped by a to the one node in C. If the graph G contains
two nodes, we shall have an injective morphism p : P — G, but no injective
q:C — G with goa =p.

In the last graph constraint above, we use an infinite conjunction.

Analogously, given a type graph T'G, typed graph constraints make state-
ments about nodes or edges of a special type (where the label of the node or
edge denotes its type):

PC(® @ — @): There exists at most one node of type t.

PC(o He@): There exists a node of type t with a loop of type e.
Nievye PC(2 — @): There is at least one node of each node type.

Vievyo PC(@ — @): There is at least one node (of any type).
O

In most of our examples, the (typed) graph morphism a : P — C of a graph
constraint PC(a) is injective. Actually, concerning the expressive power, it is
sufficient to use an injective a, as shown in the next Remark.

Remark 3.42. In Definition 3.39, we have not required that a in PC(a) is
injective. But (typed) graph constraints with noninjective (typed) graph mor-
phisms do not give additional expressive power. For every (typed) graph con-
straint, there is an equivalent (typed) graph constraint with injective (typed)
graph morphisms. In particular, for a noninjective a, PC(P % C) = =PC(P):
if there exists an injective p : P — G, then there does not exist an injective
q : C'— G with goa = p, otherwise a would have to be injective, since injective
morphisms are closed under decomposition. This means that G [~ PC(a) and
G = PC(P). If there does not exist an injective p : P — G, then G |= PC(a)
and G = PC(P).

Let us now consider negative atomic graph constraints in order to express
the absence of C' in G. A negative atomic graph constraint is of the form
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NC(a), where a : P — C is a graph morphism. A graph G satisfies NC(a)
if, for every injective morphism p : P — G, there does not exist an injective
morphism ¢ : C — G with goa = p.

Remark 3.43. Negative atomic graph constraints do not give more expressive
power. For every negative atomic graph constraint, there is an equivalent
constraint: if a is injective, then NC(P % C) = —-PC(C); otherwise NC(P %
C) = true (see Fact 7.5).

Example 3.44 (negative graph constraint). For valid graphs of the typed
graph grammar in Example 3.6, each resource node should be connected to
exactly one process node. We have expressed the property that the node is
connected by means of a graph constraint in Example 3.41. The following
negative atomic graph constraint NC(a' : @ — C”) is satisfied by a graph G
if each resource node in G is connected to at most one process node:

=@
o

Now we introduce application conditions for a match m : L — G, where
L is the left-hand side of a (typed) graph production p. The idea is that the
production cannot be applied at m if m violates the application condition.

g -

O

Definition 3.45 (application condition). An atomic application condition
over a (typed) graph L is of the form P(x,Vicrx;), where x : L — X and
xz; : X — C; with i € I for some index set I are (typed) graph morphisms.

An application condition over L is a Boolean formula over atomic appli-
cation conditions over L. This means that true and every atomic application
condition are application conditions, and, for application conditions acc and
acc; with i € I, —ace, Nicrace;, and Vicrace; are application conditions:

z—»X

N
A

A (typed) graph morphism m : L — G satisfies an application condition
ace, written m = acc, if

acc = true;

acc = P(x,Viecrx;) and, for all injective (typed) graph morphisms p: X —
G with p o x = m, there exists an © € I and an injective (typed) graph
morphism q; : C; — G with q; o x; = p;
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e acc= —acc and m does not satisfy acc';
o acc = Nicracc; and m satisfies all acc; with i € I;
e acc = Vcracc; and m satisfies some acc; with i € 1.

Two application conditions acc and acc’ over a (typed) graph L are equivalent,
denoted by acc = acc', if for all (typed) graph morphisms m : L — G for some
G, m |= acc if and only if m |= acc’.

The application condition —true is abbreviated as false.

Remark 3.46. Application conditions with noninjective (typed) graph mor-
phisms in the second component of the atomic application condition do not
give more expressive power. For every application condition, there is an equiv-
alent application condition with injective (typed) graph morphisms in the sec-
ond component: P(x, Verxz;) = P(x, Viepa;) with I' = {i € I | z; injective}.
For an injective p : X — G and an i € I, the existence of an injective
¢ : C; — G with ¢; o x; = p implies that z; is injective, since injective
morphisms are closed under decomposition.

Now we consider negative application conditions, where the simple form
NAC(z) is especially important and has been used already to deal with ter-
mination in Theorem 3.37.

Definition 3.47 (negative application condition). A simple negative ap-
plication condition is of the form NAC(x), where x : L — X is a (typed) graph
morphism. A (typed) graph morphism m : L — G satisfies NAC(x) if there
does not exist an injective (typed) graph morphism p : X — G with pox = m:

L

o N.L
W A

An atomic negative application condition is of the form N(xz, Aierx;),
where x : L — X and z; : X — C;, with i € I, are (typed) graph mor-
phisms. A (typed) graph morphism m : L — G satisfies N(x, Ajera;) if, for
all injective (typed) graph morphisms p : X — G with p o x = m, there does
not exist an ¢ € I and an injective (typed) graph morphism q;: C; — G with
q; 0Ty = Pp-

Remark 3.48. The notation N(z, A;erx;) expresses the condition that, for
all p with pox = m and for all ¢ € I, there is no ¢; with ¢; o z; = p. Negative
application conditions do not give more expressive power. A simple negative
application condition NAC(z) is equivalent to an application condition of the
form P(x, Vierx;) with an empty index set I: if a (typed) graph morphism m
does not satisfy NAC(z), then there is a morphism p : X — G with pox = m,
but no index 7 € I to obtain the required (typed) graph morphism g¢;, i.e. m
does not satisfy P(x, Vierz;). If m satisfies NAC(z), then there does not exist
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an injective (typed) graph morphism p : X — G with pox = m, and for
P(x,Vierx;) there is nothing to show.

For every atomic negative application condition, there is an equivalent
application condition: N(z, Ajerx;) = NierP(x;0x, €), where e is an expression
with an empty index set (see Fact 7.9).

In analogy to NAC(z) = P(x,e), we write PAC(x) (positive application
condition) for an application condition —P(z,e¢), i.e. PAC(xz) = —P(z,¢e) =
—NAC(z). According to Definition 3.45, we have, form : L — G and z : L —
X, that m = PAC(z) iff there exists an injective (typed) graph morphism
p: X — G withpoxr=m.

Example 3.49 (application conditions). Some examples of application
conditions of graphs and their meanings for an injective match morphism
m are given below:

e PAC(00 — 0-0): There is some edge from m(1) to m(2).

. NAC(:)z) — z}»j)) There is no edge from m(1) to m(2).

o PAC(O1 2—> O»(l)) z\/ PAC(0 — 0-0): m(1) is not isolated.

o NAC(:) — ;»o) A NAC(IO —>lo«o): m(1) is isolated.

. P(?(21—> (1}1»(2),(1}»(2) — (1);':12)) If1 there is an edge from m(1) to m(2), then

there is an edge from m(2) to m(1).
e P(lo— 00,00 —20-0V 00 — 0-0): m(1) is connected directly to all
1 2 1 2

1 2 1 2 1 2 1
other nodes.
e Asey NAC(00 — Py): There is no path connecting m(1) and m(2) (P
1 2

denotes a path of length k connecting 1 and 2).
O

Up to now, we have considered application conditions over L, where L
is the left-hand side of a production. Similarly, we can consider application
conditions over R, where R is the right-hand side of a production. In the
following, we combine both concepts.

Definition 3.50 (application condition for a production). Given a
(typed) graph production p = (L LKL R), an application condition
A(p) = (AL, AR) for p consists of a left application condition Ay, over L
and a right application condition Ag over R.

A direct (typed) graph transformation G 2L H with a comatchn : R — H
satisfies the application condition A(p) = (AL, Agr) if m = Ap and n = Ag.

Example 3.51 (graph production with application condition). We
add a new production addResource to our typed graph grammar
Mutual Exclusion from Example 3.6, as shown in the following diagram. This
production inserts a new resource node and a new turn node, connected to
this resource and a given process:
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addResource:

S Ua0s0

For the application of this production, we define an application condition
A(addResource). The left application condition NAC(z) and the right appli-
cation condition P(z1,y1) are depicted below. With NAC(z), we forbid the
possibility that the process that the turn will be connected to is already ac-
tive. P(x1,y1) makes sure that after the application of addResource, only one
turn is assigned to the process. Note that y; is not injective, but instead maps
both turn nodes together.

NAC(z) @ -a- — @

active

P(ﬂﬁhyl)

- ST )
NGRS IGNGED

To apply the production addResource to the start graph S, there are two
possible matches: the process node in the left-hand side may be mapped to
the first process node in S, leading to the match m;, or to the second process
node in S, leading to the match msy. Both matches satisfy the left application
condition NAC(z), because both processes are nonactive.

The application of addResource to S via mqy leads to the following typed
graph Hy with a comatch na; no satisfies P(z1, z2), because there is no injec-
tive morphism p : X7 — Ho:

R - e Xliryr» Y
@@@ Fra-@ T EO®

|
|
|
|
Al

na Y

. 7

) \( ,
nonfact'i'ue H .7

K 2 p injg.
e e
2 (: > @ 7
7

start V4

non—active

(P (DB

start
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If we apply the production addResource to S via the match mq, we
obtain the typed graph H; with a comatch mi; n; does not satisfy the
right application condition P(x1,y;), because there is an injective morphism
p : X1 — H;i such that p o xy = nq, as depicted below, but there is no in-
jective morphism ¢ : Y7 — Hj such that ¢ o y; = p. Therefore the direct

. addResource,m
transformation S = !

A(addResource).

H, does not satisfy the application condition

S NG

S _
S

-— -

non—acdti

<
o

O

In Chapter 7, we shall extend graph constraints and application conditions
to the framework of adhesive HLR categories and systems. In this framework,
we shall show how to construct an equivalent right application condition for
each graph constraint and an equivalent left application condition for each
right application condition. This allows us to make sure that the derived graph
H satisfies a given graph constraint PC(a), provided that the match m : L —
G of the direct graph transformation G 22 H satisfies the corresponding left
application condition acc.

For an even more general concept of graph constraints and application
conditions, we refer to [HP05], where nested constraints and application con-
ditions are used in the sense of [Ren04]. A typical nested example is the fol-
lowing: “For all nodes, there exists an outgoing edge such that, for all edges
outgoing from the target, the target has a loop”.



Part 11

Adhesive High-Level Replacement Categories
and Systems
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In the second Part of this book, we generalize the algebraic approach of graph
transformation from classical graphs to high-level structures. This allows us
to apply the concepts and results of graph transformation to high-level struc-
tures such as hypergraphs, Petri nets, algebraic signatures and specifications
and, especially, typed attributed graphs, as is done in Part ITI. The concepts of
graph grammars and transformations presented in Chapters 2 and 3 are now
formulated in the categorical framework of adhesive high-level replacement
(HLR) categories and systems in Chapters 4 and 5. Together with several
instantiations of the categorical framework, we present some more advanced
concepts and results in Chapters 6 and 7. The proofs of the basic and ad-
vanced results are presented in the framework of adhesive HLR categories.
This implies the validity of the basic results in Chapter 3 for the classical case
of graph transformations.

The theory of HLR systems was started in [EHKP91a, EHKP91b] in or-
der to have a common framework for different types of graph and Petri net
transformation systems. The theory of transformation systems for Petri nets
extends the classical theory of Petri nets based on the token game by al-
lowing also a rule-based modification of the structures of Petri nets (see
[PER95, Pad96]). The HLR framework has also been applied to algebraic
specifications (see [EM85, EM90]), where the interface of an algebraic module
specification can be considered as a production of an algebraic specification
transformation system (see [EGP99]). More recently, the concept of adhesive
categories developed by Lack and Sobocinski [LS04] has been combined with
HLR categories and systems in [EHPP04], leading to the new concept of ad-
hesive HLR categories and systems. The concepts and results in the present
Part II are based on [EHPP04, Pra04] and [EEHPO04] concerning Chapters
4-6 and Chapter 7, respectively.

For those readers who are interested mainly in the concepts and results of
transformation systems for classical and typed attributed graphs, but not so
much in the general theory and in the proofs, it is advisable to skip Part II
and continue immediately with Parts III and IV after Part 1.



4

Adhesive High-Level Replacement Categories

In this chapter, we generalize the basic concepts of the algebraic approach
from graphs to high-level structures and instantiate them with various kinds of
graphs, Petri nets, algebraic specifications, and typed attributed graphs. The
concepts of adhesive categories and adhesive high-level replacement (HLR)
categories are introduced as a suitable categorical framework for graph trans-
formation in this more general sense. The necessary axioms for this generaliza-
tion are stated. They rely on the concepts of pushouts and pullbacks and their
compatibility which are essential for the Van Kampen squares and adhesive
categories described in Section 4.1 and introduced by Lack and Sobociriski in
[LS04]. While adhesive categories are based on the class M of all monomor-
phisms, we introduce adhesive and weak adhesive HLR categories (C, M) in
Section 4.2 based on a suitable subclass M of all monomorphisms. This more
flexible class M is essential for the typed attributed graphs considered in
Part III to be an adhesive HLR category. An important result in Section 4.2
shows how to construct new (weak) adhesive HLR categories from given ones.
Finally, in Section 4.3, we show that (weak) adhesive HLR categories satisfy
several HLR properties, originally considered in [EHKP91a] to prove the main
results for graph transformation systems in a categorical framework. The con-
cepts of adhesive HLR categories and systems were introduced in [EHPPO04].
In this chapter, we also introduce the slightly weaker concept of weak HLR
categories, because some interesting examples such as place/transition nets
satisfy only the weaker version.

4.1 Van Kampen Squares and Adhesive Categories

The intuitive idea of adhesive categories is that of categories with suitable
pushouts and pullbacks which are compatible with each other. More precisely,
the definition is based on van Kampen squares.

The idea of a van Kampen (VK) square is that of a pushout which is sta-
ble under pullbacks, and, vice versa, that pullbacks are stable under combined



78 4 Adhesive High-Level Replacement Categories

pushouts and pullbacks. The name “van Kampen” is derived from the rela-
tionship between these squares and the Van Kampen Theorem in topology
(see [BJ97]).

Definition 4.1 (van Kampen square). A pushout (1) is a van Kampen
square if, for any commutative cube (2) with (1) in the bottom and where
the back faces are pullbacks, the following statement holds: the top face is a
pushout iff the front faces are pullbacks:

A
f// \
SR A D
VI L Ny |
' ' | ' 2)
C n—]) /f/ \m ‘
C\ \B
n\é/g/

It might be expected that, at least in the category Sets, every pushout is
a van Kampen square. Unfortunately, this is not true (see Ex. 4.4). However,
at least pushouts along monomorphisms (injective functions) are VK squares.

Fact 4.2 (VK squares in Sets). In Sets, every pushout along a monomor-
phism is a VK square. Pushout (1) above is called a pushout along a monomor-
phism if m (or, symmetrically, f) is a monomorphism.

Proof. Consider the pushout (1) above, where m is a monomorphism, i.e.
injective. We have to show that, given a commutative cube (2) as above with
(1) in the bottom, where the back faces are pullbacks, the following holds:

the top face is a pushout < the front faces are pullbacks.

If m is a monomorphism, we also have the result that n, m’, and n’ are
monomorphisms, since monomorphisms in Sets are closed under pushouts
and pullbacks (see Facts 2.17 and 2.23). Now we show the statement.

Part 1 (“="). Assume that the top face in (2) is a pushout. Since pull-
backs are unique up to isomorphism, it is sufficient to prove that B’ and C’
are isomorphic to the corresponding pullback objects.

We have to show that:

1. B = PB, = UdleD d_l(dl) X g_l(dl).

2. C' 2 PBy =y cpd t(di) x n=}(dy).

1. Since PBj is the pullback object over d and g and d o ¢’ = g o b, there
is an induced morphism ¢ : B’ — PB;y with (b)) = (¢'(b'),b(b’)) for all
b e B.
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1 is injective.

Suppose that there are b} # b, € B’ with i(b]) = i(b}). Then we

have g'(b}) = ¢'(b) and b(by) = b(b5).

Since the top is a pushout and m’ is injective, there exist
&) # ay € A with m/(a}) = b, m'(a}) = by, and f'(a}) = f'(a})
(property 1).

The back right face commutes, and, since m is injective, it follows
that a(a}) = a(a}) (property 2).

The back left face is a pullback, and therefore we have the result
that a(a}) # a(a}) or f'(a}) # f'(a}).

This is a contradiction of properties 1 and 2.
/

.\a’ a

o~

1 is surjective.

Suppose that ¢ is not surjective. Then there exist dj € D’ and

by € B with d(d}) = g(b1); therefore (di,b1) € PBjy, but i(b) =
(¢’ (0"),b(b")) # (dj,by) for all ¥ € B'.

We consider the following case distinctions:
Case 1. For all b € B’, it holds that ¢'(b') # dj.

Then there exists a ¢j € C’ such that n'(¢}) = dj, and for all
a’ € A" we have f'(a’) # ¢}, because the top is a pushout.

Since the back left face is a pullback, we have f(a1) # ¢(c}) for all
a; € A (property 3).

The front left face commutes, which means that n(c(c})) =
d(n'(¢})) = d(d}) = g(by).

Since the bottom is a pushout, there exists an a; € A with m(aq) =
by and f(a1) = c(c}).

This is a contradiction of property 3.

\! )
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Case 2. There is a by € B’ with ¢'(b}) = dy, but b(b) = ba # b;.
The front right face commutes, and therefore g(be) = d(d}) =

g(b1).

Since the bottom is a pushout and m and n are injective, we have
a1 # ag € A with m(a1) = b1, m(az) = b2 and f(a1) = f(a2).

The back right face is a pullback with m(az) = by = b(b}), which
means that there is an af, € A’ with a(a}) = az and m/(a}) = b5,
The back left face is a pullback, and since c(f'(a})) = f(a2) =
f(a1), there is an a} € A" with a(a}) = a1 and f'(a}) = f/'(a}).
Since the back right face is a pullback, we obtain a b} € B’ with
m/(a}) = b} and b(b})) = m(a1) = by.

The top commutes, and since f'(a}) = f'(a}), we obtain ¢'(b})
g'(b3). This means that (b)) = (¢'(b}),b(d})) = (g'(b5),b1)
(dllv bl)'

This is a contradiction of the assumption that 4 is not surjective.

//

d\\\

b}

\\\

//

We have shown that i is both injective and surjective, i.e. isomorphic;
therefore the front right face of the cube (2) is a pullback.

2. Since PBs is the pullback object over d and n and d o n’ = n o ¢, there

is an induced morphism j : ¢! — PBy with j(¢') = (n'(),c(c")) for all

7 is injective.

Monomorphisms, i.e. injective functions, are closed under pullbacks

and decomposition. Since n is injective, i : PBs — D' is also injective.
Since 7 o j = n’ and n’ is injective, so is j:

Cf/
\\jn/
\

Pm D

N

C n—D

c
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e j is surjective.

Suppose that there exist dj € D’ and ¢; € C with d(d}) = n(c1);
therefore (d},c1) € PBa, but j(¢') = (n'(¢),c(c))) # (d},c1) for all
ded.

We consider the following case distinctions:

Case 1. For all ¢ € C', it holds that n'(c¢") # d}.

— Since the top is a pushout, there exists a b} € B’ with ¢'(V}) = d}
and m/(a’) # b} for alla’ € A’.

— Since the back right face is a pullback, we have m(a;) # b(b}) for
all a; € A (property 4).

— The front right face commutes, which means that g(b(b])) =
d(g' (b)) = d(d}) = n(c1), where the last equality holds by as-
sumption.

— The bottom is a pushout with an injective m and hence is a pull-
back. Therefore there exists an a; € A with f(a1) = ¢; and

m(ar) = b(by).

This is a contradiction of property 4.
\& ) \&b
1

\
Case 2. There is a ¢j, € C’ Wlth n/(chy) = di, but ¢(c}) = ca # 1.
— The front left commutes; therefore n(c1) = d(d)) = d(n'(ch)) =
n(c(cy)) = n(ca).
This is a contradiction of the fact that n is injective.

e j is both injective and surjective, i.e. isomorphic, and therefore the
front left face of the cube (2) is a pullback.

Part 2 (“«<”). Assume that the front faces of cube (2) are pullbacks.
Pushouts are unique up to isomorphism. Since m’ is injective, we can assume,
from property 4 of Fact 2.17, that PO is given by PO := C’ U B'\m/(4’),
and it remains to show that:

3. D

~

= PO.

3. Since PO is the pushout object over f/ and m/, and g’ om’ = n’o f’, there
is an induced morphism k : PO — D’ with

n'(p) ifpe
k(p) = {g’(p) otherwise
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k is injective.

Let p1,pa € C' U B'\m/(A") with k(p1) = k(p2); we have to show
that p; = po. Assume that p; # p2, and then we have the following
case distinctions:

Case 1. For p; # py € C’, we have n’(p1) # n’(p2) because n’ is
injective, which contradicts n’(p1) = k(p1) = k(p2) = n/(p2).

Case 2. For p1 # p2 € B'\m/(A"), we have ¢'(p1) = k(p1) =
k(p2) = g'(p2)-

— For all a’ € A’, we have m/(a’) # p1 and m’(a’) # pa.

—  Since the front right face is a pullback with d(g'(p1)) = d(¢'(p2)),
there are by # by € B with b(p1) = b1, b(p2) = b2, and g(by) =
g(b2).

—  The back right face is a pullback with m/(a’) # p1 and m(a’) # p2
for all @’ € A, and therefore m(a1) # b1 and m(az) # b for all aq,
asz € A (property 5).

— The bottom is a pushout, and since g(b1) = g(b(p1)) = d(¢’(p1)) =
d(g'(p2)) = g(b(p2)) = g(b2) and m is injective, there have to exist
a1 # as € A with m(aq) = by and m(az) = bs.

This is a contradiction of property 5.

Case 3. For p1 € C', po € B\m/(A"), we have n'(p1) = k(p1) =
kwp2) = g'(p2).

— For all @’ € A’, we have m/(a’) # pa (property 6).

— The front right and the front left face commute; therefore n(c(p1))
d(n'(pn)) = d(g'(p2)) = 9(b(p2))-

— Since the bottom is a pushout with m injective and hence is a
pullback, we obtain an a; € A with f(a1) = ¢(p1) and m(ay) =
b(p2).

— Since the back right face is a pullback, there exists an a} € A’ with
a(a}) = a1 and m/(a}) = pa.

This is a contradiction of property 6.



4.1 Van Kampen Squares and Adhesive Categories 83

pl\ K
.« P2
!4 ai
\v \v
o < .
e [ is surjective.

Suppose that there exists a d} € D’ with k(p) # d} for all p € PO,
which means that n/(¢’) # d} for all ¢/ € C’ and ¢'(b') # d} for all
b € B’. If there were a b} € m/(A4") with ¢'(b]) = dj, then there
would also be a ¢| € ¢’ and an o € A" with n'(c}) = n'(f'(a})) =
g (m'(a})) = ¢’ (b)) = d}, which would contradict n'(¢') # d} for all
ded.

— The front faces are pullbacks; therefore n(c;) # d(d}) for all¢; € C

and g(b1) # d(dy) for all by € B (property 7).

— The bottom is a pushout; therefore there exists, for d(d}) € D, a

c1 € C with n(c1) =d(d}) or a by € B with g(by) = d(d}).

This is a contradiction of property 7.

e [k is both injective and surjective, i.e. isomorphic, and therefore the
top face of the cube (2) is a pushout.
O

Remark 4.3 (proof techniques for Fact 4.2). The proof of Fact 4.2 looks
quite complicated, and it raises the question of the possibility of a simpler
proof. The first idea would be to use only the composition and decomposition
properties of POs (Fact 2.20) and of PBs (Fact 2.27). If the top face is a PO,
then the top and bottom are POs and PBs by Remark 2.25. This implies that
all faces in the cube (2) except for the front faces are PBs. However, Fact 2.27
cannot be applied to conclude that the front faces are also PBs.

An alternative way to show part 1 of the proof would be to use the prop-
erties of PBs in Sets in Fact 2.23 directly to show that the front faces are
PBs. Concerning part 2, an alternative would be to show first that the top
diagram in (2) is a PB using the fact that the bottom PO, with an injective
m, is also a PB. In this case, Fact 2.27 could be applied to show that the top
is a PB. In a second step, Remark 2.25 could be used to show that the top is
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also a PO. It would remain to show that m’ and that ¢’ are jointly surjective
and ¢’ is injective up to m/'.

Example 4.4 (van Kampen square in Sets). In the following diagram a
VK square along an injective function in Sets is shown on the left-hand side.
All morphisms are inclusions, or 0 and 1 are mapped to % and 3 to 2.

Arbitrary pushouts are stable under pullbacks in Sets. This means that
one direction of the VK square property is also valid for arbitrary morphisms.
However, the other direction is not necessarily valid. The cube on the right-
hand side is such a counterexample, for arbitrary functions: all faces commute,
the bottom and the top are pushouts, and the back faces are pullbacks. But,
obviously, the front faces are not pullbacks, and therefore the pushout in the
bottom fails to be a VK square.

(0,1} {0,1} x {0,1}
-~ o,13=—" AN

\ \ \ +mod2 772\
{0123 ‘\/{0,1}

In the following definition of adhesive categories, only those VK squares
(as defined in Definition 4.1) where m is a monomorphism are considered. Fol-
lowing Lack and Sobociriski [LS04], we define an adhesive category as below.

Definition 4.5 (adhesive category). A category C is an adhesive category
if:
1. C has pushouts along monomorphisms (i.e. pushouts where at least one
of the given morphisms is a monomorphism).
2. C has pullbacks.
3. Pushouts along monomorphisms are VK squares.

In [Sob04] and related work, adhesive categories are used as the categorical
framework for deriving process congruences from reaction rules. This is closely
related to deriving bisimulation congruences in the DPO approach with a bor-
rowed context, introduced in [EK04]. We shall not discuss these applications
in this book, where adhesive categories are used only as a first step towards
adhesive HLR categories in Section 4.2.

Let us first consider some basic examples and counterexamples of adhesive
categories.
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Theorem 4.6 (Sets, Graphs, and Graphstg as adhesive categories).
Sets, Graphs, and Graphsrtg are adhesive categories.

Proof. As shown in Facts 2.17 and 2.23, Sets has pushouts and pullbacks
over arbitrary morphisms. In Fact 4.2, we have shown that pushouts along
monomorphisms are VK squares. Therefore Sets is an adhesive category.
The result that Graphs and Graphstg are adhesive categories follows
from Theorem 4.15 and is shown in Fact 4.16. a

Counterexample 4.7 (nonadhesive categories). The category Posets of
partially ordered sets (see Example A.3) and the category Top of topological
spaces and continuous functions are not adhesive categories. In the following
diagram, a cube in Posets is shown that fails to be a van Kampen square.
The bottom is a pushout with injective functions (monomorphisms) and all
lateral faces are pullbacks, but the top square is not a pushout in Posets.
The proper pushout over the corresponding morphisms is the square (1):

/3
0—3 \
T~ L—23 3——=2 3
0—-2—3
(1)
_1—-3 0,
1—-2—-3
0—-1—-2—3

Remark 4.8 (quasiadhesive categories). In [LS05], Lack and Sobociniski
have also introduced a variant of adhesive categories, called quasiadhesive
categories, where the class of monomorphisms in Definition 4.5 is replaced
by regular monomorphisms. A monomorphism is called “regular” if it is the
equalizer of two morphisms. For adhesive and also quasiadhesive categories,
Lack and Sobociriski have shown that all of the HLR properties shown for ad-
hesive HLR categories in Thm. 4.26 (see below) are valid. This allows one to
prove several important results for graph transformation systems, presented
in Chapter 3, in the framework of both adhesive and quasiadhesive cate-
gories. On the other hand, adhesive and quasiadhesive categories are special
cases of the adhesive HLR, categories (C, M) (see Def. 4.9 below), where the
class M is specialized to the class of all monomorphisms and of all regular
monomorphisms, respectively. For this reason, we shall not develop the theory
of adhesive and quasiadhesive categories in this section, but instead continue
with adhesive HLR categories in the next section.
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4.2 Adhesive HLR Categories

In this section, we consider high-level structures, including, especially, various
kinds of graphs and Petri nets, as objects of a suitable high-level replacement
category of the kind introduced in [EHKP91a, EHKP91b]. By combining these
structures with the concept of adhesive categories described in Section 4.1 we
obtain adhesive HLR categories.

The main difference between adhesive HLR categories and adhesive cate-
gories is that a distinguished class M of monomorphisms is considered instead
of all monomorphisms, so that only pushouts along M-morphisms have to be
VK squares. Moreover, only pullbacks along M-morphisms, not over arbitrary
morphisms, are required.

The step from adhesive to adhesive HLR, categories is justified by the fact
that there are some important examples — such as algebraic specifications and
typed attributed graphs — which are not adhesive categories. However, they
are adhesive HLR categories for a suitable subclass M of monomorphisms.

In addition to adhesive HLR categories, we introduce a slightly weaker
notion, called weak adhesive HLR categories, because another important ex-
ample — the category PTNets of place/transition nets with the class M of
injective morphisms — fails to be an adhesive HLR category, but is a weak
adhesive HLR category.

The main result in this section shows that (weak) adhesive HLR categories
are closed under product, slice, coslice, functor, and comma category construc-
tions. This result is important because we only have to verify the conditions
of adhesive HLR categories explicitly for some basic categories such as Sets
with the class M of injective functions, and can then apply Theorem 4.15 to
show that several other important categories are also (weak) adhesive HLR
categories.

Definition 4.9 (adhesive HLR category). A category C with a morphism
class M is called an adhesive HLR category if:

1. M is a class of monomorphisms closed under isomorphisms, composition
(f iA—>BeM,g:B—-CeM=gofe M) and decomposition
(gofeM,ge M= feM)

2. C has pushouts and pullbacks along M-morphisms, and M-morphisms
are closed under pushouts and pullbacks.

3. Pushouts in C along M-morphisms are VK squares.

Remark 4.10. A pushout along an M-morphism is a pushout where at least
one of the given morphisms is in M. Pushouts are closed under M-morphisms
if, for a given pushout (1), m € M implies that n € M. Analogously, pullbacks
are closed under M-morphisms if, for a pullback (1), n € M implies that
m e M:
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=
f (1) g
v v
C n—u])

Note that the decomposition property of M is a consequence of the closure
of M under pullbacks. In fact, the following diagram (2) with go f € M and
g € M is a pullback, because g is a monomorphism. Hence the closure of M
under pullbacks implies f € M:

[
ida (2) g
v v
A gof—»(C

Example 4.11 (adhesive HLR categories).

o All adhesive categories (see Section 4.1) are adhesive HLR categories for
the class M of all monomorphisms.

e The category (HyperGraphs, M) of hypergraphs for the class M of
injective hypergraph morphisms is an adhesive HLR, category (see Fact
4.17).

e Another example of an adhesive HLR category is the category (Sig, M)
of algebraic signatures for the class M of all injective signature morphisms
(see Fact 4.19).

e The category (ElemNets, M) of elementary Petri nets for the class M
of all injective Petri net morphisms is an adhesive HLR category (see Fact
4.20).

e An important example is the category (AGraphsarta, M) of typed at-
tributed graphs with a type graph AT'G, where M is the class of all in-
jective morphisms with isomorphisms on the data part. We introduce this
category and show that it has the properties of an adhesive HLR category
explicitly in Chapter 8.

O

Counterexample 4.12 (nonadhesive HLR categories). The categories
(PTNets, M) and (Spec, M), where M is the class of all monomorphisms,
fail to be adhesive HLR categories (see Example 4.23 and Fact 4.24). ad

For a weak adhesive HLR category, we soften only item 3 in Definition 4.9,
so that only special cubes are considered for the VK square property.

Definition 4.13 (weak adhesive HLR category). A category C with a
morphism class M is called a weak adhesive HLR category if:

1. M is a class of monomorphisms closed under isomorphisms, composition
(fitA—>BeM,g: B—-CeM= gofe M) and decomposition
(gofeM,ge M= feM).
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2. C has pushouts and pullbacks along M-morphisms, and M-morphisms
are closed under pushouts and pullbacks.

3. Pushouts in C along M-morphisms are weak VK squares, i.e. the VK
square property holds for all commutative cubes with m € M and (f € M
or b,c,d € M) (see Definition 4.1).

Example 4.14 (weak adhesive HLR categories).

e The category (PTNets, M) of Petri nets for the class M of all monomor-
phisms is a weak adhesive HLR category (see Fact 4.21).

e An interesting example of high-level structures that are not graph-like is
that of algebraic specifications (see [EM85]). The category (Spec, Mtrict)
of algebraic specifications, where Mg+ 1s the class of all strict injective
specification morphisms, is a weak adhesive HLR category (see Fact 4.24).

e Similarly, the category AHLNets(SP, A) of algebraic high-level nets with
a fixed specification SP and algebra A, considered with the class M of
injective morphisms, is a weak adhesive HLR category (see Fact 4.25).

O

By definition, every adhesive HLR category is also a weak adhesive HLR
category, but not vice versa. In our main results (Theorems 4.15 and 4.26),
it makes no difference whether we consider adhesive or weak adhesive HLR
categories. Hence, for our present purposes, it would have been sufficient to
consider only weak adhesive HLR categories. However, our idea of adhesive
HLR categories is closer to that of the adhesive categories introduced in [LS04].
In the following, the phrase “(weak) adhesive HLR, category” means that we
can take either an adhesive or a weak adhesive HLR category.

(Weak) adhesive HLR categories are closed under product, slice, coslice,
functor, and comma category constructions (see Sections A.2 and A.6). This
means that we can construct new (weak) adhesive HLR categories from given
ones.

Theorem 4.15 (construction of (weak) adhesive HLR categories).
(Weak) adhesive HLR categories can be constructed as follows:

1. If (C,My) and (D, M3) are (weak) adhesive HLR categories, then the
product category (C x D, M1 x My) is a (weak) adhesive HLR category.

2. If (C, M) is a (weak) adhesive HLR category, so are the slice category
(C\X, M N C\X) and the coslice category (X\C, M N X\C) for any
object X in C.

3. If (C, M) is a (weak) adhesive HLR category, then for every category X
the functor category ([X, C], M — functortransformations) is a (weak)
adhesive HLR category. An M-functor transformation is a natural trans-
formation t : F — G, where all morphisms tx : F(X) — G(X) are in
M.

4. If (A, M1) and (B, Ms) are (weak) adhesive HLR categories and F :
A — C, G : B — C are functors, where F preserves pushouts along
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Mi-morphisms and G preserves pullbacks (along Ma-morphisms), then
the comma category (ComCat(F,G;T), M) with M = (M; x M) N
Morcomcat(r,c:z) 15 @ (weak) adhesive HLR category.

Proof.

1. The product category (C x D, My x Ma) is a (weak) adhesive category
under the given assumptions, because Mj X My inherits the required
monomorphism composition and decomposition properties from M; and
M. Moreover, pushouts and pullbacks along M7 X My-morphisms can be
constructed componentwise according to Facts A.19 and A.23. In order
to show that pushouts in C x D along M; X Ms-morphisms are VK
squares, we note that general pullbacks, which are used in the VK cube
of Definition 4.1, can also be constructed componentwise in a product
category.

2. The same is true for the slice category (C\X, M NC\X) and the coslice
category (X\C, MNX\C), where MNC\ X and MNX\C are monomor-
phisms in C\X and X\C, respectively. Note that monomorphisms in C
are also monomorphisms in C\ X and X\ C, but monomorphisms in X\C
are not necessarily monomorphisms in C.

3. The functor category (|X, C], M-functor transformations) is a (weak)
adhesive HLR category, provided that (C, M) is a (weak) adhesive HLR,
category. By Fact A.37, M-functor transformations are monomorphisms
in [X, C], and the required monomorphism composition and decomposi-
tion properties are inherited from M. Moreover, pushouts and pullbacks
along M-functor transformations, and general pullbacks are constructed
pointwise (i.e. for each object X € Obx) in [X, C].

4. The comma category (ComCat(F,G;T), M) is a (weak) adhesive HLR
category under the given assumptions, using Fact A.43. In the case of
general adhesive HLR categories, we require that F' preserves pushouts
along M-morphisms, but for G we require that general pullbacks are
preserved. This makes sure that in the VK cube of Definition 4.1, the
general pullbacks can also be constructed componentwise, which allows us
to inherit the VK properties of (ComCat(F, G;ZT), M) from (A, M;) and
(B, M3). In the case of weak adhesive HLR categories, it is sufficient to
require that F' preserves pushouts along M;-morphisms and G preserves
pullbacks along Mso-morphisms.

O

In the following, we use Theorem 4.15 in order to verify that Graphs and
Graphstg are adhesive categories and that the examples given in Examples
4.11 and 4.14 are (weak) adhesive HLR categories.

Fact 4.16 (Graphs and Graphstg are adhesive categories). The cate-
gories Graphs and Graphstg are adhesive categories, where the monomor-
phisms in Graphs and Graphsrtg are exactly the injective graph morphisms
and typed graph morphisms, respectively.
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Proof. The characterization of monomorphisms follows from Fact 2.15. Ac-
cording to Fact A.46, the category Graphs of graphs is isomorphic to the
functor category [S, Sets]. Now, (Sets, M) for the class M of all injective
functions, i.e. monomorphisms, is an adhesive HLR category, because Sets
is an adhesive category by Theorem 4.6. This implies that (Graphs, M’)
for the class M’ of all injective graph morphisms, i.e. monomorphisms, is an
adhesive HLR category by Theorem 4.15, part 3. Since Graphs has general

pullbacks, it is an adhesive category.
A similar argument using Theorem 4.15, part 2, implies that the slice
category Graphstg = (Graphs\T'G) over Graphs is an adhesive category.
O

As a variant of graphs, we now consider hypergraphs, where each edge no
longer has one source and one target, but an arbitrary sequence of vertices
used as attachment points.

Fact 4.17 (HyperGraphs is an adhesive HLR category). The category
(HyperGraphs, M) of hypergraphs is an adhesive HLR category.

A hypergraph G is given by G = (V, E, s,t), with source and target func-
tions s,t : E — V*, and a hypergraph morphism [ : G — G’ is given by
f=((v:V =V fg: E — FE), compatible with the source and target
functions, i.e. s' o fg = firos and t' o fg = [}, ot. Here, M is the class of
all injective hypergraph morphisms (i.e. fy and fg are injective).

Proof. The category HyperGraphs is isomorphic to the comma category
ComCat(IDgets, 1*; ), where [0* : Sets — Sets assigns to each set A and
function f the free monoid A* and the free monoid morphism f*, respectively,
and Z = {1,2}. According to Theorem 4.15, part 4, it suffices to note that
G = [0* : Sets — Sets preserves pullbacks (see Lemma A.38), using the fact
that (Sets, M) is an adhesive HLR category. O

Graphs, typed graphs or hypergraphs can also be used to construct triple
graphs G; <« Gy — G2, where graphs GG; and G of different languages L
and Lo are linked by an intermediate graph Gy € Lo and graph morphisms
Go — G7 and Gy — Gs. The concept of triple graph grammars for another
graph grammar approach was introduced by Schiirr in [Sch94] in order to
specify graph translators.

The category TripleGraphs is the base category to define triple graph
grammars in the DPO approach; it can be defined as the functor category
[S3, Graphs], where the “schema category” Ss is given by the schema Ss :
-« - — -, which consists only of three objects and two morphisms.

Fact 4.18 (TripleGraphs is an adhesive HLR category). The functor
categories 'TripleGraphs =  [S3, Graphs|, TripleGraphstg =
[S3, GraphsTtg| and TripleHyperGraphs = [S5, HyperGraphs] of triple
graphs, triple typed graphs and triple hypergraphs, respectively, together with
the class M of morphisms which are componentwise injective, are adhesive
HLR categories.
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Proof. This is a direct consequence of Facts 4.16, 4.17 and Fact 4.15 item 3.

Next, we consider algebraic signatures in the framework of algebraic spec-
ifications (see [EM85] and Fact 4.24).

Fact 4.19 (algebraic signatures are an adhesive HLR category). The
category (Sig, M) of algebraic signatures is an adhesive HLR category.

An algebraic signature is given by SIG = (S,0OP,dom : OP — S*,cod :
OP — S) with a set S of sorts, a set OP of operation symbols, and domain
and codomain functions dom and cod; op € OP, with dom(op) = $1...58,
and cod(op) = s, is usually written op : s1...8, — s (see [EM85]). An
algebraic signature morphism f : SIG — SIG' is given by a pair of functions
f=Us:S— 95, fop: OP — OP") compatible with dom and cod, i.e.
f&odom = dom' o fop and fsocod = cod o fop, and M is the class of all
injective morphisms.

Proof. The category Sig is isomorphic to a variant of the comma category
ComCat(F,G;T) with T = {1,2}, F = IDgets, and with G replaced by
G1 = 0" : Sets — Sets as in Fact 4.17, and G2 = [Dgets. Similarly to
Fact 4.17, it is sufficient to note that Gy = O and G2 = IDsgets preserve
pullbacks. a

In the following, we consider two kinds of Petri nets. Elementary Petri
nets, also called condition/event nets, have arc weights restricted to one, while
place/transition nets allow arbitrary finite arc weights. Instead of the original
set-theoretical notations used in [Rei85, NRT92], we use a more algebraic
version based on a power set or monoid construction, as introduced in [MM90].

Fact 4.20 (elementary Petri nets are an adhesive HLR category).
The category (ElemNets, M) of elementary Petri nets is an adhesive HLR
category.

An elementary Petri net is given by N = (P, T, pre,post : T — P(P)) with
a set P of places, a setT of transitions, and predomain and postdomain func-
tions pre,post : T — P(P), where P(P) is the power set of P. A morphism f :
N — N’ in ElemNets is given by f = (fp : P — P', fp : T — T’) compati-
ble with the predomain and postdomain functions, i.e. pre’ o fr = P(fp)opre
and post’ o fr = P(fp) o post, and M is the class of all injective morphisms.

Proof. The category ElemNets is isomorphic to the comma category
ComCat(IDgets, P;Z), where P : Sets — Sets is the power set functor
and Z = {1,2}. According to Theorem 4.15, part 4, it suffices to note that
P : Sets — Sets preserves pullbacks (see Lemma A.39), using the fact that
(Sets, M) is an adhesive HLR category. a

As pointed out in Counterexample 4.12, the categories (PTNet, M) of
place/transition nets and (Spec, M) of algebraic specifications, where M
is the class of injective morphisms in both cases, are not adhesive HLR

categories, but we can obtain the following weak adhesive HLR categories
(PTNets, M) and (Spec, M) defined below.
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Fact 4.21 (place/transition nets are a weak adhesive HLR category).
The category (PTNets, M) of place/transition nets is a weak adhesive HLR
category, but not an adhesive HLR category.

According to [MM90], a place/transition net N = (P, T, pre,post : T —
P®) is given by a set P of places, a set T of transitions, and the predomain and
postdomain functions pre,post : T — P®, where P® is the free commutative
monoid over P. A morphism f : N — N’ in PTNets is given by [ =
(fp: P — P fr:T — T, compatible with the predomain and postdomain
functions, i.e. pre’ o fr = flef opre and post’' o fr = flegB o post, and M is the
class of all injective morphisms.

Proof. The category PTNets is isomorphic to the comma category
ComCat(IDgets, ;) with Z = {1,2}, where J% : Sets — Sets is the free
commutative monoid functor. According to Theorem 4.15, part 4, it suffices
to note that (% : Sets — Sets preserves pullbacks along injective morphisms
(see Lemma A.40), using the fact that (Sets, M) is a (weak) adhesive HLR
category. This implies that (PTNets, M) is a weak adhesive HLR category.

It remains to show that (PTNets, M) is not an adhesive HLR category.
This is due to the fact that 0P : Sets — Sets does not preserve general
pullbacks. This would imply that pullbacks in PTNets are constructed com-
ponentwise for places and transitions. In fact, in Example 4.23 we present a
noninjective pullback in PTNets, where the transition component is not a
pullback in Sets, and a cube which violates the VK properties of adhesive
HLR categories. a

Remark 4.22 (pullbacks in comma categories). The category PTNets
in Fact 4.21 is an example of a comma category ComCat(F,G;Z) where the
functor G : B — C does not preserve general pullbacks. This means that
we cannot conclude from Fact A.43 that pullbacks in ComCat(F,G;Z) are
constructed componentwise.

However, it is interesting to note that in the case where A has an initial
object I4 and F' : A — C preserves initial objects, we can conclude that
every pullback in the comma category is also a pullback in the B-component.
In fact, given a pullback (1) in ComCat(F, G;Z) with C; = (A;, B;;0p;) for
j=0,...,3, we are able to show that the B-component of (1) is a pullback
in B. Given B, with morphisms h;p : B — B and heg : B — Bs in B, and
918 ©oh1p = gap o hap, we consider the object C = (14, B; op) with initial
morphisms op; : Fi(14) — G(B) in C, using the fact that F'(I4) is initial in C.
We then have morphisms hy : C — Cy and hy : C — Cs in ComCat(F,G;I),
where hi4: I4 — Ay and hoa : [4 — As are the initial morphisms in A, and
h1is, hap as above satisfy g1 o hy = g2 0 ho:

Co f1—=C4
| |
f2 (1) g1
1 \
Cy 92— ('3
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The pullback property of (1) in ComCat(F, G;T) implies a unique h : C' —
Ch with f1 oh = hy and fs o h = hy. But this also implies that hg : B — By
in B is unique, with fip o hp = h1p and fop o hp = hop, using again the
initialiy of 4 and F(I4).

This general result can be applied to show that pullbacks in PTNets
have pullbacks in the P-component, because F' = I Dgets preserves the initial
object @ in Sets. An example of a pullback in PTNets with this property
is shown in Example 4.23, where the P-component is a pullback in Sets, but
not the T-component.

Example 4.23 (non-VK square in PTNets). The following diagram
(1), with noninjective morphisms g1, g2, p1, P2, is a pullback in the category
PTNets (see Fact A.24), where the transition component is not a pullback

A

2

For the construction of the pullback over g; and g2 in PTNets according
to the general construction in Fact A.24, we first construct the pullback over
the places in Sets and obtain the places P4 = {(1,1),(2,2),(1,2),(2,1')}
and the morphisms py p : P4 — Pp with p1 p(z,y) =« and po p : P4 — Pc
with pe p(z,y) = y.

We have only one transition t3 € Tp, with prep(t3) = 2p and postp(ts) =
A, and the tuple (¢1,t2) € T X T of transitions that are mapped to t. So the
set L, ,t,) 18 given by

L(h,tz) = {((17 1/)7 (2a 2,))7 ((Qa 2/)7 (L 11))7 ((L 2,)5 (27 1I))7 ((2a 11)) (17 2I))}'
By the definition of the relation ~(;, ;,), we have the result that

(1,17, (2,2') ~(1.15) ((2,2), (1, 1)) and
(1,2, (2, 1)) ~(t40) ((2,1),(1,2);

Jt2) 4 (t1,t2) _
therefore we define to = t[((ll f,) @2y o =1, ;,) @1y and Ta = {to, 16}

C D
2

g2 ——— |
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In the following cube the bottom square is a pushout in PTNets along an
injective morphism m € M, all side squares are pullbacks, but the top square
is not a pushout in PTNets. Hence we have a counterexample for the VK

property. @ @
.f\@/ @ @ T ®

f TS

OO/

O

The next example is the category of algebraic specifications in the sense
of [EMS5].

Fact 4.24 (algebraic specifications are a weak adhesive HLR cate-
gory). The category (Spec, Mgtrict) of algebraic specifications, for the class
Mstrict of strict morphisms, is a weak adhesive HLR category. However,
(Spec, M), for the class M of all injective morphisms, is not a weak ad-
hesive HLR category.

An algebraic specification SP = (SIG, E) consists of a signature SIG =
(S,OP) (see Fact 4.19) and a set E of equations e = (X, L, R) over SIG with
L,R € Ts1a(X)s for some s € S (see [EM85]). A morphism f: SP — SP" in
Spec is a signature morphism f : SIG — SIG' (see Fact 4.19) with f#(E) C
E’, where f#(E) are the translated equations. A morphism f : SP — SP' in
Spec is strict if it is injective and f#*~Y(E') C E.

Proof. According to Fact 4.19, pushouts and pullbacks can be constructed
componentwise for the signature part of an algebraic specification. Given f;
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and fo in diagram (1) below in Spec, the pushout object (SIGs, E3) is given
by SIGs, as the pushout object in Sig, and Es = g7 (Ey) U g7 (E,):

(SIGQ, E())ifl‘» (SIGl, El)

> (1) o«
T

(SIGQ, E2)7924> (SIGg, Eg)

Vice versa, given ¢ and go in diagram (1), the pullback object (SIGy, Ep) is
given by SIGy, as the pullback object in Sig, and Ey = f7 (B )N fF H(E,).

Moreover, it can be shown that pushouts and pullbacks in Spec preserve
strict morphisms and that pushouts in Spec along strict morphisms are weak
VK squares in the sense of Definition 4.13 (see Section C.1). This implies that
(Spec, Mirict) is a weak adhesive HLR category.

However, this is not true for (Spec, M), where M is the class of all
injective morphisms. In fact, the following pushout (2) in Spec, with F # &
and all morphisms in M, is not a pullback. By Theorem 4.26, this implies
that (Spec, M) is not a weak adhesive HLR category.

(SIG, @) ——»= (SIG, E)

i (2)

(SIG,E)—— = (SIG, E)
O

In the following, we combine algebraic specifications with Petri nets, lead-
ing to algebraic high-level (AHL) nets (see [PER95]). For simplicity, we fix
the corresponding algebraic specification SP and the SP-algebra A. For the
more general case, where morphisms between different specifications and al-
gebras are also allowed, we refer to [PER95]. Under suitable restrictions on
the morphisms, we also obtain a weak adhesive HLR category in the more
general case (see [Pad96] for the HLR properties of high-level abstract Petri
nets).

Fact 4.25 (AHL nets are a weak adhesive HLR category). Given an
algebraic  specification SP and an SP-algebra A, the category
(AHLNets(SP, A), M) of algebraic high-level nets over (SP, A) is a weak
adhesive HLR category.

An AHL net over (SP, A), where SP = (SIG, E, X) has additional vari-
ables X and SIG = (S,0P), is given by N = (SP, P, T, pre, post, cond, type,
A), where P and T are the sets of places and transitions;
pre,post : T — (Tsiq(X) ® P)® are the predomain and postdomain func-
tions; cond : T — Pyin(Eqns(SIG, X)) assigns to each t € T a finite set
cond(t) of equations over SIG and X ; type : P — S is a type function; and
A is an SP-algebra.
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Note that Tsr(X) is the SIG-term algebra with variables X, (Tsra(X)®
P) = {(term,p) | term € Ts1c(X)iype(p), P € P}, and O is the free commu-
tative monoid functor.

A morphism f : N — N’ in AHLNets(SP,A) is given by a pair of
functions f = (fp : P — P, fpr : T — T') which are compatible with the
functions pre, post, cond, and type as shown below. M is the class of all
injective morphisms f, i.e. fp and fr are injective.

T (Tsia(X) @ P)© P
- ‘ ‘ ‘ type
Pfin(Ean(SIG,X)) fr (id@ fp)® fp >S
‘\cond, ’ v * /type/
T e e (Tsre(X) @ P)® P’

Proof. From the fact that (SP, A) is fixed, the construction of pushouts and
pullbacks in AHLNets(SP, A) is essentially the same as in PTNets, which
is also a weak adhesive HLR category. We can apply the idea of comma cate-
gories ComCat(F, G;Z), where in our case the source functor of the operations
pre, post, cond, and type is always the identity I Dsgets, and the target func-
tors are (Ts;c(X) ® )® : Sets — Sets and two constant functors. In fact
(Tsic(X)® ) : Sets — Sets, the constant functors, and % : Sets — Sets
preserve pullbacks along injective functions (see Lemma A.40). This implies
that (Tsra(X) ® )® : Sets — Sets also preserves pullbacks along injective
functions, which is sufficient to verify the properties of a weak adhesive HLR
category. O

4.3 HLR Properties of Adhesive HLR Categories

In this section, we show several important properties of (weak) adhesive HLR
categories, which are essential to prove the main results in the following
chapters. These properties were required as HLR properties in [EHKP91a,
EHKP91b] to show the classical results for HLR systems. In [LS04], it was
shown that these HLR properties are valid for adhesive categories. These prop-
erties were extended to adhesive HLR categories in [EHPP04]; we now extend
them to weak adhesive HLR categories also.

Theorem 4.26 (properties of (weak) adhesive HLR categories). Given
a (weak) adhesive HLR category (C, M), then the following properties hold:

1. Pushouts along M-morphisms are pullbacks. Given the following pushout
(1) with k € M, then (1) is also a pullback.

2. M pushout—pullback decomposition lemma. Given the following commu-
tative diagram, where (1) + (2) is a pushout, (2) is a pullback, w € M,
and (I € M ork € M), then (1) and (2) are pushouts and also pullbacks.
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3. Cube pushout—pullback lemma. Given the following commutative cube (3),
where all morphisms in the top and in the bottom are in M, the top is a
pullback, and the front faces are pushouts, then the bottom is a pullback
iff the back faces of the cube are pushouts:

//A,
,‘4 =B = C’\‘/,f a\m'\B,
i (1) % (2) % ! \Dl‘/:lg i
C v—D)——w—e [ é/f/d/ ™~ ‘
B

4. Uniqueness of pushout complements. Given k: A — B € M and s : B —
D, then there is, up to isomorphism, at most one C withl: A — C and
u:C — D such that (1) is a pushout.

For the proofs, we need the following fact.

Fact 4.27. For any morphism f : A — B, the square (PO) below is a pushout
and a pullback, and for any monomorphism m : A — B, (PB) is a pullback.
Since in a (weak) adhesive HLR category M is a class of monomorphisms,
this holds in particular for M-morphisms.

A—7fr—=B A ida —a= A

idgy  (PO) idg  ida (PB) m

Y vy '

A—Ff—=B A—m—=PRB
Proof. This follows from standard category theory. a

Proof (Theorem 4.26). We shall show these properties for weak adhesive HLR
categories. In the nonweak case, we have to verify fewer of the M-morphisms.

1. Consider the following cube (4):

A/l/ ‘ \idA
c= | -,
C e
idg
A (4)
é/l// \k £
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Since the bottom is the pushout (1) along the M-morphism £, it is a weak
VK square with k,u,id. € M. From Fact 4.27, we have the result that:

e the back left face is a pullback;
e the back right face is a pullback;
e the top is a pushout.

From the VK square property, we conclude that the front faces (and there-
fore (1)) are pullbacks.

Since w € M, we have, from Definition 4.9, the result that » € M also.
If Kk € M, then r o k € M also, since M-morphisms are closed under
composition. Consider the following cube (5) over the given morphisms:

Since the bottom is a pushout along the M-morphism [ or along the
M-morphism r o k, it is a weak VK square with w, r,idg,idc,idp € M.
We then have:

the back left face is a pullback;
the back right face, since it is a composition of pullbacks (since r € M),
is a pullback;

e the front left face, since it is a composition of pullbacks (since w € M),
is a pullback;

e the front right face is a pullback, by assumption.

From the VK square property, we conclude that the top, corresponding to
square (1), is a pushout, and the pushout decomposition gives us the result
that (2) is also a pushout. 1 implies that both (1) and (2) are pullbacks.

Since the front faces are pushouts along M-morphisms, they are also
pullbacks.
“=". Let the bottom be a pullback. Consider the turned cube (6):
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’/A/\ a/A,\
Cl\‘/f ‘ ey A\/ f‘ ml\B'
L Tmew T T
' | —B Ty ——C '
D/\/ i \b\é C\/ ‘ \n,\$/
(6) d\D/g/ (7) n\D/d/

The following properties then apply:

e the bottom is a pushout along the M-morphism ¢’, and therefore a
weak VK square with n’,n,m € M;
the front right face is a pullback;
the front left face is a pushout along the M-morphism n’, and therefore
a pullback;
the back left face is a pullback;
the back right face is a pullback (by composition and decomposition
of pullbacks).

From the VK square property, it follows that the top is a pushout; this
means that the back left face in the original cube (3) is a pushout.

By turning the cube once more, we obtain the same result for the back
right face of the original cube (3). Hence the back faces are pushouts.

“<”. Let the back faces be pushouts in the original cube (3). By
turning the cube again, we obtain cube (7), where the bottom, top, back
left face, and front right face are pushouts along M-morphisms, and the
back right face is a pullback.

Since the bottom is a weak VK square with f,g,g’ € M and the top is
a pushout, the front faces must be pullbacks; this means that the bottom
of the original cube is a pullback.

. Suppose that (8) and (9) below are pushouts with k& € M. It follows that
u,u’ € M. Consider the cube (10), where ¢’ & U % (' is the pullback
over ¢! % D & C with o,y € M. h is the resulting morphism for this

pullback in comparison with the object A and the morphisms [ and I’, and
it holds that zoh =1"and yo h = 1.
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A

—

A k—=DB A i—-p A= \h\

‘ ‘ ‘\ll\ id\A I/U

A I T ) N T o=y |

v v v v | A y

C u—ms=]) C o —= ] B/ o l\$
T~ | _*c

(10) \D/

Pullbacks are closed under composition and decomposition, and since
the left faces and the front right face are pullbacks and y o h = [, the back
right face is a pullback.

The following properties then apply:

e the bottom is a pushout along the M-morphism k, and therefore a
weak VK square with k,u',y € M;
the back left face is a pullback (with k& € M);
the front left face is a pushout along the M-morphism k, and therefore
a pullback;
the front right face is a pullback by construction;
the back right face is a pullback.

Hence it follows from the VK square property that the top is a pushout.

Since id 4 is an isomorphism and pushouts preserve isomorphisms z is
also an isomorphism. For similar reasons we can conclude by exchanging
the roles of C and C’ that y is an isomorphism. This means that C' and
C’ are isomorphic. O
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Adhesive High-Level Replacement Systems

Adhesive high-level replacement (HLR) systems can be considered as abstract
graph transformation systems based on the adhesive or weak adhesive HLR
categories introduced in Chapter 4. More precisely, this chapter is an abstract
categorical version of Sections 3.1-3.3 in Part I, which dealt with the case of
(typed) graphs. The motivation behind the concepts of adhesive HLR, systems
is essentially the same as that behind the concepts of (typed) graph transfor-
mation systems considered in Part I. Hence there is little description of our
motivation in this chapter, but we present the proofs of all our results.

In Section 5.1, we introduce the basic concepts of adhesive HLR systems,
similarly to Section 3.1 for the classical case of graph transformation systems.
Various kinds of graph and Petri net transformation systems are introduced as
instantiations in Section 5.2. The Local Church—Rosser and Parallelism The-
orems introduced for the graph case in Section 3.3 are formulated and proven
for adhesive HLR systems in Section 5.3. Finally, we present in Section 5.4
another classical result mentioned in Section 3.4, the Concurrency Theorem,
where the construction of dependent transformation sequences is based on the
concept of pair factorization introduced in [EHPP04] for critical pair analysis.

5.1 Basic Concepts of Adhesive HLR Systems

In general, an adhesive HLR system is based on productions, also called rules,
that describe in an abstract way how objects in the system can be transformed.
The main difference from the graph productions considered in Definition 3.1
is the fact that graphs and injective graph morphisms are replaced by objects
in a category C and by morphisms in the class M of (weak) adhesive HLR
categories defined in Definitions 4.9 and 4.13.

Definition 5.1 (production). Given a (weak) adhesive HLR category (C,
M), a production p = (L LKL R) (also called a rule) consists of three
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objects L, K, and R, called the left-hand side, gluing object, and right-hand
side, respectively, and morphismsl: K — L andr: K — R with [, r € M.

Given a production p = (L Ly G R), the inverse production p~! is

given by p~' = (R K LN L).

Similarly to the graph case in Definition 3.2, an application of a produc-
tion is called a direct transformation and describes how an object is actually
changed by the production. A sequence of these applications yields a trans-
formation.

Definition 5.2 (transformation). Given a production p = (L LKL R)
and an object G with a morphism m : L — G, called the match, a direct
transformation G 22 H from G to an object H is given by the following
diagram, where (1) and (2) are pushouts:

[\,4—[ [‘( r—»f‘{
' v v
Ge—i—D—9—»H

A sequence Gy = G1 = ... = G, of direct transformations is called a trans-
formation and is denoted by Go = G,. For n = 0, we have the identical

transformation Go g Go, i.e. f =g =1idg,. Moreover, for n = 0 we allow
also isomorphisms Gy = G}, because pushouts and hence also direct transfor-
mations are only unique up to isomorphism.

Remark 5.3. Similarly to the graph case considered in Section 3.2, we discuss
below under what conditions a production p can be applied to G with a match
m : L — G (see Definitions 5.6 and 6.3, Fact 5.8, and Theorem 6.4).

As stated in Fact 3.3 for the graph case, there is, for each direct transforma-
tion G 22 H with a comatch morphism n : R — H, a direct transformation

-1
H =" @ over the inverse production.

If, in Definition 3.4 for GT systems, we replace the category Graphs with
injective morphisms by a (weak) adhesive HLR category (C, M), we obtain a
definition of adhesive HLR systems. Note that we do not distinguish between
adhesive and weak adhesive HLR systems, because, for all our results, we need
only the properties of weak adhesive HLR categories (see Theorem 4.26).

Definition 5.4 (adhesive HLR system, grammar, and language). An
adhesive HLR system AHS = (C, M, P) consists of a (weak) adhesive HLR
category (C, M) and a set of productions P.

An adhesive HLR grammar AHG = (AHS, S) is an adhesive HLR system
together with a distinguished start object S.

The language L of an adhesive HLR grammar is defined by

L ={G | 3 transformation S = G}.
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Example 5.5 (adhesive HLR grammar Ex AHG and transformations).
In the following, we introduce as an example the adhesive HLR gram-
mar ExAHG based on graphs (see Section 2.1). We define ExAHG =
(Graphs, M, P, S). M is the class of all injective graph morphisms, and S is
the following start graph:

[}

P = {addVertex,addEdge, deleteVertex,dellof2Edges} is defined by the
following productions, where all morphisms are inclusions (and therefore are

in M):

Ly K3 Ry
addVertex : G |- - - - Gr---- - - @
Lo Ky Ry

addFEdge : ° ® |« h-—- @ e 2 > &—>0
L3 K3 RS
deleteVertex : ® (= — —-lzg-— — — g r---- T3 — = I
Ly Ky Ry

dellof2FEdges : O 20 < i~ O __ L@ —Ti > O _ @

The production addVertex adds a single vertex to a graph, and with addEdge,
a directed edge between two vertices can be inserted. On the other hand,
deleteVertex deletes a single vertex, and dellof2FEdges deletes one of two
parallel edges.

There are various options for transforming our start graph S by applying
one of the given productions. For example, we can use the production addEdge
to insert an additional edge, as shown in the following diagram. The node
labels indicate the mapping m between Lo and S, and the graph marked by
a bold outline is the source for the transformation:

(1) (2) (1) (2) (1) (2)
[ ] ® = —r——— @ ® -~ —"2— > O&—»0
Loy Ky Ry |
| | |
| | |
m k n
v Dy G y
@ o (2) 2)
[ —— ) [ —— )
- — f — — -——9 — T
® ® [ ) [ ® ®
(1) (1) (1)
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In the resulting graph G, we delete one of the two edges between the upper
nodes by applying the production dellof2FEdges:

N

O 50 = i~ O __ L@ -~ —Ti— > O0_ @
(1) €] (€]
Ly Ky Ry
| | |
| | |
m’ k' n'
G v D'y H y
(1) [€Y) [€9)
() ° o ™o
&)
° ° ° ° ° °
. . ddEdge, dellof2Edges,m’
The direct transformations S ““Z2°™ G and G /2™ o together
form the transformation S = H. a

As indicated in Section 3.2, a production p = (L LKL R) can only be
applied via a match m : L — G to G if there is a pushout complement K LA

DL Gk L1 G (see Remark 3.12), where D is the context introduced
in Definition 3.7. Moreover, a gluing condition is introduced in Definition 3.9
which is necessary and sufficient for the existence of the pushout complement.
For adhesive HLR systems, we can define a gluing condition if we are able
to construct initial pushouts, which will be introduced in Section 6.1. Note,
however, that the existence of initial pushouts is an additional requirement,
which does not follow from the axioms of (weak) adhesive HLR categories.
The construction of initial pushouts, together with the gluing condition in
Definition 6.3, leads in Theorem 6.4 directly to a construction of the context
D and the pushout complement discussed above.

Definition 5.6 (applicability of productions). Let p = (L LK R) be
a production. For an object G and a match m : L. — G, p is applicable via m
if the pushout complement for K L LG evists.

Example 5.7 (nonapplicability of a production in ExAHG). In Exam-
ple 5.5, the productions addEdge and dellof2FEdges are applicable via m and
m’, respectively.

The production deleteVertex with a match n, as depicted in the following
diagram, is a counterexample. Since there is no pushout complement for /3 and
n, the production deleteVertex is not applicable via n. This is clear because
deleting the node would result in two dangling edges without a source node.
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(1)
® |- — — —i3— — — —1 g r-—--- T3 — — — |
Lz | K3 R3
[
[
Sy
I
P c—— )
[ ] [ ]

O

Similarly to Fact 3.13 for the graph case, we now obtain a fact about how
to construct direct transformations.

Fact 5.8 (construction of direct transformations). Given a production

p=(L LKL R) and a match m : L — G such that p is applicable to G via
m, then a direct transformation can be constructed in two steps:

1. Construct the pushout complement K & p L G of K L ™G
diagram (1) below.

2. Construct the pushout D % H & R of D ERKLRn diagram (2).

This construction is unique up to isomorphism.

[\,4—1 [‘( r—»}‘{
' Y v

G=-—f——D g—»H

Proof. Since we have [, r € M, the construction of a pushout complement (1)
and of a pushout (2) is unique up to isomorphism (see Theorem 4.26, part 4,
and Remark A.18). O

5.2 Instantiation of Adhesive HLR Systems

In Chapter 4, we presented several examples of adhesive and weak adhesive
HLR categrories. For each of these examples, we can obtain an instantiation
of the adhesive HLR systems introduced in Section 5.1. In particular, we can
obtain the graph and typed graph transformation systems introduced in Part
I, and typed attributed graph transformation systems, which will be studied
in Part III in more detail. In the following, we discuss some other interesting
instantiations.
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5.2.1 Graph and Typed Graph Transformation Systems

In order to obtain graph and typed graph transformation systems in the sense
of Part I (see Definition 3.4), we use the adhesive HLR categories (Graphs,
M) and (Graphstg, M), respectively, where M is the class of all injective
graph morphisms or of all injective typed graph morphisms, respectively. In
fact, (Graphs, M) and (Graphsrtg, M) are already adhesive categories (see
Fact 4.16), because M is in both cases the class of all monomorphisms. An
example of a typed graph grammar has been given already in Part I as a
running example (see Example 3.6), and in Example 5.5 we have presented a
graph grammar, which will be used as a running example in the present Part
1.

5.2.2 Hypergraph Transformation Systems

The category (HyperGraphs, M) is an adhesive HLR category (see Fact
4.17). The corresponding instantiation of adhesive HLR systems and gram-
mars leads to hypergraph transformation systems. As a specific example, we
shall consider a simple hypergraph grammar HGG from [BK02]. In fact, this
hypergraph grammar is edge-labeled (and hence also typed, as in the graph
case). However, typed hypergraph grammars are also adhesive HLR gram-
mars, because (HyperGraphsrtg, M) is a slice category of (Hypergraphs,
M) and hence also an adhesive HLR category (see Theorem 4.15).

Let us consider the following hypergraph grammar HGG, with the start
graph S and the two productions useCon and createCon depicted below:

5.

Pint Pea:t
useCon:
(1) @) 1) @) 1) @)
Pof=e—| C|=e <- o Cf=e -~ Pins
createCon:

(1) (1) (1)

The edge labels have the following meanings: C, connection; Sy, public
server; Spry, private server; Pj,:, internal process; and F.., external pro-
cess. Using the production useCon, internal processes can move around the
network. With createCon, public servers can extend the network by creat-
ing new connections. The aim of the paper [BK02] was to present verification
techniques. For this example, it is possible to verify with these techniques that
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the external process is never connected to a private server and thus never has
access to classified data. Note that in this example all hyperedges have arity
1, except for those of type C, which have arity 2.

For other examples of hypergraph transformation systems in the area of
term graph rewriting, we refer to [Plu93, Plu95].

5.2.3 Petri Net Transformation Systems

Petri net transformation systems were introduced in [EHKP91a, EHKP91b]
for the case of low-level nets and in [PER95] for the case of high-level nets. The
main idea is to extend the well-known theory of Petri nets based on the token
game by general techniques which allow one to change also the net structure of
Petri nets. In [Pad96], a systematic study of Petri net transformation systems
was presented in the categorical framework of abstract Petri nets, which can be
instantiated to different kinds of low-level and high-level Petri nets. In Chapter
4, we have shown that the category (ElemNets, M) of elementary Petri nets
is an adhesive HLR category (see Fact 4.20) and that the categories (PTNets,
M) of place/transition nets and (AHLNets(SP, A), M) of algebraic high-
level nets over (SP, A) are weak adhesive HLR categories (see Facts 4.21
and 4.25). The corresponding instantiations of adhesive HLR systems lead to
various kinds of Petri net transformation systems, as discussed above.

In the following, we present a simple grammar ENGG for elementary
Petri nets, which allows one to generate all elementary nets. The start net .S
of ENGG is empty. Note that we have to restrict the matches to injective
morphisms to ensure the creation of valid elementary nets. We have a pro-
duction addPlace to create a new place p, and productions addTrans(n,m)
for n,m € N to create a transition with n input and m output places:

addPlace:

N

addTrans(n,m)

® o @ e @ G 6

- — - - — -

The grammar ENGG can be modified to a grammar PT' GG for place/tran-
sition nets if we replace the productions addTrans(n,m) by productions

addTrans(n,m)(i1,...,in, 01, ..,0m), Where i1,...,4, and o01,...,0., corre-
spond to the arc weights of the input places p1,...,p, and the output places
q1, - - -, Qm, respectively.

For a more interesting example, we refer to [BEUO03]. In this paper, a rule-
based stepwise development of a simple communication-based system is con-
structed as an interconnection of three components: a buffer with two tasks,
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a printer, and a communication network between the buffer and the printer.
All these components are represented by marked place/transition nets, which
satisfy suitable safety and liveness properties. In addition, four productions
are given, which allow one to transform the basic components to a more de-
tailed final model. It can be shown that the final model inherits the safety
and liveness properties of the initial model, because the productions can be
shown to be safety- and liveness-preserving. In fact, the productions are Q-
productions in the sense of [Pad96], where Q-productions were introduced to
preserve certain properties.

Concerning examples of algebraic high-level net transformation systems,
we refer to [PER95, EKMR99, EGP99].

5.2.4 Algebraic Specification Transformation Systems

Transformation systems for algebraic specifications have been considered es-
pecially in connection with algebraic module specification (see [EM90]). The
import and export interfaces IM P and FXP, with a common parameter
part PAR, of an algebraic module specification can be considered as a pro-
duction IMP «— PAR — EXP. This was the motivation for presenting
algebraic specifications as an HLR category in [EHKP91a, EHKP91b]. In
Chapter 4, we have shown that algebraic signatures (Sig, M) and algebraic
specifications (Spec, Mgirit) are adhesive and weak adhesive HLR cate-
gories, respectively. The corresponding instantiations are signature and al-
gebraic specification transformation systems, respectively, as considered in
[EHKP91a, EHKP91b, EGP99]. In [EGP99], a detailed example is presented
of how to transform a modular airport schedule system (see [EM90]) into a
library system using an algebraic transformation system.

As a specific example of a transformation of algebraic specifications, we
consider the following transformation:

stack(data) «+———— data—— queue(data)

|
m @
'

stack(nat) «———  nat ————» queue(nat)

The production in the upper row corresponds to the parameterized specifi-
cation of stacks on the left-hand side and of queues on the right-hand side,
which are given explicitly in [EM85]. The pushouts (1) and (2) correspond
to parameter-passing diagrams in the sense of algebraic specifications, where
the formal parameter data is replaced by the actual parameter nat using the
parameter-passing morphism h : data — nat (see [EM85] for more detail).

5.2.5 Typed Attributed Graph Transformation Systems

In Example 4.11, we have mentioned that there is a category (AGraphsarc,
M) of typed attributed graphs which is an adhesive HLR category. This will
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be shown in full detail in Part IIT where also a detailed introduction to the
concepts and theory of typed attributed graph transformation systems and
some examples are given. In particular, we present detailed examples con-
cerning modeling and model transformations as running examples in Part III
and Part IV, respectively.

5.3 The Local Church—Rosser and Parallelism Theorems

In this section, we study the parallel and sequential independence of direct
transformations, leading to the Local Church—Rosser and Parallelism Theo-
rems mentioned in Section 3.3 in Part I.

Intuitively, independence means that the intersection of the corresponding
matches or the intersection of comatch and match consists of common gluing
points (see Definition 3.15). In our categorical framework, however, we use
the characterization via morphisms (see Fact 3.18) as definition.

Definition 5.9 (parallel and sequential independence). Two direct
transformations G PL Hy and G AL H, are parallel independent if there
exist morphisms i : L1 — Do and j : Ly — D1 such that fo o1 = my and

fioj =ma:

Ry=-—n—K; _
| | kT | |
ni k1 A my m2 . - ko ng
* * ‘// \% \\\ * *

Hi<—a D4 fi— G- f> Do 92— Ho

P1,m1 p2,m2

Two direct transformations G "= H == G’ are sequentially independent
if there exist morphisms i : Ry — Dy and j : Lo — Dy such that fooi = ny
and g1 0j = my:
L =10 K4 r—e Ry Ly=—t2 Ko T2 — Ry
| | L | |

my k1 J ny ma i. ko n2

' APCEER | S v

G=—nh D, G—H<-—1f Do 92—

-1
Remark 5.10. G, o Gy g ('3 are sequentially independent iff G P Gy g
G5 are parallel independent.

Two direct transformations that are not parallel (or sequentially) indepen-
dent, are called parallel (or sequentially) dependent.

Example 5.11 (parallel and sequential independence in ExAHG). In
our adhesive HLR grammar Ex AHG, we consider the two direct transforma-

tions S addEdge.m G and S delete‘gm’m G'. The left part of the diagram
below depicts the application of the production addFEdge, and the right part
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shows the application of the production deleteVertex. The two direct trans-
formations are parallel independent. The matches m and m’ and the required
morphisms ¢ and j are again indicated by the node labels. In this case, the

intersection of m and m’ is empty, and therefore no common gluing points
have to be preserved:

(1) (2) (1) (2) (1) (2) (3)
o—>0 =2 O ® [ l2m [ ® <z T r—-m3-—m J
Ry K5 Lo '\'/ Lz K3 | Rs |

[ [ PN [ [

[ [ ‘A I [

n k J m m’ i k' n’

. 7 N
- N ’

v v Sy » v Gy
I o o [ @ I
—_—— ) —_—— ) —_—— ) S—_—— ) —_—— )
T g o | - f g’ -

[ ] [ ] [ ] [ [ ] [ J [ ] [ ]
(1) (1) (3) (1) (3) (1) (1)

An example of parallel dependence is shown in the following diagram. We

have used the same productions add Edge and deleteVertex, but have changed
the match from m’ to m”:

(1) (2) (1) (2) (1) (2) (3)
o—>0 =2 - @ ® 2= @ [ ] ® <z T r—-m3-—m J
Ry Ky Ly 1+ //Lg K3 Rs3 |

I I | N I I

I I | I I

n k m m'’ i k" n'’

/

v v Sy » v G" y
(U @ . @ . @ . .
[ __— [ __— [ _— [ __— [ __—
T .g — = - f - /"~ Fg''

(] [ ] (] [ ] (] [ J [ J [ ]
(1)(3) (1)(3) (1)(3)

The common gluing point is the node labeled with (1) and (3). This node is
necessary for adding the edge with the production addEdge, but it is deleted
by applying the production deleteVertex. Thus no suitable ¢ can be found
such that f” o4 = m. Therefore the transformations are parallel dependent.
In the next diagram, we show two sequentially independent direct trans-
formations. We look at the graph G’, which is similar to our start graph S
except for one missing node. First, we apply the production addVertezr to
obtain the start graph S. In a second step, we add another edge to derive

the graph G. The direct transformations G’ addVerger,m g addBdgem o oo
sequentially independent:
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(1) (2) (3) (2) (3) (2) (3)

Oty -1 F - @ ° e ~>- @ o - o—»0
L1 Kqi Ry 1 Lo Ko Ry
[ [ AN [ [
[ [ " [ [
m k j n\ m’ i K’ n'
, ,
G’y v S oy - v v
(S (U (U N (U (S
o >e [ ——— ) ) [ —_—— ) o >e
g = - f - f 4 Fg' ™ T
[ ] [ [ ]
(2) (2) (2) (1) (2) (1) (2) (1)

An example of sequentially dependent transformations can be found by
choosing the match m” instead of m’. Again we apply the productions
addVertex and addEdge:

1) (2) (3) (2) (3) (2) (3)

O la——ti ——{ F L1~ @ ° ® <1 ® ® "2- &—>0
L1 Ky Ry 1 Lo Koy Ry
[ [ N ] [ [
[ [ | [ [
m k i n m’’ K n'’
\
1
G’y v S 4y v Gy
(3)/—-5 (3)/—-5 (3)/—-5 (J)/—t (3)/—‘5
—_—— o >e —_—— ) [ —_—— )  —_—— )
-9 L - f <f// _ 7g//> T
[ ] [ J [ [ ] [ [ ] [
(1)(2) (1)(2) (1)(2)

In this case, the direct transformations are sequentially dependent. No j can
be found with f o j = m/, because addVertex creates one of the vertices
required to apply addEdge with the given match m”. ad

The Local Church—Rosser Theorem states that the productions of parallel
independent direct transformations G = H; and G = Hy can be applied in
any order to GG to obtain sequentially independent direct transformations G =
H, = X and G = Hs = X that lead to the same object X. For sequentially
independent direct transformations G = Hy; = X, there is a transformation
G = Hy; = X over the same productions applied in the opposite order.

The following version of the Local Church—Rosser Theorem for adhesive
HLR systems can be obtained from Theorem 3.20 for GT systems by abstrac-
tion, i.e. by replacing graphs and graph transformations by high-level struc-
tures, called objects, and corresponding transformations. Vice versa, Theorem
3.20 can be obtained from Theorem 5.12 by instantiation to the adhesive HLR
categories (Graphs, M) and (Graphsrtg, M) (see Subsection 5.2.1).

Theorem 5.12 (Local Church—Rosser Theorem). Given an adhesive
HLR system AHS and two parallel independent direct transformations G "=

, . . . p2,m;
H; and G 222 Hs, there are an object G' and direct transformations Hy 20
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/

G and Hy "=22' @' such that G =5 Hy "222 @' and G 227 H, 225 @@
are sequentially independent.

Given two sequentially independent direct transformations G "' H, U

) ) ) , p1,m}
G', there are an object Hy and direct transformations G AL Hy == &' such

Pp2,m2

that G ™22" Hy and G "22* H, are parallel independent:

N

p1,m1 p2,m2
AN
H,y Hy
X Z
p2,mh p1,m
AN
G/
Proof.
1. Consider the following two parallel independent direct transformations

G i and G P22 Hy with p; = (Li & K; 55 R;) for i = 1,2:

I K 1 —e R Lo<—15 K> r2—— Ry
| ] |
(1) 2 m m (3) 4)
Y Ty 7

G=——5 Dl 91—>H1 G- DQ 92—>H2

Combining the pushouts (1) and (3), we obtain the following diagram
on the left-hand side, where i; and i are the morphisms obtained by
parallel independence. Since fi, fo € M, we can construct the pullback
(5) and obtain morphisms j; : K1 — D and j2 : Ko — D. Since (1)
= (6) + (5) and fa2,l1 € M, Theorem 4.26, item 2, implies that (6)
and (5) are pushouts and, analogously, that (7) is a pushout. Note that
Theorem 4.26 requires us to have a (weak) adhesive HLR category, while
all other constructions are valid in any category with suitable pushouts
and pullbacks.

K2 lz—PLQ K2 124>L2

| | |

i J2 (7) i2

\ v \
Ki——— D K, ji—=D ky — [y
31 f1 3 (6) ko (5) f1

Y v Y v

L4 iy —= Doy fo—G L1 iy —= Doy fo—=G

Now we construct the pushout (8) over j; and r; € M, the pushout (9)
over jo and ro € M, and, finally, the pushout (10) over hq, hy € M:
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K> T2 —m Ry K 1 —e Ry K5 T2 — Ry
j‘z (9) tL j‘l (8) t‘l jL (9) tL

vy LA

K1 j1—= ) hz»Dll D h14>D/2 D h24>D/1
| | | ] |
r1 (8) hy (10) k1 (].].) S1 ko (12) s2
v v i Ty

Ry t1—= Dl ———» D; 91— Hy Do 92— Ho

From pushout (8), we obtain a morphism s; : Dy — H;j such that (11)
commutes and (2) = (8) 4+ (11). From pushout decomposition, (11) is
also a pushout. An analogous construction leads to the pushout (12).
Combining all these pushouts, we obtain the direct transformations Hy 2
G’ and Hy 2 @'

L2 K24>R2 L1

K Ry

o o
in 7 9
; (7) 9)

) l l
. © ®)

Dy=——D——=D; D D——= D}
v i (10) i L l (10) l
Hi =—s D/24>G’ Ho <—s2 D'1 el

Since s; ot; = ny and S o to = ng, the transformations G = H; = G’
and G = Hy; = G’ are sequentially independent.
2. Given sequentially independent direct transformations G P el
G’ with comatches ny and nj, respectively, from Remark 5.10 we obtain

—1 ’
parallel independent direct transformations G Pt H, P22 @7 Now
part 1 of the proof gives us sequentially independent direct transforma-

-1
py 1 P2,M2

/ -1 ’
tions Hy = G '=" H, and H; P2 g Pt Hs, as shown in the
diagram below. Applying Remark 5.10 to the first transformation means
that H; "2 G 22 H, are the required parallel independent direct

transformations.
G
A
Py oMy p2,m2
/ \'\
H; Ho
~ 3
P2»m2~\ Py my
AN G//

a

Example 5.13 (Local Church—Rosser Theorem in ExAHG). Consider
the parallel independent direct transformations S = G and S = G’ from
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Example 5.11. We can find a match m; : L3 — G for the production
deleteVerter and a match mo : Lo — G’ for the production addEdge, such
that G L™ X and @ “YTEEL™ X Jead to the same object X,

as shown in the following diagram. S = G = X and S = G’ = X are
sequentially independent.

(1) (2) (3) (2) (3) (2) (3)
Q@ = -I3-— 1 T L -r3m| I o—»0 -2 ©@ @ 2> @ [ ]
L3 | K3 Rg\\ I Ry Ky Lo |
[ \ I [ [
| | \ | | [
my k1 ny na k2 m2
\
/
v | X 4y v Gy
U U (U U @
o >e ) P —— ) o >e > —_—— )
T < f1 T - g1 » g2 o  f2 =
[ [ ] [ [ J [ [
(2) (1) (2) (2) (2) (2)

Now we consider the sequentially independent direct transformations G’ =

S = G. As shown in the following diagram, we find a sequence of direct

transformations G “*22L ™ x cddVerlerme o by applying the productions

in the reverse order. G’ = S and G’ = X are parallel independent.

(1) (2) (1) (2) (1) (2) (3)
® ® «wi; 4 @ ® 2~ &—>0 G ali- F - @
L2 | K2 | R2 | //Ll K1 I R1 |
| | | / |
| | n / I |
mi k1 ni mo ko no
/
U
Gy Y X vy Y v
@ . (2)/—-5 (2)/—-5 @ W PSS
[ @ [ [ _— [ _— [ —__—
- f1 | T = 91 »| T (- fo T — g2 » T
@ [ ] o [ ] @
(1) 1) 1) 1) 1) (3)

O

In analogy to Part I, we now present the Parallelism Theorem for adhe-
sive HLR systems. For this purpose, we have to replace the disjoint unions of
graphs and injective graph morphisms in Definition 3.22 by binary coprod-
ucts which are compatible with M. This allows us to construct the parallel
production p; + po for adhesive HLR systems.

Definition 5.14 (coproduct compatible with M). A (weak) adhesive
HLR category (C, M) has binary coproducts compatible with M if C has
binary coproducts and, for each pair of morphisms f : A — A', g: B — B’
with f,g € M, the coproduct morphism is also an M-morphism, i.e. f+ g:
A+B— A +B e M.
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Example 5.15 (coproducts compatible with M). In Sets, Graphs, and
Graphsrg, binary coproduct objects are the disjoint unions of the elements
of the sets or of the nodes and edges, respectively. If f and g are injective,
then so is the coproduct morphism f + g. a

On the basis of the compatibility of binary coproducts with M, we can
define parallel productions. These are well defined because the coproduct mor-
phisms are also in M.

Definition 5.16 (parallel production and transformation). Let AHS =
(C, M, P) be an adhesive HLR system, where (C, M) has binary coproducts

compatible with M. Given two productions py = (Ly & K3 Ry) and py =

(Lo b K, 3 Ry), the parallel production p; + po is defined by the coproduct
constructions over the corresponding objects and morphisms: p1 +ps = (L1 +
Lo l<ilz K+ Ky r1_+r)2 Ry + RQ)

The application of a parallel production is called a parallel direct transfor-
mation, or parallel transformation, for short.

Example 5.17 (parallel production in Ex AHG). In our example adhesive
HLR grammar Exz AHG, the parallel production of two productions p; and ps
is the componentwise coproduct of the objects and morphisms. For example,
combining the productions addVertex and addFEdge results in the following
parallel production; it inserts an edge between two given nodes and a new
node at the same time:

L1+ Ly K1+ Ky Ri1+ Ry
° @ < Lt ® @ —ritra > @ )
(1) (2) (1) (2) (1) (2)

O

Now we are able to prove the Parallelism Theorem for adhesive HLR sys-
tems, which is obtained from the graph case considered in Theorem 3.24 by
abstraction. Vice versa, Theorem 3.24 is an instantiation of Theorem 5.18.

Theorem 5.18 (Parallelism Theorem). Let AHS = (C, M, P) be an ad-
hesive HLR system, where (C, M) has binary coproducts compatible with M.

1. Synthesis. Given a sequentially independent direct transformation se-
quence G = Hy = G’ wvia productions p1 and ps2, then there is a con-
struction leading to a parallel transformation G = G’ via the parallel
production p1 + p2, called a synthesis construction.

2. Analysis. Given a parallel transformation G = G’ via p1 + p2, then there
s a construction leading to two sequentially independent transformation
sequences G = Hi = G’ via p1 and ps and G = Hs = G’ via p2 and p1,
called an analysis construction.

3. Bijective correspondence. The synthesis and analysis constructions are
inverse to each other up to isomorphism:
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G
1
p1,m1 p2,m2
H1 P1+p2 HQ
A FZ
p2,mh p1,my
AN
G/
Proof.
1. Given the sequentially independent direct transformations G 7=

Hy, 2" @', using Theorem 5.12, we obtain parallel independent direct

. p2,m5 , . . . .
transformations Hy ' <=2 G "2 H; and obtain morphisms i and j as

shown in the following diagram:

Rl -+ 71 Kl _ K2 7‘24>R2
| | XY | |

/ ~

ny k1 37 m1 omi i ko ng

v ACEAR | S v

H|=-—a Dy fi—»G-—f2 Do 92— Ho

As in the proof of Theorem 5.12, we obtain the following diagrams, where
all squares are pushouts:

K> lp— Lo Ky T2 — Ry

| | | |

J2 (7) 2 J2 (9) 2]

Y | \ v
K, i1—» D k1 —s= Dy K4 j1— h24>DI1

b)) ok (B) A m (8 m o (10) @

v Y Ty V v

L1 i14>D2 fo—G R1 t1—>Dl2 a—= G

From Lemma A.29, part 1, we conclude that (11) and (12) are also

pushouts; therefore we have a parallel transformation G p1+p2,[g1,f1012]

G’ via the parallel production:

Li+ Lo=—t+lo— K7 + Ko—ri+r2—»= Ry + Ry
| | |

[f20i1, f10i2] (11) [71,72] (12) la10t1,q20t2]

v

(G -——f1ok; qrohy —= Y/

D

Given the parallel direct transformation G plﬂkgl’mﬂ G’ via the parallel

production p; +p2 as shown in diagrams (13) and (14), by applying Lemma
A.29 we obtain the pushouts (5)—(7) and (8)—(10) with m; = fa o iy,
mg = f1oi,n1 =qrot1, no=qaoty, froki =dand gt oh; =e:
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L1+ Lo=ti+l,— K|+ Ko—ri+r2—» Ry + Ry

[m1,ma] (13) [91,52] (14) [n1,n2]

v

G=-—yd D e—— (Y

By applying p; to G via the match m; with the pushout complement
(6) + (5), we obtain a direct transformation G 22" H;. Analogously,
using p2 and the match mg with the pushout complement (7) + (5), we
obtain the direct transformation G "22* H,. G = H, and G = H, are
parallel independent; therefore we can apply Theorem 5.12, leading to the
sequentially independent transformations G = H; = G” and G = Hy =
G". By applying part 1 of the proof to this transformation, and using the
uniqueness of pushouts and pushout complements, we have G" = G'.

3. Because of the uniqueness of pushouts and pushout complements, the
above constructions are inverse to each other up to isomorphism. a

Example 5.19 (Parallelism Theorem). We can apply Theorem 5.18 to the

sequentially independent direct transformations G’ addVerter,m g addld e’ G
of Example 5.11, leading to the parallel production addVertex + addEdge
that we have constructed already in Example 5.17, and the parallel direct
transformation G’ = G via this parallel production. a

5.4 Concurrency Theorem and Pair Factorization

The Concurrency Theorem handles general transformations, which may be se-
quentially dependent. Roughly speaking, for a sequence G P

H "2 @' there is a production p; *g p2, called a concurrent produc-
tion, which allows one to construct a corresponding direct transformation
G "2 @7, and vice versa (see Section 3.4 for more detailed discussion).

In contrast to the version of the Concurrency Theorem presented in
[EHKP91a, EHKP91b], where an explicit dependency relation Ry <« D — Loy
between productions p; and ps is considered, we use an E-dependency rela-
tion Ry = E & Lo, which, in most examples, will be a jointly epimorphic
pair (e1,ez) (see Definition A.16). This makes an essential difference to the
construction of an E-related transformation sequence in Fact 5.29, in contrast
to the D-related transformation sequences in [EHKP91a, EHKP91b]. We use
only an £&'-M’ pair factorization, which will also be used for critical pairs
in Section 6.3, in contrast to [EHKP91a, EHKP91b], where general POs and
PBs and a complicated triple PO-PB lemma are needed.

Definition 5.20 (E-dependency relation). Given a class &' of morphism

pairs with the same codomain, and two productions py; and py with p; = (L; &
K; 5 i) for i = 1,2, an object E with morphisms e; : Ry — E and es :
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Ly — FE is an E-dependency relation for p; and ps if (e1,e2) € £ and the

pushout complements (1) and (2) over K1 > Ry &5 E and K, Lr,2E
exist:

L1 =—10 Ky

1 —e Ry Lo=—1

\ /
) B A €
Y

E

K,

TZ—»RQ

C1 C2

Definition 5.21 (E-concurrent production and FE-related transfor-

mation). Given an E-dependency relation (e, es) € ' for the productions p;

and pa, the E-concurrent production p;y *g pa is defined by p1 xg p2 = (L o

K~k R) as shown in the following diagram, where (3) and (4) are pushouts
and (5) is a pullback:

L1 K4 r1—e Ry Lo=—1; K> r2—a Ry
N /
l 3) W )
K
[ -—1 Cl E C2 r— R

\kl o ] e
\K -

A transformation sequence G 25" Hy 2257 G’ is called E-related if there
erists h : E — Hy with hoe; =ny and h o ea = mo and there are morphisms
c1:C1 — Dy and co : Cy — Dy such that (6) and (7) commute and (8) and
(9) are pushouts:

Ll -

K1 ’"14>R1 Lg - Kg

\ \”\ // /
W/ (8) i (9) \W

D, Dy——>¢G

7‘2—>R2

G

Example 5.22 (E-concurrent production and E-related transforma-
tion). Counsider the sequentially dependent direct transformations G” = S =
G in Example 5.11. The following diagram shows the construction of the F-
concurrent production addVertex xg addEdge = (L foks K roks R) for the
given dependency relation R; L EE Lo
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Ly K, Ry Ly Ky Ry

) o @ o @ o) e)
Ot P i @ ° ® <~ ® o - o »o
: : . . : :
| | e o | |
v Y  E y Y L
e) @ 5] @ E) e) o e)
® <i- @ |--———- - e ® < ——— - ° o - oo

‘\
L “ O L C: R
ST -7
°

It can be verified that G” = G is an E-related transformation. In the fol-

lowing diagram, the transformation of G” over the E-concurrent production
addVertex xg addFEdge is depicted:

(2) (2) (1) (2)
® < - — — -loky; — — — — ® r— — — — roky - — | @—@
L K R
| | |
| | |
m ‘ n//
1
G’y \ Gy
(2>/—-s @ (2)/—-5
o— >eo C— o >eo
- — - - - — - = — e e > T
[ ) ® [ )
&

O

The following Concurrency Theorem for adhesive HLR systems is an ab-
straction from Theorem 3.26 for the graph case. Vice versa, Theorem 3.26
can be obtained from Theorem 5.23 by instantiation, where (C, M) and &’
(see Definition 5.20) are specialized to (Graphs, M) and (Graphstg, M),
respectively, where M is the class of injective (typed) graph morphisms and
&’ is the class of pairs of jointly surjective (typed) graph morphisms.

Theorem 5.23 (Concurrency Theorem). Let AHS = (C, M, P, S) be an
adhesive HLR system, Ry <> E & Ly an E-dependency relation for the pro-

ductions p1 and ps for a given class £ of morphism pairs, and p1 *g pa the
corresponding E-concurrent production.

1. Synthesis. Given an E-related transformation sequence G = H = G’
via p1 and psa, then there is a synthesis construction leading to a direct
transformation G = G’ via p1 *g pa.

2. Analysis. Given a direct transformation G = G’ via p1 *g p2, then there is
an analysis construction leading to an E-related transformation sequence
G = H = G’ via p1 and ps.

3. Bijective correspondence. The synthesis and analysis constructions are
inverse to each other up to isomorphism, provided that every (e1,es2) € &'
is an epimorphic pair (see Definition A.16):
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7N

P1

e

p2

A

P1*EDP2

p1,m1

1. Synthesis. Consider the following F-related direct transformations G "=
H "22? @’ and the E-concurrent production p; *g pa:

Ll -

G=-—-1r

K,

\

/

D,

1 —e R

N

L2 -y

v

I (9)

gI—— [ «-—f5

K,

|

D,

92— (3

From pushouts (3) and (4), we obtain morphisms L — G and R — G’, re-
spectively, and by pushout decomposition, (10) and (11) are also pushouts:

Ll -

(10)

G‘ifl

Ky

\

S1

1

/

D,

Tl—»Rl

W

L2 -

-

e

~\E

v

e H< |

91

Ky

/

52

y

o—T—R

—

c2

(12) i\”\DQ

/\D/

r2—— Ry

(4) /

n2

(11)

92— (/

Now we construct the pullback (12) and obtain a morphism k : K — D.
Applying the cube PO-PB lemma in Theorem 4.26 to the cube in the
diagram, where the top and bottom are pullbacks and the back faces are
pushouts, it follows that the front faces are also pushouts, which leads to
the direct transformation G = G’ via py *g pa.

2. Analysis. Consider an E-dependency relation E and the F-related trans-
formation G = G’ via the E-concurrent production p; *g pao:
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L1 =—10 K 1 —e Ry Lo<—1, K5 T2 — Ry

l (3) l 1) \el\ // (2) l (1)

L‘701 ‘T’E

——C——R

\

K

£

First we construct the pushouts (13) and (14) over ¢1, k and ¢, k, respec-
tively, and obtain the induced morphisms D; — G and Dy — G’; by
pushout decomposition, (10) and (11) are also pushouts:

Kl KQ

G o

1
\

Ll -

11— R Lo=—1 T2 —m— Ry

\el e/
Lo
L<701/ \

\Cl

(10)

Gki///:ba,

Now we construct pushout (8), leading to the object H, and obtain from
pushout (14) the induced morphism Dy — H; by pushout composition
and decomposition applied to the resulting cube, (9) is also a pushout.

Kl KQ
\el ez/
l 3) i (1) N4 (2) l (4)

Ll - T1—>R1 LQ -

r2—— Ry

3. The bijective correspondence follows from the fact that pushout and pull-
back constructions are unique up to isomorphism and that the pair
(e1,e2) € &' is jointly epimorphic, leading to a unique h in Definition
5.21. a
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Example 5.24 (Concurrency Theorem). In Example 5.22, we have shown
that the transformation G’ = S = G in Example 5.11 is E-related. Apply-
ing Theorem 5.23, we obtain a direct transformation G’ = G via the E-
concurrent production addVertex xg addEdge considered in Example 5.22,
and vice versa. a

In order to apply the Concurrency Theorem to a transformation sequence,
it remains to construct an F-related transformation sequence (see Fact 5.29).
For this purpose, we need a pair factorization of the comatch of the first
direct transformation and the match of the second direct transformation (see
Definition 5.27). This kind of pair factorization is a variant of the epi-mono
factorization (see Definition A.15), which is well known from set theory: each
function f : A — B can be decomposed, uniquely up to bijection, as f = moe,
where e is an epimorphism, i.e. surjective, and m is a monomorphism, i.e.
injective.

For two morphisms f; and fo with the same codomain, we now define a
pair factorization over a class of morphism pairs £ and a class of morphisms

M.

Definition 5.25 (£'-M’ pair factorization). Given a class of morphism
pairs &' with the same codomain, a (weak) adhesive HLR category has an E'—
M’ pair factorization if, for each pair of morphisms f1 : Ay — C and fs :
Ay — C, there exist an object K and morphisms e; : Ay — K, es : Ay — K,
and m : K — C with (e1,e2) € & and m € M’ such that moe, = f1 and
moeg = fo:

A f1
1\61
Sa
82/,K —=C
/
A2 f2

Remark 5.26. The intuitive idea of morphism pairs (e, es) € £ is that of
jointly epimorphic morphisms (see Definition A.16). This can be established in
categories with binary coproducts and an £—M factorization of morphisms,
where & is a class of epimorphisms and M a class of monomorphisms. Given
Ay L\ C Pl Ay, we take an £—M factorization f = m o e of the induced
morphism f : A; + As — C and define e; = eot; and es = e 0 15, where 11
and o are the coproduct injections:

Al—u—> A+ Ag+—to——— Ay

\ﬁ J’C‘*;K" f2/
Ny

C
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Similarly to the pushout-pullback decomposition (see Theorem 4.26, item
2), we need a decomposition property for pushouts that consist of a pullback
and special morphisms in M and M. This property is necessary for proving
the construction of E-related transformation sequences below and the com-
pleteness of the critical pairs in Section 6.3.

Definition 5.27 (M-M’ PO-PB decomposition property). A (weak)
adhesive HLR category (C, M) with a morphism class M’ has the M-M'
pushout—pullback decomposition property if the following property holds.
Given the following commutative diagram with | € M and w € M’, and
where (1)+(2) is a pushout and (2) a pullback, then (1) and (2) are pushouts
and also pullbacks:

‘,‘4 k—»? rﬂ?
TGO BN B
' Y Y
C u—=p [)——w—e [

Remark 5.28. If M’ C M, this property follows from Theorem 4.26, item 2.
This means that for the case of (typed) graphs with M = M’ this property is
satisfied. The &'-M/’ pair factorization in the (typed) graph case is obtained
when &’ is the class of pairs of jointly surjective (typed) graph morphisms and
M = M’ is the class of all injective (typed) graph morphisms. This allows us
to apply the following construction of an E-related transformation sequence
in the (typed) graph case.

Fact 5.29 (construction of FE-related transformations). Consider a
(weak) adhesive HLR category (C, M) with an &' -M’ pair factorization such
that the M-M' PO-PB decomposition property holds. We then have, for each
pair of direct transformations G PLI g, PR G', an E-dependency relation
E such that G 22" H, 222 G s E-related.

Proof. Given the direct transformations G PR g 1 with comatch ny : Ry —

Hi and H, 222 @/, let (eq,e2) € E', h € M’ be an &'~ M’ pair factorization
of n; and mo with hoe; = ny and h o e = mas.

Now we construct the pullbacks (8) and (9) over g1, h and fa, h, respec-
tively. Since hoej ory = nyory = g1 o ki, we obtain from pullback (8) a
morphism s; : Ky — C; such that (1) and (6) commute. Since h € M/,
r1 € M, (8) is a pullback and (1) + (8) is a pushout, from the M-M' PO-
PB decomposition property (1) and (8) are pushouts. Analogously, we obtain
from pullback (9) a morphism se with ¢z 089 = ks, i.e. (7) commutes, and (2)
and (9) are pushouts:
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Ll -

K1 K2

\ N/ /

2 —m Ry

/ (®) i ) \

Dy g— ] -—f Do

G=-—-"

92—>G’

Altogether, E with (ej,e2) € &' is an E-dependency relation, and G P
Hy P22 ¢/ is E-related. O

Example 5.30. We follow this construction for the sequentially dependent
direct transformations G” = S = G of Example 5.11. The first step is to
construct an £&'-M’ pair factorization of the comatch n and the match m”,
leading to the E-dependency relation (E,e1,e2). In this case & consists of
pairs of jointly surjective graph morphisms and M’ consists of injective graph
morphisms.

R1 L2
[ J
(1) (2) (3)
~N
I > 7 I
ey e
\\ A FE » /1
\ Y Y !
\ (1)(2) (3) /
\ ; /
n ‘ m//
\ ! /
\ m /
\ v S 7
A S g
[ S )
[ ) [ J
(1)(2)

Constructing the pullbacks (8) and (9) as in the proof of Fact 5.29 leads
to the pullback objects C; and C5 in Example 5.22, which means that the
transformation G’ = S = G is indeed E-related. O
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Embedding and Local Confluence

In this chapter, we continue to present important results for adhesive HLR
systems which have been introduced in Section 3.4 of Part I already. The
Embedding Theorem is one of the classical results for the graph case presented
in [Ehr79]. For the categorical presentation of most of the results in this
chapter, we introduce in Section 6.1 the concept of initial pushouts, which
is a universal characterization of the boundary and the context, discussed in
Section 3.2 for the graph case. This allows us to present the Embedding and
Extension Theorems in Section 6.2, which characterize under what conditions
a transformation sequence can be embedded into a larger context. The main
ideas of the Embedding and Extension Theorems and of the other results in
this chapter have been explained already in Section 3.4.

The concepts of critical pairs and local confluence were motivated origi-
nally by term rewriting systems, and were studied for hypergraph rewriting
systems in [Plu93] and for typed attributed graph transformation systems in
[HKTO02]. The general theory of critical pairs and local confluence for adhesive
HLR systems according to [EHPPO04] is presented in Sections 6.3 and 6.4.

We start this chapter with the concept of initial pushouts in Section 6.1,
because they are needed in the Extension Theorem. Initial pushouts and the
Extension Theorem are both needed in the proof of the Local Confluence
Theorem, which is the most important result in this chapter, because it has
a large number of applications in various domains.

6.1 Initial Pushouts and the Gluing Condition

An initial pushout formalizes the construction of the boundary and the context
which were mentioned earlier in Subsection 3.4.2. For a morphism f : A — A’,
we want to construct a boundary b : B — A, a boundary object B, and a
context object C, leading to a pushout. Roughly speaking, A’ is the gluing of
A and the context object C along the boundary object B.
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Definition 6.1 (initial pushout). Given a morphism f : A — A’ in a
(weak) adhesive HLR category, a morphism b: B — A with b € M is called
the boundary over f if there is a pushout complement of f and b such that
(1) is a pushout which is initial over f. Initiality of (1) over f means, that
for every pushout (2) with b’ € M there exist unique morphisms b* : B — D
and c* : C' — E with b*, ¢* € M such that b’ ob* =b,  oc* =c and (3) is a
pushout. B is then called the boundary object and C the context with respect
to f.

B b—»x‘él B Dy Ry
OO i (3) i (2)
*/ * ’ */
Cimd CocmB iz

Example 6.2 (initial pushouts in Graphs). The boundary object B of
an injective graph morphism f : A — A’ consists of all nodes a € A such that
f(a) is adjacent to an edge in A"\ f(A). These nodes are needed to glue A to
the context graph C = A’\ f(A)U f(b(B)) in order to obtain A" as the gluing
of A and C via B in the initial pushout.

Consider the following morphism f : A — A’ induced by the node labels.
Node (3) is the only node adjacent to an edge in A"\ f(A) and therefore has
to be in the boundary object B. The context object C' contains the nodes (3)
and (4) and the edge between them. All morphisms are inclusions.

(3) (1) (2) (3
® ———————— b O6—>0 ©

f
Y i

(3) (4) (1) 2 3 (4)
o—>0 c— @—>0 O0—>0

In Graphs, initial pushouts over arbitrary morphisms exist. If the given
graph morphism f : A — A’ is not injective, we have to add to the boundary
object B all nodes and edges z,y € A with f(z) = f(y) and those nodes that
are the source or target of two edges that are equally mapped by f. a

The concept of initial pushouts allows us to formulate a gluing condition
analogous to that in the graph case (see Definition 3.9), leading to the exis-
tence and uniqueness of contexts in Theorem 6.4, which generalizes the graph
case considered in Fact 3.11.

Definition 6.3 (gluing condition in adhesive HLR systems). Given an
adhesive HLR system AHS over a (weak) adhesive HLR category with initial
pushouts, then a match m : L — G satisfies the gluing condition with respect
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to a production p = (L Ry R R) if, for the inital pushout (1) over m, there
is a morphism b* : B — K such that [ ob* = b:

/b*\

B b—w | -—| K r—= R
|
yn -
Y
C c— (G

In this case b, € M implies b* € M by the decomposition property of M.

Theorem 6.4 (existence and uniqueness of contexts). Given an ad-
hesive HLR system AHS over a (weak) adhesive HLR category with initial
pushouts,a match m : L — G satisfies the gluing condition with respect to a

production p = (L Y g R) if and only if the context object D exists, i.e.
there is a pushout complement (2) of | and m:

/b*\

B b— [ -—1 K r— R
| |
n = (2 =
Y 7
C c—o» G=-——myFf——D

\ *

c

If it exists, the context object D is unique up to isomorphism.

Proof. If the gluing condition is fulfilled, then we can construct from b* € M
and B — C a pushout (3) with the pushout object D and the morphisms k
and ¢*, where (3) is hidden behind (1) and (2). This new pushout (3), together
with the morphisms ¢ and m o, implies a unique morphism f with foc* =c¢
and mol = fok, and by pushout decomposition of (3), (2) is also a pushout,
leading to the context object D.

If the context object D with the pushout (2) exists, the initiality of pushout
(1) implies the existence of b* with [ o b* = b.

The uniqueness of D follows from the uniqueness of pushout complements
shown in Theorem 4.26. a

We shall now show an interesting closure property of initial pushouts,
which we need for technical reasons (see the proof of Theorem 6.16). The
closure property shows that initial pushouts over M’-morphisms are closed
under composition with double pushouts along M-morphisms. In the (typed)
graph case, we can take as M’ the class of all (typed) graph morphisms or
the class of all injective (typed) graph morphisms.

Lemma 6.5 (closure property of initial POs). Let M’ be a class of mor-
phisms closed under pushouts and pullbacks along M-morphisms (see Remark
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6.6), with initial pushouts over M’-morphisms. Then initial pushouts over
M’ -morphisms are closed under double pushouts along M-morphisms.

This means that, given an initial pushout (1) over hg € M’ and a double-
pushout diagram (2) with pushouts (2a) and (2b) and do, d1 € M, we have
the following:

1. The composition of (1) with (2a), defined as pushout (3) by the initiality
of (1), is an initial pushout over d € M'.

2. The composition of the initial pushout (3) with pushout (2b), leading to
pushout (4), is an initial pushout over hy € M’.

B

bo*»G"o G‘(O -—dy l‘) d1—>G‘V1
1 ho ho (2@) d (2()) hy (2)
Doy ; :

C— =Gy G D' o
B b—»_‘D B——diob—» (G
|
(3) d l (4)  m
l Y v
C D' C G

Remark 6.6. The statement that M’ is closed under pushouts along M-
morphisms means that, for a pushout C = D < B over C L amp with

m,n € M and f € M’, it holds also that g € M’. There is an analogous
definition for pullbacks.

Proof. We prove this lemma in three steps.

Step I. Initial pushouts are closed under pushouts (in the opposite direc-
tion) in the following sense.

Given an initial pushout (5) over a € M’ and a pushout (6) with m € M,
then there is an initial pushout (7) over d € M’ with mod/ =band nod = ¢

B baAkm—z‘) B b"’l‘)
®) o« (6) 4 (1)«

' v v
C—cmAlm—n—D =D

Since (5) is an initial pushout, there are unique morphisms &' and ¢ with
b,¢ € M such that (7) is a pushout. It remains to show the initiality and
that d € M'.

For any pushout (8) with m’ € M, we have the result that the composition
(8) + (6) is a pushout, with mom’ € M. Since (5) is an initial pushout, there
are morphisms b* : B — F and ¢* : C — E' € M with mom/ob* =b=mol/
and non’oc* =c=mnoc, and (9) is a pushout:
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/_b,

b— | a—m—— ) e

(5) f‘l (6) L (8) i l (9)
C

B E B

b — F)

' v

D/ - n’

C c—m A/ -——n o — F

E/
<!

Since m and n are monomorphisms, it holds that & = m/ob* and ¢/ = n/ oc*.
Therefore (7) is an initial pushout. Finally, pushout (6) is also a pullback by
Theorem 4.26, part 1, with a € M’ such that the closure property of M’
implies d € M.

Step II. Initial pushouts are closed under pushouts (in the same direction)
in the following sense.

Given an initial pushout (5) over a € M’ and a pushout (10) with m € M,
then the composition (5) + (10) is an initial pushout over d € M":

B b—»Aima?
() + (0)

' '

C c—m A’ n—um D)/

Since M’-morphisms are closed under pushouts along M-morphisms, we
have d € M’. The initial pushout (11) over d then exists. Comparing (5) +
(10) with (11), we obtain unique morphisms !’ : B’ — Band k¥’ : ¢/ — C € M
with mobol’ =band nocok’ =, and (12) is a pushout:

/l/\ / \

l
B —v —» ) <-—mob B B’ —= B b—m A -—b—— R

| l l |
1) (12)
v

(5) i (5)

et i R S
(12) + (5) is then also a pushout and, from the initial pushout (5), we obtain
unique morphisms [ : B — B ' and k : C — C' € M with bol' ol = b
and cok’ ok = c. Since b and ¢ are monomorphisms, we obtain I’ o | =
idp and k' o k = idc, and since I’ and k' are monomorphisms they are also
isomorphisms. This means that (5) + (10) and (11) are isomorphic, and (5)
+ (10) is an initial pushout over d € M’ .then also

Step III. Initial pushouts are closed under double pushouts.

Square (3) is an initial pushout over d € M’, which follows directly from
Step L.

(1) is a pushout along the M-morphism by and therefore a pullback by
Theorem 4.26, part 1, and since M’ is closed under pullbacks, we have B —
C € M'. We then have d € M’ and h; € M’ with M’ closed under pushouts,
and by applying Step II we also have the result that (4) is an initial pushout
over hy € M’. m]

c’ C
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6.2 Embedding and Extension Theorems

We now present the Embedding and Extension Theorems, which allow us to
extend a transformation to a larger context. The ideas behind these theorems
were given in Section 3.4 in Part I.

An extension diagram describes how a transformation ¢ : Gy = G,, can
be extended to a transformation ¢ : Gf) = G’, via an extension morphism
ko : Go — G}, that maps Gy to Gj.

Definition 6.7 (extension diagram). An extension diagram is a diagram
(1), as shown below,

[ —e
| |
ko (1) kn
\ .

G6 o =5 G/n

where ko : Go — G, is a morphism, called an extension morphism, and t :
Go = G, and t' : Gj, = G, are transformations via the same productions
(o, .- yPn—1) and matches (mo,...,mp_1) and (ko o mo, ..., kn_1 0mp_1)
respectively, defined by the following DPO diagrams:

pit L1, —K; ri—» R;
| _\ |
m; Ji g
v v v
G;=—f—D; 9i o Giqq (i:O,...,nfl),n>0
) i .

\ \ '

U / U
Gi=—tsi—Di——ai»=Giyy

Forn =0, the extension diagram is given up to isomorphism by

Go =idey — G —ide, G

Example 6.8 (extension diagram). Counsider the transformation sequence
t:S = G = H from Example 5.5 and the extension morphism &k : S — S’
as shown in the following diagram. The complete diagram is an extension
diagram over t and k.
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(1) @) [Y) @ &) @)
[ ® -1 @ e 2 &—»0
Ly | Ky | R, [® (4) (3) (4) 3) (@)
2 z 2 |l e— >0 - 0 L@ [ @
| | T T T
m k n m' Ly v Ky n Ry
/ | |
1 \ vy 4 Y
)34 @6 @ DO BIOEI) @6 @
( —_—— ( —_—— [ o ™o o ™o
- f A (- f = g’ > T
® ) ) ) ° ° ® ° ® )
(1) &) &) (1) (1)
T I I I I
S | | G | | H |
| | | | |
k | | | |
| | | | |
S'y v Gy Y H' y
2)3) (4 @)3E) (@) @)3E) (4 @3B @) BIOIING)
o o o o [ o ™o o ™o
i " i T T i = T i T T i
® ) ® ) ° ° ® ° ® )
(1) &) &) (1) &)

O

The consistency condition given in Definition 6.12 for a transformation
t: Gy = G, and an extension morphism ko : Gg — G|, means intuitively
that the boundary object B of kg is preserved by t. In order to formulate this
property, we use the notion of a derived span der(t) = (Go <« D — G,) of
the transformation ¢, which connects the first and the last object.

Definition 6.9 (derived span). The derived span of an identical transfor-
mation t : G & G s defined by der(t) = (G — G — G) with identical
morphisms.

The derived span of a direct transformation G 22 H is the span (G «—

D — H) (see Def. 5.2).
For a transformation t : Gy = G, = Gn+1, the derived span is the

composition via the pullback (P) of the derived spans der(Go = G,,) = (Go &

D4 Gp) and der(Gp, = Gpy1) = (Gy & D, & n+1). This construction
leads to the derived span der(t) = (G doodz py 9nods Gni1):
D
— \
d
a7 (P)
dU/D T

Go - \Gn«fniDn gn = Gpi1

In the case t : Gy =* G, where n = 0, we have either Go = G,, and
t:Go i Go (see above) or Gy =2 Gy, with der(t) = (Gp & Go — G}).

Remark 6.10. The derived span of a transformation is unique up to isomor-
phism and does not depend on the order of the pullback constructions.



132 6 Embedding and Local Confluence

Example 6.11 (derived span). Consider the direct transformation sequence
t: S = G = H from Example 5.5. The following diagram shows the construc-

tion of the derived span der(t) = (S fokr g ook H) with the pullback (P):

o ™o
K
° °
k1 g A ko
Ve AN
( —— ) ( —— ) o ™o o ™o
- f (P) T - g’ >
° ° ° ° ) ° ° °
S D N 27 D’ H
| —_—— )
o |
) °

O

Definition 6.12 (consistency). Given a transformation t : Gy = G, with
a derived span der(t) = (Go o ph Gr), a morphism ko : Go — Gy, is called
consistent with respect to t if there exist an initial pushout (1) over ko and a
morphism b € M with dyob = by:

b
bo —a= (G <—do

|
1 ko
(1) ;

C— G}

B

D—dn—» Gn

Example 6.13 (consistency). Consider the direct transformation sequence
t:S = G = H from Example 5.5 with the derived span der(t) = (S A

K% g ) as constructed in Example 6.11. The extension morphism k : S —
S’ given in Example 6.8 is then consistent with respect to t.

We can construct the initial pushout (1) over k as shown in the following
diagram. For the morphism b depicted, it holds that f o k; o b= bg:
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o - O &
° ° B A o ™o
F— — — by —p - fokyi- o F g’ oko B
@)
°

oL
Sy
°
0
°
~
°
°
T

- — — — — —
-« — >— —

-

2 0-—0
|
|
|
|
Y
-

S
S

C o o (5

O

Using the following Embedding and Extension Theorems, we can show that
consistency is both sufficient and necessary for the construction of extension
diagrams. Both theorems are abstractions of the corresponding Theorems 3.28
and 3.29 for the graph case.

Theorem 6.14 (Embedding Theorem). Given a transformation t : Go =
G, and a morphism ko : Gy — G, which is consistent with respect to t, then
there is an extension diagram over t and k.

Proof. We prove this theorem by induction over the number of direct trans-
formation steps n.

Consider a transformation ¢ : Gy = G,, with a derived span (Go do D, dny
G.,), the initial pushout (1) over kg : Go — G}, and a morphism b : B — D,
with dy o b = by. We show that there is a suitable extension diagram and
suitable morphisms b, = d,0b: B — G, and ¢, : C — G, such that (P,) is
a pushout:

B bU‘»GO Bibn»Gn
|
(Pn) Ea
i v
C co—m G’ C Cn —— G;L

Basis. n = 0. Consider the transformation t : G “ Go with the derived
span (Gop — Gy — Gp) and the morphism kg : Go — G{, consistent with
respect to ¢t. There is then the initial pushout (1) over ky and a morphism
b =by: B — Gy, and we have the following extension diagram:

/_

\ .
bo—m= (Gg =widay — Gg—iday = G

1 ko ko ko
W v v v

co —m— Gf) fidcf) 6 — idca — Gf)

C
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n = 1. Given the solid arrows in the following diagram, we can construct
the pushout object D{ over C «— B LA Dy, derive the induced morphism
djy from this constructed pushout and, by pushout decomposition, conclude
that (2) is also a pushout. Finally, we construct the pushout (3) over Dy bo
Dy 4 (GG1 and obtain the required extension diagram, and the morphisms
by =dyob: B— G and ¢; =d| oc: C — G. By pushout composition, (P;)
is a pushout.

Lo=—1 Ky ro—m Ry
TJLO j;) 7;0
b
\J
B bo —#= Go«\dox Dy dy—» Gy
\ | |
(1 ko (2) m (3) M.
v v v
CﬁG6<— d6:,;D6'77 d —»G'l

- .c-— -

Induction step. Consider the transformation ¢ : Gy = G,, "2==" Gni1

with a derived span der(t) = (Gg Jo Dyt dnty Gpnt1). There is then a

n . dg n
transformation t' : Gg = G,, with der(t') = (Go <> D, dny G,,) such that (P)
is the pullback obtained from the construction of the derived span, and we
have the result that df, o d} = do and g, o db = dp41:

Dn+1

—
& / dpt1
< p) s

n—_, \

n— G, <—to—D

gn Gn-‘,—l

Since ko : Gy — G is consistent with respect to t, we have an initial
pushout (1) over kg and a morphism b : B — D, 1 with by = dyob = dfjod] ob.
This means that kg is also consistent with respect to ', using the morphism
b = dj ob. We can apply the induction assumption, obtaining an extension
diagram for ¢ and k¢ and morphisms b, = d, ob’ : B — G, and ¢, : C — G,
such that (P,) is a pushout. This is denoted by the dotted arrows in the
following diagram:
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\ /71; Dn+1\\\

;o TN~
Bibo*Go 44/:0 e ! n\:Gn - fn— [ gn’GnJrl
ONE: | b
: \
C = co+G6<—~v ————— »v v< ————— Y;an

Now we construct the pushout object D’ over C «+— B 420 D and derive the
induced morphism f;, by applying k, o f,, and ¢, to this constructed pushout.
Since (P,) is a pushout and it holds that f,od,ob=d,odjob=d,ob = b,,
it follows by pushout decomposition that (2) is also a pushout. Finally, we

construct the pushout (3) over D’ L p Gp+1 and obtain the required
extension diagram and the morphisms b,41 = dpy10b : B — Gp41 and
Cny1 =gy oc: C — G} . By pushout composition, (P,1) is a pushout.

b/fl; Dn+1\\

B~ b+ () 4/ - T G,=<fn—0D gn Gt
‘ 1 1 [ [
(1) ko b 2 b (3) ko
v \J v \l
C oGy Tt PR R Ay, (e
O

Example 6.15 (Embedding Theorem in ExAHS). Consider the trans-
formation sequence t : S = G = H in Example 5.5 and the extension mor-
phism &k : S — S’ given in Example 6.8. In Example 6.13, we have verified
that k is consistent with respect to t. We can conclude, from the Embedding
Theorem, that there is an extension diagram over k and t¢. Indeed, this is the
diagram presented in Example 6.8. O

Similarly to the graph case considered in Section 3.4, the next step is to
show, in the following Extension Theorem, that the consistency condition is
also necessary for the construction of extension diagrams, provided that we
have initial pushouts over M’-morphisms. Moreover, we are able to give a
direct construction of G7, in the extension diagram (1) below. This avoids the
need to give an explicit construction of ¢’ : G = G,.

For technical reasons, we consider again, in addition to the class M of
the (weak) adhesive HLR category, a class M’ with suitable properties; such
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a class has already been used in Lemma 6.5. In the (typed) graph case, we
can take M’ as the class of all (typed) graph morphisms or as the class of all
injective (typed) graph morphisms.

Theorem 6.16 (Extension Theorem). Given a transformation t : Gy =

G, with a derived span der(t) = (Go L p, & n) and an extension diagram

(1),

Bt Gyt == G,
| |

@ ko (1) m

v L ¥

C Gy v =G,

with an initial pushout (2) over kg € M’ for some class M’, closed under
pushouts and pullbacks along M-morphisms and with initial pushouts over
M’ -morphisms, then we have the following, shown in the diagram below:

1. ko 1is consistent with respect to t : Gog = Gy, with the morphism b : B —
D,.

2. There is a direct transformation Gy = G, via der(t) and ko given by the
pushouts (3) and (4) with h, k, € M’.

3. There are initial pushouts (5) and (6) over h € M’ and k,, € M’, respec-
tively, with the same boundary—context morphism B — C'.

G()«d()iDnidn‘»Gn B

| | | i |
ko 3 h 4 kn 5 h 6 En
; (3) i (4) i (5) i (6) ;
G, C

Gl 5 /A, R———c Y

b»Dn B—dnob’Gn

DI

Proof. We prove this theorem by induction over the number of direct trans-
formation steps n.

Basis. n = 0, n = 1. Given the solid arrows in the following diagram, for
n=1andt: Gy 2" Gy with der(t) = (Go L py & G1), we conclude that:

1. ko is consistent with respect to ¢, since (1) is an initial pushout over ko,
and, since (7) is a pushout, we have b : B — Do with dy o b = by.

2. (7) and (8) correspond to the required pushouts (3) and (4). In fact, (7) is
a pushout along the M-morphism dy and therefore a pullback. Since M’
is closed under pullbacks along M-morphisms, with kg € M’; it follows
that hg € M’ also. (8) is a pushout along the M-morphism d;, and since
M’ is closed under pushouts along M-morphisms, k1 € M’ follows.

3. The initial pushouts corresponding to (5) and (6) follow directly from
Lemma 6.5, where dgy o b = by has already been shown in item 1.
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Loklo K() TU%RO

Wlo j‘o "‘0
e +
B- bo*»Go«do Do d1—>G1
| | |

(1) ko (7) ho (8) k1

v v v
04>G6«d’0—D6—d’1—>G’1

The case n = 0 can be dealt with analogously by substituting Dy and G by
Go, and dy and d; by idg,.

Induction step. Consider the transformation t : Gy = G,, "=2" Gnt1

with a derived span der(t) = (Gg o Dyt dnt Gn1), the following exten-

sion diagram, and the initial pushout (1) over ko : Go — Gf. There is then

n . dg
a transformation ¢ : Gy = G,, with der(t') = (Go < D, dn G,,) such that
(P) is the pullback obtained from the construction of the derived span, and
we have the result that dj o d} = dy and g, o d) = dp41:

Dn+1

do /d,l/ \\

~ (p) H_
A/%/Dn\dn .y N \

B—bg+Goé -G, < fn— D gn =G
|

(1) JO kn }‘l Fn41
' v v \

C 00$G6<—W4> <7V—>G;l¢f;—D’—g;L>G%+l

By the induction assumption, kg is consistent with respect to t/, with a
morphism b’ : B — D,, such that djjob’ = by, and there exists a transformation
Gy = G, via der(t') with initial pushouts (9) over h, € M’ and (10) over
kn € M':
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B v — D, B—dnot =G,
(9) l (10) &
v v
C——=D;, C G

then have the following:

The initiality of (10) implies a morphism b” : B — D with f,ob” = d, ob'.
Since (P) is a pullback, there is an induced morphism b : B — D,,4; with
dyob=10" and dj ob = b'. We then have the result that dj o dj ob =
df o b’ = by. Thus kg is consistent with respect to ¢.

. Since kg is consistent with respect to ¢t we can easily construct the trans-

formation Gf = G, via der(t). First we construct the pushout (13)
and obtain the induced morphism h : D}, ; — G{. By pushout decom-
position, (11) is also a pushout. Lemma 6.5, with the initial pushout
(10) over k, € M’, implies that there is an initial pushout (14). Since
gnob’ = gpbodyob = dyi1 0ob (see item 1), we obtain from the
pushout (13), in comparison with the object G}, ,;, a unique morphism
h' : Dy — Gy, with B oc = ¢ and W' o hyy1 = kny1 0 dpg1. By
pushout decomposition, it follows that (12) is a pushout.

b
B—bt»=Dpy1 B=—bo»Gog=do—Dyi1—dnti=Gpi1  B——gnot’ »=Gpia
| | | | |
(13) hni1 (1) ko (11) hni1 (12) Fnt1 (14) knt1
\ v v | \
C c»D;H_l CHG,okh*D;L-&-l*h/*G%-i-l C CI*G{!L-‘rl
3. Lemma 6.5 states that (13) is an initial pushout over h,y; and (14) is an

initial pushout over k1 with g, od ob = g, 0 b” (as shown in items 1
and 2).
O

Example 6.17 (Extension Theorem in ExAHS). For the extension di-

agram in Example 6.8 with the derived span der(t) = (S foky g g'oky H)

constructed in Example 6.11, we have shown in Example 6.13 that an initial
pushout over k exists and that k is consistent with respect to ¢t. Applying
Theorem 6.16, we can conclude further that:

There is a transformation S = H' via der(t) and k, with d and k' being
injective:
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() o ™o o ™o
-« foky - - - g’ oky »
) e | S o o K ) e H
I I I
| | |
| | |
k d k'
| | |
Y Y Y
) o ™o o ™o
R
) ®o |9 ° o ) e [
e There are initial pushouts over d and k':
) o ™o ° o ™o

o9 «-————1 o
:
|
|
|
|
|
L —
i et B )
:
|
|
|
|
|
>~
L

O

In the following, we present a restriction construction which is in some
sense inverse to the embedding construction in the Embedding Theorem (The-
orem 6.14). The Restriction Theorem, however, is formulated only for direct
transformations, in contrast to Theorem 6.14, which is formulated for general
transformations. In [Ehr79], it was shown for the graph case that there is a
corresponding theorem for the restriction of general graph transformations;
however, this requires a consistency condition similar to Definition 6.12. It is
most likely that such a general Restriction Theorem can also be formulated for
adhesive HLR systems. However, in the following we need only the Restriction
Theorem for direct transformations.

Theorem 6.18 (Restriction Theorem). Given a direct transformation

G 2 H', a morphism s : G — G' € M, and a match m : L — G such
that som =m’, then there is a direct transformation G ™2 H leading to the
following extension diagram:
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G«—f / g—»H’/

G"*f 7D/79/4>H/

Remark 6.19. In fact, it is sufficient to require s € M’ for a suitable mor-
phism class M’ where the M—M’ pushout—pullback decomposition property
holds (see Definition 5.27).

Proof. First we construct the pullback (1) over s and f’ and obtain the in-
duced morphism k from (1) in comparison with mol and &'. From the PO-PB
decomposition, both (1) and (2) are pushouts using [, s € M. Now we con-
struct the pushout (3) over k and r and obtain the induced morphism h; by
pushout decomposition, (4) is also a pushout. O

6.3 Critical Pairs

We now present the concept of critical pairs, which leads in the next section
to the Local Confluence Theorem. The ideas behind this have already been
given in Section 3.4 of Part I.

Throughout this section, let M’ be a morphism class closed under pushouts
and pullbacks along M-morphisms. This means that, given (1) with m,n €
M, we have the results that:

e if (1) is a pushout and f € M’, then g € M’ also and
e if (1) is a pullback and g € M/, then f € M’ also:

(R
f (1) 9
7 Y

C n—=D

For the completeness of critical pairs considered in Lemma 6.22 and the
Local Confluence Theorem given in Theorem 6.28, we need in addition the
M-M' pushout—pullback decomposition property (see Definition 5.27). In the
(typed) graph case we take M’ = M as the class of all injective (typed) graph
morphisms, but in Part III, for typed attributed graphs, we shall consider
different morphism classes M and M’.

On the basis of the &-M’ pair factorization in Definition 5.25, we can
define a critical pair as a pair of parallel dependent direct transformations,
where both matches are a pair in £’.
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Definition 6.20 (critical pair). Given an &'-M' pair factorization, a criti-
cal pair s a pair of parallel dependent direct transformations

P 22 K22 Py osuch that (01,02) € &' for the corresponding matches
01 and os.

Example 6.21 (critical pairs in ExAHS). Consider the adhesive HLR sys-
tem ExAHS introduced in Example 5.5. We use an £'-M’ pair factorization,
where there are pairs of jointly epimorphic morphisms in &', and M’ is the
class of all monomorphisms. We then have the following five critical pairs (up
to isomorphism).

The first critical pair consists of the productions addEdge and
deleteVertex, where deleteVertex deletes the souce node of the edge inserted
by addEdge. Therefore these transformations are parallel dependent. The
choice of the matches and their codomain object makes sure that they are
jointly surjective:

m @) ) @) ) @) 3)
o—>0 =2 O ® x> @ [ ] ® wiz 1 - 13-
Ro Ko Lo r K3 R3 |
[ [ \ / [ [
| | v | |

/

v A4 Y Y
(1) (3) (2) (1) (3) (2) (1) (3) (2) (2) (2)
o0 <« o e L O |- @f-——-> @

The second critical pair has the same productions addFEdge and
deleteVertex, but deleteVerter deletes the target node of the edge inserted
by addEdge:

® @) W ) W @ [ ®
® ® =2 @ ® 2> @ ° ® iz | J—r3-m I
RQ; KQ; Lo y\ / L3 K3 ; Rg;
| | \ | |
| | v | |
\ Al 4 v v
© @ 6) o @06 o @ 6) W W
° o «-Heo I e B O |- 0 -—-»> @
The third critical pair contains the production deleteVertex twice: the
same vertex is deleted by both transformations:
S la— -3 —— 1 F L —-lz- = @ @ = -3 —H T t-——13-—»| J
Ry K3 Ly\ 1/ Ls K3 Ry
| | \ ! | |
| | \ / | |
Y Y vy v v
D .- - = - - g r-—---- - & |- - - - —1 g r-—---- - O

The fourth critical pair contains the production dellof2edges twice. The
same edge is deleted by both transformations:
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o ,0 < 0__ .0 > 06— > 0 = 0_,0 = 0___, 0
R4; K4 ‘\ L4 \ / L4 K4/ R4;
\ \ / |
: \ \\ // / :
v \ AN 4 y v
o _,0 <— - 0__ 0> 06 _pO0|a-——0__ 0 > 0_ 0

The last critical pair consists also of the production dellof2edges twice.
In this case, different edges are deleted by the transformations. However, to
apply dellof2edges, both edges are necessary:

o ,0 < 0__ .0 » o > 50 [« 0__ 0 (> 0o_ 0o
R4\ K4 \ L4 \ / L4 K4 i R4\

[ \ \ / I [

| \ \ / ! |

\ /

v \ A4 y v

o ,0 <« - 0 _ 0 > eSO |« o ™o - o ™o
O

The following lemma shows that every pair of parallel dependent direct
transformations is an extension of a critical pair. It generalizes Lemma 3.33
from graphs to high-level structures.

Lemma 6.22 (completeness of critical pairs). Consider an adhesive HLR
system with an &' -M’ pair factorization, where the M-M' pushout—pullback
decomposition property holds (see Definition 5.27). The critical pairs are then
complete. This means that for each pair of parallel dependent direct transfor-
mations Hy PRt g P2z Hs, there is a critical pair Py Lo 222 Py with
extension diagrams (1) and (2) and m € M':

P << I‘( = P
(1) ';' (2)
H, << G = H>

Proof. From the £'-M’ pair factorization, for m; and ms there exists an
object K and morphisms m: K — G € M’ 01 : L1 — K, and 03 : Ly — K,
with (01, 02) € & such that m; = mo o7 and ma = m o o0y:
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R =—mn l— [ Lo=—1 K5 2 —m o
\ /
o1 05
N\
K
/ mq mo
H|=—n G=-——92 fo—» Ho

We can construct the required extension diagram. First we construct the
pullback (1) over g; and m and derive the induced morphism ¢;. By apply-
ing the M—M’ pushout—pullback decomposition property, we find that both
squares (1) and (2) are pushouts, because Iy € M and m € M":

R|=—n K4 l—e Lo=—1 K5 o —m o
t‘1 (2) \01 Oz/
V L
— vy —|\—»
ni / \ no
1 - fy G<792 H2

We then construct the pushout (3) over r; and ¢; and derive the induced
morphism z;. By pushout decomposition, the square (4) is a pushout. The
same construction is applied to the second transformation. This results in
the following extension diagrams, where the lower part corresponds to the
required extension diagrams (1) and (2) with m € M":

ll—>L1 L2 -y

| | AN / |

\
uq (3) tq 01 o2 to ug
v V w4 V v

v1—%K<——v2 wy —a— Py

K,

o —m o

‘ T

| ¢ /\/\ i

Hi<—n G=e-——"39g2 fo—s Hy

Now we show that P; <= K = P; is a critical pair. We know that (01, 02) €
&', by construction. It remains to show that the pair P; LAl Gt Py is
parallel dependent. Otherwise, there are morphismsi: L1 — No and j : Lo —
N; with vo01 = 01 and v10j = 02. Then go05207 = movy0i = moo; = my and

. . . m ,m
g10810J =mow; 0j =moos =msy, which means that H; P g2 g,
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are parallel independent, which is a contradiction. Thus, P, &2 K 22 p,
is a critical pair. a

Example 6.23 (completeness of critical pairs). The pair of parallel de-
pendent direct transformations G < S = G” in Example 5.11 leads, by the
construction in the proof, to the first critical pair from Example 6.21 and the
following extension diagrams. We have not shown the productions, but only
the actual extensions.

) @) 5N @) Y @) @) @)
>0 < @ o> @ ® <« @ -~ —~- - e

| | | | |

| | | | |

| | | | |

| | | | |

Gy v S v v G" y

(2>/—-; (2)/—-; @ @ (2)/—-;
o >eo o >eo C— [ —— o >eo
T g — = f> <f” — [ g” >
® ° ® ° ° ° °
M) (1) (1)

6.4 Local Confluence Theorem

We now present the Local Confluence Theorem for adhesive HLR, systems.
This theorem has been considered in Section 3.4 in Part I for graph trans-
formation systems. As shown in Section 3.4 for graphs and in the following
for adhesive HLR systems, local confluence and termination imply confluence,
which is the main property of interest. Termination is discussed for the case
of graphs in Section 3.4 and analyzed in more detail for the case of typed
attributed graph transformation systems in Chapter 12 in Part III.

Definition 6.24 (confluence). A pair of transformations Hy <= G = Hy is
confluent if there are transformations Hy = X and Hy = X :

o N
N 7

* X Ok

An adhesive HLR system is locally confluent if this property holds for each
pair of direct transformations. The system is confluent if this holds for all
pairs of transformations.

Lemma 6.25 (termination and local confluence imply confluence).
Every terminating and locally confluent adhesive HLR system is confluent.
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Proof. See Section C.2. ad

It remains to show local confluence. Roughly speaking, we have to re-
quire that all critical pairs are confluent. Unfortunately, however, confluence
of critical pairs is not sufficient to show local confluence. As discussed in Sub-
section 3.4.3, we need strict confluence of critical pairs, which is defined in
the following.

Definition 6.26 (strict confluence of critical pairs). A critical pair
K22 p, K22 P, is called strictly confluent, if we have the following:

1. Confluence.: the critical pair is confluent, i.e. there are transformations
P, = K', P, & K' with derived spans der(P; = K') = (P, pass Niio s
K') fori=1,2.

2. Strictness. Let der(K 23 P)) = (K & N; 4 P)) for i = 1,2, and let N
be the pullback object of the pullback (1). There are then morphisms z3
and z4 such that (2), (3), and (4) commute:

<p;10%K\p;202>
N

*K/*

vl/K\vz
_— (1) T

/NQ

Example 6.27 (strict confluence in ExAHS). In our adhesive HLR sys-
tem FxAHS, all critical pairs defined in Example 6.21 are strictly confluent.
The confluence of the first and the second critical pair is established by apply-
ing no further transformation to the first graph and applying addV ertex and
addEdge to the second graph. This is shown in the following diagram for the
first critical pair, and works analogously for the second pair. The strictness
condition holds for the morphisms z3 and z4 shown:
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(1) (2)
o—>0

The third critical pair is also confluent, since both transformations result
in the empty graph. In the strictness diagram, all graphs except for K are
empty, and therefore the strictness condition is fulfilled. Similarly, for the
fourth critical pair, both transformations result in the same graph, with two
nodes and one edge between them. This is the graph for all objects in the

(1) (2)
o—=0
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(1) (2)
[ ] [
-7 ~.
(1)
- - _ _ 2 | _ -~
- [}
// ~
/// ~
(4)
\\\‘ e

(1) (2)
[ {_

strictness diagram except K, which has two edges between the two nodes.

For the last critical pair, we can reverse the deletion of the edges by ap-
plying the production addEdge to both graphs. The following diagram shows

that the strictness condition holds, since all morphisms are inclusions:

—
L S—_—— )

a
3) | e ™o
v
\ pd
o ™o

O

Now we are able to prove the following Local Confluence Theorem for
adhesive HLR systems, which generalizes Theorem 3.34 for the graph case. In
the special case of graphs, £’ is the class of pairs of jointly surjective (typed)
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graph morphisms and M’ = M is the class of all injective (typed) graph
morphisms. In the case of typed attributed graphs considered in Part III, we
shall consider different choices for £, M’, and M.

Theorem 6.28 (Local Confluence Theorem and Critical Pair Lem-
ma). Given an adhesive HLR system AHS with an &'-M' pair factorization,
let M" be a morphism class closed under pushouts and pullbacks along M-
morphisms, with initial pushouts over M'-morphisms and where the M-M’
pushout—pullback decomposition property is fulfilled. AHS is then locally con-
fluent if all its critical pairs are strictly confluent.

Proof. For a given pair of direct transformations H; "'<? G "2 H,, we
have to show the existence of transformations ¢, : H; = G’ and t} : Hy = G'.
If the given pair is parallel independent, this follows from Theorem 5.12.
If the given pair is parallel dependent, Lemma 6.22 implies the existence
of a critical pair P, 22 K 22 P, with the extension diagrams (5) and (6)
below, and m € M’. By assumption, this critical pair is strictly confluent,

leading to transformations t; : P, = K’, to : P, = K’ and the following

diagrams:
G
!
/ K\
14(11—P1 PQ*‘I2>H2
\\* *//’/
K/
G
fl/i\fg
DR N
SN T T TN,
(10) o P —a a 2\w2 (13)
Hi<a—P (2) 23/ \Z4 (3) \PQ*%»HQ
U (4) S~
N3 N4
\ws o
~
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Since v1,v2 € M, (1) is a pullback, and M is closed under pullbacks, we
have the result that z1, 2o € M. The fact that wy, ws,v3,v4 € M, (2) and (3)
are commutative, and M is closed under decomposition gives us z3, z4 € M.

Now let (7) be an initial pushout over m € M’ and consider the double
pushouts (10) and (11) corresponding to the extension diagram (5):

b
b—— [é' -1 N w1 —— Py

7 m (1) =  (10) =

' \ Y

R i S R
The initiality of (7), applied to the pushout (11), leads to unique morphisms
b1, c1 € M such that v;0by = b, fioc; = ¢, and (14) is a pushout. By Lemma
6.5, (14) is an initial pushout over s; and (15) is an initial pushout over ¢:

B
‘ ’
v
C

wi0oby —m= Pl

|
(15) a1
\

91061—>H1

m’ (14) 51 (10) a

Y v

c1—» [y 91— H4 C

B b1—>N1 wl—»Pl B

C

Dually, we obtain morphisms ba, co € M with vy 0 by = b from (12) and
(13). Using the pullback property of (1) with v1 0 by = b = vy 0 by, we obtain
a unique bz : B — N with z; 0 b3 = by and z3 0 bg = by. Moreover, by, z; € M
implies b3 € M by the decomposition property of M:

In order to show the consistency of ¢; with respect to t1, with the initial
pushout (15) over ¢;, we have to construct b5 : B — N3 € M such that
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v3 0 by = wy oby. This holds for b5 = z3 0 b, since then vs 0 b = v30230b3 @
wy © 21 0 bg = wy o by. It holds that b5 € M, by the composition of M-
morphisms.

Dually, go is consistent with respect to to, using b} = z4 0 b3 € M and the
commutativity of (3). By Theorem 6.14, we obtain extension the diagrams (8)
and (9), where the morphism ¢ : K’ — G’ is the same in both cases:

NN

H1<(I1fP1 PQi{U»HQ

et/
N

This equality can be shown using part 3 of Theorem 6.16, where ¢ is deter-
mined by an initial pushout of m’ : B — C and ws o by : B — K’ in the first
case and wq o b : B — K’ in the second case, and we have ws o b = w4 o b))
given by the commutativity of (4). ad

Example 6.29 (local confluence of ExAHS). In ExAHS, we have M’
= M and initial pushouts over injective graph morphisms. Therefore all pre-
conditions for the Local Confluence Theorem are fulfilled. Since all critical
pairs in ExAH S are strictly confluent, as shown in Example 6.27, ExAHS is
locally confluent. O
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Constraints and Application Conditions

Similarly to the graph constraints considered in Part I, we now consider con-
straints for high-level structures. In particular, we are able to formulate the
condition that an object in a (weak) adhesive HLR category must (or must
not) contain a certain subobject. We also introduce application conditions for
productions in adhesive HLR, systems which allow one to restrict the appli-
cation of productions, similarly to the gluing condition described in Section
6.1.

Constraints and application conditions have already been considered for
the graph case in Section 3.5. In this chapter, we present the correspond-
ing abstract version for adhesive HLR systems in Section 7.1. In Sections 7.2
and 7.3, we prove two main results which show how to construct, for each
constraint, an equivalent application condition, and for each right applica-
tion condition an equivalent left application condition. Similar results have
been presented for the graph case in [HW95] and for high-level structures in
[EEHPO04]. In Section 7.4, we combine these results to show the guaranteeing
and preservation of constraints.

General Assumptions for Chapter 7

In this chapter, we assume that we have an adhesive HLR system based on a
(weak) adhesive HLR category (C, M). In view of the applications to typed
attributed graphs considered in Part III, we also consider an additional class
M’ of morphisms in C corresponding to the injective graph morphisms in
Section 3.5 (and to various choices of typed attributed graph morphisms in
Chapter 12) in order to define satisfiability.

For the results in this chapter, we need the following properties:

1. C has binary coproducts (see Definition A.26).
2. C has a (weak) epi-M’ factorization (see Definition A.15).

3. M’ is closed under composition and decomposition, i.e. f: A — B € M/,
g:B—-CeM =gofeM ,andgofeM ge M = fec M.
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4. M’ is closed under pushouts and pullbacks along M-morphisms, i.e., given
a pushout or a pullback (1) with m € M, f € M orn e M, g e M,
respectively, then we also have g € M’ or f € M, respectively:

N
! (1) g
Y v

C n—D

5. The M-M’" PO-PB decomposition property (see Definition 5.27).
More precisely, we need only the following:

in Section 7.1, property 3;

in Section 7.2, properties 1-4;
in Section 7.3, properties 3-5;
in Section 7.4, properties 1-5.

Remark 7.1. Note that all of these properties 1-5 are satisfied for the cate-
gories of graphs (Graphs, M) and typed graphs (Graphsrtg, M) considered
in Part I, where M = M’ is the class of all injective (typed) graph morphisms.
Moreover, for any (weak) adhesive HLR category (C, M), properties 3-5 are
satisfied for M’ = M.

Alternatively, we can take M’ to be the class of all C-morphisms in Sec-
tions 7.1 and 7.2, because properties 2—4 are satisfied for arbitrary morphisms.
This choice allows us to express satisfiability not only via injective but also
via arbitrary morphisms. In Sections 7.3 and 7.4, this does not work, because
in general the M—M’ PO-PB decomposition property is not fulfilled for ar-
bitrary morphisms.

7.1 Definition of Constraints and Application Conditions

In this section, we consider structural constraints and application conditions
in our general framework. Structural constraints, or “constraints” for short,
correspond to the graph constraints in Definition 3.39. While injective graph
morphisms were used in Definition 3.39 to define satisfiability we now use M’-
morphisms. In this section, we assume property 3 of the general assumptions
for this chapter.

Definition 7.2 (constraint). An atomic constraint is of the form PC/(a),
where a : P — C is a morphism.

A constraint is a Boolean formula over atomic constraints. This means
that true and every atomic constraint are constraints, and, for constraints c
and c; with © € I for some index set I, —c, Nicrci, and Vicrc; are constraints:
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P

a—»C
P T q
W4
G

Similarly to Definition 3.39 for graphs, the satisfiability of arbitrary con-
straints is defined as follows: an object G satisfies a constraint c, written

GEec if

c = true;

¢ = PC(a) and, for every morphism p : P — G in M', there exists a
morphism q : C — G in M’ such that qo a = p;

c=—c and G does not satisfy c';

c = Nier¢; and G satisfies all ¢; with i € I;

c = Vierc; and G satisfies some ¢; with 1 € 1.

Two constraints ¢ and ¢’ are equivalent, denoted by ¢ = ¢, if for all objects
G,GEcifand only if G = ¢'.

The constraint —true is abbreviated as false.

For examples of constraints in the case of (typed) graphs, we refer to
Example 3.41.

For a (weak) adhesive HLR category with an initial object O (see Definition
A.30), corresponding to the empty graph & in Graphs, constraints of the
form PC(O — C) are abbreviated as PC(C). They ensure the existence of a
subobject C'in G. In this case PC(O) is equivalent to true.

Remark 7.3. In Definition 7.2 we have required that p and ¢ are in M’, but
the morphism a in PC(a) is arbitrary. However, in the case goa = p, we
can conclude from property 3 of the general assumptions for this chapter that
we also have a € M’. This implies that, for a ¢ M’, we have PC(a : P —
C) = ~PC(P), provided that we have an initial object O and that the initial
morphisms p : O — G are in M’ (see Remark 3.42). In this case atomic
constraints PC(a) with a ¢ M’ do not give additional expressive power.

In order to express the property that a certain structure C' is not in G,
although a structure P is in G, we introduce negative atomic constraints. In
Fact 7.5, however, we shall see that in most cases negative constraints can be
expressed by negation of positive constraints.

Definition 7.4 (negative atomic constraints). A negative atomic con-
straint is of the form NC/(a), where a : P — C is a morphism. G satisfies
NC(a) if, for every morphism p : P — G in M’, there does not exist a
morphism q : C — G in M’ with qoa = p.

Fact 7.5 (negative atomic constraints). Consider a (weak) adhesive HLR
category with an initial object such that the initial morphisms are in M’.
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Then negative atomic constraints do not give more expressive power. For every
negative atomic constraint NC(a), there is an equivalent constraint: NC(P %
C)=-PC(C), ifa is in M, and NC(P % C) = true otherwise.

Proof. If a is in M’, G | NC(a) iff for all p : P — G in M’ there does not
exist ¢ : C — G in M’ such that ¢ o @ = p. This means that there does not
exist a ¢ : C — G in M’, otherwise we would have p := gqoa € M/, ie.
G £~ NC(a). There does not exist a g : C — G € M' iff G E -PC(C).

If @ is not in M’, assume that G = NC(a) for some G. Then there exist
morphisms p : P — G in M’ and ¢ : C — G in M’ with goa = p. Now
p € M’ implies a € M’ by the decomposition property of M’ which is a
contradiction. O

Application conditions in the general framework correspond to the appli-
cation conditions in Definition 3.45. The general definition may be obtained
from Definition 3.45 by replacing “graph” by “object” and “injective mor-
phism” by “morphism in M’”. In the following, L can be considered as the
left-hand side of a production, and m : L. — G as a match. Similarly, L and
m can be replaced by R and a comatchn: R — H.

Definition 7.6 (application conditions). An atomic application condition
over an object L is of the form P(x,Vicrx;), where x : L — X and z; : X —
C;, with i € I for some index set I, are morphisms.

An application condition over L is a Boolean formula over atomic appli-
cation conditions over L. This means that true and every atomic application
condition are application conditions, and, for application conditions acc and
acc; with © € I, -ace, Nicracc;, and Vicrace; are application conditions:

Similarly to Definition 3.45 for graphs, the satisfiability of arbitrary con-
straints is defined as follows: a morphism m : L — G satisfies an application
condition acc, written m = acc, if

acc = true;

acc = P(x,Viex;) and, for all morphismsp : X — G € M’ with pox = m,
there exist an i € I and a morphism ¢; : C; — G € M" with q; o x; = p;
acc = —acc and m does not satisfy acc’;

acc = Nierace; and m satisfies all ace; with i € I;

acc = Vierace; and m satisfies some acc; with © € 1.

Two application conditions acc and acc’ over L are equivalent, denoted by
acc = acd, if, for all morphisms m, m |= acc if and only if m | acc'.
The application condition —true is abbreviated as false.
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Remark 7.7. Application conditions of the form P(z, V;crx;) with an empty
index set I are equivalent to negative application conditions in the sense of
Definition 7.8 (see Fact 7.9).

Examples of application conditions in the case of graphs are given in Ex-
ample 3.49.

In analogy to the negative application conditions in Definition 3.47 for the
graph case, we now introduce negative application conditions in our general
framework, where the simple version N AC(z) is especially important. Again,
M’-morphisms correspond to injective (typed) graph morphisms.

Definition 7.8 (negative application condition). A simple negative ap-
plication condition is of the form N AC(x), where x : L — X is a morphism.
A morphism m : L — G satisfies NAC(z) if there does not exist a morphism
p: X —Gin M withpox =m:

L

oo L\m _ o
\G/ \G/,/

A negative atomic application condition is of the form N(x, Nicrx;), where
rz:L — X and z; : X — C;, with i € I, are morphisms. A morphism
m: L — G satisfies N(x, Aicrx;) if, for all morphismsp : X — G in M’ with
pox =m, there does not exist an ¢ € I and a morphism ¢; : C; — G in M’
with q; o x; = p.

Fact 7.9 (negative application condition). Negative application condi-
tions do not give more expressive power. For every negative application con-
dition, there is an equivalent application condition. For NAC(x) and negative
atomic application conditions, we have

NAC(x) = P(z,e) and N(x,Nierz;) = Niepr NAC(x; 0 ),
where e is an expression with an empty index set and I' ={i € I | x; € M'}.

Proof. For every m : L — G, m |= NAC(z) iff there does not exist p : X — G
in M’ with m = pox. This means that forallp: X - Gin M, m=pox
implies the existence of i € &, i.e. m |= P(x, Viera;) with I = @.

For the second statement, we show that N(x, Ajerz;) = Niep NAC(z; 0 )
with I’ = {i € I | ; € M'}. From the first statement, we obtain the desired
property. For every m : L — G, m = N(x,Niera;) iff forall p: X — G in
M’ with pox = m there does not exist an¢ € I and ¢; : C; — G in M’
with ¢; o x; = p. This means that for all p : X — G in M’, we have the result
that p o x # m or there do not exist an i € I and ¢; : C; — G in M’ with
q; o x; = p. This is equivalent to the statement that there do not exist an
i€lTandp: X — Gin M’ with pox =m, and ¢; : C; — G in M’ with
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q; o x; = p. This means, using the decomposition property of M’, that there
do not exist an 7 € I’ and ¢; : C; — G in M’ with ¢; o x; o x = m. Therefore,
for all ¢ € I', there does not exist a ¢; : C; — G in M’ with ¢; o z; 0o x = m,
ie. m = Nep NAC (z; 0 x). O

Similarly to Definition 3.50, we now define application conditions for pro-
ductions.

Definition 7.10 (application condition for a production). Given a pro-
duction p = (L LKL R), an application condition A(p) = (AL, Ar) for
p consists of a left application condition Ap over L and a right application
condition Ag over R.

A direct transformation G "= H with comatch n : R — H satisfies the
application condition A(p) = (AL, ARr) if m = A and n |= Ag.

For an example in the case of graphs, we refer to Example 3.51.

7.2 Construction of Application Conditions from
Constraints

In this section, we shall show that for each atomic constraint PC(a) with
a: P — C € M, there is an equivalent application condition. If G X Hisa
direct transformation and PC(a) is an atomic constraint for H with a € M,
then we are able to construct a right application condition Acc(PC(a)) such
that the comatch n satisfies Acc(PC(a)) if and only if H satisfies PC(a).
Taking this together with the main result of the next section, we can construct
a left application condition L,(Acc(PC(a))) such that the match m: L — G
satisfies Ly(Acc(PC(a))) if and only if H satisfies PC(a). This result is most
important for all kinds of applications.

In this section, we assume properties 1-4 of the general assumptions for
this chapter.

First, we describe the construction of application conditions from con-
straints. In our terminology, R corresponds to the right-hand side of a pro-
duction and PC(a) is intended to be a constraint for H, where G 22 H is
a direct transformation with comatch n. Acc(PC(a)) is intended to be the
equivalent right application condition for the comatch n. However, by replac-
ing R by L, H by G, and n by m, we can also consider the construction as a
left application condition corresponding to a constraint for G.

Definition 7.11 (construction of application conditions from
constraints). For atomic constraints PC(a) with a morphisma: P — C € M
and an object R, we define

Ace(PC(a)) = AsP(R> 8, Vie S “S'T)),
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where P(R-> S, \/ielstﬁt T;) is an atomic application condition over R (see
Definition 7.6) and I depends on the choice of S':

1
P (1) q
Y Y

s—» 9 t—T

R ti—T;

o The conjunction Ng ranges over all “gluings” S of R and P. More pre-
cisely, it ranges over all triples (S,s,p) with arbitrary s: R — S and
p: P — S in M’ such that the pair (s,p) is jointly epimorphic (see Def-
inition A.16). For each such triple (S, s,p), we construct the pushout (1)
of p and a, leading tot: S —T € M and q: C — T € M'.

o [or each S, the disjunction V;c; ranges over all Sti—OfTi with an epi-
morphism t; such that t; ot and t; o q are in M'. For I = &, we have

P(R S, VierS “S'T;) = NAC(R S S).

The construction can be extended to Boolean formulas over atomic con-
straints: Acc(true) = true and for constraints c,c; with j € J, Acc(—c) =
—Acc(c), Acc(Ajescj) = NjesAce(cj), and Acc(Vjesci) = VjesAce(c)).

Remark 7.12. In the special case of (typed) graphs in the sense of Section
3.5, we have M = M’ as the class of all injective (typed) graph morphisms
and “jointly epimorphic” means “jointly surjective”.

The requirement a € M makes sure that the pushout (1) exists. It can be
avoided if the existence of pushout (1) can be guaranted by other means, for
example in the case M’ = M, because we have p € M’.

Theorem 7.13 (construction of application conditions from
constraints). There is a construction Acc such that for every constraint c
built up from atomic constraints a : P — C € M and every object R, Acc(c)
is an application condition over R with the property that, for all morphisms
n:R— H,

nlEAcc(c) < HEec

Proof. The main part of the proof is to show that the statement holds for
atomic constraints.

If. Let n = Acc(PC(a)). We have to show that H = PC(a), i.e., for all
morphisms p’: P — H in M’, there is a morphism ¢': C — H in M’ with
q/ oq = p/.

We have n = Acc(PC(a)) = AsP(R-> S, vieIStﬁtTi), and therefore for
each gluing S of R and P we have n = P(R-> S, vieIStﬁtTi) .

First we construct the coproduct R + P with injections ing and inp in
the following diagram. From the universal property of coproducts, for a given
morphism p’: P — H in M’ and n there is a unique morphism f: R+ P — H
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with foing =n and foinp = p’. Now let f = p”oe be an epi-— M’ factorization
of f with an epimorphism e and p” € M’.

R+P<inpipia—>c

NG | T

e Qo ’
| W Y

R SaSt#T%;’Ti\
\\/
p//

n

We define s = eoing and p = e o inp. The pair (s,p) is then jointly
epimorphic, because e is an epimorphism, and p is in M/, because p” op =
p’oeoinp = foinp = p' is in M’ and M’-morphisms are closed under
decomposition.

Hence (S, s,p) belongs to the conjunction Ag of Acc(PC(a)), and we con-
struct the pushout (1) with pushout object T and morphisms ¢ € M and
q € M’. Moreover, we have p”’ os = p” oecoing = foing = n.

In the case I # @&, n |= Acc(PC(a)) implies the existence of ¢ € I and
q":T; — He M' with ¢" ot; ot = p”. Now let ¢ = ¢” ot; oq. Then ¢
is in M’, because ¢’ € M’ by construction, t; o ¢ € M’ by step 2 in the
construction, and M’-morphisms are closed under composition. Finally, we
have H = PC(a), because ¢ oa =¢" ot;oqoa=¢q" ot;otop=p"op=yp.

In the case I = &, the existence of p”’ € M’ with p” o s = n contradicts
n = Acc(PC(a)) = AsNAC(s). Hence our assumption that we have a p’: P —
H € M’ is false, which implies H = PC(a).

Only if. Let H | PC(a). We have to show that n = Acc(PC(a)), i.e.,
for all triples (S, s,p) constructed in the first step of Definition 7.11 and all
p": S — H e M with p” o s = n, we have to find an ¢ € I and a morphism
q":T; — He M with ¢" ot; ot =p".

Given (S, s,p) and p” in M’ as above, we define p’ = p”’ op: P — H.
Then p’ € M’, because p and p” are M’-morphisms and M’ is closed under
composition.

H | PC(a) implies the existence of ¢': C — H € M’ with ¢’ oa = p'.
Hence p” o p = p’ = ¢’ o a. The universal property of pushout (1) implies the
existence of a unique morphism h: T — H with hot =p” and hoq = ¢'.

Now let h = ¢’ o €’ be an epi—-M’ factorization of h with an epimorphism
e’ and ¢’ € M’. The decomposition property of M’ and ¢’ oe’ ot = hot =
p” € M’ then imply that ¢’ ot € M’, and ¢" oe’oq =hoq=¢ € M’
implies €’ o ¢ € M’. Hence, according to the second step of the construction
in Definition 7.11, e’ ot belongs to the family (S tigf T;)icr of Acc(PC(a)) such
that ¢/ = t;: T — T; for some i € I.

In the case I # &, we have ¢ € M’, and ¢" ot;ot = q" o€’ ot = hot =p”
implies n = Acc(PC(a)).
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In the case I = &, we have a contradiction. This means that our as-
sumption that we have p” € M’ with p”’ o s = n is false. This implies
n = AsNAC(s) = Acc(PC(a)).

Thus, the statement holds for atomic constraints. For arbitrary constraints,
the proof of the statement is straightforward. a

Example 7.14 (construction of application conditions for graphs).
In the category Graphs of graphs, we take M = M’ as the class of all
monomorphisms. Now consider the atomic graph constraint ¢ = PC(o — 8)
and the right-hand side of the production p = (0 0 «— 00 — 0+0). According
to Definition 7.11, the graph constraint ¢ can be transformed into the following
conjunction of five atomic application conditions:

ACC(C) = /\?:1P(O->O - Sja Sj - Tj) A P(O"O - 557\/7,2=155 - TSi)a

where S, T, Ts; are shown below, and the set I in the disjunction of Definition
7.11 has cardinality 1 for j = 1,...,4 and cardinality 2 for j = 5. Note
that S1,...,S5 are all possible gluings of R and P, and Ti,...,Ts are the
corresponding gluings of S and C via P. For j = 1,...,4, the identical
morphism ¢; = idg, : T; — T; is the only possible epimorphism ¢; such that
t; ot and t; o q are injective. For j =5, we have t5; : Ts — T5; (i = 1,2), with
the corresponding property.

R OO R OO R OO R OO R OO

/ v ' ' ¥

5,000 +=0P S, 0-0O=«—0P S30-04—0P S, 80=«0P S;8=«—0P
oy v oY ot R

T 0-08 =8¢ T,Bo0=8C T30-8=+8¢ 1. 88=8¢ T:8=—8¢C
i | i i N

Ti 0-08 T, 3-0 T -8 T, 88 Ts1 g 8 Tse

This condition expresses the application condition “Every node outside
(see T1,T4) and inside (see T, T3, T51, T52) the morphism must have a loop”,
where S1, S92, 53 correspond to injective and Sy, S5 to noninjective morphisms.
This means that, for every morphism n: R — H, every node of H must have
a loop, which is equivalent to H = PC(o — 8). 0

Example 7.15 (construction of application conditions for Petri nets).
In the category PTNets of place/transition nets, we take M’ = M as the
class of all injective morphisms in PTNets (see Fact 4.21). Now consider
the net constraint ¢ = “PC(@ — o-0), where @ is the empty net, and the

right-hand side of a production p = (O(B)O — 00 — O+0-0). A net H
satisfies the constraint c if the net H does not contain a subnet of the form
o~0; we call such a place a “sink place”. According to Definition 7.11, the
net constraint ¢ can be transformed into the application condition

ACC(C) = _\( P(R — Sl, \/?:151 — T ) A\ P(R — Sg, \/12:152 — TQi)),
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where R, Si, S2, and Tj; are given below. This condition means “No sink
place is allowed to be outside or inside the morphism, i.e. no sink place is
allowed in H”; here S takes care of injective and Ss of noninjective morphisms
n: R— H.

RO~-O0-0 RO~O0—-0
| v
Si0-0-0 «——J P So 00 -——— @ P
y Y y Y
T o~-O0—+00-0 -—O~O0 (C Ty 00 -0 -——o-0 C

P T a7y

Tin~ TioO0-0-0-+0 Ti3 O~-0—0-O0 Toy T 00O
0

An example with M’ # M will be discussed for typed attributed graphs
in Example 12.10.

7.3 Construction of Left from Right Application
Conditions

In this section, we show that application conditions can be transformed from
the right-hand side of a production to the left-hand side and vice versa. As
discussed in the introduction to Section 7.2, this result is especially interesting
in connection with the main result in Section 7.2.

In this section, we assume properties 3-5 of the general assumptions for
this chapter.

Definition 7.16 (construction of left from right application con-
ditions). For each right atomic application condition acc = P(R&X,
Vier X 2.Cy) of a production p = (L «— K — R), let

L,(acc) = P(LL Y, Vier Y 24 D;) with I' C I or Ly(acc) = true,

where y, y;, and I are constructed as follows:

K

[ -—1

v (2) (1 =
' Y
AN
Yi (4) Zi (3) Ty
v Y Y
D; Z; Ci
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o If the pair (K5 R,R>% X) has a pushout complement, we define (K —

zZ,Z - X) as the pushout complement (1). We then construct pushout (2)
with the morphism y: L — Y. Otherwise, Ly(acc) = true.

e For each i € I, if the pair (ZgX,XﬁCi) has a pushout complement,
then i € I', and we define (Z =5 Z;, Z; — C;) as the pushout complement
(8). We then construct pushout (4) with morphism y;: Y — D;. Otherwise,
i¢ I

According to Chapter 4, pushout complements of M-morphisms (if they
exist) are unique up to isomorphism. Therefore, the construction of a left
application condition is unique up to isomorphism. The transformation can
be extended to arbitrary right application conditions as follows: Ly(true) =
true, L,(—acc) = —Ly(acc), Ly(Aerace;) = AierLp(ace;), and Ly (Vierace;) =
VierLp(ace;).

Theorem 7.17 (construction of left from right application condi-
tions). For every production p, and for every right application condition acc
for p, Lp(acc) as defined in Definition 7.16 is a left application condition for
p with the property that, for all direct transformations G LY H with comatch
n}

m = Ly(acc) & n = acc.

Proof. The main part of the proof is to prove the statement for right atomic
application conditions. Let G 2% H be any direct transformation with co-
match n. We then have the following cases:

Case 1. The pair (r: K — R,z: R — X) has no pushout complement.
Then L,(acc) = true and m = Ly(acc). We have to show that n |= acc. This
is true because there is no p: X — H with pe M’ and pox = n.

Otherwise, since the pair (r,n) has a pushout complement, the pair (r,x)
would have a pushout complement (M-M’ pushout—pullback decomposition,
with 7 € M and p € M’). This is a contradiction.

Case 2. The pair (r: K — R,z: R — X) has a pushout complement and
1 +#9.

Case 2.1. m = Ly(acc). We have to show that n |= acc, i.e., given a
morphism p: X — H € M’ with pox = n, we have to find an ¢ € I and a
morphism ¢: C; — H € M’ with qox; = p.

Using Theorem 6.18, we obtain from the double pushout for G 22 H
(more precisely, from the inverse transformation) with pox = n a decomposi-
tion into pushouts (1), (2), (5), and (6) shown below with r, r*,dy,1,1*,d2s € M
and p, z,p’ € M’. (1) and (2) are the same pushouts as in the construction in
Definition 7.16 because of the uniqueness of pushouts and pushout comple-
ments.

In the case I’ = &, we have no p: X — H with p € M’ and pox = n,
because this would imply the existence of a p’: Y — G with p’ € M’ and
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p' oy = m, violating m = Ly(acc). Having no p with p o z = n, however,
implies that n = acc.

In the case I’ # @, the assumption m | L,(acc) implies the existence
of an i € I’ C I with a morphism ¥;: Y — D;, and ¢: D; — G in M’
with ¢’ o y; = p’. Now we are able to decompose pushouts (6) and (5) into
pushouts (4) + (8) and (3) + (7), respectively, using Theorem 6.18 again and

*

interpreting (Y Loz x ) as a production. This leads to a morphism
q: C; — H € M’ with qox; = p, and therefore n = acc.

L1

Case 2.2. n = acc. We have to show that m = L,(acc). From the statement
above that defines Case 2, we have Ly (acc) # true. Hence, for each morphism
p':Y — G e M with p’ oy = m, we have to find an ¢ € I’ and a morphism
q¢:D;— Ge M with ¢ oy; =p'.

Given a morphism p’ € M’ with p’ oy = m, we can construct the pushouts
(1), (2), (5), and (6) as above using Theorem 6.18, leading to a morphism
p: X — H € M’ with poxz = n. Now n |= acc implies the existence of i € T
and morphisms ¢: C; — H € M’ and x;: X — C; with go x; = p. Owing to
pushout (5), the pair (r*,p) has a pushout complement, so that this is also
true for (r*, z;) by decomposition. Hence we have an i € I’ and can decompose
the pushouts (5) and (6) into the pushouts (3) + (7) and (4) + (8) from right
to left, leading to a morphism ¢': D; — G € M’ with ¢’ oy; = p’. This implies
that m = L,(acc).

Case 3. The pair (r,z) has a pushout complement, but I = &. Then
n = acc = NAC(z) implies that p € M’ with p o x = n. As shown for Case
2.1, we obtain p’ € M’ with p’ oy = m, which implies that m = NAC(y). Vice
versa, m B~ Ly(acc) = NAC(y) implies in a similar way that n = NAC(x),
using the construction in Case 2.2.

Thus, the statement holds for right atomic application conditions. For
arbitrary right application conditions, the proof of the statement is straight-
forward. 0

Example 7.18 (construction of left from right application condi-
tions). For the adhesive HLR category Graphs of graphs, where M = M’ is
the class of all injective graph morphisms, consider the right application con-
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dition acc = NAC(O o — (}»o) for the production p = ((}»o —~00—0 o)
meaning that an edge between the nodes in the comatch must not exist. We
have NAC(R — X) = P(R — X, e), where e has an empty index set [ =
Now we construct Z and the pushout complement (1), and then construct
Y as the pushout object of pushout (2) as shown below. In accordance with
Definition 7.16, acc is transformed into the left atomic application condition
Ly(acc) = P(L — Y,e) = NAC((}»O — o::o) with I’ = &, meaning that two

parallel edges between the nodes in the match must not exist.

L K R

O0-0O=4—OO0—» 00

To@ oy oy
GO 44— 00— 00

Y A X
O

Example 7.19 (construction of left from right application condi-
tions for Petri nets). For the weak adhesive HLR category PTNets of
place/transition nets, where M = M’ is the class of all injective morphisms in
PTNets, consider the right application condition acc = -P(R — X, X — C)

for the production p = (o::é')o — 00 — O~0—0) in Example 7.15, where
R— X =R — Sy and X — C = Sy — Ty. This means that we consider
only a subcase of the right application condition constructed in Example 7.15.

H |= acc means that for each noninjective comatch n: R — H, the place in
n(R) must not be a sink place. In accordance with Definition 7.16, we obtain
the left application condition Ly(acc) = =P(L — Y,Y — D) shown below.
G = Ly(acc) means that for each noninjective match m: L — G, the place in
m(L) must not be a sink place. Note that a noninjective match m: L — G
can only identify the places, because otherwise the gluing condition would be
violated.

L o820 <+—00—o0-0~0 R

G I T CO
Y 02070 «—O0—» 00 X
Wy ey

D 02000 -— o-0—=020—-0 (C
O
O

Remark 7.20. For the double-pushout approach with match and comatch
morphisms in M’, there is a result similar to Theorem 7.17: for every pro-
duction p, there is a construction L,, as given in Definition 7.16, such that
for every right application condition acc for p, L,(acc) is a left application
condition for p. For all direct transformations G 22 H with m € M’ and a
comatch n € M’ we have
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mELy(acc) <= n[=acc.

Remark 7.21. For every production p, there is also a transformation L,-1
such that for every left application condition acc for p, L,-1(acc) is a right
application condition for p with the property that, for all direct transforma-
tions G 22 H with comatch n, n = L,-1(acc) & m |= acc. A left applica-
tion condition acc of p is the right application condition of the inverse rule
p~! = (R« K — L) of p. By Theorem 7.17, acc can be transformed into a
left application condition L,-1(acc) of p~1, being a right application condition
of p. Then L,-: has the wanted property.

7.4 Guaranteeing and Preservation of Constraints

In this section, we use the results in Theorems 7.13 and 7.17 for integrating
constraints into application conditions of productions such that every direct
transformation satisfying the application condition is constraint-guaranteeing
and constraint-preserving, respectively. We consider productions with inte-
grated application conditions. Every production in the sense of Definition 5.1

is a production. If p is a production and A an application condition for p,

A), .
then (p, A) is an extended production. A direct transformation G (p:)>m H is

a direct transformation G 22 H that satisfies the application condition A.
In this section, we assume properties 1-5 of the general assumptions for
this chapter.

Definition 7.22 (guaranteeing and preservation of constraints). Given
a constraint ¢, an extended production (p, A) is

e c-guaranteeing if, for all direct transformations G (pi;)ﬂm H, it holds that

H = c; and
A,
e c-preserving if, for all direct transformations G (p:)>m H, we have the
condition that G |= ¢ implies H |= c.

Theorem 7.23 (guaranteeing and preservation of constraints). There
are constructions A and A’ such that, for every constraint ¢ and every produc-
tion p, A(c) and A'(c) are left application conditions for p such that (p, A(c))
is c-guaranteeing and (p, A’(c)) is c-preserving.

Proof. This theorem follows immediately from Theorems 7.13 and 7.17. Let
p = (L «— K — R) and let Accr(c) and Accr(c) be the left and the right
application condition, respectively, of ¢, where Accg(c) = Acc(c) as given in
Definition 7.11 and Accr(c) is defined similarly with R replaced by L.

Now let Ly(Accr(c)) be the left application condition corresponding to
Accr(c), as given in Definition 7.16. Let A(c) = L,(Accr(c)) and A'(c) =
(Accr(c) = Ly(Accr(c))), where A = B denotes =AV B. Then the left appli-
cation conditions A(c) and A’(c) have the required properties, from Theorems
7.13 and 7.17:
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o Given G P2 H with a comatch n, we have H | ciff n = Accg(c) iff
m = Ly(Accr(c)) iff m = A(c), which is true by assumption.

o Given G PED™ H with a comatch n, G = c implies that H = ¢ is
equivalent to =(G = ¢) V H = c. This is true iff -(m = Accr(c)) Vn =
Accpr(c), which means that —~(m | Accr(c)) Vm = Ly(Accr(c)), ie.
m = —Accr(c) V Ly(Accg(c)). This is equivalent to m | A’(c), which is
true by assumption. ad
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In Parts I and II, we have presented an introduction to the classical case of
graph and typed graph transformation systems and a general categorical the-
ory based on adhesive high-level replacement (HLR) categories and systems,
respectively. This categorical theory can be instantiated not only to the clas-
sical case, but also to graph transformations based on several other kinds of
graphs, such as hypergraphs and attributed graphs, and various kinds of Petri
nets. Several of these instantiations have been discussed in Section 5.2.

In the present Part, we study typed attributed graph transformation sys-
tems in full detail. The concept of typed attributed graph transformation is
most significant for modeling and metamodeling in software engineering and
visual languages. Hence it is important to have an adequate theory for this
approach to graph transformation.

The main purpose of Part III is to provide the basic concepts and results
of graph transformation for typed attributed graphs; these concepts and re-
sults correspond to those already known for the case of graphs [Ehr79]. The
straightforward way would be to extend the classical theory in Part I step by
step, first to attributed graphs and then to typed attributed graphs. Follow-
ing [EPTO04], however, we propose the more elegant solution of obtaining the
theory of typed attributed graph transformation as an instantiation of the
“adhesive HLR categories and systems” presented in Part II.

In Chapter 8, we give a formalization of typed attributed graphs, which
allows node and edge attribution, and we show how to construct pushouts and
pullbacks in the corresponding category AGraphsara of typed attributed
graphs. In Chapters 9 and 10, we present the main concepts of typed at-
tributed graph transformation, providing as fundamental results the Local
Church—Rosser, Parallelism, Concurrency, Embedding, and Extension Theo-
rems and a Local Confluence Theorem known as the Critical Pair Lemma
in the literature. These results are presented without explicit proofs, because
they can be obtained as special cases of the corresponding results in Part II.
For this purpose, we show in Chapter 11 that the category AGraphsarc
is isomorphic to the category of algebras over a specific kind of attributed
graph structure signature. This allows us to show that the category of typed
attributed graphs is an instance of an adhesive HLR category in the sense
of Part II and that the corresponding results can be specialized to those of
Chapters 9 and 10.

In Chapter 12, we extend the concept of constraints and application con-
ditions from the graph case presented in Chapter 3 to typed attributed graph
transformation, by instantiation of the general theory presented in Chapter 7.
In Chapter 13, we study attributed type graphs with inheritance, motivated
by the concept of class inheritance in object-oriented modeling. The concepts
and results in Chapters 8-11 are based on [HKT02, EPT04], and Chapters 12
and 13 are based on the papers [EEHP04] and [BEALT04, EEPTO5], respec-
tively.
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Hints for reading:

For those readers who are interested mainly in the concepts and results of
typed attributed graph transformation, we advise them to start with Part I
and continue directly to Parts III and IV. The main part of the theory of
typed attributed graphs and graph transformation is presented independently
of Part IT in Chapters 8-10, while Chapter 11 bridges the gap between Parts II
and III. Chapters 12 and 13 can be read independently of each other, directly
after Chapter 8.



8
Typed Attributed Graphs

Within the last decade, graph transformation has been used as a modeling
technique in software engineering and as a metalanguage to specify and imple-
ment visual modeling techniques such as UML. Especially for those applica-
tions, it is important to use not only labeled graphs, as considered in the classi-
cal approach presented in Part I, but also typed and attributed graphs. In fact,
there are already several different concepts for typed and attributed graph
transformations in the literature (see e.g. [LKW93, HKT02, BFK00, EPT04]).
However, for a long period there was no adequate theory for this important
branch of graph transformation.

The key idea in [HKTO02] is to model an attributed graph with node attri-
bution as a pair AG = (G, A) of a graph G and a data type algebra A. In this
chapter, we follow the approach of [EPT04], where this idea is used to model
attributed graphs with node and edge attribution. However, G is now a new
kind of graph, called an E-graph, which allows edges from edges to attribute
nodes also. This new kind of attributed graph, combined with the concept of
typing, leads to a category AGraphsarg of attributed graphs typed over an
attributed type graph ATG. This category seems to be an adequate formal
model not only for various applications in software engineering and visual
languages but also for the internal representation of attributed graphs in our
graph transformation tool AGG [ERT99].

In this chapter, we introduce typed attributed graphs and the correspond-
ing graph morphisms, leading to the category AGraphsarc. In analogy to
Chapter 2 for the case of graphs, we show how to construct pushouts and pull-
backs for typed attributed graphs, which are the basis for typed attributed
graph transformations and transformation systems described in Chapter 9.

Throughout Chapters 8 and 9, we use a simple running example from
the area of model transformation to illustrate the main concepts and results.
We have selected a small set of model elements that is basic for all kinds of
object-oriented models. It describes the abstract syntax, i.e. the structure of
the method signatures. These structures are naturally represented by node-
and edge-attributed graphs, where node attributes store names, for example,
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while edge attributes are useful, for example, for keeping the order of parame-
ters belonging to one method. Typed attributed graph transformation is used
in Chapter 9 to specify simple refactorings such as adding a parameter or
exchanging two parameters.

8.1 Attributed Graphs and Typing

In order to model attributed graphs with attributes for nodes and edges, we
have to extend the classical notion of graphs (see Definition 2.1) to E-graphs.

An E-graph has two different kinds of nodes, representing the graph and
data nodes, and three kinds of edges, the usual graph edges and special edges
used for the node and edge attribution. The differences between E-graphs,
graphs, and labeled graphs are discussed below.

Definition 8.1 (E-graph and E-graph morphism). An E-graph G with
G = (Vg,Vp, Eg, Ena, Epa, (sourcej, target;);cra, na,pay) consists of the
sets

o Vi and Vp, called the graph and data nodes (or vertices), respectively;
o FEq, Ena, and Ega called the graph, node attribute, and edge attribute
edges, respectively;

and the source and target functions

sourceg : Eqg — Vg, targete : Eq — Vg for graph edges;
sourcena : Ena — Vg, targetya : Ena — Vp for node attribute edges;
and

o sourcepa: Epa — FEg, targetga : Epa — Vp for edge attribute edges:

sourceg

_— T T

EG VG
\targetg —
sourceg A sourcen A
Epa Ena
\ /
targetp A targetn A
-
Vb

Consider the E-graphs G' and G? with G* = (VC’;“,VD’“,E’C?;,EJI%A,E]’“EA,
(sourcef,targetf)je{aNA,EA}) for k =1,2. An E-graph morphism f : G! —
G2 is a tuple (fVG7fVD)fEG7fENA7fEEA) with sz : ‘/il - ‘/12 and ij : Ejl -
E? fori € {G,D}, j € {G,NA,EA} such that f commutes with all source
and target functions, for example fy, o sourceb = sourceQG o fEq.

Remark 8.2. The main difference between E-graphs and graphs is that we
allow edge attribute edges, where the source of these edges is not a graph
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node but a graph edge. The main difference between E-graphs and labeled
graphs (see Definition 2.8) is the fact that we use node and edge attribute
edges instead of labeling functions ly : Vg — Vp and lg : Eg¢ — Vp. This
allows us to change attributes in going from the left- to the right-hand side
of a production, whereas, in the case of labeled graphs, the labels of common
items in the left- and right-hand sides are preserved.

Definition 8.3 (category EGraphs). FE-graphs and E-graph morphisms
form the category EGraphs.

An attributed graph is an E-graph combined with an algebra over a data
signature DSIG. In the signature, we distinguish a set of attribute value sorts.
The corresponding carrier sets in the algebra can be used for the attribution.

Definition 8.4 (attributed graph and attributed graph morphism).
Let DSIG = (Sp,OPp) be a data signature with attribute value sorts
ST C Sp. An attributed graph AG = (G, D) consists of an E-graph G to-

gether with a DSI1G-algebra D such that L'JSEer D, =Vp.

For two attributed graphs AG* = (G, D') and AG? = (G?, D?), an at-
tributed graph morphism f : AG* — AG? is a pair f = (fa, fp) with an E-
graph morphism fg : G* — G? and an algebra homomorphism fp : D' — D?
such that (1) commutes for all s € Sp,, where the vertical arrows below are
inclusions:

D; fD,s—>Dg

N

VD1 fevp —» Vg

Example 8.5 (attributed graphs). Given suitable signatures CHAR,
STRING, and NAT (see Example B.3), we define the data signature DSIG
by

DSIG=CHAR+ STRING + NAT+
sorts : parameter Direction Kind

opns : in, out, inout, return :— parameter Direction Kind

with attribute value sorts S}, = {string, nat, parameter DirectionKind}.

Now we consider as the DSTG-algebra D the standard algebras for charac-
ters, strings, and natural numbers (see Example B.10), together with the set
DparameterDirectionKind = {in, out,inout,return} and constants inp = in,
outp = out, inoutp = inout, and returnp = return. The graph AG = (G, D)
is then an attributed graph, with G defined as follows:

° VG = {7’7’[,7 c,pa?‘1,pa7"27pa7“3}7
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VD = Dnat U Dstring U DparameterDirectionKinda
E¢ = {mpary, mpary, mpars, pari ¢, parac, parsc},
Ena = {mname,noO fPars,cname, pnamey, pnames, kindy, kinds,
kindg},
o FEgps = {ordery,orders,orders},
T = mpary, mpars, Mpars
par; : x=par;c,t=1,2,3
r =mpar;,t=1,2,3
T = paric, parsc, parsc’

o sourceg:Eqg—Vg:xr—

)

e targetg: FEg — Vg :xz— {ZC?GH

m : x = mname,noO f Pars
T = cname

e sourcenag:FEna—Vg:ix— par: ¢z = pname;,i = 1,2 ,
par; : x=kind;,i=1,2,3
add : = mname
3 . x=n00fPars
Nat : x = cname

o targetya: Ena— Vp:ix— pi . 2= pname;,i=1,2"
in : x = kindy, kinds
return : x = kinds

sourcega : Ega — Eg : order; — mpar;,i = 1,2, 3,
targetpa : Ega — Vp :order; — i,i=1,2,3.

In the diagram below, we have omited the edge names and all unreachable
data nodes (inout, out, 0, numbers greater than 3, and all unused string
representations) for clarity. The solid nodes and arrows are the graph nodes
Ve and edges Eg, respectively. The dashed nodes are the (used) data nodes
Vp, and dashed and dotted arrows represent node and edge attribute edges
Ena and Ega, respectively:

Tt | ‘
LCidfd J¢ - *‘{ m"\ 4’ pary - ---- NL[ilJ

N ‘\77\
&77 ,/V\’Ln\
,,,,,, > 3 - T
L T 7

! ‘\pQ‘

77777 1
|
' return 1| pars ----= Nat :

77777 1 - - - —

Definition 8.6 (category AGraphs). Given a data signature DSIG as
above, attributed graphs and attributed graph morphisms form the category
AGraphs.

For the typing of attributed graphs, we use a distinguished graph at-
tributed over the final DSIG-algebra Z (see Definition B.11). This graph
defines the set of all possible types.
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Definition 8.7 (typed attributed graph and typed attributed graph
morphism). Given a data signature DSIG, an attributed type graph is an
attributed graph ATG = (TG, Z), where Z is the final DSIG-algebra.

A typed attributed graph (AG,t) over AT'G consists of an attributed graph
AG together with an attributed graph morphism t : AG — ATG.

A typed attributed graph morphism f : (AGY,t') — (AG?,t?) is an at-
tributed graph morphism f : AG' — AG? such that t> o f =t!:

1
A‘G — .
f ATG
| 2
AG?

Definition 8.8 (category AGraphsarg). Typed attributed graphs over an
attributed type graph ATG and typed attributed graph morphisms form the
category AGraphsara.

Example 8.9 (typed attributed graphs). We extend Example 8.5 by the
following type graph AT'G with the data algebra Z. We have the graph nodes
Method, Parameter, and Class and the data nodes parameter Direction Kind,
string, and nat:

Method ———param——— Parameter
N “ P2 N
\ N N E , N R
noOfPars order i kind
\ N . / ~ N
\ \‘; ,', | , 4 jm == A -
" | nat / I parameter Direction Kind !
mname _ _ _ . pname type I
\ .
\ 7/
7/
\ /
\ /s
\ s
\ /
/
N T
: string ‘~a— —cname- — — | Class
77777 |
Zehar {char}
Zst'r‘ing = {Stm'ng}
Znat = {nat}

{parameter DirectionKind}

ZparameterDirectionKind

az = char € Z.par
emptyz string € Zstring
nexrty Y Zehar = Lehar
char — char
concatz Y Zstring X Lstring — Lstring

(string, string) — string
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Each data node is named after its corresponding sort, owing to the fact
that the final DSTG-algebra Z has carrier sets Z, = {s} for all s € Sp. The
nodes and edges in AT'G represent the types that can be used for the typing
of an attributed graph.

The graph AG given in Example 8.5 is typed over AT'G by the attributed
graph morphism ¢ : AG — ATG with t = (tG,VG GV tG Ec LG Enar tG Epas
tp), defined by

tp,s(x) = s for all s € Sp,
ta,ve(m) = Method, tg v, (par1) = te v, (pare) = ta, v, (pars) = Parameter,
tc.ve (c) = Class,
tc.vp (pl) = ta,v, (p2) = ta,vp (add) = ta v, (Nat) = string,
ta,v, (return) = tg v, (in) = parameter DirectionKind,
(

la,vp 1) =ta,vp (2) =ta,vp (3) = nat,

and analogously for all unused data nodes and tg k., tq,Exa, a0d tG.Epa
defined by the induced edge morphisms.

In the following we use a more compact notation for typed attributed
graphs, as depicted in the following diagram and used in the AGG tool en-
vironment (see Chapter 15). Each node and edge inscription describes at the
top a (facultative) name and the type, and at the bottom it describes the
attributes as a list of types and values. For each type we may have none, one,
or more values (i.e. attribute edges in the graph):

m:Method -param pari:Parameter
—_— —
mname=add pname=pl
. order=1 . .
noO f Pars=3 kind=in
:param
order=2
‘param para:Parameter ‘type
order=3 pname=p2
kind=in
:type
pars:Parameter c:Class
type—m—m——— -
kind=return cname=Nat
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8.2 Pushouts as a Gluing Construction of Attributed
Graphs

Similarly to the gluing of graphs in Section 2.3, we now study the gluing of
attributed and typed attributed graphs. This is needed for the construction
of typed attributed graph transformations in the next chapter and is defined
via pushouts in the categories AGraphs and AGraphsaTg, respectively. In
fact, we need only pushouts where one of the given morphisms belongs to a
special class M of monomorphisms, which are injective on the graph part and
isomorphisms on the data type part.

Definition 8.10 (class M). An attributed graph morphism f : AG' — AG?
with f = (fa, fp) belongs to the class M if fo is an injective E-graph mor-
phism, i.e. injective in each component, and fp is an isomorphism of DSIG-
algebras. This implies also that fv, is bijective.

A typed attributed graph morphism f : (AGt,t') — (AG?,t?) belongs to
the class M if f : AGY — AG? belongs to M.

Remark 8.11. The class M is a class of monomorphisms in AGraphs or
AGraphsartg, which is closed under composition (go f with f, g € M implies
go f € M). For f € M with fg bijective, f is an isomorphism in AGraphs
or AGraphsara, respectively.

The following pushout construction in AGraphs and AGraphsatg is
based on Fact 2.17. The main difference is in the pushout construction for
the corresponding DSIG-algebras. In general, a pushout of DSIG-algebras
cannot be constructed componentwise. However, since M-morphisms are iso-
morphisms on the DSIG-algebras, we can avoid this problem by preserving
the DSIG-algebra in the morphism opposite to the given M-morphism.

Fact 8.12 (pushouts along M-morphisms in AGraphs and
AGI‘aphSATg).

1. Given attributed graph morphisms f : AG? — AG' and g : AG® —
AG? with f € M, the pushout (1) in AGraphs with the pushout object
(AG3, f',g") can be constructed as follows, where AG¥ = (G*, D), and
G = (VGk,VDk,Eé,E}‘\',A,E]’%A,(sourcef,targetf)je{G,NA’EA}) for (k =
0,1,2,3):

AG° = (G07Do)if:(fcny)eMﬂ(GaDl) = AG!
| |

9=(9¢.9D) (1) 9=(a g
\
AG? = (G?,D?) ——1'=(&.tp)em—(G3, D3) = AG?

a) (X3,f§(,g3() is a pushout of (X°, fx,gx) in Sets for X € {Vg, Eg,
Ena,Ega}. )
b) (ngf\l/D’g(/D) = (Vl%vidag(/g) with g{/D =9vp © f;D : Vl% - Vl%
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c¢) (D3, f1, gh) = (D?,id, g}, with g, = gp o fp' : D' — D3,
d) The source and target functions of G* are uniquely determined by the
pushouts in a).
AG?3 is unique up to isomorphism and f' € M.

2. Given typed attributed graph morphisms f : (AGY,t%) — (AG!,t') and
g: (AGY,t%) — (AG?,t?) with f € M, then the pushout ((AG®,t3), f', ¢")
in AGraphsaTg can be constructed as a pushout (AG3,f',g") of f :
AG® — AG' and g : AG® — AG? with f € M in AGraphs, and t3 :
AG3 — ATG is uniquely induced by t, and ty, using the pushout properties
of (AG3, f',g") in AGraphs.

Proof.

1. The componentwise construction leads to a well-defined AG3 = (G2, D?)
and to morphisms f’, ¢’ in AGraphs, where f' € M and (1) is commu-
tative. The universal pushout property follows from the PO constructions
in Sets for each component, where the constructions in the Vp and D
components are also pushouts in Sets and DSIG-Alg, respectively.

2. This follows from the construction of pushouts in slice categories (see Fact
A 19, item 5).

O

Example 8.13 (pushout in AGraphsartg). The diagram in Fig. 8.1 is a
pushout in AGraphsatg. The graph AG' = AG has been shown in Ex-
ample 8.5. All four typed attributed graphs have the same data algebra and
therefore also the same data nodes. Since fg and g are injective, both of the
morphisms f and g are M-morphisms. Therefore the pushout object AG?® can
be constructed componentwise. a

8.3 Pullbacks of Attributed Graphs

In analogy to the pullbacks of graphs described in Section 2.4, we now study
pullbacks of attributed and typed attributed graphs. The universal property
of pullbacks is dual to that of pushouts, and in fact, pushouts along M-
morphisms are also pullbacks in AGraphs and AGraphsara. In contrast
to pushouts, which are essential for the definition of direct transformations,
pullbacks are needed mainly for technical reasons in connection with the state-
ments and proofs of several of the main results, especially for the properties
of adhesive and weak adhesive HLR categories.

The following pullback construction in AGraphs and AGraphsarg is
based on Fact 2.23. Similarly to the pushout construction, the main differ-
ence is in the pullback construction for the corresponding DSIG-algebras.
In contrast to pushouts, a pullback of DSIG-algebras can be constructed
componentwise. However, we do not need this property, because one of the
given morphisms is an M-morphism such that the opposite morphism can be
defined to preserve the DSIG-algebra.
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8.3 Pullbacks of Attributed Graphs
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Fig. 8.1. Pushout and Pullback in AGraphsartc
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Fact 8.14 (pullbacks along M-morphisms in AGraphs and
AGraphsarg).

1. Given attributed graph morphisms f' : AG? — AG® and ¢’ : AG' —
AG? with f' € M, the pullback (1) in AGraphs with the pullback object
(AG, f,g) can be constructed as follows, where AG* = (G* D) and
GF = (V(I;“,VD]“,E@,E]’%A,EEA,(source?,target?)je{G,NAEA}) for (k =
0,1,2,3):

AGY = (G°, DY) —— r=(a.fp)em— (G, D') = AG!
| |

§=(sc.9p) (1) 9=(96,9p)
AG? = (G2, D?) —— f'=(b sh)em—a (G3, D3) = AG®

a) (X°, fx,gx) is pullback of (X3, fk,g) in Sets for X € {Vg, Eq,
Ena,Ega}.
b) (VD07fVD7gVD) = (VD17idagVD) with gvp = f{/;l Og(/D : V[O) - Vg
¢) (D%, fp,gp) = (D',id, gp) with gp = f1;* o gpp : D® — D?.
d) The source and target functions of GV are uniquely determined by the
pullbacks in a).
The pullback object AG® is unique up to isomorphism, and we have f €
M.

2. Given typed attributed graph morphisms f': (AG?,t?) — (AG3,t3) with
fre M and g : (AGY, ') — (AG3,t3), then the pullback ((AG,tY), f, g)
in AGraphsarg can be constructed as a pullback (AGY, f,g) of f,g with
f € M in AGraphs, andt : AG® — ATG is given byt =t'of = t?0g.

Proof.

1. The componentwise construction leads to a well-defined (AG?, f,g) in
AGraphs, where f € M and (1) is commutative. The universal pullback
property follows from the pullback constructions in each component.

2. This follows from the construction of pullbacks in slice categories (see Fact
A .23, item 4).

O

Remark 8.15. The categories AGraphs and AGraphsarg also have gen-
eral pullbacks. This follows from the existence of pullbacks in Alg (%) (see Fact
A.19, item 3) and the isomorphism AGraphsatg & AGSIG(ATG) — Alg
(see Theorem 11.3).

Fact 8.16 (pushouts along M-morphisms are pullbacks). Pushouts
along M-morphisms in AGraphs and AGraphsarc are also pullbacks.

Proof. This follows from the fact that pushouts along injective functions in
Sets are also pullbacks. See also Theorem 4.26 and 11.11. O

Example 8.17. Fact 8.16 implies that the pushout in Fig. 8.1 is also an
example of a pullback in AGraphsarc. a
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Typed Attributed Graph Transformation
Systems

On the basis of the concepts of attributed graphs and typing introduced in
Chapter 8, we present the theory of typed attributed graph transformation
(AGT) systems in this chapter. The main idea used to obtain this theory is
to instantiate the general theory for adhesive HLR systems given in Part II
with the category (AGraphsarg, M) of typed attributed graphs, which will
be shown to be an adhesive HLR category in Chapter 11. On the other hand,
we consider it to be important that the concepts and results presented in this
chapter also make sense for readers not interested in the general categorical
theory of Part II. For this purpose, we follow the style of Part I and introduce
directly the basic concepts and results for typed attributed graph transforma-
tion in this and the next chapter. We postpone the verification of the main
results to Chapter 11.

9.1 Basic Concepts for Typed AGT Systems

In this section, we define typed attributed graph transformation systems on
the basis of the concepts of attributed graphs and typing described in Section
8.1.

For a typed attributed graph transformation system, we fix a category
AGraphsaTtc over an attributed type graph AT'G and the class M, as de-
fined in the last chapter. The productions are restricted to graphs attributed
over a term algebra with variables.

The example of typed attributed graphs introduced in Chapter 8 is ex-
tended to a typed attributed graph transformation system called Method-
Modeling.

A typed attributed graph production is a typed graph production (see
Definition 3.1) where typed graphs are replaced by typed attributed graphs
which share the same termalgebra Tpsre(X) with variables X (see Def. B.15)
as algebra.
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Definition 9.1 (typed attributed graph production). Given an at-
tributed type graph AT G with a data signature DSIG, a typed attributed graph
production, or “production” for short, p = (L LI QN R) consists of typed
attributed graphs L, K, and R with a common DSIG-algebra Tpsia(X), the
DSIG-termalgebra with variables X, and l,r € M. This means that we have
injective typed attributed graph morphismsl: K — L, r : K — R, where the
DSIG-part of l and r is the identity on Tpsra(X).

A typed attributed graph transformation is a typed graph transformation
(see Definition 3.2) where pushouts in the category Graphsrtg are replaced
by pushouts in AGraphsarc.

Definition 9.2 (typed attributed graph transformation). Given a pro-
duction p = (L LKL R) as defined above and a typed attributed graph G
with a typed attributed graph morphism m : L — G, called match, a direct
typed attributed graph transformation, or “direct graph transformation” for
short, G 22 H from G to a typed attributed graph H is given by the following
double pushout (DPO) diagram in the category AGraphsarg, where (1) and
(2) are pushouts:

-]

K

r—»R

| | |
w0 r (2
i i i

G=<—r—D

g—= [

A sequence Gy = G1 = ... = G, of direct graph transformations is
called a typed attributed graph transformation, or “graph transformation”
for short, and is denoted by Gy = Gy. In the case n = 0, we have an iden-
tical transformation on Gy or an isomorphism Go = Gy, because direct graph
transformations are only unique up to isomorphism.

Notation. We shall use the short form “(typed) AGT system” for “(typed)
attributed graph transformation system”.

Remark 9.3. Similarly to the construction of graph transformations in Sec-
tion 3.2, the construction of typed attributed graph transformations is also
based on the construction of two pushouts, but now in the category
AGraphsarc.

In Section 9.2, we analyze the construction of a direct typed attributed
graph transformation in more detail.

At this point, let us discuss the difference concerning match morphisms in
the attributed case compared with the classical case. The match morphism
m : L — G has an E-graph part mg — which corresponds to the classical case
— and also a data type part mp : Tpsrg(X) — DC. In fact, the DSIG homo-
morphism mp is completely determined by an assignment asg : X — D% of
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variables (see Section B.3 and [EMS5]). Since Ip and rp are the identities on
Tpsia(X), we can assume without loss of generality that fp and gp are the
identities of the data algebra DY of G. This implies that the data algebras
D% DP and DY of G, D, and H are all equal, i.e. D¢ = DP = DH  and
that the data type parts kp and np of k and n in (1) and (2) are equal to
mp, i.e. mp = kD =np.

At first glance this may seem strange, because the variables var(L) oc-
curring in the terms of the node and edge attributes of L may not coincide
with var(K) of K and var(R) of R. We only have var(K) C var(L) C X and
var(K) C var(R) C X. But the definition of the match mp : Tpsra(X) —
DY already requires an assignment for all variables X, and not only for
var(L) C X.

From the practical point of view, to find a match m : L — G we first have
to find an assignment for the variables var(L) such that the corresponding
term evaluation matches the corresponding attributes of G. In a second step,
we can choose an appropriate assignment for var(R)\var(L) which determines
the corresponding attributes of H. In general it makes sense to have X =
var(L)Uvar(R), but this is not necessarily required for arbitrary productions.

Finally, we define typed attributed graph transformation systems, gram-
mars, and languages by analogy with the corresponding concepts in the graph
case (see Definition 3.4).

Definition 9.4 (typed AGT system, grammar and language). A typed
attributed graph transformation system (or “graph transformation system”
for short) GT'S = (DSIG, ATG, P) consists of a data type signature DSIG,
an attributed type graph ATG, and a set P of typed attributed graph produc-
tions.

GG = (GTS, S), with a typed attributed start graph S, is called a typed
attributed graph grammar. The language L generated by GG is given as usual
by L ={G | S =* G}.

Remark 9.5. A typed attributed graph transformation system is an adhesive
HLR system in the sense of Definition 5.4, based on the adhesive HLR category
(AGraphsaTta, M). The category AGraphsarg is determined by the data
signature DSIG and the attributed type graph AT'G, the morphism class M,
as defined in Definition 8.10, is fixed.

To illustrate this definition, we present an example that comes from the
area of model transformation. It describes the signatures of method declara-
tions.

Example 9.6 (graph grammar MethodModeling). In the following, we
define the typed attributed graph grammar MethodM odeling.

We use the data signature DSIG presented in Example 8.5 and the at-
tributed type graph from Example 8.9. The start graph .S is the empty graph.
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All graphs occurring in the productions are attributed over the term al-
gebra TDSIG(X) with variables X = Xy, UXString UX Parameter DirectionKind
where Xy = {n,z,y}, Xstring = {m,p,ptype, P1, P2}, and
XParameterDi'rectionKind = {k}

We present the productions in a shorter notation showing only the left-
hand and the right-hand side of each production. The gluing object is the
intersection of both graphs, where a partial mapping is given by the names of
the nodes.

Using the productions addM ethod and addClass with an empty left-hand
side and a single method or class, respectively, on the right-hand side, new
methods and classes can be inserted:

:Method

addM ethod : %] = mname=m
noO f Pars=0

addClass :

:Class

cname=ptype

The production addParameter adds a parameter of a special type to a
method. It is inserted as the last element in the list of parameters for this
method:

addParameter :
. :Parameter
1:Method 1:Method :param
pname=p
noO fPars=n noO fPars=n+1 order=n+1 X
kind=k
—t itype
Y

2:Class 2:Class

With checkNewParameter, we can delete the last parameter if it is al-
ready in the list of parameters. The name, kind, and type of the last parameter
have to match with those of the parameter that is used for the comparison:
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1:Method
noO fPars=n—1

check NewParameter :
4:param
Y
: 3:P t
1:Method sparam 3:Parameter arameter
pname=p pname=p
noOfPars=n kind=k kind=Fk
param 5:type 5:type
ordgr=n
Y
:Parameter Y Y
e itype 2:Class 2:Class

pname=p

kind=k

The production exchangeParameter exchanges the order of two parame-

ters:
1:Parameter 1:Parameter
A A
exchange Parameter :
4:param 4:param
orddr=x orddr=y
3:Method 3:Method
5:param 5:param
ordgr=y ordgr=z
Y Y

Altogether, the typed attributed graph grammar

2:Parameter

2:Parameter

is given by

MethodModeling = (DSIG, ATG, S, P), where P = {addM ethod, addClass,
addParameter, exchange Parameter, checkNewParameter}.

The typed attributed graph AG in Example 8.9 can be derived from
the empty start graph S by applying first the productions addM ethod and
addClass and then the production addParameter three times. The matches
have to assign the corresponding value to each variable.
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. ddMethod, . . .
The first step S =thod,ma AG; of this transformation, using the pro-
duction addMethod, is shown in the following diagram, where the match m,
assigns the string add to m and arbitrary values to the other variables:

:Method
O |- %) > mname=m
noO fPars=0
mq
¢ v
Y :Method
g = %) ™ mname=add
S AG1 noO fPars=0

Analogously, in the second step we use the production addClass, and the
match mo assigns Nat to the variable ptype, leading to the direct transfor-

mation AG; addClags,mz AG5 shown in the following diagram:

:Class
|- 6] >
cname=ptype
‘ Y
mg
¢ :Method
; L mname=add
:Method :Method noO f Pars=0
mname=add [ mname=add ™
noO f Pars=0 AG1 noO fPars=0 AG2
:Class
cname=Nat

Now, applying the production addParameter for the first time, with the
match mg, where pl is assigned to p, in to k, and 0 to n, we obtain the

. . . ddp ,
following direct transformation AG4 aeerat s terms AGs:
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1:Method
noO fPars=n+1

:param

1:Method 1:Method
N " order=nt1
Y

noO f Pars=n

:Parameter

pname=p
kind=k

2:Class
itype

Y
2:Class

'

ms3
:Method

2:Class

mname=add
noO fPars=1

Y
:param

:Method :Method e
ordgr=1
Y

mname=add
:Parameter

mname=add
noO fPars=0
AG3 pname=pl

AGq
:Class kind=in

:type

:Class
cname=Nat

cname=Nat
Y
:Class

cname=Nat

We apply addParameter two more times similarly, and obtain the graph AG

m:Method .param pari:Parameter
—_— , —
mname=add pname=pl
order=1 . .
noO fPars=3 kind=in
param
:param order=2
:type
order=3 \
pars:Parameter
pname=p2
kind=in \:type
pars:Parameter :
c:Class
type—78 —————pf 0000
cname=Nat

kind=return
pname=p3
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9.2 Construction of Typed Attributed Graph
Transformations

Similarly to Section 3.2 for the graph case, we now analyze the question of
under what conditions a production p = (L «— K — K) can be applied
to a typed attributed graph G via a match m : L — G. Corresponding to
Definition 3.7, we have the following definition:

Definition 9.7 (applicability of a production for typed AGTs). A
typed attributed graph production p = (L «— K — K) is applicable to a typed
attributed graph G with a match m : L — G if there exists a typed attributed
context graph D such that (1) is a pushout in AGraphsarg:

1"/<—l [‘{ r—= R
m (1) k
Y Y
G=<—f—D

Similarly to the graph case considered in Section 3.2, we now present a
gluing condition for typed attributed graphs which is necessary and sufficient
for the application of a production (see Fact 9.9). The essential part of the
gluing condition is, again, that all identification and dangling points are glu-
ing points. Only the definition of gluing, identification, and dangling points
is slightly more complicated for attributed graphs than that for graphs in
Definition 3.9.

Definition 9.8 (gluing condition in AGraphs and AGraphsarg).

1. Given an attributed graph production p = (L — K — R), an at-
tributed graph G, and a match m : L — G in AGraphs with X =
(VE VX, EE EX 4, EX 4, (source]X, targetf)je{G,NAEA}, DX)  for all
X € {L,K,R,G}, we can state the following definitions:

o The gluing points GP are those graph items in L that are not deleted
by D, i.e. GP = lVG (Vé() U lEG (Eg) U lENA (EJIV(A) U lEEA (EE(A)

e The identification points 1P are those graph items in L that are iden-
tified by m, i.e. IP = 1Py, UIPg, UIPg,, UIPg,,, where

IPy, ={ac VL 3d € V& a#d my.(a) = my,(d)},
IPg, ={a € E}|3d € E}',a # d/,mg,(a) = mg,(a’)},
forall j € {G,NA,EA}.

o The dangling points DP are those graph items in L, whose images are

the source or target of an item (see Definition 8.1) that does not belong
to m(L), i.e. DP = DPy, U DPg,, where
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DPy, = {a € V§|(3d' € Ega\ meya(Exa),
Mpya(a) = source$ 4(a’)) vV (3’ € ES \ mp, (EL),
mpg(a) = sourceS(a') or mp,. (a) = target&(a'))},

DPg, = {a € E§|(3d € EEa\ mpp,(E§a),
mp,, (a) = source$ ,(a')};

p and m satisfy the gluing condition in AGraphs if all identification
and all dangling points are also gluing points, i.e. IPUDP C GP.
2. Given p and m in AGraphsarg, they satisfy the gluing condition in
AGraphsartc if p and m, considered in AGraphs, satisfy the gluing
condition in AGraphs.

Fact 9.9 (existence and uniqueness of typed attributed context
graphs). For a typed attributed graph production p, a typed attributed graph
G, and a match m : L — G, the typed attributed context graph D with the
PO (1) exists in AGraphsarg iff p and m satisfy the gluing condition in
AGraphsarc. If D exists, it is unique up to isomorphism:

[‘14716/\47[‘{
m (1) k
Y 7
Ge-—feM——])

Proof. “=”. Given the PO (1), then the properties of the gluing condition
follow from the properties of pushouts along M-morphisms in AGraphs and
AGraphsarg (see Fact 8.12; this is similar to the proof of Fact 3.11).

“«<=". If the gluing condition is satisfied, we can construct
D = (V(?v VDDv Ega E]E/')Av EgAv (SOUTCGJD, targetjD)jE{G,NA,EA}v DD); kv fv
and typep : D — ATG as follows:

VGD = (Vg\mVG(Vé)) Umyg OZVG(Vé();
VD :VG.
D D>
E]-D:(E]-G\mEj(E]-L))UmEjolEj(EjK), j€{G,NA,EA};

sourcef = sourceﬂp, target? = target]G|D je{G,NAEA};

DD — DG.

k(x) = m(l(z)) for all items x in K;
f is an inclusion;

typep = typec|p.

a

Remark 9.10. This fact corresponds to Theorem 6.4 in the general theory
given in Part II. This implies that the context graph D can be constructed
as the gluing D = C +p K of C and K along B, where B and C are the
boundary and context objects of m, as defined in Definition 10.5.



190 9 Typed Attributed Graph Transformation Systems

Similarly to the graph case considered in Section 3.2, we now have the follow-
ing result:

If a typed attributed production is applicable to a typed attributed graph
via a match, i.e. the gluing condition is satisfied, then we can construct a
direct transformation as follows.

Fact 9.11 (construction of direct typed attributed graph transfor-
mation). Given a typed attributed graph production p and a matchm : L — G
such that p is applicable to G via m, then a direct typed attributed graph trans-
formation can be constructed in two steps:

1. Delete all graph items from G that are reached by the match m, but keep
those which come from K. More precisely, construct the typed attributed
context graph D and the pushout (1) below in AGraphsarc such that
G=L+kD.

2. Add new graph items to D that are newly created in R. More precisely,
construct the pushout (2) of D and R via K such that H= R+ D.

This construction is unique up to isomorphism.

1‘1471 I‘{ r—»]f
' 7 Y

G=-—"f——D g—= [

Proof. Since p is applicable to G via m, we have the existence of the con-
text graph D, leading to pushout (1), where D is also called the pushout
complement. Pushout (2) exists according to the construction in Fact 8.12.
Moreover, the construction of pushout complements in (1) and pushouts in (2)
in AGraphsaTg is unique up to isomorphism. For pushouts, this is true in
any category, for pushout complements with [ € M, because AGraphsarc
is an adhesive HLR category. a

9.3 Local Church—Rosser and Parallelism Theorem for
Typed AGT Systems

In this section we present the Local Church—Rosser and Parallelism Theorems
for typed attributed graph transformation systems as defined in Definition 9.4.

In order to present the Local Church-Rosser Theorem similarly to the
classical graph case considered in Section 3.3 we first have to define parallel
and sequential independence of two direct typed attributed graph transforma-
tions. We use the categorical version of independence defined by the existence
of suitable morphisms as the definition, which corresponds to the characteri-
zation that we have given in the classical graph case (see Fact 3.18).
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Here, we use the short forms “graph” and “graph transformation” intro-
duced in Section 9.1 to mean “typed attributed graphs” and “typed attributed
graph transformation”, respectively. When we speak of morphisms, we always
mean morphisms in the category AGraphsarc.

Definition 9.12 (parallel and sequential independence). Two direct
graph transformations G "= Hy and G 227 H, are parallel independent if
there exist morphisms i : L1 — Do and j : Lo — D1 such that faoi = my
and f1 05 =mxy:

Ri=—n1 K4 Ky r2— Ry
| | L | |

ny k1 j7 m1 ma i ko na

v PCEEER | S v

Hi<—a D4 fi—G-——1jf Do 92— Ho

Two direct graph transformations G "25' H P22 @' are sequentially
independent if there exist morphisms i : Ry — Dy and j : Lo — Dy such that
faoi=mny and g1 0j = my:

[r<—ll K"l Tl—»R\l\ /%24—12 [(‘2 7"2—»}‘{2

my k1 G377 m1 oma Ty ko ng

' AUCEER | S v

G- Dy 91— [] a-— f2 Do 92—

Remark 9.13 (characterization of parallel and sequential indepen-
dence). Two direct transformations that are not parallel or sequentially in-
dependent are called parallel or sequentially dependent, respectively.

Intuitively speaking, parallel independence means that the intersection of
the match my(L;) and the match ma(L2) in G consists of common gluing
points only, i.e. it is included in mq o I3 (K1) Nma o la(K2) (see Section 3.3
for the classical graph case, where the set theoretical version is used as a
definition and the categorical version as a characterization).

Similarly, sequential independence means that the first rule does not pro-
duce anything needed by the second one.

Note that this condition is trivially satisfied for the algebras of attributed
graphs, because K; and L; have the same algebra Tpsra(X;), which is pre-
served by I; : K; — L; for i =1,2.

This implies that the condition is also trivially satisfied for the Vp compo-
nent. For the components Vg, Eq, En 4, and Eg 4, independence means, more
precisely:

o my(Ly) Nma(L2) Clyomy (K1) Nlieoma(K2) (parallel independence);
e ni(Ry) Nma(Ls) Cryong (K1) Nliyoma(Ka) (sequential independence).

Similarly to Theorem 3.20 for the classical case, we are now able to present
the Local Church—Rosser Theorem for typed AGT systems.
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Theorem 9.14 (Local Church—Rosser Theorem for typed AGT sys-
tems). Given two parallel independent direct graph transformations G PLE
Hy and G "2 H,, there are a graph G' and direct graph transforma-

) P2,m} p1,m} , p2,m}
tions H; 222 G' and Hy ==' G' such that G ™22' H, 222 &' and

’
p1,m

G2 7y 2= G are sequentially independent.
Given two sequentially independent direct graph transformations G "2

p2,m2

H, 222 @ , there are a graph Hs and direct graph transformations G ==

’
p1,my

Hy "==" @' such that G ™22 Hy and G 22 Hy are parallel independent:
G
N\,
pP1,m1 p2,m2

AN
H1 H2
X

2\

Proof. See Theorem 11.14 in Section 11.3. ad

Example 9.15 (independence and Local Church—Rosser Theorem).

The first two direct transformations § “**"-<ed ™ AGy AGy
in Example 9.6 are sequentially independent. Applying Theorem 9.14, we
can change the order of the application of the two productions, leading to

addClass,mso
—

. addClass,m/! addMethod,m’, .
a transformation S =7 AG] = ' AG,, where AG) contains

only the class node with the attribute cname = Nat. Furthermore, the direct
transformations S = AG; and S = AG] are parallel independent.

addClass,mso

The second direct transformation AG; — AG5 and the third one

ddP : .
AGy ¢S tersms AGS5 are sequentially dependent. In the first step, we

create the class that is needed in the second step. Therefore we cannot change
the order in which we apply the productions addClass and addParameter.
O

Similarly to the classical graph case considered in Section 3.3, we now de-
fine parallel productions and transformations in order to formulate the Par-
allelism Theorem for typed AGT systems.

Definition 9.16 (parallel production and transformation). Given two

productions p1 = (L1 b8 K5 R1) and pa = (Lo b K, 3 Rs), the parallel
production p; + po is defined by the coproduct constructions over the corre-

sponding objects and morphisms: p1 + pa = (L1 + Lo it K + Ky it

Ri + R3) (see Remark 9.17).
The application of a parallel production is called a parallel direct transfor-
mation, or parallel transformation for short.



9.3 Local Church—Rosser and Parallelism Theorem for Typed AGT Systems 193

Remark 9.17. The coproduct Ly+Ls (and similarly for K1+ Ko and R;+Rs)
in AGraphs with L; = (L¥ Tpsia(X;)) (i = 1,2), where LE is the E-graph
for L;, is given by Ly 4+ Lo = ((L1 + L2)?, Tpsia(X1 + X3)), where

o (I4 +L2)j-E = LJlE,j U ng for the components j = Vi, Fg, Ena, and Ega;
o (Li+Lo)¥, = Usesy, Tosra(X1 + Xa)s.

Note that Tpsra(X1 + X2) is the coproduct of Tpsra(X1) and Tpsra(X2)
in Alg(DSIG), because Tpsic(X) is a free construction which preserves

coproducts. For the Vp-component, we have (L + Lg)‘b;D #+ LlEva U L2E,VD in
general, but the compatibility with the DSTG-component Tpsra(X1 + X2)
leads to the equation stated above for attributed graphs in AGraphs. For
l; : Ki - L; € M for (i = 1,2), we have (I; + l2) € M and, similarly
(r1 +12) € M.

The coproduct L1 + Lo in AGraphsarg for typed attributed graphs Ly
with type; : L1 — ATG and Ly with types : Ly — ATG is constructed like
the coproduct Ly + Lo in AGraphs as above, where the coproduct property
of L1 + Lo in AGraphs leads to a unique typing morphism type : Ly + Lo —
ATG, with typeoiy = type; and typeois = types for the coproduct injections
il ZLl —>L1—|—L2 and ig ZL2—>L1+L2.

The following Parallelism Theorem for typed AGT systems corresponds
to Theorem 3.24 for the typed graph case, where direct transformations are
now direct typed attributed graph transformations (see Definition 9.2).

Theorem 9.18 (Parallelism Theorem for typed AGT systems).

1. Synthesis. Given a sequentially independent direct transformation se-
quence G = H; = G’ via productions p1 and ps2, then there is a con-
struction leading to a parallel transformation G = G’ via the parallel
production p1 + p2, called a synthesis construction.

2. Analysis. Given a parallel transformation G = G’ via p1 + po, then there
s a construction leading to two sequentially independent transformation
sequences, G = Hi; = G’ via p1 and p2 and G = Hs = G’ via pa and p1,
called an analysis construction.

3. Bijective correspondence. The synthesis and analysis constructions are
inverse to each other up to isomorphism.

I

p1,Mm1 p2,m2

G

AN
H1 p1+p2 Hg
\ /

Proof. See Theorem 11.14 in Section 11.3. a
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Example 9.19 (Parallelism Theorem). We have shown in Example 9.15

that the direct transformations § **"<%™ AG; and S addClags,ms AGY
are parallel independent. In the following diagram, we show the parallel pro-
duction addMethod + addClass. Note that we use the term algebra over the

disjoint union X U X for the data part, because both productions have data
algebras Tpsra(X). We use the following representation of the disjoint union:

XUX=Xx{1}UX x {2} (see Example A.28).

:Method

mname=(m,1)
noO fPars=0

addM ethod + addClass : %) =

:Class

cname=(ptype,2)

The application of the parallel production addM ethod + addClass to the
start graph S with the match my + m), where add is assigned to (m, 1) and
Nat to (ptype,2), leads to the parallel direct transformation

addMethod+addClass,my+m)
— 2 AG,.

S

9.4 Concurrency Theorem and Pair Factorization for
Typed AGT Systems

In this section, we present the Concurrency Theorem for typed AGT systems,
as discussed for the graph case in Subsection 3.4.1. For technical reasons,
we start by considering pair factorizations which will be used later for the
Concurrency Theorem in this section and for the consideration of critical
pairs and local confluence for typed AGT systems in the next chapter.

9.4.1 Pair Factorizations

In this subsection, we define £'-M’ pair factorizations of two morphisms in
AGraphsaTtg with the same codomain and give several examples. The idea
of a pair factorization is similar to that of the epi—mono factorization of a
morphism (see Definition A.15). On the basis of this pair factorization, we
define E-related transformation sequences in this section and critical pairs
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over £’-morphisms for parallel dependent direct transformations in the next
chapter, and show that these critical pairs are complete.

Throughout this section, let M’ be a morphism class closed under pushouts
and pullbacks along M-morphisms. This means, given (1) with m,n € M,
that:

if (1) is a pushout and f € M’, then g € M’ and
if (1) is a pullback and g € M/, then f € M’

A—m—=D

C—n—=D

For two morphisms f; and fo with the same codomain, we now define a
pair factorization over a class of morphism pairs £ and over M’.

Definition 9.20 (£'-M’ pair factorization in AGraphsarg). Given a
class of morphism pairs £ with the same codomain and a class M’ in
AGraphsatg as considered above, then AGraphsatg has an £'-M’' pair
factorization if, for each pair of morphisms f1 : Ay — C, fo: Ay — C, there
exist a graph K and morphisms e; : Ay — K, ea: Ay — K, m: K — C with
(e1,e2) € &', m € M’ such that moey = f1 and moey = fa:
A h
1 ~—

K—m—(C

/62

A2

Remark 9.21. The intuitive idea of morphism pairs (ej,e3) € & is that
of jointly epimorphic morphisms (see Definition A.16). This can be estab-
lished for categories with binary coproducts and an &-Mj factorization of
morphisms, where & is a class of epimorphisms and M a class of monomor-

phisms. Given A; iy C P Ay, we take an &—M factorization f = m o e of
the induced morphism f : A; + As — C and define ey = eotq and e; = €0 1o,
where ¢1 and 1o are the coproduct injections:

Al—u—> A+ Ag-—t2o——— Ay

\ﬁ ]’C‘*;K" f2/
Ny

C
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An &-M factorization in AGraphsarg is given by the classes & of
surjective morphisms and M of injective morphisms.

For the construction of E-dependency relations in the next subsection and
for the definition of critical pairs for typed AGT systems in Section 10.2, we
need a suitable £&'—M’ pair factorization in AGraphsarg. There are several
options for the choice of this factorization. For the completeness of critical
pairs only those morphisms are relevant whose domain is attributed over the
term algebra with variables, owing to the restriction of the attribution of
the rule objects. For other morphism pairs, an arbitrary choice can be made.
Therefore we concentrate on this special case.

Example 9.22 (£'-M' pair factorization in AGraphsatg). There are
various options for defining an £'-M’ pair factorization of matches m; :
AG' — AG? and mo : AG? — AG® in AGraphsarg, with AG' =
(G, Tpsia(X;),t' : Gt — ATQ) for i = 1,2. In the following, we introduce
some of them.

1. &-M/ pair factorization.
For the first pair factorization, we use the construction in Remark 9.21
for an epi-mono factorization (see Definition A.15). Let & be the class of
jointly surjective morphisms in AGraphsarg with the same codomain,
and M the class of all monomorphisms.

We construct the binary coproduct of AG; and AG; (see Lemma 11.15).
For the graph nodes and all kinds of edges, the coproduct of AG; and AG,
is the disjoint union of the graph nodes and of the edges, respectively.

On the data part, we use the construction of binary coproducts to
obtain the data part coproduct Tpsra(X1) + Tpsic(X2). Since the term
algebra with variables is a free construction, it holds that Tpsra(X1) +
Tpsic(X2) = Tpsic(X1 + Xa).

For the matches m; and ms, there is an induced morphism
[m1,ma] : AG' + AG? — AG? such that [my,ma] 0 tygr = m1 and
[m1, m2] Olagz = M2.

Now we factorize the morphism [m1, mo] with an epi-mono factorization
and obtain an object K, an epimorphism e : AG' + AG? — K, and a
monomorphism m : K — AG? such that moe = [m, mz]. We then define
e1 = eotygt and es = € ot q2. It holds that moe; = moeoigm =
[ml,mg] Olagr = My and m o €3 =MOEOLgG2 = [ml,mg] Olag2 = M2.
e1 and ey are jointly surjective and m is injective, and therefore we have
an £-M pair factorization of m; and ma:
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AGt ————taa? AG' + AG? tagz —————— AG?
61 ‘ \e »,62"’“
mi [m1 mz] /K ma
/
AG?

[m1, ma] maps the variables in X; and X as specified by my and mag,
and all terms to their evaluation in AG®3. In general, there are different
terms with the same evaluation, which means the data part of K must be
a quotient term algebra Tpsra (X1 + Xo)|=.

2. E5-M,, pair factorization. We consider another case, where the left-hand
sides of the rules are attributed only by variables, which is a very common
case. This leads to the £—My/ pair factorization, where (e, es) € &} are
jointly surjective for the graph nodes and all kinds of edges, and m € M}
is injective for the graph nodes and all kinds of edges.

For the graph nodes and edges of the object K and the morphisms
e1, es and m on the graph part, we use the construction above over the
coproducts and an epi-mono factorization.

On the data part, the construction is different, as follows. The data
algebra of K is Tpsra(X1 + X2), which implies that the Vp-component
of K, also consists of terms with variables over X; + X5. For each d in
D3, the data algebra of AG®, we define X, to be the set of all variables
x in X; + X3 which are evaluated by my or mz to d, i.e. my(z) = d for
x € X; and mg(z) = d for x € X5. Now we choose, for each Xy # &,
exactly one x4 € X4, and each variable z € X; with m;(z) = d is mapped
by e; to x4 and x4 is mapped by m to d, i.e. e;(x) = x4 and m(z4) = d.
This is shown in the following example, where m; maps a; and a; to as
and aj, respectively, for ¢ = 1, 2. The well-definedness of this construction
is shown in Fact 9.23.

v 4 v
AG 1 1 U1 K 2 Uy A G2
ial ¢a’1 iaz ¢a§
U3 v}
LA €1 —a \ 3 | T2 ah
as / aj
Xq
mi ‘ ma
\\ T /
. ’
v3 Vg
!
\\”3/ “
d

AG?
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The construction in item 2 is similar to the most general unifier construc-
tion o, : X — Tpsrg(X) as considered in [HKTO02]. There the most
general unifier for all preimages of an attribute edge is used for the attri-
bution. However, the left-hand sides can be attributed by arbitrary terms
with variables. It is not clear how to obtain the morphism m € M’ in this
construction.

Consider, for example, the data signature N AT (see Example B.3) and
the graphs and morphisms in the following diagram. The graphs AG*!
and AG? are attributed over the term algebra Ty ar({z,y}), and AG? is
attributed over the algebra A, as in Example B.10.

:V\ e /

L4 L4
|
|
|
Y

add(zero, x) el\ : ‘/62 ‘add(y,succ(zem))‘
|

‘add(zero, suce(zero)) ‘
my

|- - - @ =-3—

Here m; assigns the value 2 to z, and mq assigns the value 1 to y. This
means that add(zero,x) and add(y, succ(zero)) are evaluated to 2 by my
and mg respectively. The most general unifier of the terms add(zero, x)
and add(y, succ(zero)) is the term add(zero, succ(zero)). However there
is no morphism m : K — AG? (which has to be the evaluation) such that
m(add(zero, succ(zero)) = 2. Hence, unfortunately, this construction does
not lead to an £'-M’ pair factorization.

. E4—M pair factorization. There is another possible pair factorization,

where (e1,e2) € &) are jointly surjective for the graph nodes and graph
edges and m € My, is injective for the graph nodes and graph edges.

For the graph nodes and edges, we use the construction in item 1. K is
attributed over Tpsra(X1+ X2). The attribute edges in K are the disjoint
unions of the corresponding sets in AG' and AG?. For the attribute edges,
e1 and ey are inclusions and m maps them to the value given by mq or
ma.

Unfortunately, the £5—MyY% pair factorization does not fulfill the M-
M’ pushout—pullback decomposition property, which is required for our
results in Sections 10.2 and 10.3. As an example, consider the following
diagram. The graphs at the bottom consist of a single graph node that is
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attributed once or twice by the same type. We have the result that (1) +
(2) is a pushout and (2) is a pullback, but neither (1) nor (2) is a pushout:

/ \
/ \
0

For the completeness of critical pairs and the Local Confluence Theorem,
we need in addition the condition that the class M’ is closed under pushouts
and pullbacks along M-morphisms and that the M-M’ pushout—pullback
decomposition property (see Definition 5.27) holds.

In the &M/ pair factorization, M/ is the class of all injective graph
morphisms. For this morphism class, the required properties are fulfilled.

For the £5-M), pair factorization, the morphism class M5 is defined as the
class of graph morphisms that are injective on the non data part. We show in
Lemma 11.16 that the required properties are already fulfilled in the category
AGSIG-Alg over an attributed graph structure signature AGSIG for the
corresponding morphism class. Therefore these properties hold for our class

% in AGraphsarg in particular.
Fact 9.23 (£,—M), pair factorization). Given AG' = (G', D*) for i =
1,2,3, where D' = Tpsia(X?) for i = 1,2 and m' : AG' — AG3, and
m? : AG? — AG? in AGraphs (or AGraphsarg ), where AG' and AG?
are attributed by variables only, i.e.

target’, ,(E% ) € X and target’y ,(E% ) € X¢ fori=1,2.

then there is an E5-MY pair factorization m' = moe®, m? = m o e?

AGr | . AG?

\el\AGo‘/:/
m m
m
Y

of m' and m?* with (!, e*) € £} and m € M}.
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Construction. Let AG® = (G°, D°) with V2 = m*(V4) Um?(V3) and V§ =
Usesy, Tpsra(X' + X?),. For the edges, we define EY = m'(E}) Um?(E7)
with j € {G,FA,NA}, and D° = Tpsia(X*' + X?). This allows us to de-
fine sourcel., target, sourcel, 4, and source; 4 as restrictions of sources,,
target?;, sources, 4, and sourcey; 4, respectively.

Now let Xq = {z € X' | mi, (x) =d, i = 1,2} for all d € V}} and for all
X4 # @ we choose z4 € Xq and define Xp = {xq | d € V3, X4 # o}.

Now we define target% ,(a) = z4 with d = targets, 4(a) for a € EY, C
E% , and similarly, targetQ 4(a) = x4 with d = targety; 4(a) for a € ES 4 C
E3 4.

We can then define e! by e;'» (a) = m; (a) for j € {Vg,Eq, NA, EA} on non
data items a and €}, () = xq for m}, (x) = d for variables x € X; (i = 1,2).
We define m by m;(a) = a for j € {Vg, Eq, NA, EA} on non data items a, for
variables my,, = (z4) = d and my, (z) =mj, (z) for x € X'\ Xp (i =1,2).

This leads to unique homomorphisms e, : Tpsra(X*) — Tpsic(X'+X?)
defined by e (z) = e"'/D (x), and mp : Tpsrc(X! + X?) — D3 defined by
mp(z) = my, (x). O

Proof. We have to show the following:

1. moel =m! and moe? = m? with (e!,e?) € £ and m € Mb;
2. e',e?, and m are well-defined morphisms in AGraphs;
3. el e?, and m are morphisms in AGraphsarg.

1. For j € {Vg, Eq, Ena, Ega}, we have mj o ¢ (a) = mj(m}(a)) = m’(a)

for i = 1,2. Furthermore, my,, o e}, (x) = my, (zq) = d for mj, (z) =d

(i =1,2), and for 24 € X4 we have my,, (z4) = d. This implies that my,, o

el, = mi, . For the D-components, we have mp o e}, (z) = mp(za) =

d=m'(z) (i =1,2), for € X" with m’,(z) = d.

Moreover, (e!,e?) € £ and m € M), because, except for the data nodes,

(e, e?) are jointly surjective and m is injective.

2. For the well-definedness of e’ (i = 1,2) and m, we have to show, for the
E A-component (and similarly for the N A-component), that (1) and (2)
in the following diagram commute. In this diagram, (3) and (4) commute,
by item 1 of the proof, and the outer diagram commutes because m! is a

morphism in AGraphs:
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/’EEA—target%AHVé =Usesy Tpsra(X*)s

. | | N
3 3

mEEA mVD

eiEEA (1) ei/D
I . \

E%‘A = ml(EéA) U mz(E%‘A)ita""get%A$V8 :OSES’D TDSIG(Xl + XQ)S

(3)  mEpa (2) ”tb (4)
E%A —target%A4> Vg :OSGSb Dg

(1) commutes, because for a € E% ,, we have:
target;, o €l (a) = targety (my  (a)) = x4 for d = target};, o
mi  (a), and e}, o targetly 4(a) = x4 for mi, (targety;,(a)) = d’. Now
we have d = d’, because target},, oml = mi, otargety, (outer dia-
gram).
The commutativity of (2) follows from that of (1), (3), and (4) and the
fact that e};E , and eQEE ,, are jointly surjective. ‘ ‘

3. In AGraphsatg, we have typing morphisms type' : AG* — ATG for
i = 1,2,3 by assumption, and we can define type® = type® o m, which
implies that eq,es, and m are type-preserving, by tem 1:

AGT— AG?

\G\AGO‘//GQ/
= ‘ =

m m
m
1 * 2
type. = AG3 = type
\y e’
ATG

9.4.2 Concurrency Theorem

In the following, we extend the discussion of the Concurrency Theorem from
the graph case considered in Subsection 3.4.1 to typed attributed graphs. The
following constructions can also be seen as an instantiation of the categorical
theory in Section 5.4. In fact, the notation is almost identical to that in Section
5.4. However, Section 5.4 is based on an adhesive HLR system AHS, while
this section is based on a typed attributed graph transformation system GT'S.
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The Concurrency Theorem handles direct typed attributed graph transfor-
mations, which are in general not sequentially independent. Roughly speaking,
for a sequence G Pultt o, P28 X there is a production p; *g ps, called an
E-concurrent production, which allows us to construct a corresponding di-
rect transformation G P22 X, and vice versa. As mentioned above, the
formal definitions for the Concurrency Theorem depend on the choice of an
E'-M' pair factorization in AGraphsara. We start with a definition of an
E-dependency relation based on an £'-M’ pair factorization, which allows us

to construct an F-concurrent production.

Definition 9.24 (E-dependency relation). Given a class &' of morphism
pairs in AGraphsarg with the same codomain, and two productions p; and
p2 with p; = (L; & K; % Ry) for i = 1,2, an object E with morphisms
e1: Ry — FE and e : Ly — FE is an E-dependency relation for py and ps, if
(e1,e2) € & and the pushout complements (1) and (2) over Ky LRSS E

and Ko Ly Ly & E exist:

K,y

Ll -

Tl"Rl L2 -y

\ /
O I R N )
3

E

Ky

r2— Ry

Cl C(2
Definition 9.25 (E-concurrent production and FE-related transfor-

mation). Given an E-dependency relation (e1,e2) € E' for the productions py

and pa, the E-concurrent production p;y g pa is defined by p1 xg p2 = (L o

roks

K — R) as shown in the following diagram, where (3) and (4) are pushouts
and (5) is a pullback:

L) =—0 Ky 11— [y Lo<—1; Ky r2—m Ro

EIRVARE
C, Co

[ -—1

E

\k1 5 ] e
\K -

A transformation sequence G 22" Hy 2222 @' is called E-related if there
erists h : E — Hy with hoe; = ny and h o es = mo and there are morphisms
c1:C1 — Dy and co : Cy — Dy such that (6) and (7) commute and (8) and
(9) are pushouts:

r—»R
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L1 =0 K4 1 —e Ry Lo=—1 Ko r2 —» Ro
(6) 014>E<7C2 (7)
wr/ / \v
G D1—>H1<—D24>G'

The following Concurrency Theorem for typed AGT systems corresponds
to Theorem 3.26 for the graph case, where the transformations are now typed
attributed graph transformations (see Definition 9.2).

Theorem 9.26 (Concurrency Theorem for typed AGT systems). Let
GTS be a typed attributed graph transformation system, let Ry <> E & Ly
be an E-dependency relation for the productions p1 and ps for a given class
&' of morphism pairs, and let p1 xg pa be the corresponding E-concurrent
production.

1. Synthesis. Given a E-related transformation sequence G = H = G’ wvia
p1 and pa, then there is a synthesis construction leading to a direct trans-
formation G = G’ via p1 *g pa.

2. Analysis. Given a direct transformation G = G’ via p1 *g p2, then there
18 an analysis construction leading to a E-related transformation sequence
G = H = G’ via p1 and ps.

3. Bijective correspondence. The synthesis and analysis constructions are
inverse to each other up to isomorphism, provided that £ consists of epi-
morphic pairs only (see Definition A.16).

7N

P1 p2
e ™
G P1*DP2 ™~ G’
Proof. See Theorem 11.14 in Section 11.3. ad

Finally, we show, as instantiation of Fact 5.29, how to construct E-related
transformations.

Fact 9.27 (construction of E-related transformations). Given an &’-
M’ pair factorization in AGraphsara, then for each pair of direct transfor-
mations G 25! H, P22 G', we have an E-dependency relation E such that
G2 |7 P22 7 s E-related provided that M’ is equal to My or MY, (see

Ezample 9.22).
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Proof. This follows from Theorem 11.14 in Section 11.3. a

Example 9.28 (E-related transformation and Concurrency Theo-
rem). We use the construction in the proof of Fact 5.29 to construct an
F-dependency relation and an E-concurrent production for the sequentially

dependent transformations AG, add%ﬁ’mz AG, addParameter,ms AG3 from
Example 9.6.

First we construct the £~M’ pair factorization of the comatch no and the
match mg. The corresponding typed attributed graph E is an E-dependency

relation, because the pushouts (1) and (2) exist:

_ 1:Method 1:Method
noO fPars=n -

:Class

cname=ptype

‘ 2:Class ‘ ‘ 2:Class ‘
3) 1) “ e2 (2) (4)
Y
Y no noO f Pars=(n,2) m3
:Method
[——— Y |-— ———
noO f Pars=(n,2)
Cl :Class :Class
cname=(ptype,1) cname=(ptype,1)
‘ E Cs
!
:Method
mname=add
noO f Pars=0
:Class
cname=Nat

Now we construct the pushouts (3) and (4) with the pushout objects L*
and R* and construct the pullback over ¢y — E «+ (3 with the pullback
object K*, and obtain the following E-concurrent production addClass *g
addParameter = (L* «— K* — R*), where K* (not shown explicitly) consists
of a node of type Method without attributes:
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1:Method
100 f Pars=(n,2)+1

:param

order:ﬁn,2)+1

:Method :Parameter
addClass *g addParameter : | ——————— - o
noO f Pars=(n,2) pname=(p,2)

kind=(k,2)

itype

Y
2:Class

cname=(ptype,1)

This construction makes sure that the transformation

addClass,ma
—

ddP ter,m:
AGl AG2 a arameter,ms AG3

is E-related. Applying Theorem 9.26, we obtain a direct transformation
AGy; = AG3 using the constructed F-concurrent production addClass *g
addParameter. a
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Embedding and Local Confluence for Typed
AGT Systems

In this chapter, we continue the theory of typed attributed graph transforma-
tion systems by describing the Embedding and Extension Theorems, critical
pairs and local confluence in Sections 10.1, 10.2, and 10.3, respectively. The
constructions have been considered for the graph case in Subsections 3.4.2
and 3.4.3 in Part L.

The notation for the main constructions and results in this chapter is
almost identical to that in Chapter 6. However, Chapter 6 is based on an
adhesive HLR system AHS, while the present chapter is based on a typed
attributed graph transformation system GT'S.

10.1 Embedding and Extension Theorems for Typed
AGT Systems

In this section, we study the problem of under what conditions a graph trans-
formation ¢ : Gg =* G,, can be embedded into a larger context given by a
graph morphism kg : Go — Gf. In fact, an extension of t : Go =* G,, to a
graph transformation ¢’ : G, =* G, is possible only if the extension morphism
ko is consistent with the given graph transformation t : Gy =* G,,. This will
be shown in the Embedding and Extension Theorems for typed AGT systems
below.

This problem has been discussed for the graph case in Part I and presented
in the categorical framework in Part II (see Sections 6.1 and 6.2).

First of all we introduce the notion of an extension diagram. An extension
diagram describes how a graph transformation t : Gy =* G,, can be extended
to a transformation ¢’ : G{, = G}, via an extension morphism kg : Gy — G,

Definition 10.1 (extension diagram for typed AGT system). An ex-
tension diagram is a diagram (1),
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*
Go=—=1=>G,
| |
ko (1) kn
v « ¥
G6 t’$ G;Ab

where ko : Go — G is a morphism, called an extension morphism, and
t:Go =G, andt' : G, = G, are graph transformations via the same produc-
tions (po, ..., pn—1) and via the matches (mg, ...,mp_1) and (koomg, ..., kn—10
mn—1), respectively, defined by the following DPO diagrams in AGraphsara:

pi: L; -1, —K; ri — R;

| ,\ |

my Ji Lz

\ 7 |
Gi=-—8—D; 9iwGiy1 (1=0,..,n—1),n>0

v \ v

U ’ / ’ /
lefliDlig,‘»Gz_i_l

For n = 0 (see Definition 6.7) the extension diagram is given up to isomor-
phism by

GO *idco R GO 7idGU - GO

ko ko ko

\ v v

Gy =ty — Gy — ity = G

The following condition for a graph transformation t : Gy = G, and
an extension morphism ko : Go — G{, means intuitively that the boundary
graph B of kg is preserved by t. In order to formulate this property, we first
introduce the notion of a derived span der(t) = (Go < D — G,,) of the graph
transformation ¢, which connects the first and the last graph, and later the
notion of a boundary graph B for k.

Definition 10.2 (derived span). The derived span of an identical graph
transformation t : G X Gis defined by der(t) = (G — G — G) with identical
morphisms.

The derived span of a direct graph transformation G 22 H is the span
(G — D — H) (see Definition 9.4).

For a graph transformation t : Gy = G, = Ghny1, the derived span is the
composition via the pullback (P) in the category AGrapharg (see below) of

the derived spans der(Gy =G = (Go do prdy Gr) and der(G,, = Gpy1) =
(G, i D, & Gnt1). This construction leads (uniquely up to isomorphism)
to the derived span der(t) = (Go " D Inods Gnt1)-
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- . T
Go Gp,=<fn—D,—9n»Gpi1

In the caset : Gy =* G, withn = 0, we have either Gy = G, andt : Gy 4 Go
(see above), or Gy = Gy, with der(t) = (Go e e Gy).

Remark 10.3. According to Section 8.3, we know that pullbacks in
AGraphsaTtc exist and that they are constructed componentwise in Sets.
For the construction in Sets, we refer to Fact 2.23. In our construction of de-
rived spans above, the given graph morphisms d; and f, are in M such that
the resulting graph morphisms ds and ds3 are also in M. This means that the
graph D is the intersection of D’ and D,,. Altogether, D can be considered
as the largest subgraph of Gy which is preserved by the graph transformation
t: Gy =* G,, leading to a derived span (Gy «— D — G,) with subgraph
embeddings D — Gg and D — G,,.

Example 10.4 (derived span). Here, we construct the derived spans of

some of the transformations presented in Example 9.6.
addMethod,m1

The derived span of the direct transformation S AG] is given

by the span of this transformation, as shown below:

:Method

™ mname=add
AG, noO fPars=0

i

addMethod,m1 addClass,mso
— —

For the transformation S AG, AG>, the derived span
is depicted in the following, where the pullback object is the empty graph:

:Method
mname=add
noO f Pars=0

& |- %] -
S AG,
:Class

cname=Nat

addClass,ma2

For the transformation AG; = AG, AG3 with
ms(n) = 0, ms(p) = pl, and mg(k) = in, we have the following derived
span:

addParameter,ms
—
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:Method

mname=add
noO fPars=1

:param
:Method
=1
mname=add order
noO fPars=0 A :Method o :Parameter
AGQ mname=add AG3 pname=pl
:Class kind=in
cname=Nat itype
Y
:Class

cname=Nat

The derived span for the complete transformation S = AGs5 is the span
& — & — AGs. a

In order to define consistency of the extension morphism ko : Go — Gj,
with respect to the graph transformation ¢ : Go =* G,,, we have to define the
boundary graph B and, later, also the context graph C for kg. Intuitively, the
boundary B is the minimal interface graph that we need in order to be able
to construct a context graph C' such that G{, can be considered as a pushout
of Gp and C via B, written G{, = Go +p C. This construction is given by an
“initial pushout over ky” according to Definition 6.1, and can be constructed
explicitly in the category AGraphsatg as follows. This construction is given
by the initial pushout over kg in AGraphsartg as defined in Fact 10.7.

The main idea of the construction is similar to that of initial pushouts in
the graph case (see Section 6.2).

Definition 10.5 (boundary and context for typed attributed graph
morphisms).

1. Given an attributed graph morphism f : G — H, the boundary—context
diagram (1) over f in AGraphs is constructed as follows, where B and
C are called the boundary graph and the context graph, respectively, of f,
and b,c € M:

'T CEMH?
f (1) g
1 '

C beM— [

2. Given a typed attributed graph morphism f : (G,t¢) — (H,tH), the
boundary—context diagram (2) over f in AGraphsarg is given by the
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boundary—context diagram (1) over f in AGraphs, where t® = t%ob and
t¢ =tHoc:

(B, t7)
| |
1 g
S
(07 '[50)71’6/\44> (H7 tH)

cEM —m (G7 tG)

Construction (boundary—context diagram (1)). In the following, we denote
an attributed graph X by

X = (Vga ng E()}(v E])éAa Eé‘(Aa (Sourcefv targetj)‘()je{G,NA,EA}a DX)v
where DX is the DSIG-algebra of X, and we denote an attributed graph
HlOI‘phiSHl f by f = (fVG7fVD7fEG)fENA7fEEA)fD)7 where fD is the DSIG-

homomorphism of f with fy, :OSES’D fp.-
In order to clarify the construction of the boundary graph B, let us recall
the signature of an E-graph (see Definition 8.1):

sourceg

T T

Eq Ve
\targetc —
sourceg A sourcen A
Epa Ena
/
targetp A targetn A
-
Vb

The boundary graph B is the intersection of suitable attributed subgraphs
B’ of G,

B=n{B' CG|D¢=DF VS =VE viCVF E;CEE,
ER/A - E]]\3/A7EEA - EEA}v

where the sets V&, EE, EX 4, and EF; 4 built up by the dangling and identifi-
cation points (see Definition 9.8) are defined as follows:

o Vi ={acV§|3d e EE\ fu,(ES) with fp,(a) = sourcel(a’) or
fEe(a) = targetf (a')}
Ufae Vg | 3d € B\ fona (BN ) with fiy ,(a) = sourcefj,(a')}
U{a e V§ | 3a' € V§ with a # a’ and fy,(a) = fv,(a')};
o Ef={a€cES|3d € FBE,\ fpp.(ES,) with fr,,(a) = sourcell ,(a’)}
U{a € ES | 3a’ € ES with a # d' and fg.(a) = frs(a')};
Eys={a€ E${,|3d € E$, with a # a’ and fry,(a) = fey.(a)};
Eipys={a€ES, |3 € ES, with a # d’ and fg,,(a) = fey.(a’)}.

The context graph C' is the attributed subgraph of H defined by



212 10 Embedding and Local Confluence for Typed AGT Systems

o V§ —(VG \ fve (VE) U fre (VE);

® Vg VDv

o EY =(EF\ fu,(ES))U fu,(EP), je{G NA EA};
e D¢ =DH,

The attributed graph morphisms b, c € M, and g are given by

b: B — @G, inclusion with by, = id and bp = id;
e c¢:(C — H, inclusion with ¢y, =id and cp = id;
b g:B_>Ca byg](x):fjobj(m)v je{VG;VDvEGvENAvEEAvD}'
O

Remark 10.6. Note that B* = (V3, VS, EX, Ex 4, Ea, (55 8T, t7)je{G,NA,EA}»
DY) with restrictions s7(t5) of s§(t§'), where s and t are abbreviations for
source and target, respectlvely, 1s in general not an attributed subgraph of
G, such that the subgraph B has to be constructed as the intersection of all
subgraphs B’ C G defined above. However, we have the following for B:

Ve < Vé? Vg,
VD _VD’
E} C EBCEg,

Eya < ENA c EJC\;/Av
Epa C EEA C BEa,
DB = D¢

In fact, VC{? and Eg are target domains of operations in B which are proper
extensions of V3 and E}, respectively, if s&(EL) € Vg, tS(EL) € Vg,
G A(Exa) € Vg and s€,(E%,) € EZ, respectively. Note that t§ ,(Ex ) C
VE and t9 (B 4) C V5 because VF = V§.

The above constructions are all well defined, leading to an initial pushout
over f in AGraphsarg (see Definition 6.1).

Fact 10.7 (initial pushouts in AGraphs and AGraphsarg).

1. Given an attributed graph morphism f : G — H, the boundary—context
diagram (1) over f in Definition 10.5 is well defined and is an initial
pushout over [ in (AGraphs, M).

2. Given a typed attributed graph morphism f : (G,t%) — (H,t%), the
boundary—context diagram (2) over f is well-defined and is an initial
pushout over f in (AGraphsarg, M).

Proof. The construction of the boundary—context diagrams in AGraphs and
AGraphsarg is a special case of the initial-pushout construction in the cate-
gory AGSIG-Alg (see Lemma 11.17) wusing the isomorphism
AGSIG(ATG)-Alg = AGraphsarc of categories, which will be shown in
Chapter 11. Note that an explicit proof of initial pushouts for (AGraphsara,
M) is more difficult than the general proof for (AGSIG-Alg, M). O
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Example 10.8 (initial pushout). In the following diagram, the boundary—
context diagram of the match morphism m3 in Example 10.4 is depicted. We
have no identification points, but the boundary object B consists of the two
dangling points — the Method and the Class node — because in both cases a
node attribute edge is added in AG,.

1:Method M
-~ noO fPars=n

B -
2:Class 2:Class
77‘13
\i ‘
:Method :Method
mname=add mname=add
noO fPars=0
C ~ AGso
:Cli :Class
cname=Nat cname=Nat

O

Now we are able to define the consistency of a morphism kg with respect
to a graph transformation ¢. The main idea is that the boundary B of kg,
defined by the initial pushout over kg, is preserved by the transformation ¢.
This means that there is a suitable morphism b : B — D, where D, defined
by the derived span of ¢, is the largest subgraph of Gy which is preserved by
t: Gy =* Gy,

Definition 10.9 (consistency). Given a graph transformation t : Gy =G,
with a derived span der(t) = (Gg L p n), @ morphism ko : Go — G{ in
AGraphsatg with the initial PO (1) over ko is called consistent with respect
to t if there exists a morphism b € M with dgob = by:

0

bg—»GO --—dy

|
1 ko
(1) ;

C—=G)

B D—dn—=Gy

With the following Embedding and Extension Theorems, we can show that
consistency is both necessary and sufficient for the construction of extension
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diagrams. These theorems correspond exactly to the corresponding Theorems
3.28 and 3.29 for the graph case and to Theorems 6.14 and 6.16 for the general
case.

Theorem 10.10 (Embedding Theorem for typed AGT systems).
Given a graph transformation t : Gy = Gr, and a morphism ko : Gy — G}
which is consistent with respect to t, then there is an extension diagram over
t and kqg.

Proof. See Section 11.3. a

Theorem 10.11 (Extension Theorem for typed AGT systems). Given

a graph transformation t : Gy = G, with a derived span der(t) = (Go &

D, % Gr) and an extension diagram (1),

*
bg—»GO—t_l/—'\ Gn

B
|
(2) ko (1) kn
v « 1
C Gy=v=>G),

with an ingtial pushout (2) over kg € M’ for some class M’ closed under
pushouts and pullbacks along M-morphisms and with initial pushouts over
M’ -morphisms, then we have:

1. ko is consistent with respect to t : Gy = G, with the morphism b : B —
D,,.

2. There is a graph transformation G, = G, via der(t) and ko given by the
pushouts (3) and (4) below with h, k, € M.

3. There are initial pushouts (5) and (6) over h € M’ and k,, € M’, respec-
tively, with the same boundary—context morphism B — C':

Go=—do D,—dn.—G, B v—s D, B—dnob»= G,
| | |
ko (3) h (4) kn (5) h (6) En
1 v v ' '
Proof. See Section 11.3. ad

Example 10.12 (Embedding and Extension Theorems). If we embed
the start graph S from Example 10.4 via a morphism kg into a larger context
H, ko is consistent with respect to the transformation t : S = AGs. This is
due to the fact that S is the empty graph, and therefore the boundary graph is
also empty and no items have to be preserved by the transformation. Applying
Theorem 10.10 allows us to embed the transformation S = AGs, leading to
an extension diagram over ¢t and kg. From Theorem 10.11, we conclude that
there is a direct transformation H = H' via the derived span der(t) shown in
Example 10.4. The resulting graph H' is the disjoint union of H and AG3. O
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10.2 Critical Pairs for Typed AGT Systems

In order to study local confluence in Section 10.3, we now introduce criti-
cal pairs, as discussed in Section 3.4 and used for adhesive HLR systems in
Chapter 6.

For the definition of critical pairs, we need the concept of an £'-M’ pair
factorization introduced in Section 9.3.

Definition 10.13 (critical pair). Given an E'-M' pair factorization in
AGraphsarg, a critical pair is a pair of parallel dependent direct trans-
formations P, "22 K 22 P, such that (01,02) € & for the corresponding
matches o1 and o0s.

In analogy to the graph case considered in Lemma 3.33 and the general
case considered in Lemma 6.22, we now show the completeness of critical pairs
in AGraphsarg.

Lemma 10.14 (completeness of critical pairs in AGraphsarg). Given
an &' -M' pair factorization where the M—M' pushout—pullback decomposition
property holds (see Definition 5.27), then the critical pairs in AGraphsarg
are complete. This means that for each pair of parallel dependent direct trans-
formations H, P g P22 Hs, there is a critical pair Py Lo g 22 Py
with extension diagrams (1) and (2) and m € M’:

P < I‘< = P,
ORI
'

H, << G T H>

Remark 10.15. The requirements above are valid in particular for the &;—
M and E)-M), pair factorizations given in Definition 9.20.

Example 10.16 (critical pairs in MethodModeling). In the following, we
analyze the critical pairs in our graph grammar MethodM odeling from Ex-
ample 9.6. We use the Ei-MY, pair factorization given in Definition 9.20.

For the underlying category AGraphsaTce with the given type graph
ATG (see Example 8.9), there is a large number of critical pairs. We have
counted 88 different possibilities for only the application of the production
checkNewParameter in two different ways that lead to a critical pair.

If we analyze all these pairs, we see that most of them are strange in some
way and do not meet our intentions for the graph grammar Method M odeling.
We have aimed at modeling the signatures of method declarations, and our
productions reflect this. However, in the critical pairs, often graph nodes have
multiple occurrences of the same attribute, or parameters have multiple types
or belong to more than one method. All these things are allowed in our general
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theory of typed attributed graphs, but they do not lead to a consistent method
declaration, and cause a high number of critical pairs.

Therefore we analyze only those critical pairs which are of interest for
the language of MethodM odeling, which means that we consider only those
graphs that can be derived from the empty graph by applying our productions.

With this restriction, we obtain the following critical pairs P; 722" | P22
PQI

1. p1 = p2 = addParameter: 2 critical pairs. In this case, two parameters
are added to the same method, which increases the number of parameters
in the method, i.e. changes the attribute noO f Pars and causes a conflict.
There are two possible cases: the classes of the two new parameters are
the same or different.

2. p1 = addParameter, ps = checkNewParameter: 2 critical pairs. One
parameter is added to a method, and another one is deleted. Adding a
parameter increases the value of noOfPars and the deletion decreases
this value, which leads to a conflict. Again there are two possible cases:
the classes of the new and deleted parameters are the same or different.

3. p1 = p2 = checkNewParameter: 2 critical pairs. We delete the last pa-
rameter with both transformations. There are then two cases: the param-
eters that we use for the comparison (which means checking that the last
parameter is already in the list) are the same or different.

4. py = checkNewParameter, ps = exchangeParameter: 5 critical pairs.
The last parameter of a method is deleted by one transformation, but
the other transformation exchanges it with another parameter. There are
several different ways in which the parameters involed can be matched.

If one of the exchanged parameters is deleted, the other one can be
the same as or different from the parameter we use for the comparison in
check NewParameter. This leads to four critical pairs. The fifth critical
pair is obtained if both exchanged parameters are mapped together with
the deleted one. This is possible, since matches do not have to be injective.

5. p1 = p2 = exchangeParameter: 11 critical pairs. If the same parameter
is exchanged by both transformations, this leads to a conflict. There are
11 cases of how to map at least one parameter of one left-hand side to
one parameter of the other left-hand side (including the cases where the
matches are not injective).

Other combinations of productions do not result in critical pairs with overlap-
ping graphs being generated by our productions; therefore, altogether, there
are 22 critical pairs.

In the following diagram, the two critical pairs P; < K = P, and P| <
K’ = Pj for the case p; = ps = addParameter are represented. In the top
part of the diagram, we show only the left-hand sides of the productions, and
the graphs K and K. In the bottom part, the resulting direct transformations
are depicted. The matches are shown by the names of the nodes. The value
of the attribute noO f Pars is changed, which means that in the gluing object
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(not shown explicitly) of the direct transformations P; < K = P, and P| <
K’ = Pj, there is no node attribute edge between the method and the variable
n. Therefore these transformations are parallel dependent. The matches are
jointly surjective on the graph part, and both transformation pairs are critical
pairs.

1:Method 1:Method 1:Method 1:Method
noO fPars=n noO fPars=n noO fPars=n noO fPars=n
2:Class 2:Class 2:Class 2':Class
K K’
1:Method 1:Method
noO fPars=n noO fPars=n
2:Class 2:Class 2":Class
1:Method 1:Method
noO f Pars=n+1 noO fPars=n+1
iparam 1:Method :param
07‘de7v:n+1 nUOfPa""Szn orderi:n+1
:Parameter — = :Parameter
pname=p pname=p
kind=k kind=k
2:Class
:type :type
el K el
:Class Pl P2 :Class
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1:Method 1:Method
noO fPars=n-+1 noO fPars=n-+1
:param :param
orde'rvtn+1 1:Method order"tn+1
:Parameter noO fPars=n :Parameter
pname=p pname=p
kind=k <~ = kind=k
:type :type
2:Class 2':Class
Y Y
2:Class 2':Class
- K [,
2':Class , , 2:Class
Pl P2

10.3 Local Confluence Theorem for Typed AGT Systems

A typed AGT system is confluent if, for all pairs of graph transformations
starting from the same graph, there are graph transformations that bring the
resulting graphs back together. Confluence based on critical pairs has been
studied for hypergraphs in [Plu93] and for typed node attributed graphs in
[HKTO02]. The main result is, that strict confluence of all critical pairs implies
local confluence of the whole system. These concepts have been discussed
already in Section 3.4 and used for adhesive HLR systems in Chapter 6. Now
we instantiate them to typed AGT systems.

With a suitable £&'-M’ pair factorization, such as one of those given in
Definition 9.20, a graph transformation system is locally confluent if all its
critical pairs are strictly confluent.

In Section 3.4, we have shown that local confluence together with termi-
nation implies the confluence of the whole system. The termination of typed
attributed graph transformation systems will be studied in Section 12.3.

In analogy to the graph case considered in Theorem 3.34 and the general
case considered in Theorem 6.28, we are now able to formulate the Local
Confluence Theorem for typed AGT systems, based on the concept of strict
confluence of critical pairs.

Definition 10.17 (strict confluence of critical pairs). A critical pair

K 22 P, K 2 P, is called strictly confluent if we have the following
conditions:



10.3 Local Confluence Theorem for Typed AGT Systems 219

1. Confluence. the critical pair is confluent, i.e. there are transformations
P, = K', P, & K' with derived spans der(P; = K') = (P, pasy Niio plas
K') fori=1,2.

2. Strictness. Let der(K Bok P) =( LN, X P) fori=1,2, and let N
be the pullback object of the pullback (1). There are then morphisms z3
and z4 such that (2), (3), and (4) commute:

(p;;&/K\\(p;j)
N

*K/*

Ul/K\v2
_— (1) T

/Nl\ZI Zz/rNQ\
w1y \N/

n7 @ 7 B pr
vs\N/ (4) T~
3\

w3 wq /
\ K, /

Theorem 10.18 (Local Confluence Theorem for typed AGT sys-
tems). Given a graph transformation system GTS based on (AGraphsarcg,
M) with an &' -M’ pair factorization such that M’ is closed under pushouts
and pullbacks along M-morphisms and the M—-M' pushout—pullback decom-
position property holds, then GT'S is locally confluent if all its critical pairs
are strictly confluent.

Proof. See Theorem 11.14 in Section 11.3. a

Remark 10.19. The language L of a graph transformation system GT'S is
locally confluent if we consider only those critical pairs P; < K = P,, where
K is an M’-subgraph of a graph G which can be derived from the start graph
S. “K is M’-subgraph of G” means that there is an M’-morphismm : K — G.

In Section 11.3, we show that the Local Confluence Theorem is valid for
a typed AGT system over the category AGSIG-Alg with a well-structured
AGSIG and a suitable £'-M' pair factorization. This implies Theorem 10.18.
The requirements for M’ are valid for M" = M/ and M’ = M), as considered
in Example 9.22.

Example 10.20 (local confluence in MethodM odeling). The task of ana-
lyzing the local confluence of our graph grammar MethodM odeling is exten-
sive owing to the fact that there are so many critical pairs, even if we consider
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only the language of MethodModeling (see Example 10.16). Therefore we
only give arguments for local confluence here, and do not prove it.

The confluence of the critical pairs can be shown relatively easily. In the
following we describe how to find suitable productions and matches for a
critical pair Py PRty po P22 P5 that lead to confluence.

1. p1 = p2 = addParameter. In this case two parameters are added to the
same method, which increases the number of parameters in the method.
We can apply ps to P; with a match m), slightly different from mqy, where
only the value of the attribute numberO f Pars is increased by 1. This
works similarly if p; is applied to P> with a match m}. We then obtain

transformations P; "225* X and P =5 X

2. p1 = addParameter, ps = checkNewParameter. Here a parameter is
added and deleted in the same method. In P;, we can use the production
exchangeParameter to swap the last two parameters and then apply ps
to this graph with a match m/, similar to mz, where only the value of the
attribute numberO f Pars in this method is increased by 1. Applying p; to
P, results in a common graph This means that we have transformations

P X' P22 X and P P X

3.p1 = p2 = checkNewParameter. We have deleted the same (last) pa-
rameter with both transformations, and therefore it already holds that
P1 P2 or P1 P2

4. p1 = checkNewParameter, po = exchangeParameter. In K, a parame-
ter is deleted by pi1, but ps exchanges it with another one. In this case,
we can restore the old order by applying p, once again to P», result-
ing in the graph K. Applying p; with the match m; leads to a com-

exchangeParameter
—

mon object. Altogether, we obtain the transformations P; X P, and

P2 exchangeParameter K p1,m1 P1.
5. p1 = pa = exchangeParameter. Exchanging parameters can be reversed,
so there are transformations P; 22 K and Py 2L K.

In all these cases, the common part of K that is preserved by applying p;
and po is also preserved by the further transformations and mapped equally to
the resulting common object. Therefore the critical pairs are strictly confluent.

By Theorem 10.18, this means that the graph grammar
MethodM odeling is locally confluent. ad
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Adhesive HLR Categories for Typed
Attributed Graphs

In Chapters 8-10, we have presented the main concepts and results for typed
attributed graph transformation systems. However, we have postponed most
of the proofs, because they have been given already for adhesive HLR sys-
tems in Part II. It remains to instantiate them for typed attributed graph
transformation systems.

For this purpose, we have to show that the category AGraphsarg of
typed attributed graphs is an adhesive HLR category. In Theorem 11.3, we
show that the category AGraphsartc is isomorphic to a category of alge-
bras over a suitable signature AGSIG(AT@G), which is uniquely defined by
the attributed type graph AT'G. In fact, it is much easier to verify the cat-
egorical properties of adhesive HLR categories for the category of algebras
AGSIG(ATG)-Alg and to show the isomorphism between AGSIG(ATG)-
Alg and AGraphsaTte than to show the categorical properties directly for
the category AGraphsarca.

In Theorem 11.11, we show that AGSIG(ATG)-Alg, and hence also
AGraphsarg, is an adhesive HLR category. In fact, we show this result for
the category AGSIG-Alg, where AGSIG is a more general kind of attributed
graph structure signatures in the sense of [LKW93, CL95, FKTV99]. This al-
lows us to obtain the results of our theory for other kinds of attributed graphs,
also. However, we shall not discuss these other instantiations in more detail.
By combining the results given in Sections 11.1 and 11.2 with those in Part
II, we are able to verify in Section 11.3 that the following basic results stated
in Chapters 9 and 10 are valid for typed attributed graph transformations:

1. The Local Church—Rosser, Parallelism, and Concurrency Theorems.
2. The Embedding and Extension Theorems.
3. The completeness of critical pairs and the Local Confluence Theorem.

An alternative way to show that AGraphsartg is an adhesive HLR cat-
egory is given at the end of Section 11.2, where AGraphs is represented as
a subcategory of a comma category and AGraphsarg as a slice category of
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AGraphs. However, for showing the existence of initial pushouts, it is eas-
ier to give the corresponding construction in the more general context of the
category AGSIG-Alg. Moreover, this allows us to apply the results to the
general attributed graph structure signatures mentioned above.

11.1 Attributed Graph Structure Signatures and Typed
Attributed Graphs

Attributed graph structure signatures were introduced in [LKW93] to model
attributed graphs and the corresponding transformations. In fact, this con-
cept is general enough to model various kinds of attributed graphs, especially
attributed graphs with node attributes only, as presented in [HKT02], and
our concept with node and edge attributes introduced in Chapter 8.

In this section, we review attributed graph structure signatures and
show that, for each type graph ATG, there is a graph structure signature
AGSIG(ATG) such that the category AGraphsartg of attributed graphs
typed over AT'G and the category AGSIG(ATG)-Alg of AGSIG(ATG)-
algebras are isomorphic.

We start with the definition of attributed graph structure signatures.

Definition 11.1 (attributed graph structure signature). A graph struc-
ture signature GSIG = (S¢, OP¢) is an algebraic signature with unary oper-
ations op : s — s’ in OPg only.

An attributed graph structure signature AGSIG = (GSIG, DSIG) con-
sists of a graph structure signature GSIG and a data signature DSIG =
(Sp,OPp) with attribute value sorts ST, C Sp such that S, = Sp N Sg and
OPpbNOFPs =2.

AGSIG 1is called well structured if, for each op : s — s' in OPg, we have
S ¢ SD.

The next steps are to introduce the category AGSIG-Alg of attributed
graph structure signatures and the special case AGSIG(ATG)-Alg, which
allows us to construct an isomorphism with the category AGraphsarg. In

Example 11.4, we construct an explicit attributed graph structure signature
AGSIG(ATG) for the attributed type graph in Example 8.9.

Definition 11.2 (category AGSIG-Alg). Given an attributed graph struc-
ture signature AGSIG = (GSIG, DSIG), the category of all AGSIG-algebras
and AGSIG-homomorphisms is denoted by AGSIG-Alg, where AGSIG-
Alg corresponds to the category Alg(X) (see Definition B.9) with

Y =GSIGUDSIG.
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Theorem 11.3 (isomorphism AGraphsarc = AGSIG(ATG)-Alg). For
each attributed type graph ATG, there is a well-structured attributed graph
structure signature AGSIG(ATG) such that the category AGraphsarg is
isomorphic to the category AGSIG(ATG)-Alg:

AGraphsatc = AGSIG(ATG)-Alg.

Proof. For a given attributed type graph AT'G, we suppose that SpNVZ C=g
and Sp ﬁEjTG =g forallj € {G,NA, EA}. This means that data sorts cannot
be graph node types or the type of any kind of edge. Otherwise, we would
rename them accordingly.

We first construct the corresponding attributed graph structure signature
AGSIG(ATG). Then we find a functor F : AGraphsarg — AGSIG(ATG)-
Alg and an inverse functor F~!: AGSIG(ATG)-Alg — AGraphsarg that
show the isomorphism.

For an attributed type graph ATG = (TG,Z) with a final DSIG-
algebra Z, a type graph TG = (VZC¢ VvEC¢ ELC E1G FELG (sourcejTG,
targethG)jE{G7NA7EA}) and S5, C Sp, we define AGSIG(ATG) = (GSIG,

DSIG), where GSIG = (Sg,0Pg), S¢ = Sv U Sg, Sy = VF¢ U VEE,

Sg = EgG U Eﬁﬁ U Egﬁ, and OPg :OeESE OP,., with OP. = {src.,tar.}
defined by

srce 1 e — v(e) for e € ELC with v(e) = sourceL%(e) € VIC,

tare : e — v'(e) for e € ELY with o'(e) = targettC(e) € VAC,

srce, tar, for e € ELG and e € ELG are defined analogously.

AGSIG(ATG) is a well-structured attributed graph structure signature,

since we have only unary operations and, from VEG = L.Jsele Zs = S,
VA4 N Sp = @ and E]-TG NSp = @ for all j € {G,NA,EA}, we have
SpNSg =SpNVEY =57 and the well-structuredness follows.

The functor F' : AGraphsatre — AGSIG(ATG)-Alg is defined, for
objects (AG,t : AG — ATG) with AG = (G,D),t¢:G— TG and tp : D —
Z, by F(AG,t) = A, with the following AGSIG(ATG)-algebra A:

o A =tgh.(s) CViforse V'S C Sy, ie{G D}

o A, = té}Ej(e) CE;foree EjTG C Sg,j€{G,NAEA};

o A, = tz)i(s) = D, for s € Sp;

o srcit(a) = sourceg(a) for e € ELY C Sg, a € ta}EG (e) = A, C Eg;

e tar’(a) =targetg(a) for e € EL% a € tE:,IEc (e) = Ae C Eg;

e analogously for src(a), tarf(a), with e € EJC, a € ta}Ej (e), j €

{NA,EA};

o op? = opP for all op € OPp.

For a typed attributed graph morphism f : (AG',t') — (AG?,t?), we
have F(f) = h: F(AG!,t') = A — F(AG?,t?) = B; h is an algebra homo-
morphism defined by
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hs(a) = fa,v,(a) for s € VIS C Sy, a € As, i € {G, D},
o he(a) = fa,g,(a) for e € EJTG C Sp,a€A.,je{G,NA EA},
o hs:fD“g for s € Sp.

In the other direction, the functor F~! is defined for an AGSIG(ATG)-
algebra A by F~Y(A) = (AG = (G, D),t : AG — ATG), with

Vi =U,eyre Ay, Ej = Uepre Ae fori € {G,D}, j € {G,NA,EA};
source;(a) = srcit(a) for e € E]TG, a€ A, je{G,NA FEA};
target;(a) = tar(a) for e € E]TG7 a€A.,je{G,NA EA};
tavi(a) =sforac As, s € VTG i € {G,D};
ta,p;(a) =eforac Ac, e € E;‘-FG, je€{G,NAEA};
D = A|psia;
tps(a) =s fora € As, s € Sp.
For a homomorphism h : A — B, we define F~1(h) = f : F71(A) —
F~1(B) by

fav,(a) = hs(a) for a € Ay, s € VI i€ {G,D};
o fa g (a)="he(a)forac Ac, ec E;‘-FG, j€{G,NA EA};
e fp=hlpsic.

The constructed morphisms F and F~! are well defined; they are actually
functors and isomorphisms (as proven in Section C.3). ad

Example 11.4 (corresponding AGSIG(ATG) and algebra). We present
the corresponding signature AGSIG(ATG) for the the type graph ATG de-
fined in Example 8.9 and the resulting AGSIG(ATG)-algebra for the typed
attributed graph (AG,t).

AGSIG(ATG) = (GSIG, DSIG) for type graph ATG = (TG, Z) has the
same data signature DSIG. GSIG has the following structure:

GSIG : sorts: Method, Parameter, Class,
string, nat, parameter Direction Kind,
param, type, noO f Pars, mname, pname, cname,
kind, order

opns : 8TCparam : param — Method

tarparam : param — Parameter
STCtype : type — Parameter
taryype : type — Class

STCorder : Order — param
tarorder : order — nat

All node and edge types in the type graph correspond to a sort, and for all
edge types we define operation symbols that describe the types of the source
and target.
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The corresponding AGSIG(ATG)-algebra A for AG = (G, D) is defined
as follows:

A: AMethod = {m}
Aparameter = {pm“hp@?%pm"zs}

AClass = {C}

Anat - Dnat

Aparam = {mparl, mparsa, mpar3}

Atype = {paric, parac, parsc}

Aorder = {ordery, orders, orders}

As = D, forall s € Sp
A . )

Srcparam . Aparam - AJV[ethod Lompar; —m
A . )

ta?“pamm : Apar(nn — AParanLeteT :ompar; — par;
A . )

STCtype : Atype — Aparameter @ Paric — par;

tariype ¢ Agype — Aclass : paric i c
A . .

STCorder . AOTdeT‘ - ApaTam : OTdeTi — mpar;
A . . .

tarorder . AOTdeT‘ - Anat : OTdeTi — 1

opA = opp for all op € OPp

11.2 Definition of Concrete Adhesive HLR Categories

In this section, we consider a fixed attributed graph structure signature
AGSIG = (GSIG,DSIG). We prove that the category AGSIG-Alg over
AGSIG with a distinguished class M (defined in the following) fulfills all
properties of an adhesive HLR category. By Theorem 11.3, AGraphsarg is
also an adhesive HLR category.

Finally, we sketch an alternative way to show that AGraphsarg is an
adhesive HLR category using comma categories.

Definition 11.5 (class M in AGSIG-Alg and AGraphsarg). The class
M in AGSIG-Alg is the class of all algebra homomorphisms f = (fasia,
fpsic), where fasia is injective and fpsia is an isomorphism. The notation
f = (fesia, fpsic) means that fasiac and fpsic are the restrictions of
f to GSIG and DSIG, respectively, where the two restrictions coincide on
SID =SpnNSq.

In AGraphsarc, the morphism class M is the class of all morphisms
f = (fa, fp), where fq is injective and fp is an isomorphism on the data
part (see Definition 8.10).
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Remark 11.6. We use the same notation for the morphism classes M in
AGraphsarg and in AGSIG(ATG)-Alg because they correspond to each
other, owing to the construction of the functors F and F~! in the proof of
Theorem 11.3.

We prove step by step the properties necessary for an adhesive HLR cat-
egory. First we check the closure properties of M.

Lemma 11.7 (properties of M). The class M in AGSIG-Alg as defined
in Definition 11.5 is closed under isomorphisms, composition, and decompo-
sition.

Proof. An algebra homomorphism is injective or isomorphic if all its compo-
nents are injective or isomorphic, respectively, in Sets. In Sets, the class of
injective morphisms and the class of isomorphic morphisms are closed under
isomorphism, composition and decomposition. Therefore this property holds
for the class M of injective homorphisms with an isomorphic data part. O

For the second property, we need to the prove existence and closedness
of pushouts and pullbacks along M-morphisms. This is done with the fol-
lowing lemmas, where we show that pushouts along M-morphisms and pull-
backs can be constructed componentwise in Sets. Note that general pushouts
in AGSIG-Alg exist, but in general cannot be constructed componentwise,
which is essential for the proof of the VK property in Lemma 11.10. On the
other hand, general pullbacks in AGSIG-Alg can be constructed componen-
twise.

Lemma 11.8 (POs in AGSIG-Alg along M-morphisms). For given
morphisms m : A — B € M and f : A — C, there is a pushout (1) in
AGSIG-Alg with n € M:

(R
f (1) g
| 1

C n—=D

Moreover, given that (1) is commutative with m € M, then (1) is a pushout
in AGSIG-Alg iff (1) is a componentwise pushout in Sets. Then m € M
implies n € M.

Proof. Part 1. If (1) is commutative, m € M, and (1)s are componentwise
pushouts in Sets, we can show that (1) is a pushout in AGSIG-Alg. Consider
an object X with morphisms k : B — X and [ : C — X such that kom = [o f:
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A—m—=DB

| |
SRR

\\\l\éX

Then, for each s € Sqg U Sp, there exists a unique z, : Dy — X, such that
rs0gs =ks and x5 0ng = .
We show that @ = (24)seseusy is a homomorphism as follows:

1. op € OPp. For s € Sp, ms being an isomorphism implies that n, is an
isomorphism. This gives the compatibility of x with op € OPp, because [
is a homomorphism.

2. op € OPg. Since (1), is a pushout, n, and gs are jointly surjective.
This means that for every d € Dg there is a b € By with gs(b) = d
or a ¢ € Cy with ns(c) = d. Then, for op : s — § € OPFgs it
holds that opx(zs(d)) = opx(xs(gs(b ))) = opx (ks(b)) = kg (opp(b))
zs (95 (0pB(b))) = @ (0pp(gs( ))) = xy(opp(d)) or OPX(xs(d)) =
opx (zs(ns(c))) = opx(ls(c)) = ls(opc(c)) = zo(ng(opclc))) =
zs (0pp(ns(c))) = x5 (opp(d)).

2 is unique, since all its components are unique, and therefore (1) is a pushout
in AGSIG-Alg.

Part 2. Now we construct a pushout object D with morphisms n and g for

given objects and morphisms C Lam B, with m € M. For all s € Sp, let
D, =0Cs, 95 = fs oms’l, and ns = idg,. For op € OPp, we define opp = opc.
Since my is an isomorphism and n; is the identity, (1), is obviously a pushout
in Sets.

For s € Sg\Sp, let B; 9% Dy &2 Oy be the pushout over Cy L A, ™ B,
in Sets, and for op : s — s’ € OPg we define

ng o fe(opa(a)) : FJa € As:ns(fs(a)) =d
OpD(d) = gs/(opB(b)) : dbe Bs\ms(As) *9s b)
ng (opc(c)) 3e € C\ f5(As) 1 ns(e) =

We have to show that these operations are well defined. Since (1); is a
pushout, exactly one of the cases above applies. In the second or the third case
b or ¢, respectively, must be unique. In the first case we have the result that m
being injective implies that ng is injective. For a1, as € As with ng(fs(a1)) =
ns(fs(az)) = d, it holds that fs(a1) = fs(az). Then ny o fo(opa(ar)) =
no(0pc(fo(ar))) = ny(ope(fy(a2))) = o fo (opa(as) follows.

n = (Ns)sesqusy 1S a homomorphism. This is clear for all op € OPp.
Consider an operation op : s — 8’ € OPg. Then, for all ¢ € Cs, it holds that

opp(ns(c)) = ng(opc(c)): if ¢ € Cs\ fs(As), then opp(ns(c)) = ny (opc(c)) by
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definition. Otherwise, ¢ € fs(As). There then exists an a € A, with fs(a) = ¢,

and it holds that opp(ns(c)) = opp(ns(fs(a))) et ns (fs(opala)))

ng (opc(fs(a))) = ng(opc(c)). Obviously, we have n € M. That g
(9s)sesqusy is a homomorphism follows analogously.

Since g om = no f and we have componentwise pushouts, it follows by
part 1 that (1) with the constructed D, n, and g is a pushout in AGSIG-Alg.

Part 3. Let (1) be a pushout in AGSIG-Alg with m € M. By the
construction in part 2 and the uniqueness of pushouts up to isomorphism,
it follows directly that n € M and that (1) is a componentwise pushout in
Sets. a

Lemma 11.9 (PBs in AGSIG-Alg). Given g : B — D andn : C — D,
then there is a pullback (1) in AGSIG-Alg:

1T
I (1) g
' '
C n—[

Moreover, given that (1) is commutative, then (1) is a pullback in AGSIG-
Alg iff (1) is a componentwise pullback in Sets. If n € M, then m € M
also.

Proof. Part 1. If (1) is commutative and (1)s are componentwise pullbacks in
Sets, we can show that (1) is a pullback in AGSIG-Alg. Consider an object
X with morphisms k: X — B and [: X — C such that nol =gok:

Then, for each s € Sg U Sp, there exists a unique z; : X5 — A such that
mgoxs = ks and fsoxs = .

We show that = (zs)sesqusp 1S @ homomorphism. For each operation
op:s8i..s, = 8 € OPg UOPp and y; € Xg,, it holds that

o fo(zs(opx (Y1, yn))) = ls(opx (Y1, s yn)) = opc(ls, (Y1), -+ 1s, (yn)) =
Opc(fsl (‘T81 (yl))v ) fS'n, (xsn (yn) ) = fS(OpA(xSl (yl)a ey Ly, (yn))) and

o my(zs(opx (Y1, Yn))) = ks(opx (Y1, s yn)) = o0 (ks (Y1), s ks, (yn)) =
OpB(m31(3781 (yl))v ey Mgy, (xsn (yn))) = mS(OpA(xsl (yl)a wy Lg,, yn)))
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Since (1)s is a pullback in Sets, m, and fs are jointly injective (see Fact
2.23). This means that if ms(a1) = ms(az) and fs(a1) = fs(az2), it follows
that a; = ag. Therefore xs(opx (Y1, --sYn)) = 0pa(s, (Y1), -, Ts, (Yn)), and x
is a homomorphism.

x is unique, since all its components are unique. Therefore (1) is a pullback
in AGSIG-Alg.

Part 2. Now we construct a pullback object A with morphisms f and m
for given objects and morphisms C' = D & B.

For s € S¢USp, let By €= A, L C, be the pullback over Cs 23 D, &= B,
in Sets. For op : s1...8, — 8 € OPg U OPp, we define opa(ai,...,an) =
a, with OpB(mm (al)v ey Mgy, (an)) = ms(a‘) and Opc(fsl (a‘l)a ey fsn (a’n)) =
fs(a). This a exists and is unique, since (1)s is a pullback in Sets.

f = (fs)sesausp and m = (ms)sesqusp, are homomorphisms by construc-
tion. Since g om = n o f and we have componentwise pullbacks, it follows by
part 1 that (1), with the constructed object A and morphisms f and m is a
pullback in AGSIG-Alg.

Part 3. Let (1) be a pullback in AGSIG-Alg. By the construction in
part 2 and the uniqueness of pullbacks up to isomorphism, it follows directly
that (1) is a componentwise pullback in Sets.

Part 4. If n € M, we have the result that ng is injective for all s € Sg,
and it is an isomorphism for s € Sp. Since pullbacks in Sets are closed under
monomorphisms and isomorphisms, it follows that m is injective for s € Sg
and is an isomorphism for s € Sp, which means that m € M. O

Lemma 11.10 (VK property of POs along M-morphisms). A pushout
in AGSIG-Alg along an M-morphism is a VK square.

Proof. Consider the pushout (1) below with m € M, and the commutative
cube (2), where (1) is in the bottom and the back faces are pullbacks.

Part 1. If the front faces are pullbacks, then the top is a pushout.

Let the front faces be pullbacks. By applying Lemmas 11.8 and 11.9, we can
decompose the cube for every component s € Sg U Sp such that the bottom
is a pushout with ms; € M, and the front and back faces are pullbacks in
Sets. Then (1)s is a VK square in Sets. From the VK square property, we
obtain the top as a componentwise pushout. The fact that m € M and the
back right square is a pullback implies that m’ € M, owing to Lemma 11.9.
By Lemma 11.8, the top of cube (2) is a pushout in AGSIG-Alg.
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//Al
e S S e
S N e I |
| A v (2)
C n—wD C/f ! m\‘
\ B

Part 2. If the top is a pushout, then the front faces are pullbacks.

Let the top be a pushout. The fact that m € M and the back right is a
pullback implies, from Lemma 11.9, that m’ € M. By applying Lemmas 11.8
and 11.9, we can decompose the cube for every component s € Sg U Sp such
that the bottom and the top are pushouts, ms € M and the back faces are
pullbacks in Sets. Then (1), is a VK square in Sets. From the VK square
property, we obtain the result that the front faces are componentwise pull-
backs. By Lemma 11.9, the front faces of cube (2) are pullbacks in AGSIG-
Alg. O

Theorem 11.11 (AGSIG-Alg and AGraphsarc are adhesive HLR
categories). The categories (AGSIG-Alg, M) and (AGraphsarg, M)
with morphism classes M as defined in Definition 11.5 are adhesive HLR
categories.

Proof. In AGSIG-Alg, M is a class of monomorphisms since monomor-
phisms in AGSIG-Alg are componentwise monomorphisms in Sets, which
means that they are componentwise injective (and isomorphisms are both in-
jective and surjective). The closure properties of M are explicitly proven in
Lemma 11.7.

The existence and closedness of pushouts and pullbacks along M-morph-
isms follow from Lemmas 11.8 and 11.9.

In Lemma 11.10, it is shown that pushouts along M-morphisms are VK
squares.

Therefore (AGSIG-Alg, M) is an adhesive HLR category.

For each attributed type graph AT'G there is by Theorem 11.3, a corre-
sponding graph structure signature AGSIG(ATG) such that AGraphsarg
is isomorphic to AGSIG(ATG)-Alg. The morphism classes M in
AGraphsate and AGSIG(ATG)-Alg are isomorphic. Therefore
(AGraphsaTtg, M) is also an adhesive HLR category. m]

Finally, let us sketch an alternative way to show that (AGraphs, M)
and (AGraphsarg, M) are adhesive HLR categories. First we use a comma
category construction to show this for AGraphs, and then we use a slice
category construction for AGraphsarg.

Fact 11.12 (comma category construction for AGraphs). The category
AGraphs is isomorphic to a subcategory ComCat(Vy, Va;1Id) of the comma
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category ComCat(Vy, Va; 1) defined below, where I = {1}, which implies that
(AGraphs, M) with M as defined in Definition 8.10 is an adhesive HLR
category.

Construction. Let Vi and Vs be the forgetful functors defined by
e V7 : E-Graphs — Sets with V1(G) = Vg and Vi(fa) = fa,vp;
o V; : DSIG-Alg — Sets with V5(D) = Uses, Ds and Va(fp) =

Usesb ng'
ComCat(Vy, Va;1Id) is the subcategory of ComCat(Vy, Va;I) where I =
{1} and the objects (G, D, op : Vi(G) — Va(D)) satisty V1(G) = V2(D) and
op = id. a

Proof. For attributed graphs AG = (G, D), we have, by Definition 8.10,

OSES’D Dy = V§, and for morphisms f = (fg, fp) : AG! — AG?, we have
commutativity of (1) for all s € S7,, which is equivalent to commutativity of

(2):

D} —fp, = D? Usesy, D} Ofp, —= Usesy, D?
\ \
(1) y id (2) id
y \ \
VDl—fc,VD>VD2 VDlifc,vDHVg
Using V1(G) = Va(D), we have V}, = L'JsEst D¢ for i = 1,2, and

(2) expresses exactly the compatibility of the morphisms fg and fp in

ComCat(V1, Vg;ID), because Vi(fa) = fa,v, and Vao(fp) = OseS’D oy -
This implies that
AGraphs 2 ComCat(Vy, Va; ID).

Let M be the class of injective E-graph morphisms and My the class
of DSIG-isomorphisms. Then (E-Graphs, M) is a functor category over
(Sets, M;) and hence an adhesive HLR category by Theorem 4.15, item
3. Moreover, each category (C, M;s,) with the class My, of all isomor-
phisms is an adhesive HLR category; hence, so is (DSIG-Alg, M5). This
implies, by Theorem 4.15 item 4, that ComCat(V1, Vo;I) with I = {1} and
M = (M1 xM2)NMorcomcat(vi, Va1 is an adhesive HLR category, provided
that V; preserves pushouts along M;-morphisms and V5 preserves pullbacks.
But pushouts in E-graphs are constructed componentwise in Sets; hence V;
preserves pushouts. Also, pullbacks in DSIG-Alg are constructed componen-

twise, and the disjoint union functor Ue sy Sets°P — Sets preserves pull-
backs; therefore V5 preserves pullbacks. This implies that ComCat(Vy, Va;1)
with I = {1} and M as above, which corresponds to M in AGraphs, is
an adhesive HLR category. Finally, it can be shown that a special choice of
pushouts and pullbacks in E-graphs and DSIG-Alg leads also to pushouts
and pullbacks in the subcategory ComCat(V1, Va;ID), which allows us to
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conclude that (ComCat(Vy,Va;ID), M) and hence also (AGraphs, M)
are adhesive HLR categories. ad

Fact 11.13 (slice category construction for AGraphsarg). The cate-
gory (AGraphsara, M) is a slice category of (AGraphs, M) with M as
defined in Definition 8.10, and hence it is an adhesive HLR category.

Proof. This is a direct consequence of Theorem 4.15, item 2, and Fact 11.12.
O

11.3 Verification of the Main Results for Typed AGT
Systems

In this section, we give proofs for the results in Chapters 9 and 10 based on
the corresponding results for adhesive HLR categories and systems in Part II.
In Section 11.2, we have shown that the categories (AGSIG-Alg, M) (see
Definition 11.2) and (AGraphsarg, M) are adhesive HLR categories with a
morphism class M as defined in Definition 11.5.

This is already sufficient to prove the Local Church—Rosser and Embedding
Theorems. For the Parallelism Theorem, we need binary coproducts compat-
ible with M in addition. For the construction of the boundary and context
and the Extension Theorem, we also use initial pushouts. Finally, we need an
E'-M' pair factorization for the Concurrency Theorem, the completeness of
critical pairs, and the Local Confluence Theorem. We show all these proper-
ties for the category AGSIG-Alg, where in some cases we need to require
that AGSIG is well structured. By Theorem 11.3, the results are also true for
the category AGraphsarg.

Theorem 11.14 (main results for typed AGT systems). Given a typed
attributed graph transformation system GT'S = (DSIG, ATG, P), we have the
following results:

. Local Church—Rosser Theorem (Theorem 9.14);
. Parallelism Theorem (Theorem 9.18);

. Concurrency Theorem (Theorem 9.26);

. E-related transformations (Fact 9.27);

. Embedding Theorem (Theorem 10.10);

. Extension Theorem (Theorem 10.11);

. completeness of critical pairs (Theorem 10.14);
. Local Confluence Theorem (Theorem 10.18).

D N D G o o

Proof.

1. This follows from Theorems 5.12 and 11.11.
2. This follows from Theorems 5.18 and 11.11 and Lemma 11.15 below.
3. This follows from Theorems 5.23 and 11.11.
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This follows from Fact 5.29, Theorem 11.11, and Lemma 11.16 below.
This follows from Theorems 6.14 and 11.11.

This follows from Theorems 6.16 and 11.11 and Lemma 11.17 below.
This follows from Lemma 6.22 and Theorem 11.11.

This follows from Theorems 6.28 and 11.11 and Lemma 11.17.

N> O

O

It remains to state and prove all the lemmas which are needed in the proof
of Theorem 11.14 above.

Lemma 11.15 (binary coproducts compatible with M). Given a well-
structured attributed graph structure signature AGSIG, then the categories
AGSIG-Alg and AGraphsatg have binary coproducts compatible with M.
This means that f, g € M implies f + g € M.

Proof. By Theorem 11.3, it suffices to show the property for AGSIG-Alg.
Given algebras A and B in (AGSIG-Alg, M) with a well-structured at-
tributed graph structure signature AGSIG, for all sorts s € Sz\Sp we con-
struct the componentwise coproduct (A + B), = A + B, with coproduct
injections ¢4, and ¢p s in Sets. For the data part, we construct the algebra
coproduct (A+ B)p = A|psic + B|psic with coproduct injections ¢4 p and
LB,D-

For the coproduct A + B, we combine these components into the co-
product object A + B = (((A + B)s)sesc\sp, (A + B)p) with morphisms
ti = ((tis)sese\Sp»ti,p) for i = A, B. For op : s — s’ € OPg the operation
opa+p is defined by

opa+B: (A+B)s —» (A+ By :x +—
tas(opa(y)) + Fy€Asiasly) ==
s (opB(y) :+ Fy € Bsiips(y) =’
This is well defined, since AGSIG is well structured and therefore it holds
that s € Sg\Sp and (A + B), = A, U B,. If s’ € Sp, we know that Ay U

Bs C (A+B)p,s; otherwise, s’ € Sg\Sp and we have (A+B)y = Ay U By.

We have to show that the constructed object A+ B is indeed a coproduct.
Consider morphisms f: A — X and g : B — X as in the following diagram.
There then has to be a unique morphism [f,g] : A + B — X such that

[f,g]om:fand [fag]O[/B:g:
tA— A+ B=-—'5

f [f.g] 9

NP
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Since (A+ B)p is the coproduct for the data part, there is a morphism [f, g]p :
(A+B)p — X|psic with [f,g]pota,p = flpsic and [f, g]pots.p = g|psic-
Similarly, we have for each s € S¢\Sp a morphism [f,g]s : (A+ B)s — X,
such that [fv g]s OlAas = fs and [fa g]s OlB,s = Js-

For the data operations, it is clear that [f,g]p is a homomorphism.
Consider an operation op : s — s € OPg. Since s € Sg\Sp, it holds

that (A + B); = A, U B,. For an = € (A + B),, suppose without loss
of generality that there is a y € As with t4,5(y) = x. We then have
the result that [f,gls (opats(x)) = [f, g]ls(tas(opaly))) = folopaly)) =
opx (fs(y)) = opx([f,9ls(as(®)) = opx([f gls(x)). Therefore [f, g] =

(([f7 g}s)SESG\SD7 [fa g]D) is a homomorphism.
The result that [f,g] o ta = f and [f,g] o g = g follows by definition,

and [f, g] is unique, since all its components are unique. Therefore [f, g] is the
required morphism, and A + B is the coproduct of A and B in AGSIG-Alg.

It remains to show the compatibility with M. Given f: A — A’ and ¢ :
B — B’ with f, g € M, we construct the coproduct morphism f+g: A+B —
A’+ B’. In Sets, binary coproducts are compatible with monomorphisms, and
therefore (f + g)s = [tars © fs,tB7,s © gs] is injective for all s € S¢\Sp.

The coproduct can be considered as a functor and hence preserves isomor-
phisms. Therefore, if f|psic and g|psic are isomorphisms, (f + g)|psic =
[(tar o flpsia, (LB © 9)|psia] = flpsic + 9|psic is also an isomorphism.

If AGSIG is not well structured, we still have binary coproducts in
AGSIG-Alg, but they may not be compatible with M. O

Lemma 11.16 (closure properties of M—M’ and PO-PB decomposi-
tions). Let M’ = M} or M’ = MY, in AGraphsarg as given in Ezample
9.22 or consider the corresponding morphism classes in AGSIG-Alg. We
then have:

1. M" is closed under pushouts and pullbacks along M-morphisms in
AGSIG-Alg and AGraphsarg.

2. The M-M'" pushout—pullback decomposition property holds in the cate-
gories AGSIG-Alg and AGraphsarc.

3. M is closed under composition and decomposition.

Proof. Tt suffices to prove the lemma for AGSIG-Alg with the class M.
For the class M} = M of all monomorphisms, the lemma follows from the
properties of adhesive HLR categories.

1. Given the pushout (1) below, with m,n € M and f € M), Lemma 11.8
implies that (1) is a componentwise pushout in Sets. In Sets, if f; is
injective, so is gs. This means that gs is injective for all s € Sg\Sp, and
therefore g € Mj.
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A—m—=DB

C—n—=D

It follows analogously, by Lemma 11.9, that if (1) is a pullback with m,n €
M and g € M), then f € M), also.

2. Consider the following diagram, where | € M, w € M}, (1) + (2) is a
pushout, and (2) is a pullback. It follows that v,s € M and r € M5,
since M is closed under pushouts and pullbacks and M) is closed under
pullbacks along M-morphisms.

?7164»? Tﬂl‘;
l (1) s (2) v
v Y '

C—u—»D—w—»F

We have to show that (1) and (2) are pushouts in AGSIG-Alg.

Using Lemmas 11.8 and 11.9, we can split up this diagram componen-
twise and obtain a pushout (1); + (2)s and a pullback (2)s in Sets for
each s € S¢ U Sp.

a) For s € Sp, [ is an isomorphism. In Sets, a commmutative square
along an isomorphism is a pushout. Therefore (1), is a pushout.

b) For s € S¢\Sp, we have the fact that [,s,v,w, and r are injective.
Since Sets is an adhesive HLR category, we can conclude from The-
orem 4.26 that (1), is a pushout in Sets.

By Lemma 11.8; (1) is a pushout in AGSIG-Alg. By pushout decompo-

sition, (2) is also a pushout.

3. By the definition of M’ = M, we have the result that f: A — B € M/,
and g : B — C € M’ implies go f € M’ and go f, g € M’ implies f € M/,
since injectivity is preserved componentwise.

O

Lemma 11.17 (initial POs in AGSIG-Alg). The categories (AGSIG-
Alg, M), where AGSIG and (AGraphsara, M) are well structured, have
initial pushouts over general morphisms.

Construction. By Theorem 11.3, it suffices to show the construction and
property for (AGSIG-Alg, M). For an explicit construction in
(AGraphsarta, M), see Definition 10.5 and Fact 10.7.

Consider a well-structured AGSIG, which means that for all op : s’ — s
in OPg we have s’ ¢ Sp. Giwen f : A — A, the initial pushout over f is
constructed by the following diagram:
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'T b—»I‘él
9 (1) f
1 Y
o —

Here, the objects B, and C and the morphisms b, ¢, and g are defined as
follows:

e B={B'CA| Bpg;c =Apsic and A C B, for all s € S¢\Sp} with
A*={a€A; | Jop:s —s€OPgz I’ € AL\fs(As): fs(a) = opar(a)}
U{a€ As | 3d' € As,a#d : fs(a) = fs(a)},

o (.— A : s€Sp
t A/s\fs(AS) U fS(Bs) s e SG\SD ’
oper — J OPA . op€OPp
pe oparle, : op:s—s €OPg’

e b:B— A c:C — A are inclusions with identical data type parts and
hence b,c € M. g: B — C is defined by gs = fs|p. for all s € Sg¢ U Sp.

Initial pushouts are closed under double pushouts (see Lemma 6.5).

Proof. Tt can be shown that this construction is well defined and is indeed an
initial pushout over f (see the proof in Section C.4). a
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Constraints, Application Conditions and
Termination for Typed AGT Systems

In this chapter we make a first attempt to extend the theory of typed at-
tributed graph transformation (AGT) systems by considering various kinds
of execution control for AGT systems, such as graph constraints, applica-
tion conditions, and application layers for productions, and also termination
criteria.

In Section 12.1, we present the basic concepts of constraints and applica-
tion conditions for typed AGT systems. The corresponding idea in the classical
case of graphs was introduced in Section 3.4 and considered in the framework
of adhesive HLR systems in Chapter 7. We instantiate the main results of
Chapter 7 concerning equivalence of constraints and application conditions
in Section 12.2. Finally, we present termination criteria for layered graph
grammars based on typed AGT systems in Section 12.3; these criteria were
introduced for the graph case in Section 3.4.

12.1 Constraints and Application Conditions for Typed
AGT Systems

In this section, we extend graph constraints and application conditions from
the case of classical graphs considered in Section 3.4 to typed attributed
graphs, where the injective graph morphisms in Section 3.4 are replaced by a
morphism class M’ in AGraphsarg, which has to be closed under composi-
tion and decomposition. In particular, we can take M’ as the class of all typed
attributed graph morphisms, i.e. M’ = M (see Definition 11.5), M’ = M/,
or M' = M/, (see Example 9.22), where f € M/ means that f is injective
and f € M), means that f is injective on graph nodes and all kinds of edges.

General Assumptions for Section 12.1

We counsider the adhesive HLR category (AGraphsara, M) of typed at-
tributed graphs with an additional class M’ of morphisms in AGraphsarg,
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which is closed under composition and decomposition (see the general assump-
tion 3 for Chapter 7). Graphs and graph morphisms are now — unlike the case
in Section 3.4 — objects and morphisms in AGraphsarc.

First of all, we introduce graph constraints for AGraphsarg, in analogy to
Definition 3.39 in Part I and Definition 7.2 in Part II.

Definition 12.1 (graph constraint for AGraphsarg). An atomic graph
constraint for AGraphsarg is of the form PC(a), where a: P — C is a
morphism in AGraphsartg.

A graph constraint for AGraphsarg is a Boolean formula over atomic
graph constraints. This means that true and every atomic graph constraint
for AGraphsartag is a graph constraint for AGraphsarta, and given graph
constraints ¢ and c; for AGraphsatg with i € I for some index set I, —c,
Nie1€i, and Vicyc; are graph constraints for AGraphsarg:

P

a—(
P — q
\G/
A graph G in AGraphsarg satisfies a graph constraint ¢, written G = ¢, if

c = true;

¢ = PC(a) and, for every graph morphism p : P — G in M’, there exists
a graph morphism q : C — G in M’ such that qo a = p;

c=~c, and G does not satisfy c';

c = Nier¢;, and G satisfies all ¢; with i € I;

c=Vier¢;, and G satisfies some ¢; with i € I.

Two graph constraints ¢ and ¢ are equivalent, denoted by ¢ = ¢, if for all
graphs G, G |= ¢ if and only if G = .

The constraint —true is abbreviated as false.

Example 12.2 (graph constraint for AGraphsarc). We extend the
graphs based on the type graph AT'G in Example 8.9 by the following graph
constraints PC(ay) and PC(ag):

:Method
:Method %1 —®  mname=m
noO fPars=n
:Class as . :Class
cname=ptype
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A graph G satisfies the first graph constraint, if every graph node of type
Method has attributes of type mname and noO f Pars. Analogously, the sec-
ond graph constraint is fulfilled if each Class node has an attribute cname.

On the basis of the following graph constraint PC(a), we shall analyze the
effects of the various choices of the class M’. & represents the initial graph,
which means the graph that has the term algebra as its data part, but no
graph nodes or any kinds of edges. The graph C' looks strange at first sight
because of the double attribute mname, but remember that we allow multiple
attributes of the same type in the general theory. This means that we have
two node attribute edges of type mname in C, one connecting the Method
node to the data node m and one connecting it to the data node p. Note that
the data part of the morphism a is the inclusion of the term algebra Tpsrc
to the term algebra with variables Tpgra(X), which is the data part of C:

:Method
a—»  mname=m
C mname=p

In the following, we discuss four different choices of the class M’:

1. In the case where M’ = M/ is the class of all monomorphisms, the mor-
phism @ — G is in general not in M’, because the evaluation of terms is
not necessarily injective. This means that a graph G satisfies PC(a) if the
evaluation of the term algebra Thsre into the data part D of G is not
injective. If @ — G is injective, and there is also an injective morphism
q:Tpsic(X) — DY, then G satisfies PC(a) if there is a method with two
different names, i.e. two node attribute edges mname linking the same
method to different data nodes.

2. In the case M’ = M), a graph G satisfies the constraint PC(a) if G has
a method with two node attribute edges mname, which may link to the
same data node, because we allow non injectivity for the data part in M’.

3. If M’ is the class of all morphisms, G satisfies PC(a) if it contains a
method with a name, because both data nodes m and m’, as well as the
node attribute edges, may be mapped together.

4. In the case M’ = M, each graph G whose data part is not isomorphic to
the term algebra satisfies the graph constraint, because we do not find a
morphism @& — G € M. A graph G’ whose data type is isomorphic to the
term algebra does not satisfy PC(a), because @ — G’ is an M-morphism,
but we do not find a morphism ¢ : C — G’ € M since the data parts are
not isomorphic.

O

Remark 12.3. Similarly to Chapter 7, we can also consider negative atomic
constraints of the form NC(a), with a : P — C as above. G satisfies NC(a)
if, for every morphism p : P — G in M’, there does not exist a morphism
q:C — Gin M’ with goa = p.
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From Fact 7.5, we can conclude, in the case where M’ = MY} or where
M’ is the class of all morphisms, that negative atomic constraints do not give
more expressive power. In fact, we have NC(P % C) = -PC(@ — () for
the initial graph @ in AGraphsarg if a € M’, and NC(P % C) = true
otherwise.

Now we shall introduce application conditions for AGraphsaTg in anal-
ogy to Definition 3.50 in Part I and Definition 7.6 in Part II. In the following,
L can be seen as the left-hand side of a production and m : L — G as a
match. Similarily, L and m can be replaced by R and a comatchn: R — H.

Definition 12.4 (application condition for AGraphsarg). An atomic
application condition for AGraphsarg over a graph L in AGraphsarg is
of the form P(x,Verx;), where x: L — X and x;: X — C; with i € I (for
some index set I) are graph morphisms in AGraphsarg.

An application condition for AGraphsatg over L is a Boolean formula
over atomic application conditions for AGraphsarag over L. This means
that true and every atomic application condition for AGraphsartg is an
application condition for AGraphsara and, for application conditions acc
and acc; for AGraphsara with i € I, —acc, Njcrace;, and Vicracc; are
application conditions for AGraphsara:

z—»X

N
A

A graph morphism m : L — G in AGraphsarg satisfies an application
condition acc, written m = acc, if

acc = true;

acc = P(xz,Vierx;) and, for all graph morphisms p : X — G € M’ with
pox =m, there exist an i € I and a graph morphism ¢; : C; — G € M"’
such that q; o x; = p;

acc = —acc, and m does not satisfy acc’;

acc = Nieracc;, and m satisfies all acc; with i € I;

acc = Vierace;, and m satisfies some acc; with i € I.

Two application conditions acc and acc’ over a graph L in AGraphsartg
are equivalent, denoted by acc = acc, if for all graph morphisms m, m = acc
if and only if m = acc'.

The application condition —true is abbreviated as false.

An application condition A(p) = (Ar, Agr) for a production p = (L «
K — R) consists of a left application condition Ar, over L and a right appli-
cation condition Ar over R. A direct transformation G 22 H with a comatch
n satisfies an application condition A(p) = (AL, Agr) if m = Ap andn = Ag.
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A special kind of atomic application condition with an empty index set I
is the negative application condition NAC(z). In fact, this kind of negative
application condition is most important for modeling and metamodeling using
typed AGT systems, especially to show termination (see Section 12.3).

Definition 12.5 (negative application condition NAC for
AGraphsarc). A simple negative application condition NAC for
AGraphsarc is of the form NAC(z), where x : L — X is a morphism
in AGraphsarg. A (match) morphism m : L — G satisfies NAC(z) if there
does not exist a morphismp: X — G in M’ withpox = m:

L

z—m X
/

m:p'|
NS
G

Example 12.6 (negative application condition). We express negative
application conditions here for some of the productions in Example 9.6.

The following negative application condition for the production addClass
makes sure that we do not add a new class with the same name as an existing
one; here 1 € M, which means that the data part is preserved. Note that
this interpretation is only valid for the choice M’ = M), or where M’ is the
class of all morphisms.

addClass :

:Class o :Class
- @ @ @ @ @ |- — —t N
Xl cname=ptype L R cname=ptype

Analogously, the following negative application condition for the produc-
tion
addParameter guarantees that each method has at most one return param-
eter. In this case the morphism x5 : L — X5 is not an M-morphism, but
instead maps the data node p in L to the data node p, and maps k to return
in Xs. This means that if we apply this production to a graph G via a match
m and insert a parameter whose kind is not return, there is no morphism
q : X2 — G such that g o x9 = m. Otherwise, the existence of a parameter of
kind return prevents the production being applied.
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addParameter :
1:Method 1:Method
noO fPars=n noO fPars=n+1
:patam 1:Method :param
noO f Pars=n orderi=n+1
Y S
:Parameter -2 — — rarameter
T pname=p
cind=return Kind—=k
2:Class
:type
Y
L
2:Class 2:Class
X2 _— R -

O

Remark 12.7 (negative application condition). A negative atomic ap-
plication condition for AGraphsarg is of the form N(z,A;crx;), where
rz:L — X and x; : X — C; are morphisms in AGraphsaTtqg. Satisfaction
is defined as in Definition 7.8. According to Fact 7.9, negative application
conditions do not give more expressive power, because they are equivalent to
application conditions for AGraphsara:

NAC(z) = P(x,e) and N(z, Njerz;) = Nier NAC(z; 0 x)

where e is an expression with an empty index set and I' = {i € I | z; € M'}.

12.2 Equivalence of Constraints and Application
Conditions

In this section, we show two main results. The construction of (right) applica-
tion conditions from graph constraints, and the construction of left from right
application conditions for AGraphsata. The results are obtained as instan-
tiations of the corresponding results for adhesive HLR systems in Sections 7.2
and 7.3, respectively. In addition to the general assumptions for Section 12.1,
we have to satisfy the following general assumptions for Chapter 7:

1. AGraphsarg has binary coproducts (see Theorem 11.3 and Lemma
11.15).

2. AGraphsartg has a weak epi—-M’ factorization (see Definition A.15).

3. The additional class M’ must be closed under composition and decom-
position, and under pushouts and pullbacks along M-morphisms, and we
need the M—-M’ PO-PB decomposition property (see Definition 5.27) in
AGI'aphSATc;.
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This means that we cannot take M’ = M, because we have no epi-M
factorization for all morphisms f in AGraphsarg, but only such a factor-
ization for f with a surjective data type part. However, all the conditions
above are satisfied if we take M’ = M} or M’ = M, where M is the class
of injective morphisms in AGraphsarg and f € M) is injective for graph
nodes and all kinds of edges (see Example 9.22). In fact, we have an epi- M}
and a weak epi-My, factorization in AGraphsarg. The other properties for
M} and M/, are shown in Lemma 11.16.

According to the general assumptions for Section 7.2, we do not need the
M-M’" PO-PB decomposition property for Theorem 7.13, which corresponds
to Theorem 12.8 in our context. This means that Theorem 12.8 is also valid
for the class M’ of all morphisms in AGraphsarg. For simplicity, however,
we require M’ = M} or M’ = M), in the general assumptions for this section.

General Assumptions for Section 12.2

We consider the adhesive HLR category (AGraphsartg, M) with an addi-
tional class M’ = M} or M’ = M}, (see above) and a graph transformation
system GTS with a production p (see Definition 9.4). Graphs and graph mor-
phisms are again objects and morphisms in AGraphsarca.-

First, we construct, as an instantiation of Definition 7.11 for each atomic
constraint PC(a) with a : P — C' € M, an equivalent application condition.

Concerning the underlying ideas and the terminology, we refer to the in-
troduction to Section 7.2 in Part II.

Definition 12.8 (construction of application conditions from graph
constraints in AGraphsartg). For atomic graph constraints PC(a) with a
morphism a: P — C € M and a graph R in AGraphsarg, we define

Ace(PC(a)) = AsP(R> 8, Vie S “S'T)),

where P(R—Sng7 \/iGIStﬁt T;) is an atomic application condition over R in
AGraphsatc (see Definition 12.4), and I depends on S':

P

a—»C

R s— G t—=T ti —=Tj

o The conjunction Ag ranges over all “gluings” S of R and P, or, more
precisely, over all triples (S, s,p) with arbitrary s: R — S andp: P — S
in M’ such that the pair (s,p) is jointly surjective. For each such triple
(S, s,p) we construct the pushout (1) of p and a in AGraphsarg, leading

tot: S—T in Mandq: C —T.
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o Foreach S, the disjunction Ve ranges over all S tist T; with epimorphisms
t; such that t; ot and t;oq are in M'. For I = @, we have Acc(PC(a)) =
AsNAC(R 5 S).

The construction can be extended to Boolean formulas over atomic con-
straints in AGraphsarg: Acc(true) = true and, for constraints c,c; in
AGraphsarg with j € J, Acc(—c) = —Acc(c), Acc(Ajeses) = NjesAce(ey),
and Acc(Vjesc;) = ViesAcce(ey).

Note that the pushout (1) of p and a exists in AGraphsarcg, because we
have a € M. Now we are able to show the first main result as an instantiation
of Theorem 7.13.

Theorem 12.9 (construction of application conditions from graph
constraints in AGraphsarg). For every graph constraint c for
AGraphsarg, where ¢ is built up from atomic constraints PC(a) with
a € M, and every graph R and morphism n: R — H, we have

n = Acc(c) & H Ec.

Proof. This follows directly from Theorem 7.13 and the general assumptions
for this section. O

Example 12.10 (construction of application conditions from graph
constraints in AGraphsatg). We follow the construction of application
conditions from constraints for the production addParameter and the graph
constraint ~PC(a : P — ('), which forbids a method to have two parameters
of kind return:

1:Method :param 2:Parameter
kind=return

1:Method a » wparam
P C 3:Parameter

kind=return

First we have to compute all gluings S of R and P with morphisms s :
R— Sandp: P — S e M such that s and p are jointly surjective, where R
is the right-hand side of the production addParameter. For the graph part,
this means that there are only two possible gluings: both M ethod nodes can
be mapped together or not. This leads to the graph gluings S7 in Fig. 12.1,
and S (not shown). On the data part, the gluing depends on the choice of
M'’. The data parts of R and P are the same, namely the term algebra with
variables Tpsra(X). In the case where M’ = M, this means that we can
glue together two copies of Tpsra(X) as long as p is injective. For M’ = M},
an arbitrary gluing is allowed. For simplicity, we have shown only the graph
part, but one should keep in mind that each graph represents all possible
gluings of the data part.
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Now we construct the pushout over a and p1, and obtain the epimorphisms

t11, t12, and t13, which fulfill the required properties on the graph part. This
leads to one component acc; = P(R > S1,Vi=1,.5 S1 frigt T1;) of the con-

junction Ag, which is shown in part in Fig. 12.1. The remaining objects T14
and T35 are similar to 119 and Ti3 but the Parameter node 6 has two at-
tributes of type kind, one with the value k and one with the value return.

An analogous construction for the second gluing S leads to an applica-
tion condition acca = P(R N S2,Vi=1,.. 552 taigt T5;) that consists of five
disjunctions; we shall not analyze it explicitly. Since the original constraint
was a negation, the resulting right application condition is also negated and
we have Acc(-PC(a: P — C)) = =(acer A aces).

If we choose M’ = M/, t; ot and t; o ¢ have to be monomorphisms, i.e.
injective. This is only the case if S, T', and T; have the same data part, which
is preserved by the morphisms. Therefore, in the first construction the objects
Ty5 and Ty3 do not fulfill the required properties, because the variable k and
the value return are mapped together. For M’ = M}, the data parts of these
morphisms may be arbitrary, and therefore there are also different choices of
the data part for each T; in addition to those for S.

O

As the second main result, we show that for each right application condi-
tion we can construct an equivalent left application condition in AGraphsara
(see Definition 7.16 and Theorem 7.17 for the general framework).

Definition 12.11 (construction of left from right application condi-
tion in AGraphsarg). For each right atomic application condition acc =

P(R% X, Vier X 2.Cy) of a production p = (L — K — R), let
L,(acc) = P(LLY, Vier Y & D;) with I' C I or Ly(acc) = true,

where y,y; and I' are constructed as follows:

K

L1

r—»R

o If the pair (K 5 R, R X) has a pushout complement in AGraphsarg,
define y: L — Y by the two pushouts (1) and (2); otherwise, Ly(acc) =
true.
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o [or eachi € I, if the pair (ZT—*>X7X s C;) has a pushout complement in
AGraphsarg, theni € I', and y;: Y — D; is defined by the two pushouts
(8) and (4); otherwise, i ¢ I'.

Since pushout complements of M-morphisms (if they exist) are unique
up to isomorphism (see Theorem 4.26), the construction of a left application
condition is also unique up to isomorphism.

The transformation can be extended to arbitrary right application con-
ditions as follows: L,(true) = true,L,(—-acc) = —Ly(acc), Lp(Aseracc;) =
NierLp(ace;), and Ly(Vierace;) = VierLp(ace;).

Theorem 12.12 (construction of left from right application condi-
tions in AGraphsarg). For every production p of a typed attributed graph
transformation system and for every right application condition acc for p in
AGraphsara, Ly(ace) as defined in Definition 12.11 is a left application
condition for p in AGraphsarg, with the property that, for all direct trans-
formations G 22 H with a comatch n,

m = Lp(acc) <= n [ acc.

Proof. This follows directly from Theorem 7.17 and the general assumptions
for this section. a

Example 12.13 (construction of left from right application condi-

tions in AGraphsarg). Here, we construct a left application condition

from the right application condition that we constructed in Example 12.10.
The first part of the conjunction Ag is the application condition P(R N

ty1;0t

S1,Viz1,.5 S1 — Ti;). The graph parts of R and S; are equal, and since
the data parts of K and R are equal too, the pushout complement Z exists.
Z consists of the graph part of K and the data part of S. Similarly, we can
now construct the pushout object Y, which has the same data part, but its
graph part is equal to L.

Now we have to analyze the disjunction V;—; 5. For Th4 and Ti5 there
does not exist the pushout complement (3), because in T4 and T15 we add
a node attribute edge of type kind to the Parameter node 6 in S; which is
not in the interface Z. For Tis and T3, the results are isomorphic and are
shown in the following diagram, where we depict only the pushouts (3) and
(4). Note that in the data parts of t12, 212, and y12 the variable k is mapped
to the value return:
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4:Method
noO fPars=n+1
4:Method 4:Method :param
noO f Pars=n ordeqr:n+1
6:Parameter
- 1* - >
Y A Sl pname=p
kind=k
5:Class 5:Class ‘type
Y
5:Class
t1g0t
Y12 (4) z12 (3)

3:Parameter

kind=return

3:Parameter 3:Parameter :pafam
kind=return kind=return
A i 4:Method
:param :param
noO fPars=n+1
4:Method || 4:Method - patam
noOfPars=n || Diq Z12 Tio orderf=n+1
6:Parameter
pname=p
kind=return
5:Class 5:Class ‘type
Y
5:Class

The analogous result for 771 is shown in the following, where the data
parts of Dy1, Z11, and T11 are the same, and we show only the bottom line of

the pushouts (3) and (4):
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3:Parameter 3:Parameter 2:Parameter 3:Parameter
kind=return kind=return kind=return kind=return
1 1 g\ _
:partam :partam :param :pardam
4:Method 4: Method 4:Method
noO fPars=n noO fPars=n+1
. . Tll :param
:param - :param -
W Dll v le o'rdeﬂFn«l»l
2:Parameter 2:Parameter G:Parameter
7]@' 4 7]{ p pname=p
wnd=return ind=return kind—k
:type
Y
5:Class 5:Class 5:Class

For the second part of the conjunction, concerning the gluing So, we have
a very similar construction. Since the original right application condition is
negated, we also have to negate the resulting left application condition.

Note that the part of the application condition constructed from 175 is very
similar to the one that we presented in Example 12.6 for the same problem: it
prohibits the addition of a second return parameter. The other parts of the
left application condition L,(—(acer A acez)) only make sure that the graph
G does not already contain a method that violates this constraint. a

Remark 12.14 (guaranteeing and preservation of constraints). Sim-
ilarly to the general theory in Chapter 7, we can define the guaranteeing
and preservation of constraints (see Definition 7.22) and show that for every
constraint ¢ in AGraphsarg (built up from atomic constraints PC(a) with
a € M) and every production p, there are left application conditions A(c) and
A’(c) for p in AGraphsarg such that the extended production (p, A(c)) is
c-guaranteeing and (p, A’(¢)) is c-preserving (see Theorem 7.23).

12.3 Termination Criteria for Layered Typed Attributed
Graph Grammars

In this section, we introduce and prove termination criteria for typed AGT
systems, as presented in [EEAL'05]; these criteria were introduced for the
graph case in Section 3.4. For proving termination, the productions are dis-
tributed among different layers, and the productions in one layer are applied
for as long as possible before going on to the next layer. The termination
criteria for deletion layers are not specific to the algebraic approach. They are
also applicable to all other kinds of graph grammars based on typed graphs.
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However, the termination of layers consisting only of non deleting productions
relies on negative application conditions, as presented in Definition 12.5.
We have the following general assumptions for this section.

General Assumptions for Section 12.3

We consider typed attributed graph grammars based on the adhesive HLR
category (AGraphsarg, M). In addition to the class M (see Definition
8.10), we consider a class M’ of morphisms which includes M, i.e. M C M/,
and is closed under composition and pushouts along M-morphisms. This is
required for all nondeleting layers, i.e. productions in these layers are non-
deleting and can hence be represented by a morphism r : L — R € M. In
these layers, productions have negative application conditions (NACs) and we
allow only transformations where all match morphisms m : L — G are in M’.
The assumptions about M’ are valid in particular for M’ = M, M’ = M,
or M' = MY as considered in Example 9.22. For the deleting layers, i.e.
where productions in these layers delete at least one item, we have no restric-
tions concerning productions and matches. In fact, we could use any kind of
graph transformation or high-level replacement system where at least one of
the items in the left- and right-hand sides of the productions is typed by a
set of types TY PE in the traditional way or by a subset of types for typed
attributed graphs.

First, we define layered graph grammars with deletion and nondeletion layers
in analogy to the graph case considered in Theorem 3.37. Informally, the
deletion layer conditions express the condition that the last creation of a node
with a certain type should precede the first deletion of a node with the same
type. On the other hand, the nondeletion layer conditions ensure that if an
element of type t occurs in the left-hand side (LHS) of a production then all
elements of the same type have already been created in previous layers.

Definition 12.15 (layered typed attributed graph grammar). A typed
attributed graph grammar GG = (DSIG, ATG, P, Gy) with an attributed type
graph ATG, a set of productions P, and a start graph Gg is called a layered
typed attributed graph grammar if:

1. P is layered, i.e. for each p € P there is a production layer pl(p) with
0 < pl(p) < ko (pl(p), ko € N), where ko + 1 is the number of layers in
GG, and each production p € P has a set NAC, of negative application
conditions NAC(n : L — N) (see Definition 12.5), or n € NAC, for
short.

2. The type set TY PE of GG is given by the graph nodes, graph edges, node
attributes, and edge attributes of the type graph ATG = (TG, Z), i.e. all
items of TG except the data nodes, where Z is the final DSIG-algebra.
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3. GG is finitary, i.e. Go and all graphs G derivable in layer k with produc-
tions P, = {p € P | pl(p) = k} for 0 < k < kg are finitary, which means
that card{z € G | type(x) € TY PE} is finite, and for each nondeletion
layer k and p € Py, with left-hand side L, there is only a finite number of
matches m : L — G with m = NAC,.

4. For each type t € TYPE, there is a creation layer cl(t) € N, and a
deletion layer di(t) € N, and each production layer k is either a deletion
layer or a nondeletion layer, satisfying the following conditions for all
pE Py:

If k is a deletion layer: If k is a nondeletion layer:
deletion layer conditions nondeletion layer conditions

1. p deletes at least one item x 1. p is nondeleting, i.e. K = L

with type(z) € TYPE such that p is given
2.0 < cl(t) < di(t) < ko by r:L — Re M

forallt € TYPE 2.phasn e NAC, withn: L — N
3. p deletes t = di(t) < pl(p) and thereisann’: N - Re M’
4. p creates t = cl(t) > pl(p) withn’on=r

3. x € L with type(x) € TYPE

= cl(type(z)) < pl(p)
4. p creates ¢t = cl(t) > pl(p)

Remark 12.16.

1. Note that in the layer conditions above, the notation “p deletes (or creates)
t” means that for productions p = (L «— K — R, NAC)) there is an item
xz in L (or  in R, respectively) with type(x) = t € TYPE, which is
deleted (or created) by p. In addition, € L means that x is an item of
L with type(x) € TY PE, i.e. a graph node, graph edge, node attribute,
or edge attribute.

2. The deletion layer conditions 2—4 imply that a type t € TY PE cannot
be created by some production p and deleted by some p’ in the same
layer k, because this would imply cl(t) > pl(p) = k = pl(p’) > di(t), in
contradiction to cl(t) < di(t).

3. If GG is finite, i.e. DSIG, ATG, P, each p € P, and Gy are finite, then
GG is finitary. In general, however, the term algebra Tps;a(X) of the
productions and the algebra A of Gy will not be finite. In this case we
have to restrict the number of matches m : L — G with n = NAC, to
being finite in order to achieve termination. If X and the algebra A are
finite, or at least all domains Ay are finite for all s € S with X # &, then
we have only a finite number of homomorphisms h : Tpsra(X) — A.
If in addition all graph nodes, graph edges, node attributes, and edge
attributes of Gy and all graphs within the productions are finite, then GG
is finitary. An example which violates the condition of being finitary, and
is in fact a non-terminating GG, is given below; however, it satisfies the
nondeletion layer conditions above.
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Example 12.17 (non-terminating typed attributed graph grammar).
We consider a graph grammar GG = (DSIG, ATG, P,Gy), where

DSIG = NAT (see Example B.3);
ATG = (TG, Z) with VFY = {v}, ELY = @, ETG = {a}, and EL§ = o;
P = {p}, attributed over Tpsr(X) and the variables X = {x}, where p
is the nondeleting production p = (L -+ R, NAC, = {n: L — N}) shown
in Fig. 12.2, with a data-type-preserving morphism n;

e Gop=(G,NAT), where G counsists of one graph node only.

Note that L contains terms with variables as data nodes; however, in general,
we only show explicitly those nodes which are the target of a node or edge
attribute edge. As an exception, we have shown the data node with the vari-
able  (by a dashed circle) in L in Fig. 12.2, to make it clear that this node
is not only in N and R, but also in L.

O © O

n r a\L

pr A | —— ]
©) (x ©)
N R

L

Fig. 12.2. Counterexample production

We then have the infinite transformation sequence shown in Fig. 12.3,
where the match my, in step k for (k > 0) is given by my(x) = k € IN.

© (p.my) O (p.m,) 2 2 a
p.m, a b,m, a \a (p.m,) a N
Q% 0O \@ @

Fig. 12.3. Counterexample transformation sequence

Note that GG is almost a layered graph transformation system in the sense
of Definition 12.15 (ko = 0,pl(p) = 0,TYPE = {v,a},cl(v) = 0,dl(v) =
0,cl(a) = 1,dl(a) = 0), but it is not finitary and is non-terminating, owing to
an infinite number of matches m : L — Gy. a

The assignment of the creation and deletion layers for the typest € TY PE
is not fixed in Definition 12.15 above, but in several applications the following
automatic assignment is useful; it leads to the reduced layer conditions in
Lemma 12.19, which are sufficient to show termination.
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Definition 12.18 (layer assignments). Given a layered typed attributed
graph grammar GG with a start graph Gy and start types Ty C TYPE,
i.e. each typed item x in Go has type(x) € Ty, then we can define for each
t € TY PE the creation and deletion layers as follows:

c(t) = if t € To then 0 else max{pl(p) | p creates t} + 1,
dl(t) = ift is deleted by some p then min{pl(p)|p deletest} else ko+1.

Lemma 12.19 (reduced conditions for layer assignment). Consider a
layered typed attributed graph grammar GG with the layer assignment of Def-
inition 12.18 such that the following general layer conditions are satisfied:

1. p creates t = t ¢ Tp.
2.0<cl(t) <dl(t) <ko+1 forallt e TYPE.

The following reduced deletion and nondeletion layer conditions then imply
the deletion and nondeletion layer conditions given in Definition 12.15:

Reduced deletion layer conditions Reduced nondeletion layer conditions

1. p deletes at least 1. p is nondeleting with
one item x with r:L—-ReM
type(x) € TY PE 2. phas NAC n: L — N with

n:N—-ReM andn'on=r
3. x € L with type(x) € TYPE
= cl(type()) < pl(p)

Proof. Tt remains to show the deletion layer conditions 3 and 4 and the non-
deletion layer condition 4.
Deletion layer condition 3: p deletes t = dI(t) < pl(p), by the definition of

di(t).
Deletion and nondeletion layer conditions 4: p creates t = cl(t) > pl(p),
by the definition of ¢l(t). O

Remark 12.20. Note that, in order to show termination, in addition to en-
suring that the reduced layer conditions are satisfied, we also have to make
sure that GG is finitary. This means that, in particular, for each p € Py for a
nondeletion layer k, there is only a finite number of matches m : L — G (see
Definition 12.15, item 3).

The termination of a layered graph grammar expresses the condition that
no infinite derivation sequences exist starting from the start graph if produc-
tions are applied within layers as long as possible.

Definition 12.21 (termination of layered typed attributed graph
grammars). A layered typed attributed graph grammar as given in Defini-
tion 12.15 terminates if there is no infinite transformation sequence from Gg
via P, where, starting with the layer k = 0, productions p € Py are applied
for as long as possible before going on to the layer k+ 1 < kg.
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The termination of layered graph grammars will be shown separately for
the deletion and the nondeletion layers.

Lemma 12.22 (termination of layered typed attributed graph gram-
mars with deletion). Every layered typed attributed graph grammar that
contains only deletion layers terminates.

Proof.
Step 0. Let ¢g = card{z € G¢ | di(type(z)) = 0}. ¢o is finite because GG is
finitary.

By the deletion layer conditions 1 and 3, the application of a production p
to Go with pl(p) = 0 deletes at least one item x € Gy with type ¢t = type(x) €
TY PE and di(t) = 0.

Moreover, by the deletion layer condition 4, each of the productions p
can create only items x with type(xz) = t, where cl(t) > 0. This means, by
using the deletion layer condition 2, that only items x with type(z) = ¢ and
dl(t) > cl(t) > 0 can be created. Hence at most ¢y applications of productions
p € P, are possible in layer 0, leading to Gy = G1 via P,.

Step k. Given a graph Gy, as the result of step (k—1) for 1 < k < ko, we
define ¢ = card{z € Gy, | dl(type(z)) < k}. Note that ¢ is finitary because
GG is finitary.

Using now a production p with pl(p) = k, each p € Py deletes at least
one item = € Gy, with di(type(z)) < k by the deletion layer conditions 1 and
3, and creates at most items z with cl(type(z)) > k by the deletion layer
condition 4, which implies di(type(z)) > cl(type(x)) > k by the deletion layer
condition 2. Hence at most ¢; applications of productions p € Pj are possible
in layer k, leading to Gy = Gp41 via Py.

ko

After step n, we have at most ¢ = Y ¢ applications of productions p € P,
k=0

leading to G = Gy+1, which implies termination. ad

Before proving termination for nondeletion layers, we need to define the
notion of an essential match. Informally, an essential match mg of a match
my : L — Hy for a transformation Gy = H, with Go C Hq, means that my
can be restricted to mg : L — Gy.

Definition 12.23 (tracking morphism and essential match). Given a
nondeleting layered typed attributed graph grammar with matches m € M’,
nondeleting production p given by a morphism r : L — R € M and a match
m:L— G e M lead to a direct transformation G 2= H via (p,m), defined
by the pushout (1) of r and m, where d : G — H s called the tracking

p,m

morphism of G = H:
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L r— R L
) (1) ! i
' 7 P

G d—» Go dy—» M,

Since we have r € M and m € M, our general assumptions imply for the
pushout (1) that d € M and m* € M’, also.

Given a transformation Gy = Hy, i.e. a sequence of direct transformations
with an induced tracking morphism dy : Go — H1 € M, a matchmy : L — Hy
of L in Hy has an essential match mg : L — Gqo of L in Gy if we have
d1 o mg = mq. Note that there is at most one essential match mg for mq,
because di € M is injective.

The following lemma states that productions can be applied at most once
with the same essential match.

Lemma 12.24 (essential match). In every transformation starting from
Go of a nondeleting layered typed attributed graph grammar with matches
m € M’, each production p € Py with r : L — R can be applied at most once
with the same essential match mg : L — Go and where mg = NAC.

Proof. Assume that in Gy = H, the production p has already been applied
with the same essential match mg. This means that we can decompose G =
H, into Gy = G = H = H; with the pushout (1) and injective morphisms
Go 5, Gi Hﬂ H; in M satisfying diy = hy od o g and d; o mg = my, as
shown in the following diagram:

e

L—r—=R L—r—=R
=g (1) ! I
7 Y 1 T

d— [
\d
In order to prove the lemma, it is sufficient to show that my : L — H;
does not satisfy the NAC of p, i.e. my =2 NAC, where the NAC is given by a
morphism n : L — N € M’ with n’ : N — R € M’ satisfying n’ on = r by
the nondeletion layer condition 2.
In fact, we are able to construct a morphism ¢; : N — H; € M’ with
g1 0n = mq, as follows. Let ¢ = hi om* on’. Then ¢; € M’, because M’
is closed under composition, n’,m* € M’, and h; € M C M’ by our general
assumptions; m* € M’ follows from the match m € M’ and M’ is closed
under pushouts along M-morphisms. Moreover, we have

GO hi— H|=--a1----- N

1

gion = hiom*on’on = hyom*or = hjodom = hyodogomg = dyomg = my

a
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Lemma 12.25 (termination of nondeleting layered typed attributed
graph grammars). Every layered typed attributed graph grammar GG that
contains only nondeleting layers and matches m € M’ terminates.

Proof.
Step 0. Given the start graph G, we count for each p € Py with r : L — R
and NAC the number of possible matches m : L — Gy with m = NAC:

cg = card{mg | mg : L — Gp match with mo = NAC}.

Note that cg is finite, because GG is finitary.

The application of a production p € Py creates, by the nondeletion layer
condition 4, only new items x with cl(type(x)) > pl(p) = 0, while each item
x € L with type(z) € TY PE for any production p € Py has cl(type(x)) <
pl(p) = 0, by the nondeletion layer condition 3. This means that for each
transformation Go = H; via Py with matches m € M’ and morphism d; :
Gy — H; € M, induced from Gy = H; by the nondeletion layer condition
1, each match my : L — H; of a p € Py must have an essential match
mo : L—>G0 with d1 omop = mj.

From Lemma 12.24, we conclude that in step 0 we have at most

_E: 0
Co = Cp

pEP

applications of productions p € Py leading to Gy = G, via Py, where cg is
the number of different matches of p in G as defined above.

Step k. Given a graph G, as the result of step (k—1) for 1 < k < ko, we
define, for each p € P, with r: L — R and NAC,

c® = card{my, | my : L — Gy match with m = NAC?}.

Note that ¥ is finite, because GG is finitary.

Similarly to step 0, each p € Py, creates only new items x with cl(type(z)) >
pl(p) = k, while each item z € L with type(x) € TY PE has cl(type(x)) <
pl(p) = k. Now we can apply Lemma 12.24 for Gy, P, and my, instead of
Go, Py, and mg and can conclude that we have at most ¢, = Y. cF applica-

pE Py
tions of productions leading to Gj, = Gi41 via Py.
ko
After step n, we have at most ¢ = > ¢, applications of productions p € P
k=0
leading to G = Gy+1, which implies termination. O

Combining Lemmas 12.22 and 12.25, we obtain the termination of layered
typed attributed graph grammars, which generalizes Theorem 3.37 for the
case of typed graph grammars.

Theorem 12.26 (termination of layered typed attributed graph
grammars). Every layered typed attributed graph grammar with matches
m € M’ terminates.
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Proof. Starting with & = 0 we can apply the deletion layer conditions for
each deletion layer (see Lemma 12.22) and the nondeletion layer conditions
for each nondeletion layer (see Lemma 12.25), leading to termination in each
layer 0 < k < ko and hence to termination of the layered typed attributed
graph grammar. a

For a detailed example for the termination of a layered typed attributed
graph transformation system we refer to the termination analysis of the model
transformation from statecharts to Petri nets in Subsection 14.2.4. Although
the model transformation is a graph transformation system it can be consid-
ered as a family of grammars, where each statechart is the start graph of a
corresponding grammar.
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Typed Attributed Graph Transformation with
Inheritance

The concepts of typed attributed graph transformation developed in Chap-
ters 8 and 9 are most significant for modeling and metamodeling in software
engineering. However, up to now we have not considered the concept of in-
heritance, which is especially important for the object-oriented approach to
metamodeling. It can be combined with graph transformation, as shown in
[BEd*03, BEALT04]. In this chapter, we combine both concepts, leading to
attributed type graphs with inheritance (ATGIs).

The visual alphabet of a visual language corresponds roughly to the type
graph of a graph grammar. While constraints describe additional require-
ments on this alphabet, productions formulate a constructive procedure. In the
object-oriented approach, classes can be inherited, meaning that their fields
and their associations are also present in all their descendants. In the approach
of graph transformation, on the other hand, an additional type graph is used
to ensure a certain kind of type safety on nodes and edges. Supporting node
type inheritance in addition leads to a denser form of graph transformation
system, since similar productions can be abstracted into one production. In
[BEALT04], this was shown for typed graph transformation, and in [EEPTO05]
this approach was extended to typed attributed graph transformation (typed
AGT, for short). A solid formal framework for typed AGT with attributes
for nodes and edges has been presented in Chapters 8 and 9. In this chapter,
we show how to extend this approach to a formal integration of node type
inheritance with typed AGT. For this purpose, we introduce AGT based on
attributed type graphs with inheritance and show how this can be flattened
to typed AGT without inheritance.

In this chapter, we focus on the formal framework concerning typed AGT
with inheritance. The main results show that, for each graph transformation
and grammar GG based on an attributed type graph with inheritance ATGI,
there is an equivalent typed attributed graph transformation and grammar
GG without inheritance. Hence there is a direct correspondence to typed
attributed graph transformation without inheritance, for which some funda-
mental theory has already been presented in Chapters 9-12.
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In Section 13.1, we introduce attributed type graphs with inheritance, and
define ATGI-clan morphisms in Section 13.2. Abstract and concrete graph
transformations as well as typed attributed graph transformation with inheri-
tance are presented in Section 13.3. Finally, we show in Section 13.4 the main
results concerning the equivalence of transformations and attributed graph
grammars with and without inheritance.

13.1 Attributed Type Graphs with Inheritance

The concepts of node type inheritance [BEALT04] and typed attributed graph
transformation [EPT04, HKT02] are most significant for modeling and meta-
modeling in software engineering and have been combined in [EEPTO05].

In this section, we start by combining the two concepts, which results
in a general concept of attributed type graphs with inheritance and a close
relationship between typing with and without inheritance.

For clarity in this construction, we repeat the description of the signature
of an E-graph and the definition of an attributed graph, both presented in
Chapter 8.

Let G be an E-graph G = (Gv.,Gv,,Gge,GEy s GEga, ((sS0urce;),
(target;))ic{a,na,E4}), Where G refers to the graph parts, N A to node attri-
bution, and FA to edge attribution, according to the following signature:

sourceg

— D
EG VG
\targetg —
sourcep A sourcen A
Epa - /ENA
targetp A target Ny A
Vb

An attributed graph AG over a data signature DSIG = (Sp, OPp) with
attribute value sorts ST, C Sp is given by AG = (G, D), where G is an E-graph
as described above and D is a DSIG-algebra such that UseS’D D, =Gy,.

An attributed type graph with inheritance is an attributed type graph in
the sense of Definition 8.7, with a distinguished set of abstract nodes and
inheritance relations between the nodes. The inheritance clan of a node rep-
resents all its subnodes.

Definition 13.1 (attributed type graph with inheritance). An
attributed type graph with inheritance ATGI = (T'G,Z,1, A) consists of an
attributed type graph ATG = (T'G,Z) (see Definition 8.7), where TG is an
E-graph

TG = (TGvs, TGy, TGEe, TGEy A, TGER 4, (source;, target;)icia.Na,pA})
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with TGy, = S, and final DSIG-algebra Z; an inheritance graph I =
(Iv,Ig,s,t) with Iy = TGy, ; and a set A C Iy, called the abstract nodes.
For each node n € Iy, the inheritance clan is defined by

clany(n) = {n’ € Iy | I path n' = nin I} C Iy with n € clans(n).

The inheritance graph I could be defined to be acyclic, but this is not
necessary for our theory.

Remark 13.2. z € clan;(y) implies clani(z) C clani(y).

Example 13.3 (attributed type graph with inheritance). The running
example that will be used in this chapter is a very small section of a notational
model for diagrams. We start with the presentation of an attributed type
graph with inheritance. In Fig. 13.1 we show the compact notation and in
Fig. 13.2 the explicit notation for an example of an attributed type graph with
inheritance. The dashed and solid arrows represent the edges of the attributed
graph, and the solid arrows with open heads belong to the inheritance graph.
A Screen with a resolution (width, height) has geometrical Figures, which
have a position and a visibility (z, y, visible). The Figures are abstract, i.e.
before they can be used it has to be specified which kind of figure is to be
used. Therefore there is an inheritance relation to the concrete figures Circle,
Rectangle, and Line. A Clircle has the additional attribute radius, a Rectangle
the additional attributes width and height, and a Line has the end points
(endz, endy) as additional attributes. The edge attribute id : Nat is added to
demonstrate the behavior of edge attributes in attributed type graphs with

inheritance. O
has {abstract}
id: Nat .
Screen Figure
width: Nat x: Nat
height: Nat y: Nat
visible: Bool
Circle Rectangle Line
radius: Nat width: Nat endx: Nat
height: Nat endy: Nat

Fig. 13.1. Example of an attributed type graph with inheritance (compact nota-
tion).

In order to benefit from the well-founded theory of typed attributed graph
transformation (see Chapters 8-12), we flatten attributed type graphs with
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{abstract}

has K visible
Screen - Figure [~~~ °° Bool

height /  id
/ w1/dth // X
// // // ’

Circle

Rectangle

Line

Fig. 13.2. Example of an attributed type graph with inheritance (explicit notation).

inheritance to ordinary attributed type graphs. We define the closure of an
attributed type graph with inheritance, leading to an (explicit) attributed
type graph, which allows us to define instances of attributed type graphs with
inheritance.

Definition 13.4 (closure of attributed type graphs with inheritance).
Given an attributed type graph with inheritance ATGI = (TG, Z, I, A) with
ATG = (TG, Z) as above, the abstract closure of ATGI is the attributed
type graph ATG = (TG, Z), where TG = (TGv,, TGv,, TGg.,TGEy .,
TGEy.,, (source;, targeti)ie{G,NAEA}), Here,

TGg, = {(n1,e,n2) | n1 € clani(sourcei(e)),ne € clany(targeti(e)),e €
TGEG};

sourcer((ni,e,n92)) =n1 € TGy;

targeti((n1,e,n2)) = na € TGyy;

TGey, = {(n1,e,n2) | n1 € clang(sourcez(e)),ny = targets(e),e €
TGENA}"

sources((n1,e,n2)) =ny € TGy,;

targeta((ny,e,nz)) = ng € TGy,

TGgr, = {((n11,e1,n12),e,n2) | e1 = sources(e) € TGg,,n11 €
clany(sourcey(e1)), n12 € clany(targeti(e1)),no = targets(e) € TGy, ,e €
TGEEA};

sourcez((ni1, e1,n12),€,n2) = (11, €1,n12);
targets((ni1, e1,m12), €, m2) = na.

The attributed type graph ATG = (1/“5, Z), where TG = TG|TGVG\A C TG,
is called the concrete closure of ATGI, because all abstract nodes are removed:

TG = TG|TGVG \A is the restriction of TG to TGy, \ A, given by

TGvo = TGy, \ A, TGy, = TGy,
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° rf/c;/?\c:{(nl,@ TZQ)ETGEG | Tll,’I’LQGTGVG\A}
° TGENA = {(nl,e ng) S TGENA | ny € TGVG \A}
° TGEEA ={(n1,e,n2) € TGg,, | n1 € TGEG}

source; and t@i are restrictions of source; and target;, respectively, for
1€ {G,NA EA}.

The distinction between the abstract and the concrete closure of a type
graph is necessary. The left-hand side and the right-hand side of the abstract
productions considered in Section 13.3 are typed over the abstract closure,
while the ordinary host graphs and concrete productions are typed over the
concrete closure.

Remark 13.5.

1. We have TG C TG with TGy, for i € {G,D} and TGg, C TGp, if
we identify e € TGg, with (source;(e), e, target;(e)) € TGg, for i €
{G,NA,EA}. Owing to the existence of the canonical inclusion TG C
TG, all graphs typed over T'G are also typed over TG.

2. Note that there are no inheritance relations in the abstract and concrete
closures of an AT'GI, and hence no inheritance relations in the instance
graphs defined below.

Instances of attributed type graphs with inheritance are attributed graphs.
Here again, we can notice a direct correspondence to metamodeling, where
models consisting of symbols and relations are instances of metamodels con-
taining the correspondent classes and associations.

Now we are able to define instances of attributed type graphs with inher-
itance using the closure defined above, i.e. typing morphisms type : AG —
ATG. In the next section, we show that such typing morphisms are equivalent
to a new concept called clan-morphisms.

Definition 13.6 (instance of ATGI). An abstract instance of an ATGI is
an attributed graph typed over ATG, i.e. (AG,type : AG — ATG).

Similarly, a concrete instance of an ATGI is an instance of an attributed
graph typed over m, i.e. (AG,type : AG — m)

Example 13.7 (abstract and concrete closures of an ATGI). Fig. 13.3
shows the compact notation for the abstract and concrete closures of the ATGI
example shown in Fig. 13.1, which follows from the explicit notation in Fig.
13.4. The node N AT is depicted twice for clarity.

Fig. 13.4 shows the explicit notation for the abstract closures of the ATGI
example shown in Fig. 13.2, which can be calculated from Definition 13.4 as
follows:

e clan(Figure) = {Figure, Circle, Rectangle, Line},
e clan(X) = {X}, for X = Circle, Rectangle, Line, Screen,
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| I
| |
! {abstract} |
lid: Nat . |
Screen Figure . 1
- i only in abstract !
width: Nat | x: Nat ! |
height: Nat ! y: Nat closure |
! visible: Bool |
| I
| I
has has
id: Nat id: Nat
Circle Rectangle Line
radius: Nat width: Nat endx: Nat
x: Nat height: Nat endy: Nat
y: Nat x: Nat x: Nat
isible: Bool y: Nat y: Nat
visible: Boo visible: Bool visible: Bool

Fig. 13.3. Abstract and concrete closures of the ATGI example shown in Fig. 13.1
(compact notation)

only in abstract closure
{abstract}

R

visible .-~ 7,

. visible , visible
;

7

1 Rectangle

Line

Fig. 13.4. Abstract and concrete closures of the ATGI example shown in Fig. 13.2
(explicit notation)

TGy, = TGy, (i € {G,D}),
TGg, = {has} implies TGr, = {(Screen, has, Figure), (Screen, has,
Circle), (Screen, has, Rectangle), (Screen, has, Line)},

o TGg,, = {visible, heighty,widthy,z,y,radius, widths, heights, endz,
endy};
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where the indices of height and width corresponding to different edges are
dropped in the following. This implies

TGEy . = {(Figure,visible, Bool), (Circle, visible, Bool),

(Rectangle, visible, Bool), (Line, visible, Bool), (Screen, height, Nat),
(Screen, width, Nat), (Figure, z, Nat), (Circle, z, Nat),

(Rectangle, z, Nat), (Line, x, Nat), (Figure,y, Nat),

(Circle,y, Nat), (Rectangle, y, Nat), (Line, y, Nat),

(Circle,radius, Nat), (Rectangle, width, Nat), (Rectangle, height, Nat),
(Line, endz, Nat), (Line, endy, Nat)}.

TGg,, = {id} implies

TGgy, = {((Screen, has, Figure),id, Nat), ((Screen, has, Circle),id, Nat),
((Screen, has, Rectangle),id, Nat), ((Screen, has, Line), id, Nat)}.

The explicit notation for the concrete closure, according to Definition 13.4,
is given by:

. T/GVG = TGy, \ {Figure},

L] T/G-vl:J = TGVD = TGVD,

. T/G\EG =TGEg, \ {(Screen, has, Figure)},

. TE};A = TGy, \ {{(Figure,visible, Bool), (Figure, x, Nat),
(Figure,y, Nat)},

. T@A =TGg,, \ {((Screen, has, Figure),id, Nat)};

which leads to the compact notation for the concrete closure shown in Fig.
13.3. ad

13.2 Attributed Clan Morphisms

For the formal definition of the instance—type relation, we introduce attributed
clan morphisms. The choice of triples for the edges of a type graph’s closure
described in the previous section allows one to express a typing property with
respect to the type graph with inheritance. The instance graph can be typed
over the type graph with inheritance (for convenience) by means of a pair of
functions, one assigning a node type to each node and the other one assigning
an edge type to each edge. Both are defined canonically. A graph morphism
is not obtained in this way, but a similar mapping, called a clan morphism,
uniquely characterizing the type morphism into the flattened type graph, is
obtained.

We introduce ATGI-clan morphisms in this section. An ATGI-clan mor-
phism type : AG — ATGI, where ATGI is an attributed type graph with
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inheritance, corresponds uniquely to a normal type morphism type : AG —
ATG, where ATG is the abstract closure of AT'GI as discussed in the previous
section.

Definition 13.8 (ATGI-clan morphism). Given an attributed type graph
with inheritance ATGI = (TG, Z,1,A) with TGy, = Sp and ATG =
(TG, Z) and an attributed graph AG = (G, D), where

G = ((Gvi)icta.py, (GE:» 5G:» LGy )ic{a,NA,EA)) and Usest Dy =Gy,
then type : AG — ATGI, where type = (typev,, typevy, tYDEE s, tYDEE N 45
typep, .4, typep) and

o typey, : Gy, » TGy, (i€ {G,D}),
o typep, : Gg, > TGg, (i€{G,NA EA}),
o typep:D — Z, wunique final DSIG-homomorphism,

is called an ATGI-clan morphism, if
1.Vs e S,D the following diagram commutes;

D,

typep, s —u— Zs = {S}

-

typevy, = TGy, = S'D

Gy,

i.e. typey, (d) = s for d € Dy and s € Sp.
2. typey, © sae(e1) € clang(sreg o typep,(e1)) Vel € Gig.
3. typev, ota,(e1) € clang(targ o typep,(e1)) Ve € Ggg,.
4. typev, o say4(e2) € clang(sreya o typer, (e2)) Ve € Ggy,-
5. typey, oty ,(€2) =tarya otypepy ,(€e2) Vea € Gry,-
6. typeg, © SGya(€3) = srcpa o typer, ,(e3) Ves € Gry,-
7. typey, ota,a(es) =targpa otypep,,(e3) Ves € Gg,,.

In the above, we have used the abbreviations “src” and “tar” for “source” and
“target”, respectively.

An ATGI-clan morphism type : AG — ATG is called concrete if
typey, (n) ¢ A for alln € Gy,.

The following technical properties of ATGI-clan morphisms are needed to
show the results in Section 13.3, which are based on double-pushout trans-
formations in the category AGraphs of attributed graphs and morphisms in
the sense of Definition 8.6.

In order to show the bijective correspondence between ATGI-clan mor-
phisms and normal type morphisms type : AG — ATG, we first define a
universal ATGI-clan morphism.
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Definition 13.9 (universal ATGI-clan morphism). Given an
attributed type graph with inheritance ATGI = (TG, Z,1,A), then the uni-
versal ATGI-clan morphism uarg : ATG — ATGI with ATG = (TG, Z) is
defined by

[ ] UATG,VG = idl : TGVG — TGVG,'

® UATG,Vp = idg : TGVD — TGVD 5

o uarG Eq TGy = TGEy, vara,Bsl(n1,e,n2)] =e € TGy

® uATGEna TGEys = TGEya, UATG,ENA[(nla e,ng)l =e € TGy ,;

® UATGEps @ TGEgy — TGEg,, UATG,EEA[((nllaelvn12)aean2)] =ec€
TGEEA;

® UATG,D Zidz 1 — .

Below, we prove a universal ATGI-clan property in Theorem 13.12. For
that theorem, we need the following facts, where we show that uapg is an
ATGI-clan morphism and that ATGI-clan morphisms are closed under com-
position with attributed graph morphisms.

Fact 13.10 (universal ATGI-clan morphism). The universal morphism
uarg : ATG — ATGI is an ATGI-clan morphism.

Proof. We check conditions 1-7 of Definition 13.8 for uarg:

1. This is clear because uara,v, and uarg,p are identities.

2. uargve © sregl(ni,e,n2)] = uargyvs(ni) = n1 € dang(sreg(e)).
= clani(srcg o uara,gq[(n1, e, n2)]).

3. uara,ve o targl(ni,e,n2)] = uargve(n2) = ne € cdang(targ(e)), =
clany(targ ouara, g.[(n1, €, n2)]).

4. uarg,ve © srenal(ni, e, n2)] = uargve(n) = n1 € clang(srena(e)),

= clani(srena o uara, By 4[(01,€,12)]).
5. uara,vp o tarya[(ni, e, n2)] = uarg,vya(n2) = na = taryale),
=tarNa o UATG,Exa[(N1,€,12)].
6. uaTq,Eq © srcpal((ni1,e1,m12),e,12)] = vara, B ((n11, €1, n12)) = ex,
STCEA O UATG, Ena (11, €1,M12),€,n2)]) = sTcga(e) = e1.
7. uara,vp o targal[((ni1, e1,n12), €,n2)] = varg, vy (n2) = na,
tarEA o UATG,EEA [((’I’LH, €1, nlg), €, ’I’Lg)]) = ta?“3(€) = No.
O

Fact 13.11 (composition). Given an attributed graph morphism, or AG-
morphism for short, f : AG' — AG, and an ATGI-clan morphism f': AG —
ATGI, then f'o f : AG' — ATGI is an ATGI-clan-morphism.

If f" is concrete, so is [’ o f.

Proof. We check conditions 1-7 of Definition 13.8 for f/ o f with AG' =
(G",D"), AG = (G,D) and ATGI = (TG, Z,1, A):

L (f" o Hvp(d) = fu, (fvp(d)) = fir, (d) = s,
because d' € D, s € ST, implies d = fyv, (d') = fp,(d') € Ds.
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2. (f' o fve o say,(e1) = [y [fve 0 say(e1)] = filsae © fea(€1)]
= [, 0566 (fec(€1)) € clani[srca o [ (fEq(€1))]
= clanj(srcg o (f' o f)rs(€)))-
3. (f o flve oty (e) = fu lfve ota, (e1)] = filtae © fEa(el)]
= fUs o tac(fec(€1)) € clang[targ o [ (fEq(€1))]
= clans(targ o (f' o f)p,(€)))-
4. (f" o flvg o scy ,(e3) = [ [fve o say ,(€5)] = fi [sGna © fEna(€D)]
= fi ©SGna(fEna(€d)) € clang[srena o fp , (fEna(€3))]
=clanj(srena o (f' o f)eya(eh)).
5. (f/ o fvp o tGQ\,A (6/2) = f\//D [fvp © tG’NA (6/2)] = f{/’D [tena © fEna(eD)]
= f\l/D © tGNA(fENA(eé)) =taryao fJ,ENA (fENA (612))
=tarnao (f' o f)eya(ed).
6. (fl o f)EG °8aL, (6%) = f/EG [fEG °8a@;, (613)] = fIEG [SGEA © fEpa (613)]
= f/EG °5Gza (fEEA (eé)) = STCEpA © f,EEA (fEEA (6/3))
= srcpa o (f' o f)mpa(es).
7. (f o vy oty ,(es) = fi, [fvp o tey, (€8)] = fi, [tapa © fEsa(€3)]
= fi, 0 tGpa(fEpa(€s)) =tarpac fr,, (fEa(es))
=targao (f' o f)Ega(es).
If f"is concrete, then f,.(n) ¢ Aforalln € Gy, and also fi,_. (fv;(n)) ¢ A
for all n € Gy, ad

The following theorem is the key property relating ATGI-clan morphisms
and AG-morphisms, and is essential for showing the main results in this chap-
ter.

Theorem 13.12 (universal ATGI-clan property). For each ATGI-clan
morphism type : AG — ATGI, there is a unique AG-morphism type : AG —
ATG such that uapg o type = type:

AG
S
type = type
ATG vare —= AT GI

Construction. Given type : AG — ATGI with AG = (G, D), we construct
type : AG — ATG as follows (see Fig. 13.5):

typev, = typev,, : Gv, — TGy, = TGy;

typey, = typev, : Gv, — TGy, = TGvy,;

typeg, : G, — TGE., typer,(e1) = (n1, €}, n2) with e] = typeg,(e1) €
TGEG7 ny = typevG(SGG (61)) € TGVG’ ng = typevy (tGG (61)) € TGVG;

o typepy, : Geya — TGry,, typery,(e2) = (n1,eh,n2) with e} =
typepyale2) € TGry,, mi = typevg(sayalez)) € TGyg, na =
typevy, (tay 1 (€2)) € TGyyp;

o typepy, : Gegy, — TGEgy, typeEEA(e3) - ((nu,eg,nu),e’g,nz) with
e3 = typepga(es) € TGEga, (n11,€5,n12) = typeps(Sapa(es)) € TGEg,
ng = typev, (tGEA (63)) € T'Gvp;
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e typep =typep: D — Z.
Fact 13.11 implies that the composition uarg o type is an ATGI-clan-

morphism. a
sag
£
G G
Vo < Eg
// "oc
SGNa
/
/
typreyy tyrepg
! tGNA\ tGpa
I GBya | > Gy, < GEpa
| / | \ \
typey, =typey,, | ! sreg | tyreBg | '
(e} G v / \ \ \
I TGy, / typeny, TGrg | turevy \ typepy, \
\ N N \ \
\ ! tare | \ \
. STCN A | v ; v | STCERA v |
| il twreEna |l TGEy, ; >TGyp < TGEgy,, |"WPEpa
| tarn A t(f’V‘EA |
| [ / I |
W) I3 I I
TGVG \ TGEG id / /
< \ ~ / typevy, =typeyf
\targ / /
STCN A N vy STCEA 2
TGExa tarn A >TGv, Sarpa TGEga

Fig. 13.5. Construction of the universal ATGI-clan property

Proof. See Section C.5. ad

The univeral property shown above allows us to prove important properties
of pushouts for AT'GI-clan morphisms.

Lemma 13.13 (PO property of ATGI-clan morphisms).

1. A pushout in AGraphs is also a pushout with respect to (concrete) clan
morphisms. This means, more precisely, the following: given a pushout
PO in AGraphs as shown in the following diagram with AG-morphisms
91, 92, 91, g5 and ATGI-clan morphisms f1, fo with fiog1 = fa0ga, then
there is a unique ATGI-clan morphism [ : G3 — ATGI with fog; = fi
and f o g = fo:
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Gi—
/ \
" o (2)
/
Go PO Gs———1
\ /
(1)

f2

ATGI

~N

G2¥/

2. Double pushouts in AGraphs can be extended to double pushouts for at-
tributed graphs with typing by concrete ATGI-clan-morphisms with re-
spect to the match morphism and the production. This means, more pre-
cisely, the following: given pushouts (1') and (2') in AGraphs as shown in
the following diagram, and concrete ATGI-clan morphisms typer, typek,
typer, and typeg for the production and the match graph G such that
(3, (4", and (5') commute, then there are also unique concrete ATGI-
clan morphisms typep and typey such that (6') and (7') commute:

typer

(},)/l‘/klil‘( 'r—»}‘%
(5/) T (1/) i (21) ";/
AT G =—tyrec G=—v—D r—=—H

Proof.

1. Given a pushout in AGraphs of g1 : Gy — G1, g2 : Gy — G5 with
97 : Gi — Gz and g5 : Go — G35, we shall show that, for each pair
of ATGI-clan morphisms f; : Gy — ATGI and fs : Go — ATGI with
f1 091 = fa 0 g2, there is a unique ATGI-clan morphism f : Gs — ATGI
such that (1) and (2) in the following diagram commute:

GlF/'<\f1
f1

AN
= i 6 \m

Gy PO Gs f——= ATG—varc = ATGI
AN e (6)/ (4)

92 gé

N

f2
-~
Go - 12

Using Theorem 13.12, we have unique graph morphisms f;, fo such that
(3) and (4) commute. Moreover, f10g; = fa 0 ge implies uargo f10g1 =



13.3 Productions and Attributed Graph Transformation with Inheritance 271

uarg © fo 0 g2 and hence fi o g1 = f2 0 g2 by the uniqueness described
in Theorem 13.12. Now the PO property of G3 in AGraphs implies a
unique f : G3 — ATG such that (5) and (6) commute. We define f =
uarg o f : Gg — ATG, where commutativity of (3)-(6) implies that of
(1) and (2).

The uniqueness of f in (1) and (2) can be shown using the existence
and uniqueness described in Theorem 13.12 and the uniqueness of f in
(5) and (6) according to the PO property of G3 in AGraphs.

Finally, let us discuss the case of concrete ATGI-clan morphisms. If
f1, f2 are concrete, then f : Gg3 — ATG is also concrete. In fact, for each
x € GS,VG we have 1 € GLVG with fVG (:L’) = flVG ((El) ¢ A, or ro € GQ,VG
with fv (z) = fay,, (z2) ¢ A.

2. Given a double pushout (1'), (2') in AGraphs and concrete ATGI-clan
morphisms typer, typek, typer, and typeg such that the diagrams (3')-
(5') commute, we need concrete clan morphisms typep : D — ATGI with
typep = typeg ol’ and typey : H — ATGI, where

(8") typey or’ = typep and typey om’ = typer.

In fact, we define typep as the composition typegol’. This implies typep o
d = typeg or using the commutativity of (1’) and (3")-(6"). Now Theorem
13.12 can be applied to the pushout (2'), yielding a unique typey with
the property (8).

O

13.3 Productions and Attributed Graph Transformation
with Inheritance

In this section, we show how to adapt the concept of inheritance to the con-
cepts of typed attributed graph transformation, graph grammars and graph
languages. The use of abstract types in graph transformation is helpful in
formulating concise graph productions.

Our goal is to allow abstract typed nodes in productions, such that these
abstract productions actually represent a set of structurally similar produc-
tions, which we call concrete productions. To obtain all concrete productions
for an abstract production, all combinations of node types of the correspond-
ing clans in the production’s left-hand side (LHS) (whether of concrete or
abstract type) must be considered. Nodes which are preserved by the pro-
duction have to keep their type. Nodes which are created in the right-hand
side (RHS) have to have a concrete type, since abstract types should not be
instantiated.

We define abstract and concrete transformations for abstract and concrete
productions based on attributed type graphs with inheritance. The first main
result shows the equivalence of abstract and concrete transformations. This



272 13 Typed Attributed Graph Transformation with Inheritance

allows us to use safely the more efficient presentation of abstract transfor-
mations with abstract productions, because they are equivalent to the cor-
responding concrete transformations with concrete productions. The second
main result, presented in the next section, shows the equivalence of attributed
graph grammars with and without inheritance.

In the following, we consider productions and graph transformations in
the sense of Chapter 9, i.e. typed attributed graph transformation extended
by negative application conditions (NACs) (see Definition 12.5).

As we have done for type graphs with inheritance, we define a flattening
of abstract productions to concrete ones. The concrete productions are struc-
turally equal to the abstract production, but their typing morphisms are finer
than those of the abstract production and are concrete clan morphisms. A typ-
ing morphism is said to be finer than another one if it is distinguished from
the other one only by the presence of more concrete types in corresponding
clans.

First we introduce the notion of type refinement in order to formalize the
relationship between abstract and concrete productions, to be defined below.

Definition 13.14 (ATGI-type refinement). Given an attributed graph
AG = (G,D) and ATGI-clan morphisms type : AG — ATGI and type' :
AG — ATGI, then type' is called an ATGI-type refinement of type, written

type’ < type, if

o typey, (n) € clani(typev,(n)) Yn € Gyg,
o typey = typex for X € {Vp,Eq,Ena, Epa,D}.

Remark 13.15. Given ATGI-clan morphisms type, type’ : AG — ATGI with
type’ < type and an AG-morphism g : AG' — AG, then type'og < typeog also.
Note that “AG-morphism” means a morphism in the category AGraphs.

Definition 13.16 (abstract and concrete productions). An abstract

production typed over ATGI is given by p = (L L QRN R, type, NAC),
where | and r are AG-morphisms, type is a triple of typing morphisms,
i.e. ATGI-clan morphisms type = (typer, : L — ATGI, typex : K —
ATGI,typer : R — ATGI), and NAC is a set of triples nac = (N, n, typen)
with an attributed graph N, an AG-morphismn : L — N, and a typing ATGI-
clan morphism typey : N — ATGI, such that the following conditions hold:

typer, ol = typex = typeror;

typerve (Ry,) N A = @, where Ry, := Ry, — rv, (Kvg);

typen on < typer, for all (N,n,typen) € NAC;

l,r, and n are data-preserving, i.e. lp, Tp, and np are identities:
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N
~ \\“\ '/K//wm

ATGI

A concrete production p; with respect to an abstract production p is given
bypr = (L N N R,t, NAC), wheret is a triple of concrete typing ATGI-
clan morphisms t = (tp, : L — ATGI,tx : K — ATGI,tgr : R — ATGI),
such that

tLOl:tK :tROT,'
tr <typer, lx < typek, tr < typer;
trve () = typer, v, () Vo € Ry, ;
e for each (N,n,typen) € NAC, we have all (N,n,ty) € NAC for concrete
ATGI-clan morphisms ty satisfying ty on =t and ty < typey.

The set of all concrete productions p; with respect to an abstract production p
is denoted by p.

The application of an abstract production can be defined or expressed
directly by using the idea of flattening, i.e. of applying one of its concrete
productions. Both the host graph and the concrete production are typed by
concrete clan morphisms such that we can define the application of a con-
crete production. Later, we shall also define the application of an abstract
production directly and show the equivalence of the two.

Definition 13.17 (application of concrete production). Let p; = (L &
K - Rt,NAC) be a concrete production, let (G, typeg) be a typed at-
tributed graph with a concrete ATGI-clan morphism typeg : G — ATGI, and
letm : L — G be an AG-morphism. Then m is a consistent match with respect
to p¢ and (G, typeg) if

e m satisfies the gluing condition (see Definition 9.8) with respect to the

untyped production L < K "5 R and the attributed graph G;

typeg om = tr; and

m  satisfies the megative application conditions NAC, i.e., for each
(N,n,tn) € NAC, there exists no AG-morphism o : N — G in M’ such
that o on = m and typeg o 0 = tiy. M’ is a suitable class of morphisms
for application conditions (see Section 12.1).

Given a consistent match m, the concrete production can be applied to the
typed attributed graph (G, typeq), yielding a typed attributed graph (H,typer)
by constructing the DPO of I, r, and m and applying Lemma 13.15.2. We
write (G, typeg) B (H, typep) for such a direct transformation:
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N =-—n

L
W m\
N

G tL

S

ATGI

The classical theory of typed attributed graph transformations relies on
typing morphisms which are normal graph morphisms, i.e. not clan mor-
phisms. To show the equivalence of abstract and concrete graph transfor-
mations, we first have to consider the following statement: The application
of a concrete production typed by concrete clan morphisms is equivalent to
the application of the same production correspondingly typed over the con-
crete closure of the given type graph. This lemma is formulated and proven
in Lemma 13.13 for productions without NACs.

Although the semantics of the application of an abstract production can
be given by the application of its concrete productions, this solution is not
efficient at all. Imagine a tool which implements graph transformation with
node type inheritance; it would have to check all concrete productions of an
abstract production to find the right one to apply to a given instance graph.

Thus, as the next step, we want to examine more direct ways to apply
an abstract production. Since abstract and concrete productions differ only
in this typing, but have the same structure, a match morphism from the
left-hand side (LHS) of a concrete production into a given instance graph is
also a match morphism for its abstract production. But, of course, the typing
morphisms differ. Using the notion of type refinement, however, we can express
a compatibility property.

Definition 13.18 (application of abstract production). Let p = (L .
K - R, type, N AC) be an abstract production typed over an attributed type
graph with inheritance ATGI, let (G,typec) be a typed attributed graph with
a concrete ATGI-clan morphism typeg : G — ATGI, and let m : L — G be
an AG-morphism. Then m is called a consistent match with respect to p and
(G, typec) if

e m satisfies the gluing condition (see Definition 9.8) with respect to the

untyped production L < K "5 R and the attributed graph G, i.e. the
PO (1) in the following diagram exists;

e typegom < typer;
trkve(x1) = tive (z2) for tx = typeg om ol and all x1,22 € Ky, with
Ve (®1) = rvg (22);

e m satisfies NAC, i.e., for each nac = (N,n,typen) € NAC, exists no
AG-morphism o : N — G in M’ (see Definition 13.17) such that oon =m
and typeg o o < typey.
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Given a consistent match m, the abstract production can be applied to
(G, typeq), vyielding an abstract direct transformation (G, typeq) o

(H, typer) with a concrete ATGI-clan morphism typeg as follows:

1. Construct the (untyped) DPO of I, r, and m in AGraphs given by the
pushouts (1) and (2) in the following diagram:

[ <-—1—K ——

R
\/\\/ o

typen typer, "\ G V—D o
fypec
typep
ATGI =— typen

2. Construct typep and typey as follows:
o typep = typegol';
o typey x(x) = if x = '’y (a') then typep x (') else typer x (z""), where
m’(m”) =z and X € {Vg, Vp,FEq,Ena, Ega, D}

Remark 13.19. typey is a well-defined ATGI-clan morphism with typeg o
r’ = typep and typey om’ < typer. Moreover, we have typegom < typer, (as
required) and typep od < typeg (see Lemma 13.20, item 3). The third match
condition is not needed if ry,, is injective (as is the case in most examples).

Now we are able to construct concrete and abstract transformations from
an abstract production with a consistent match. This is the basis for the
equivalence results in the next section.

Lemma 13.20 (construction of concrete and abstract transforma-

tions). Given an abstract production p = (L LI G R, type, NAC),
where NAC = {(N;,n;, typen,) | ¢ € I}, a concrete typed attributed graph
(G, typec : G — ATGI), and a consistent match morphism m : L — G with
respect to p and (G, typeq), we have the following:

1. There is a unique concrete production py € p with py = (L L g o
R,t, NAC) and t;, = typec o m. In this case, txx and tg are defined by:
o ity =trol;
o trv.(z) =ifx =ry,(2) thenti v, (2') elsetyper v, (x) forz € Ry,;
e Irx =typerx fOT’XG{VD,Eg,ENA,EEA,D};
o NAC = Uier{(Ni,ni tn,) | tn, is a concrete ATGI-clan morphism

with ty, < typen, and tn, on; =tr}.

2. There is a concrete direct transformation (G, typeq) “= (H, types) with
a consistent match m with respect to py, where typep = typeg ol' and
typen is uniquely defined by typep, tr, and the pushout properties of (2)
below (see Lemma 13.18); typey : H — ATGI is a concrete ATGI-clan
morphism given explicitly by
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typen x(x) = if & = r'x(a") then typep( xx') else tr x(z")

where m/(z") =x and X € {Vq,Vp,E¢,Ena,Ega, D}:

ATGI
=</typ611

<—I7K

/m ) 4 (2
; (1) i (2)
G=—1 D

typep

//

T

! —

R

‘ ’
v
H

3. The concrete direct transformation becomes an abstract direct transfor-
mation (see Definition 138.18): (G, typec) 2 (H, typen) with typep =
typegor’, typegom < typer, typepod < typey, and typegom’ < typeg,
where the typing t = (tL,tx,tr) of the concrete production p; is replaced
by type = (typer, typer, typer) of the abstract production p.

Proof. See Section C.6.

Example 13.21 (abstract and concrete productions and transforma-
tions). Fig. 13.6 shows sample productions for the ATGI example shown in
Fig. 13.1. The production moveFigure(dz,dy : Nat) is an example of an
abstract production; for example, the production moveFigure has to be de-
fined only once and could be applied to the concrete graphical objects Circle,
Rectangle, and Line. Owing to the positive values of dz and dy, the figures
can only be moved up and to the right.

moveFigure(dx,dy: Nat)

LHS
1:Figure
visible=true
x=x1
y=yt
LHS
1:Screen

createCircle(id’,x’,y’,r: Nat; v:Bool)

O

RHS
1:Figure
visible=true
X = x1+dx
y=yl+dy
1:Screen | has Circle
id=id" | x = x’
y=y
radius = r
visible = v

RHS

Fig. 13.6. Example productions for the ATGI example in Fig. 13.1

createCircle(id', x',y',r : Nat;v : Bool) is an example of a concrete pro-
duction and creates a Circle graphical object. Note that the production has to
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take care of the abstract attributes x, y, visible derived from the abstract class
Figure, as well as the concrete attribute radius and the edge attribute id. A
rule createFigure is not possible, because instances of abstract classes can-
not be created. Fig. 13.7 shows the concrete production for moving a Clircle
graphical object derived from the abstract production moveFigure in Fig.
13.6.

LHS RHS
1.Circle . . 1:Circle
Visible—true moveCircle(dx,dy: Nat) Visible=true
x=x1 X = x1+dx
y=y1 y=yl+dy
radius = r radius = r

Fig. 13.7. Concrete Production moveC'ircle Derived from moveFigure.

Fig. 13.8 shows a sample transformation sequence for the productions
createCircle and moveCircle starting with an empty Screen with a reso-
lution width = 100 and height = 100. First a new circle is created at the
position (10, 10) by application of the production createCircle. Then the pro-
duction moveFigure(50,0) instantiates the attributes 21 and y1 with values
21 = 10 and y1 = 10. After the results x = 21 +dx and y = y1 + dy have been
calculated using the input parameters dx = 50 and dy = 0, the attributes «
and y are assigned new values. Note that the abstract production move Figure
can be applied directly to the instance of the concrete class Circle derived
from the abstract class Figure.

Circle
has
Screen S;r;en ia=1 |x=10
width=100 createCircle(1,10,10,5,true) ,V;” 'th=_1;JO y=10
height=100 eight=100 radius = 5
visible=true
Screen has Circle
moveCircle(50,0) ; id=1 |x=60
width=100 y=10
height=100 radius = 5
visible=true

Fig. 13.8. Sample transformation sequence
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13.4 Equivalence of Concepts with and without
Inheritance

Now that we have defined concrete and abstract transformations, the ques-
tion arises of how these two kinds of graph transformations are related to
each other. Theorem 13.22 will answer this question by showing that for each
abstract transformation that applies an abstract production p there is a con-
crete transformation that applies a concrete production with respect to p,
and vice versa. Thus an application of an abstract production can also be
flattened to a concrete transformation. The result allows us to use the dense
form of abstract productions in graph transformations on the one hand, and
to reason about this new form of graph transformation by flattening it to the
usual typed attributed graph transformation, which is accompanied by a rich
theory, on the other hand.

Furthermore, we show the equivalence of typed attributed graph grammars
with and without inheritance.

In the following, all typing morphisms type : AG — ATGI are ATGI-
clan morphisms, unless stated otherwise. We denote the corresponding graph
morphism by type : AG — ATG (see Theorem 13.12).

Theorem 13.22 (equivalence of transformations). Given an abstract

production p = (L N R R, type, NAC) over an altributed type graph
ATGI with inheritance, a concrete typed attributed graph (G,typeq), and a
match morphism m : L — G which satisfies the gluing condition with respect
to the untyped production (L «—— K — R), then the following statements are
equivalent, where (H,typer) is the same concrete typed graph in both cases:

1.m: L — G is a consistent match with respect to the abstract production
p, yielding an abstract direct transformation (G, typeq) 2= (H,typer).
2.m: L — G is a consistent match with respect to the concrete production
pr = (L Ly G R, t, NAC) with p; € p and t, = typeg o m (where
ti, tr and NAC are uniquely defined by Lemma 13.20, item 1, yielding

a concrete direct transformation (G, typeg) == (H,typer).

Proof. “1 = 27. This follows directly from Lemma 13.20.

“2 = 17. If m is a consistent match with respect to p; and (G, typeq)
with ¢;, = typeq o m we have t;, = typeg o m < typer. For x1,29 € Ky,
with ry, (1) = ry, (x2) it follows that tx v, (1) = trve © Tve (1) = tR,vg ©
v (T2) = tr,ve(z2). The match m satisfies NAC, i.e. for all (N,n,ty) €
NAC there is no morphism o € M’ with o on = m and typeg o0 = ty.
It follows that m also satisfies NVAC. Otherwise, there would exist an nac =
(N, n,typen) € NAC, where o € M’ with oon = m and typeg o 0o < typen.
This would contradict the requirement that m satisfies nac = (N, n,ty) €
NAC with ty = typeg oo < typen. This means that m is a consistent match
with respect to p and (G, typeg).



13.4 Equivalence of Concepts with and without Inheritance 279

Now we apply Lemma 13.20, where the induced concrete production in
item 1 coincides with the given production, and obtain the abstract direct
transformation (G, typeqa) o3 (H, typen). a

Theorem 13.22 allows us to use the dense form of abstract productions for
model manipulation instead of generating and holding all concrete rules, i.e.
abstract derivations are much more efficient than concrete derivations. This
means that, on the one hand, we have an efficient procedure and, on the other
hand, we are sure that the result will be the same as that obtained using con-
crete rules. Moreover, as a consequence of Theorem 13.22, graph languages
built over abstract productions and mechanisms are equivalent to graph lan-
guages that are built over a corresponding set of concrete productions. In
addition, graph grammars with inheritance are equivalent to the correspond-
ing grammars without inheritance, where, however, the type graph AT'GI has
to be replaced by the closure AT'G. Before showing this main result, we define
graph grammars and languages in our context.

Definition 13.23 (ATGI graph grammar and language). Given an at-
tributed type graph ATGI and an attributed graph G typed over ATGI with
a concrete ATGI-clan morphism typeg, an ATGI-graph grammar is denoted
by GG = (ATGI, (G,typeg : G — ATGI), P), where P is a set of abstract
productions that are typed over ATGI.

The corresponding graph language is defined by the set of all concrete
typed graphs which are generated by an abstract transformation (see Defini-
tions 13.17 and 13.18):

L(GG) ={(H, typeg : H — ATGI) | 3 abstract transformation (G,typec)
= (H, typen)},
where typer is always concrete, by Lemma 13.20, item 2.

Theorem 13.24 (equivalence of attributed graph grammars). For
each ATGI-graph grammar GG = (ATGI, (G, typec), P) with abstract pro-
ductions P, there are:

1. An equivalent ATGI-graph grammar GG = (ATGI, (G,typeg),ﬁ) with
concrete productions P, i.e. L(GG) = L((T?a’)

2. An equivalent typed attributed graph grammar without inheritance GG =
(ATG, (G, typeg), P) typed over ATG where ATG is the closure of ATGI,
and with productions P, i.e. L(GG) = L(GG), which means
that (G, typec) € L(GG) & (G, typeg) € L(GG).

Construction.

1. The set P is defined by P = Upep D, where p is the set of all concrete
productions with respect to p.
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typeqg : G — ATG is the graph morphism corresponding to the AT GI-clan
morphism typeq (see Theorem 13.12). P is defined by P = Upep {p: | pt €
D}, where, for p, € p with p; = (p,t, NAC), we define p; = (p,t, NAC/)
with uargotx =tx for X € {L, K, R}, and NAC' is defined as follows:
for each (N,n,tn) € NAC, we have (N,n,ty) € NAC with UATGOtN =
tN.

O

Remark 13.25. In the grammar GG of item 2 of Theorem 13.24 using the
abstract closure ATG of ATGI, only graphs with concrete typing are gener-
ated. In fact, there is also an equivalent grammar GG’ over the type graph
m, the concrete closure of ATGI.

Proof.

1.

From Theorem 13.22, the abstract direct transformation (Gi,typeg,)
22 (G, typeq,) and the concrete direct transformation (G, typeq, ) 22
(G2, typeg,) with t;, = typeg om are equivalent, and if one exists, so does
the other one. This means that, if (G1,typeg,) € L(GG) N L(éa), then
(G, typeg,) € L(GG) N L(éa’) Since we start in both grammars with
the same start graph, L(GG) = L(éa)

We show that (a) for a concrete direct transformation
(Gy,typeg,) bt (G2, typeg,) in é@, there is a corresponding direct

pt,m

transformation (Gi,typeq,) ==  (Ga,typeg,)) in GG with

uara © typeg, = typeg, for i = 1,2, and (b) if a production p; can

be applied to (Gi1,types,) via m in GG, then p; can be applied to

(G1,uarq o typeg,) via m in GG.

(a) For all objects (X, typex) in the DPO diagram corresponding to the
concrete direct transformation (G1,typeq,) it (G, typea,), Theo-
rem 13.12 gives us a morphism typex : X — ATG. The DPO diagram
with these new morphisms corresponds to the direct transformation
(G, typea,) O (G, typeg,) in GG.

It remains to show that p; can be applied to GGy via m, i.e. m satisfies
the negative application condition N AC. Suppose that this is not the
case, and we have a negative application condition (N, n,ty) € N AC
that is not satisfied by m and corresponds to (N, n,ty) € NAC with
uara oty = ty. There is then a morphism o : N — G with oon = m,
and since o is a typed attributed graph morphism, typeg, o o = tn.
Then typeg, © 0 = uarg © typeg, © 0 = uarg oty = tn. According to
Definition 13.18, this means that m does not satisfy NVAC, which is a
contradiction.

(b) The application of p; to G1 via m leads to a direct transformation

(G1, typeq,) 22 (G2, typeg,). For all objects (X, typex) in the corre-
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sponding DPO diagram, we define typex = uargotypex and obtain a
new DPO diagram corresponding to the concrete direct transformation
(Gr,typea,) B2 (Ga, typea,).

We have to check that m satisfies N AC'. Suppose that is not the case;
there is then a negative application condition (N,n,ty) € NAC and
an AG-morphism o : N — G such that o o n =m and typeg, o 0=
tn. Then the negative application condition (N,n,ty) € NAC with
tn = typea, o o is not satisfied by m. This is a contradiction.

For a concrete transformation (G,typeg) = (H,typey) in GG, item
(a) gives us the corresponding transformation (G, typeq) = (H,typer)
in GG. Ttem (b) guarantees that, for a transformation (G,typeq) =
(H,typer) in GG, there is a corresponding concrete transformation
(G, typec) = (H, typer) in GG. Combining (a) and (b), we have L(EE‘) =
L(GG). By part 1, we have L(GG) = L(é??), which implies L(GG)
L(GG) as required.

11l

O



Part IV

Case Study on Model Transformation, and
Tool Support by AGG
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In Parts I-111, we have presented the algebraic theory of graph transforma-
tions on the level of graphs and typed graphs, in adhesive HLR categories,
and on the level of typed attributed graphs respectively. In each Part, we
have illustrated the concepts and results with a specific running example.
In this Part, we shall show, with a case study on model transformation in
Chapter 14, how the concepts of typed attributed graph transformation can
be applied in an important application area: model transformation between
visual languages. In addition, it is most important, in all application domains,
to have suitable tool support. For this purpose, we show in Chapter 15 how
typed attributed graph transformation has been implemented at TU Berlin
by means of the language and tool environment AGG in the last decade. The
initial ideas concerning Chapters 14 and 15 were presented in [EEALT05] and
[AGG, ERT99], respectively.
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Case Study on Model Transformation

In this chapter, we show in a case study how typed attributed graph transfor-
mation can be used to define a model transformation from a simple version
of UML statecharts to Petri nets. In Section 14.1, we introduce the general
idea of model transformation by graph transformation, and we present the
case study in Section 14.2. One of the main basic properties of model trans-
formation is its functional behavior. A graph transformation system shows
functional behavior if it is locally confluent and terminates. In this chapter,
we show the termination of the corresponding layered graph transformation
system. The local confluence is discussed in the following chapter. In Sec-
tion 14.3, we briefly discuss two other case studies of model transformations
presented in the literature using the same approach.

14.1 Model Transformation by Typed Attributed Graph
Transformation

When a model transformation by typed attributed graph transformation is
described, the source and target models have to be given as typed attributed
graphs. This is not a restriction, since the underlying structure of any model,
especially visual models, can be described by typed attributed graphs, owing
to their multi-dimensional extension. Performing model transformation by
typed attributed graph transformation means taking the underlying structure
of a model as a typed attributed graph and transforming it according to
certain transformation productions. The result is a typed attributed graph
which shows the underlying structure of the target model.

A model transformation can be precisely defined by a typed attributed
graph transformation system GT'S = (ATG, P) consisting of an attributed
type graph AT'G and a set of productions P for the model transformation.
The abstract syntax graphs of the source models can be specified by all in-
stance graphs (or a subset of them) over an attributed type graph ATGg.
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Correspondingly, the abstract syntax graphs of the target models are speci-
fied by all instance graphs (or a subset of them) over an attributed type graph
ATGr. Both type graphs AT Gg and AT Gt have to be subgraphs of the model
transformation type graph ATG (see Fig. 14.1). Starting the model transfor-
mation with instance graph Gg typed over ATGg, it is also typed over ATG.
During the model transformation process, the intermediate graphs are typed
over AT'G. This type graph may contain not only ATGg and ATGr, but
also additional types and relations which are needed for the transformation
process only. The result graph G is automatically typed over AT'G. If it is
also typed over AT Gr, it fulfills one main requirement for being syntactically
correct. Data types are preserved during the transformation process.

In general, the correctness of model transformation is an important issue.
This includes syntactical correctness, functional behavior, and semantical cor-
rectness. As discussed in Subsection 3.4.4, functional behavior is based on local
confluence and termination. We shall show termination in our case study in
the next section, and confluence based on critical pair analysis will be dis-
cussed in Section 15.2. Note, however, that our criteria have only worked in
simple cases up to now, and work will have to be done in the future to support
all aspects of the correctness of model transformations in more general cases.

cs incy

ATGs " ~ ATG < ATGr
A A A

typegg

typeG
typeg typeg,

typer

Pi pj Pk pi

Gs > > G > e >Gr

Fig. 14.1. Typing in the model transformation process

14.2 Model Transformation from Statecharts to Petri
Nets

In order to illustrate the idea of model transformation by graph transfor-
mation, we introduce a model transformation from a simple version of UML
statecharts into Petri nets. Similar transformations into various classes of Petri
nets could be used to carry out dependability and performance analysis for
the system model in the early stages of design, and the properties of UML
statecharts could be validated by means of the model transformation and the
corresponding analysis techniques for Petri nets.
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14.2.1 Source Modeling Language: Simple Version of UML
Statecharts

UML statecharts are an object-oriented variant of the classical Harel state-
charts [Har87], which describe behavioral aspects of (any instance of) a class
in the system under design. The statechart formalism is an extension of that
of finite-state machines to allow a decomposition of states into a state hierar-
chy with parallel regions that greatly enhance the readability and scalability
of state models.

'\ ename
.

sm2step

smname -’ sm2conf

from trigger

to

o
conf2state step2trans act2event

stname” - begin

. trans2act R
= ] Transition }%{ Action

end
cond2state

ishnit .-~~~

Fig. 14.2. Statechart type graph shown as an E-graph

trans2cond

The statechart type graph T's is shown as an E-graph (see Definition 8.1) in
Fig. 14.2, where the graph nodes are represented by rectangles, the data nodes
by rounded rectangles, the graph edges by solid arrows with inscriptions, and
the node attribute edges by dashed arrows with inscriptions. In this example,
there are no edge attributes. The data type signature DSIG = Sig(string) +
Sig(boolean) is given by the signatures of strings and booleans, where only
the sorts “String” and “Boolean” are shown in Fig. 14.2. The type graph Ts
together with the final DSIG-algebra Z defines the attributed type graph
ATGgs = (Ts, Z).

This type graph has some similarities to the standard UML metamodel.
The type graph explicitly introduces several ideas from the area of statecharts
that are only implicitly present in the standard metamodel (such as state
configurations). In fact, we consider a network of state machines StateMachine.
A single state machine captures the behavior of any object of a specific class by
flattening the state hierarchy into state configurations and grouping parallel
transitions into steps. A Configuration is composed of a set of States that can
be active at the same time.

A Step is composed of non conflicting Transitions (which are, in turn, binary
relations between states) that can be fired in parallel. A step leads from a
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configuration from to a configuration to, and it is triggered by a common
Event for all its transitions. The effect of a step is a set of Actions.

The Generating Syntax Graph Grammar for the Statecharts
Source Modeling Language

The type graph of the statechart in Fig. 14.2 allows not only valid state-
charts, but also other graphs. For example, a Step could be connected to
two StateMachines by an edge sm2step. For this reason we use the generating
syntax grammar given in Figs. 14.3 and 14.4 to define precisely the source
modeling language, which defines a simple subclass of UML statecharts. In
general, we require injective matches for the generating syntax grammar. Note
that the production morphisms are given by corresponding numbers at nodes.
Edges between mapped nodes are also mapped although not explicitly indi-
cated by numbers.

Starting with an empty start graph, the production createStateMachine(sm:
String, initSt: String) inserts a new StateMachine with name sm, containing
exactly one initial State with name initSt. This implies that X = {sm :
String,initSt : String} is the set of variables for this production. The NAC
does not allow the creation of a StateMachine if another StateMachine with the
same name (i.e. the same value of the attribute smname) already exists. The
production addState(st:String) inserts a new configuration (a Conf node with a
State node) to an existing StateMachine if a configuration with the same name
does not exist already. The production addStep() inserts a new Step with a
Transition between two existing States. The Transition is connected to a new
Step. addEvent(en: String) inserts a new Event with name en; addCond() inserts
a condition Cond between a Transition and a State of two different StateMa-
chines. In the same way, an Action can only be placed between two different
StateMachines using the production addAction(), i.e. conditions and actions
are used only for communication between different state machines here.

The syntax grammar productions given in Fig. 14.3 are sufficient to cre-
ate the sample statechart shown in Fig. 14.8. They realize the generation of
simplified statecharts.

Fig. 14.4 contains three additional syntax grammar productions addTran-
sition(), addTransitionLeftState(), and addTransitionRightState(), which create
Transitions to existing steps such that they are connected to additional States
belonging to the configurations Conf related to the step. These productions
allow us to generate some more general statecharts, which can be considered
as the core subset of the statecharts defined in UML 2.0.

14.2.2 Target Modeling Language: Petri Nets

Petri nets are widely used to formally capture the dynamic semantics of con-
current systems, owing to their easy-to-understand visual notation and the
wide range of analysis tools available.
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createStateMachine(sm: String, initSt: String)  [X={sm: String, initSt: String}]

NAC LHS RHS

StateMachine StateMachine :stCOnW:conﬁblat’ State

Smname = sm smname = sm [l stname = initSt
isInit = true

addState(st: String)  [X=(st: String}]

LHS RHS
NAC=RHS 1:StateMaching 1:StateMaching :stconm:conf%taP State
stname = st
isInit = false
addStep() [X=({}]
NACZRHS -l :StateMachine - L:StateMachine
sm2conf — :sm2conf

:conf2state  :conf2statf

addEvent(en: String) [X={en: String}]
LHS RHS

ename=en

NAC=RHS

addCond() [X={}]

LHS RHS
NAC=RHS ‘ l:SlaleMachme‘ ‘ 4:Smchuchmc{ ‘ l:SlaleMachme‘ ‘ 4:StuteMachm#
:sm2conf > :sm2ste; :sm2conf
‘Z:Step ‘ ‘ Cond ‘ ‘S:Cnnf‘
:step2trans. 4D cond:cond2state ‘conf2state
‘ 3:Transition‘
addAction() [X={}]
LHS RHS
NAC=RHS ‘ l:SlaleMachme‘ ‘ 4:StuleMachm# ‘ l:SlaleMachme‘ ‘ 4:StuteMachm#
:sm2step » :sm2ste; :sm2step
‘Z:Step ‘ ‘ Ac[ion‘ ‘S:Step ‘
‘trigger Step2trans. randoact aCtRevent | ‘trigger
‘ 3:Transition‘ ‘ 6:Evenrl

Fig. 14.3. Generating syntax graph grammar for the source modeling language (1)

In the following, we consider place/transition nets with initial marking,
also called place/transition systems in the Petri net literature [NRT92, Rei85].
Roughly speaking, Petri nets are bipartite graphs, with two disjoint sets of
nodes: Places and Transitions. In our case the initial marking allows each
place to contain at most one token. A token distribution defines the state of
the modeled system. The state of the net can be changed by firing enabled
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addTransition() [X={}]

NAC=RHS -l :StateMachine _ 1:StateMachine
ssm2conf — :sm2conf
conf2statf :conf2state
addTransitionRightState() [X={}]
LHS RHS

1:StateMachine
NAC=RHS
:sm2conf —_—

addTransitionLeftState()  [X={}]

RHS
NAC=RHS

Fig. 14.4. Generating syntax graph grammar for the source modeling language (2)

transitions. A transition is enabled if each of its input places contains a token.
When firing a transition, we remove the tokens from all input places (con-
nected to the transition by PreArcs) and add a token to all output places (as
defined by PostArcs). The Petri net type graph is shown in Fig. 14.5 as an
E-graph (see Definition 8.1).

">~ plname

postsrc

PostArc

Fig. 14.5. Petri net type graph shown as an E-graph
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StateMachine SC type graph PN type graph

smname: String sm2step

pretgt

sm2conf

from i

[t e
ename: String] Iname: Stri
conf2staie step2trans ) Foﬂg?:eﬁoo?ezgn
State begin 3 act2event 3 3 postsrc 3
stname: String i 3 3
isInit: Booleanzﬁ\mn T trans2act Action | ! !
i cond2state 3 1 1
i LransZcopd !
rl 2 3 3 4 15 6
i RefEvent
i ) (- {21
”””””””””” . RefStep  +--------------ommmm o

Fig. 14.6. Integration of attributed type graphs

14.2.3 Model Transformation
Integration of Attributed Type Graphs

In order to interrelate the source and target modeling languages, we use ref-
erence types [VVP02] to construct an integrated attributed type graph, as
shown in Fig. 14.6. For instance, the reference node type RefState relates the
source type State to the target type Place.

In the notation of Fig. 14.6, type graphs on the left- and right-hand sides
correspond to Figs. 14.2 and 14.5, respectively; data node types and node
attribute types are listed in a box below the corresponding graph node type,
for example, the node attribute types stname and isInit of State, with tar-
gets String and Boolean, respectively, in Fig. 14.2 are given by the attributes
stname: String and isInit: Boolean of State in Fig. 14.6.

Example Statechart: Producer—-Consumer System

As an example, we shall apply our model transformation to a producer—
consumer system. Fig. 14.7 shows the concrete syntax of the producer—
consumer system statechart in the upper part and the concrete syntax of
the transformed Petri net in the lower part. The abstract syntax graph of
the corresponding statechart is shown in Fig. 14.8, and Fig. 14.9 shows the
abstract syntax of the transformed Petri net. Note that Fig. 14.9 is typed over
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the Petri net type graph in Fig. 14.6 and that Fig. 14.8 is typed over the stat-
echart type graph in Fig. 14.6. In the concrete syntax of the statechart shown
in Fig. 14.7, the arc inscription [buff.empty] /buffer++ means that under the
condition [buff.empty] we have an event buffer+-+. The condition [buff.empty)
is modeled by an arrow from Condition to the state empty of the state ma-
chine Buffer, and the event buffer++ by the arrow from Action to the event
buffer++ in Fig. 14.8.

Producer Buffer Consumer
Producing Empty Wait4Prod

buff empty] || buffer++ buffer [ouff full] consume
produce EbufferHF-) vl Jbuffer

Wait4Cons Full Consuming

produce  Producing Empty Wait4Prod consume

buffer++

Wait4Cons Full Consuming

Fig. 14.7. Example statechart: concrete syntax graph of producer—consumer system
(upper part) and concrete syntax graph of the transformed Petri net (lower part)

StateMachine

StateMachine
smname="Producer’

end  ACtZevent

step2trar 3

biegi

stname ="Wait4Cons"
isInit=Talse

condastate

Fig. 14.8. Abstract syntax graph of producer—consumer system statechart
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Place
piname="Consuming"
token=ralse

Flace
piname="Empty’
token=true

piname="Producing"
token=true

[Place | [Prace
piname="produce"
token=false

piname ="Buffer++"
token=ralse

piname ="buffer--"
token=false

piname="consume"
token=ralse

plname="Wait4Cons"
token=false

plname ="Wait4Prod"
token=true

Fig. 14.9. Abstract syntax graph of the transformed producer—consumer system
Petri net

Productions for Model Transformation

The model transformation from statecharts into Petri nets is mainly given by
the transformation productions shown in Figs. 14.11-14.13. In order to obtain
a target graph typed over the Petri net type graph, the abstract syntax graph
of the statechart and the reference nodes and edges are deleted after applying
these productions of the model transformation.

The model transformation is done in the following three steps. In our
example, starting with the statechart graph in Fig. 14.8, we obtain the graph in
Fig. 14.10 as an intermediate step, leading to the Petri net graph in Fig. 14.9.
The productions are typed over Tpgra(X) with different sets X of variables
and with DSIG = Sig(Strings) + Sig(Boolean), as discussed above.

e FEach state in the statechart is transformed to a corresponding place in
the target Petri net model, where a token in such a place denotes that
the corresponding state is active initially (productions InitState2Place and
State2Place). A separate place is generated for each valid event Event2Place
(see the graph in Fig. 14.10), after these productions have been applied
for as long as possible to the sample statechart graph in Fig. 14.8.

e FEach step in the statechart is transformed into a Petri net transition
(Step2Trans). Naturally, the Petri net should simulate how to exit and
enter the corresponding states in the statechart, and therefore input
and output arcs of the transition have to be generated accordingly (see
StepFrom2PreArc and StepTo2PostArc). Furthermore, firing a transition
should consume the token of the trigger event (Trigger2PreArc), and should
generate tokens to (the places related to) the target event indicated as the
action (Action2PostArc).

e Finally, we clean up the joint model by removing all model elements from
the source language and the reference types. This can be done either by
restriction or by using another set of graph transformation productions.
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Fig. 14.10. Model Transformation after applying the productions of layer 0
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InitState2Place [layer = 0, X={n: String}]

NAC LHS RHS

1: State -l 1: State 1: State -l -5 Place
Stnal stname = n stname = n plname = n
isInit = true isInit = true isInit = true token = true

State2Place [layer = 0, X={n: String}]

NAC LHS RHS

1: State

isInit = false

i

. 1: State 1: State -rl 5 Place
— — RefStat ~— RefStat -
stname = n etate stname = n stname = n etate plname = n

isInit = false isInit = false token = false

Step2Trans [layer =0, X={}]

NAC LHS RHS

1: Step 2

1: Step 1: Step 2 .16 Trans
RefStep — RefStep

Event2Place [layer =0, X=

e: String]

NAC LHS RHS

1: Event

i

- 1: Event 1: Event 3 14 Place
ame — — RefEvent — RefEvent —
ename = ¢ ename = e ename = e plname = e

token = false

Fig. 14.11. Transformation productions (1)

In fact, there are general schemes for deletion productions as shown in Fig.

14.14:

— DeleteEA attr deletes an edge attribute of type attr € Eégc \ ESZ;GT
of an edge with edge type e € ESTC, with T1 = src(e), Tz = tar(e),
and T3 = tar(attr);

— Delete e deletes an edge typed over e € EATY \ EéTGT, and T =
sre(e), To = tar(e);

—  DeleteNA attr deletes a node attribute of type attr € VG5G \ ViEor
of a node with node type Ty € VATY, with T, = tar(attr);

— Delete T deletes a node typed over T € VC‘?TG \ VC'?TGT.

The set of deletion productions for a given model transformation con-

sists of all possible productions DeleteEA attr, Delete e, DeleteNA attr, and

Delete T in the schemes given above.

Fig. 14.15 shows three sample deletion productions derived from the

schemes: Delete sm2step corresponds to schema Delete e, DeleteNA smname

corresponds to schema DeleteNA attr, and Delete StateMachine corresponds

to schema Delete T. In the type graph of our model transformation in Fig.

14.6 we do not have edge attribute edges, therefore we do not present an

example production corresponding to schema DeleteEA attr.

Restriction of a graph G typed over AT'G by type : G — ATG to the type

graph AT G shown in Fig. 14.1 with the inclusion incy : ATGp — ATG

means the construction of the pullback
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Trigger2PreArc [layer =1, X={}]

LHS RHS
‘ 1: Step %2{ 2:RefStep }%ﬁ 3: Trans‘ ‘ 1: Step %2{ 2:RefStep }% 3: Trans‘

;trigger ;trigger ‘pretgt
NAC=RHS —_—

.presrc

’ 4:Evem%3{ S:Remvent}% 6:P1ace‘ ’ 4:Evem%3{ S:Remvent}% 6:P1ace‘

StepFrom2PreArc [layer = 1, X={}]

LHS RHS
‘ 1: Step %2{ 2:RefStep }% 3: Trans‘ ‘ 1: Step %2{ 2:RefStep }% 3: Trans‘

NAC=RHS from :from ‘pretgt

:conf2state :conf2state :presrc

’4:State }eﬂ{ 5:RefState }%5 6:Place‘ ’4:State }eﬂ{ 5:RefState }%5 6:Place‘

StepTo2PostArc [layer = 1, X=(}]

LHS RHS

1: Step %2{ 2:RefStep }% 3: Trans‘ ‘ 1: Step %2{ 2:RefStep }% 3: Trans‘
:to :to

postsrc|

NAC=RHS

:conf2state :conf2state :posttgt

’4:Slate }eﬂ{ 5:RefState }g‘ 6:Place‘ ’4:State }eﬂ{ 5:RefState }g‘ 6:Place‘

Fig. 14.12. Transformation productions (2)

GT —inc C‘,J
typ‘eT type
i \
ATGr incr ATG

leading to a subgraph G of G, typed over AT G by typer : Gp — ATGrp.
After applying the restriction construction, or alternatively, applying all
deletion productions for as long as possible, we obtain the target graph
Gr shown in Fig. 14.9.

In the following diagram we show the alternative to Fig. 14.1 where the
deletion productions are replaced by a restriction construction:
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Action2PostArc [layer=1, X={}]

NAC=RHS

Condition2PrePostArc [layer=1, X={}]

NAC=RHS

LHS

1: Step %2{ 2:RefStep }% 3: Trans‘

J/ :step2trans

‘trans2act

8:Action

’ 7:Transition

:act2event

’ 4;Evem%3{ 5;Remvent}$1 G:Place‘

LHS
‘ 1: Step %2{ 2:RefStep }% 3: Trans‘

:step2trans

:trans2cond

:cond2state

’4:State }eﬂ{ 5:RefState }%5 6:P1ace‘

RHS
‘ 1: Step %2{ 2:RefStep }% 3: Trans‘
i/:stepZtrans q\:postsrc
’7:Transition:transzaCt 8:Action ’PostAr%
ract2event :posttgt

’ 4:Evem%3{ 5:RefEvent x4

RHS
‘ 1: Step %2{ 2:RefStep }% 3: Trans‘

:step2trans

:trans2cond

:cond2state

’4:State }eﬂ{ 5:RefState }%5 6:P1ace‘

Fig. 14.13. Transformation productions (3)

DeleteEA_attr [layer=2, X={x:Tz}]

LHS

attr=x

RHS

‘I:TI }% 2:T, ‘

Delete_e [layer=2, X={}]

LTy
attr=x

LHS RHS

s )| @]
DeleteNA_attr [layer=2, X={x:T,}]

LHS RHS

Delete_T [layer=2, X={}]

RHS

Fig. 14.14. Schemes for deletion productions
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Delete_sm2step [layer=2, X={}]
LHS RHS

1:StateMachine :sm2step — 1:StateMachin% ‘Z:Step‘

DeleteNA_smname [layer=2, X={n:String}]

LHS RHS
1:StateMaching ——» | | 1:StateMachine
smname=n

Delete_StateMachine [layer=2, X={}
LHS RHS

:StateMachine —_

Fig. 14.15. Sample deletion productions

incg incp

ATGg > ATG < ATGr
A A A
typegg
typeg typeg, typer
Pi Pj
Gs S > G < Gr

We have simulated the model transformation using deletion productions
with our tool AGG (see Chapter 15). In particular, the abstract syntax graph
of the producer—consumer system statechart in Fig. 14.8 has been transformed
into the abstract syntax graph of the Petri net in Fig. 14.9.

In the following, we investigate the functional behavior of this model trans-
formation to certain extent. The following subsection contains a formal proof
of the termination of the model transformation considered, based on the ter-
mination criteria presented in Section 12.3.

The first step in showing local confluence is the analysis of critical pairs.
Although the theoretical results for local confluence have been restricted to
productions without NACs up to now, the AGG tool performs an initial step
by analyzing the critical pairs for productions with NACs (see Section 15.2.2).

However, we do not have a formal proof of local confluence of our model
transformation in the sense of Section 10.2, because the theory of local con-
fluence presented in Chapter 10 is restricted to productions without NACs at
present. The AGG tool, however, allows us to analyze the critical pairs for
productions with NACs. Since there are no relevant critical pairs here, the
model transformation is locally confluent (see Section 15.2). Together with
termination (see below), this implies confluence and functional behavior (see
Subsection 3.4.4).
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Finally, let us note that the restriction construction discussed above, or
alternatively using the general schemes of deletion productions, implies weak
syntactical correctness by construction. Weak syntactical correctness means
that the result graph is typed over the type graph in Fig. 14.5. In our example,
however, syntactical correctness requires in addition that the result graph is
a Petri net, which means that there is at most one PreArc and at most one
PostArc between each pair of Place and Trans. This constraint is satisfied
according to the NACs of the transformation productions in Figs. 14.12 and
14.13.

14.2.4 Termination Analysis of the Model Transformation

Now we shall apply the termination criteria of Section 12.3 to prove the termi-
nation of the model transformation from statecharts to Petri nets. Note that
for each statechart the model transformation can be considered as a gram-
mar with the statechart as its start graph. First, we assign the productions of
Figs. 14.11-14.13 to two creation layers and the deletion productions derived
from the schemes in Fig. 14.14 to one deletion layer. Then, the creation and
deletion layers of the types contained in the type graph in Fig. 14.6 are set.
Finally, a check of the conditions in Definition 12.15 yields the termination of
the transformation according to Theorem 12.26.

Assigning Production Layers

Let us define three layers for the model transformation productions, as shown
in Fig. 14.16. Productions in Fig. 14.11 are assigned to layer 0, productions
in Figs. 14.12 and 14.13 to layer 1, and deletion productions corresponding
to the schemes in Fig. 14.14 to layer 2. The type graph AT'G is shown in
Fig. 14.6; AT G is the Petri net part, shown as an E-graph in Fig. 14.5.

Assigning Layers to Types

According to Definition 12.15, the type set TY PFE is given by all graph nodes,
graph edges, node attribute edges, and edge attribute edges of the type graph
in Fig. 14.6, which are presented in Fig. 14.17. Note that we have no edge
attributes in Fig. 14.6 and hence no edge attribute edges in TY PE.

According to Section 12.3, we can automatically assign creation and dele-
tion layers to each type t € TY PE in the type graph on the basis of the
previous layer definitions for productions. Let us recall the general procedure.

Since, initially, only the elements in the source language are present, ex-
actly those types are included in the start types Tp. (Compare this with the
start graph Gg in Fig. 14.8.) The creation and deletion layers of types are now
assigned as shown in Fig. 14.17, following the layer assignment in Definition
12.18 for kg = 2.
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Layer 0 Layer 1 Layer 2

Nondeletion  Nondeletion Deletion

pl(p) =0 pl(p) =1 pl(p) =2

InitState2Place Trigger2PreArc DeleteEA attr with
State2Place  StepFrom2PreArc attr € 4%\ EgﬁGT
Step2Trans StepTo2PostArc (not used in the example);
Event2Place  Action2PostArc Delete e with

Condition2PrePostArc e € EATE \ ESTCT;
DeleteNA attr with
attr € V3G \ viarer,
Delete T with
T € VATE\ virer,

Fig. 14.16. Production layers

t) di(t) Target type t; cl(t) di
2 Place
2 Trans
2  PreArc
2 PostArc
2 presrc
2
2
2
2

—~

Source type ts cl(t) di(t) Reference type &, cl( t)
StateMachine RefState 1
State RefStep 1
Step RefEvent 1
Event rl 1
Conf r2 1
Transition r3 1
Action r4 1
Cond r5 1
sm2step r6 1
sm2conf

conf2state
cond2state

0
0
0
0
0
0 pretgt
0
0
0
0
0
0
step2trans 0
0
0
0
0
0
0
0
0
0
0
0
0

postsrc
posttgt
plname

1
1
2
2
2
2
2
2
1
token 1

WWWWwwwwwww

2
2
2
2
2
2
2
2
2
2
2
2
2
trans2act 2
trans2cond 2
act2event 2
smname 2
stname 2
ename 2
isInit 2
from 2
to 2
trigger 2
begin 2
end 2

Fig. 14.17. Creation and deletion layers for types

Verification of Termination Criteria

First of all, we note that it is enough to verify the reduced layer conditions in
Lemma 12.19, because the following conditions are satisfied:
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1. p creates t = t ¢ To;
2.0<ecl(t) <di(t)<ko+1forallte TYPE.

Next, we observe that our graph transformation system GT'S is finitary
(see Definition 12.15, item 3), i.e., for G = G and all graphs G derivable from
Go, the cardinality card{z € G|type(xz) € TY PE} is finite. Moreover, for all
productions p of the non deleting layers 0 and 1, there is only a finite number
of matches m : L — G with m |= NAC,. For productions p with X = & and
m : L — @, this is obvious because G is finitary. The remaining productions
InitState2Place, State2Place, and Event2Place in Fig. 14.11 have one variable
n or e of type String, and the domain of String in the DSIG-algebra A
is infinite. However, for each match m : L — G, the node attribute edge
enva of type stname or ename in G has target%A (ena) = w € Astring. This
implies, for the variable n or e in an LHS in Fig. 14.11, that mp(n) = w or
mp(e) = w, respectively, showing also that the number of matches m : L — G
is finite in these cases. Hence GT'S is finitary.

Now it suffices to verify the reduced layer conditions in Lemma 12.19:

e Reduced nondeletion layer conditions. First, we notice that the correspond-
ing conditions 1 and 2 in Lemma 12.19 are straightforwardly guaranteed
by the construction (as NAC is isomorphic/identical to the right-hand side
or a subgraph of the right-hand side). Now, we shall show the validity of
condition 3 for a single production only, namely p = StepFrom2PreArc (the
rest of the productions can be checked similarly). In condition 3, for each
graph element z in the left-hand side with type(z) € TY PE, we need to
check cl(type(z)) < pl(p), which is valid because of the layer assignments
above (since maz,er{cl(type(z)} =1 and pl(p) = 1).

e Reduced deletion layer conditions. The reduced deletion layer condition is
satisfied, because each deletion production derived from the schemes in
Fig. 14.14 deletes at least one item = with type(xz) € TY PE.

14.3 Further Case Studies

In the following, we briefly discuss two other case studies of model transfor-
mations which have been described in the literature.

14.3.1 From the General Resource Model to Petri Nets

For the treatment of Petri-net-based simultaneous optimization and verifica-
tion of resource allocation problems, we refer to [Var04], where an application-
specific Petri net model was generated from a variant of the General Resource
Modeling (GRM) framework (GRM) [Gro] using typed attributed graph trans-
formation. The graph grammar (implemented in AGG [AGG]) for this model
transformation consists of five production layers as follows (where layers 0 and
2 are nondeletion layers, and the others are deletion layers):
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0. Target model elements are derived from core GRM elements such as re-
source types, activities, and control flow elements,

1. Petri net transitions and arcs are created between the transformed Petri
net items according to the control flow in the source model,

2. The start and end points of the process are marked by auxiliary edges,

The quantitative attributes of the Petri net elements are set,

4. All the auxiliary edges and the source model elements are deleted.

b

14.3.2 From Process Interaction Diagrams to Timed Petri Nets

In [dLT04], a model transformation from a Process Interaction notation to
Timed Transition Petri nets is specified using graph transformation. The
source language is customized towards the area of manufacturing and allows
the building and simulation of networks of machines and queues through which
pieces can flow. In the mapping, timed transitions depict service times of ma-
chines, places are used to model queues and machine states, and, finally, pieces
are mapped to tokens. The transformation is divided into four layers, the first
one being non deleting, while the others are deleting. The first layer creates
Petri net elements connected to the source elements. Productions in the sec-
ond layer delete the pieces in the model, creating tokens in the appropriate
places. In the third layer, we connect the Petri net elements, following the
connectivity of the source language elements. In addition, the connectivity
of the Process Interaction elements is deleted. Finally, the last layer deletes
the Process Interaction elements. The languages and the transformation were
defined with the AToM? tool [dLV02b], and then analyzed using AGG.

14.4 Conclusion

In this chapter, we have shown how typed attributed graph transformations
can be used to define model transformations between models of different visual
languages. It is interesting to note that typed attributed graph transformation
systems can be used not only for the model transformation but also as gen-
erating grammars for the source and target languages. Moreover, in several
cases an interpreter semantics for the source and/or target languages can be
obtained from another typed attributed graph transformation system. For ex-
ample, the token game of Petri nets can be modeled by graph transformations.
As pointed out in Section 14.1, the theory of typed attributed graph transfor-
mation described in Part IIT provides a good basis for defining and verifying
the correctness of model transformations. For a more detailed discussion of
this problem, we refer to [EE05].
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Implementation of Typed Attributed Graph
Transformation by AGG

In the previous chapter, we showed how the comprehensive theory of typed
attributed graph transformation can be used to describe and analyze visual
model transformations. Now, we present an account of how this theory can
be implemented in an integrated development tool for typed attributed graph
transformation that supports the development of graph grammars, as well as
their testing and analysis. The tool environment presented is called the At-
tributed Graph Grammar (AGG) system and is implemented in Java. Since
the theoretical concepts are implemented as directly as possible — but, nat-
urally, respecting necessary efficiency considerations — AGG offers clear con-
cepts and sound behavior concerning the graph transformation part. The run-
ning example in this chapter is the model transformation example presented
in the previous chapter, but here it is treated as an AGG graph grammar.

Since graph transformation can be applied on very different levels of ab-
straction, it can be non-attributed, attributed by simple computations, or
attributed by complex processes, depending on the abstraction level. To re-
flect this wide application area for attributed graph transformation, we have
decided to attribute AGG graphs by use of Java objects. On the one hand,
this design decision certainly allows a large variety of applications to graph
transformation, but on the other hand it is clear that the Java semantics is
not covered by the formal foundation.

Owing to its formal foundation, AGG offers validation support in the form
of graph parsing, consistency checking of graphs and graph transformation
systems, critical pair analysis, and analysis of the termination of graph trans-
formation systems.

15.1 Language Concepts of AGG

In the following, we step through the whole list of basic concepts for typed at-
tributed graph transformation based on the adhesive HLR category
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(AGraphsaTag, M), and present for each concept how it is defined in AGG
and to what extent it conforms to the corresponding theoretical concept.

15.1.1 Graphs

A graph in AGG consists of two (disjoint) sets containing the nodes and the
edges of the graph. Considered together, the nodes and edges are called the
objects of a graph. Every edge represents a directed connection between two
nodes, which are called the source and target nodes of the edge. Note that
in our idea of a graph, we can have multiple edges between a single pair of
nodes, because every edge has an identity of its own, just as a node does.
This fact distinguishes our view from another popular idea of a graph, where
an arc is described just as a relation between nodes. Our concept of a graph
corresponds exactly to that in the theory (see Definition 8.7). Examples of
AGG graphs have been given in Figs. 14.8 and 14.9 within the case study.

Note that in our idea of a graph, the position of a node or an edge in the
plane does not store syntactic or semantic information, i.e. the layout of a
graph is just a matter of presentation for the sake of readability to the user.
Obviously, the layout of a graph may be considered as the equivalent of the
indentation (or “pretty-printing”) of a program in a conventional textual pro-
gramming language such as C. It is a well-known fact that a program which is
properly indented according to its logical structure is far more comprehensible
to the human reader than the same program put into one line; whereas, to
the compiler, both versions are equivalent. This experience is perfectly trans-
ferable to the layout aspect of a graph, and makes it clear that the layout is
of considerable importance for a human user, even though it does not carry
any relevant information itself. Unfortunately, the problem of automatically
computing a reasonable layout of a graph is much more complex than that of
pretty-printing a textual program, but it is solved in AGG in quite a simple
way.

15.1.2 Typing Facilities

To allow for further classification of graph objects, each graph object is asso-
ciated with exactly one type from a given type set. This type set is structured
into two subsets: the set of node types and the set of edge types. Non-typed
nodes or edges are not allowed in AGG. The type information is given by a
type name (which may be empty) and a graphical representation that spec-
ifies the shape, color, and kind of line used to represent the node or edge. If
two type names are equal but the graphical representations differ, the corre-
sponding types are considered to be different.

AGG supports not only type sets, but also type graphs. As in the theory,
nodes and edges of the type graph represent node and edge types. In addition,
an AGG type graph may contain multiplicity constraints on edge types that
constrain how many objects may be connected by an instance of a certain edge
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type. For each edge type, two multiplicity constraints can be given, one for
the source and one for the target nodes. Moreover, a node type may have
a multiplicity constraint, restricting the number of instances of this node
type. In the theory, multiplicities can be expressed by graph constraints, as
presented in Chapter 12. Upper bounds are expressed by negative constraints,
and lower bounds by positive constraints.

Example: Transformation from Statecharts to Petri Nets

Taking up the case study from Chapter 14, we can create an AGG graph
grammar from it. Here, we start with the type graph shown in Fig. 14.6.
Note that in the corresponding AGG type graph (in Fig. 15.1), some of the
edge type names have been shortened or omitted. Furthermore, owing to the
possibility in AGG of adding multiplicities to node and edge types, the type
graph has been extended by multiplicities at the source and target ends of
type edges. Multiplicities of node types have not been used, i.e. all node types
are marked with an asterisk at their upper right corner, allowing arbitrary
numbers of instances.

StateMachine
String smname

0.

Prearc”
presrc ",

*™\_ pretat
sm2canf

&1

Place
Siring plname
boolean token

0.156.1 1 L, gL

i | postigt postsrc

0.1
conf2state

*

Postare”
State

String stname
boolean islhit

Fig. 15.1. Type graph of Fig. 14.6 extended by multiplicities

15.1.3 Node and Edge Attributes

In AGG, an attribute is declared just like a variable in a conventional pro-
gramming language: we specify a name and a certain type for the attribute,
and we may then assign any value of the specified type to it. As in the theory,
all graph objects of the same type also share their attribute declarations, i.e.
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the list of attribute types and names; only the values of the attributes may be
chosen individually. From a conceptual point of view, attribute declarations
have to be considered as an integral part of the definition of a type.

Slightly differently from the general definition of attributed graphs in
Chapter 8, each attributed node and edge has exactly one value for each at-
tribute declared in its type. Consequently, AGG allows neither graphs which
are only partially attributed, nor several values for one attribute. This restric-
tion is natural, since in many respects, the concept of a type with integral at-
tribute declarations resembles the notion of a class with its member variables
or class attributes in the paradigm of object-oriented programming. In the
theory, this restriction can be expressed by adding positive graph constraints
which require at least one value, and negative constraints forbidding more
than one value.

A further important question that we have to deal with is the following:
What types are actually available for the declaration of attributes? The answer
is short and simple, but emphasizes the affinity of the graphical AGG approach
to the object-oriented paradigm: the attributes may be typed with any valid
Java type. This means that not only it is possible to annotate graph objects
with simple types such as strings or integers, but we can also utilize arbitrary
Java classes to gain maximal flexibility in attribution. Apart from the standard
Java library JDK,! user-defined classes can also be used for attribution.

It is an open research issue to check how far this attribution by Java
objects conforms to the formal concepts of attribution by algebras which is
required in the definition of an attributed graph in Chapter 8. We use Java
primitive types such as “int”, “float”, and “boolean”, and Java classes as
possible attribute types. Pre-defined operations and methods will be used
later in Java expressions to compute new attribute values. Java is a strongly
typed language, and thus the general attribution scheme, where each attribute
has a type, a name, and a value, can be used. Further algebraic properties are
not required in AGG. In the following, we shall discuss the consequences of
this design decision whenever the theoretical concept of attribution is relevant.

15.1.4 Rules and Matches

First of all, it has to be noted that productions are called “rules” in AGG.
Internally, AGG follows the single-pushout approach, and thus rules are rep-
resented by a left- (LHS) and a right-hand side (RHS), together with a partial
graph morphism r : LHS — RHS. However, this morphism can be considered
as a span of two total graph morphisms with the morphism’s domain as the
gluing graph, i.e. LHS «— dom(r) — RHS, the way DPO rules are denoted.
AGG supports both approaches to graph transformation. The approach is
chosen on the level of graph grammars, i.e. the approach is the same for all
rules of one grammar.

! Java Development Kit.
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The partial graph morphism r : LHS — RH S is not necessarily injective,
i.e. non injective rules are also supported. Negative application conditions
(NACs) can be added to a rule, as many as are needed. They are allowed
to contain the LHS only partially. We shall discuss below the fact that this
relaxation does not affect the satisfaction of NACs. Usually, we have consid-
ered NACs with injective mappings from the LHS to the NAC to express the
context in which the rule must not be applied. However, there is a special
situation where it is very useful that we are not restricted to injectivity: if we
allow non injective matches for rules in general, the use of non injective NACs
allows us to enforce injective matching just for particular objects. Recall this
rule of thumb: by mapping two objects in the LHS to the same object in the
NAC, we can specify that we do not allow this identification to happen in an
actual match.

The rule’s LHS or NACs may contain constants or variables as attribute
values, but no Java expressions. This restriction allows attribute matching
by simply comparing constant values or instantiating variables. However, the
RHS of a graph rule may contain Java expressions in addition. NAC may
use the variables declared in the LHS or new variables declared as an input
parameters. The scope of a variable is its rule, i.e. each variable is globally
known in its rule. The Java expressions occurring in the RHS may contain any
variable declared within the LHS or as an input parameter. Multiple usage of
the same variable is allowed and can be used to require equality of values.

Moreover, rules may have a set of attribute conditions which are Boolean
Java expressions. These conditions can also be expressed by attributed graph
rules that add a new Boolean attribute to some graph object which con-
tains the conjunction of all these conditions as a value. Vice versa, attributed
graph rules with expressions in the LHS can be converted into AGG rules by
inventing new variables for each of the expressions in the LHS, replacing each
expression by its corresponding variable, and adding new conditions which
state the equality of each variable with its corresponding condition.

In general, we may find multiple matches of the LHS into the host graph,
and, on the other hand, there may be no matches at all. In the later case,
the rule is not applicable to the given graph. The same is true in the DPO
approach, if the match does not satisfy the gluing condition (see Subsection
15.1.5). In the case of multiple matching possibilities, one match has to be
chosen. It depends entirely on the application context whether this selection
is done randomly or by preference, for example by user interaction.

Moreover, the rule matches may also be non injective, i.e. two or more
graph objects in the LHS of a rule may be mapped to one single object in
the host graph. Note that non injective matches may cause conflicts between
deletion and preservation: we could have, for instance, two graph objects in
the LHS, one to be deleted and one to be preserved, and both mapped to the
same image object in the host graph. Conflicts such as this can be resolved
either by giving deletion precedence over preservation (SPO approach) or by
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nonapplicability of the rule (DPO approach), since the gluing condition is not
fulfilled.

When a match has been fixed, the rule’s NACs have to be checked. A
match satisfies an NAC if there exists no morphism from the NAC to the host
graph that extends the match and maps objects not coming from the LHS
injectively. This satisfaction relation differs slightly from that in the theory,
where a NAC is satisfied if there is no injective morphisms from the NAC to
the host graph.

Moreover, AGG allows NACs which contain their LHS only partially. The
NAC is satisfied if there is a total graph morphism from the NAC to the
host graph that extends the match. In the formal approach, NACs have to
include their LHS completely. Clearly, every possible NAC n which contains
its LHS only partially can be completed to some NAC n’ such that the LHS is
totally included. It is obvious that a match satisfies n if and only if it satisfies
n'. Within AGG, the partial representation of NACs on one hand is more
compact and intuitive, and hence is more user-friendly. On the other hand, it
is equivalent to the theory in the DPO approach as discussed above.

Example: a Model Transformation Rule

Considering the case study in Chapter 14 again, we shall pick one of the
rules in Fig. 14.11 and discuss how it can be defined in AGG. We take the
rule InitState2Place for our small comparison. Except for the layout, the only
difference is the attribute list of the “State” node in the NAC. This list does
not have to contain the whole attribute list, but only those attributes that
are interesting for the NAC. In our example, the attribute list is empty. The
NAC is shown on the left, the LHS in the middle, and the RHS on the right
in Fig. 15.2.

NotTr: 4| [0]InitState2Place of SC2PN
alt ald -

s =

" 1:State : 1:5tate il 15 |Place
1:5tate 4 — {RefState stname=n : smame=n ({4 — — {RefState} ——W|piname=n

islnit=true isinit=trug token=true

4]

- E

1] IIME KN [*]

Fig. 15.2. Rule InitState2Place of Fig. 14.11, represented in AGG

15.1.5 Graph Transformations

The effect of applying a rule r : LHS — RHS in AGG with a given match
is a graph transformation. The basic idea of what happens during a graph
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transformation in AGG is the following: the pattern found for the LHS is
taken out of the host graph and replaced by the RHS of the rule. Since a
match m : LHS — G is a total morphism, any object o in the LHS has a
proper image object m (o) in the host graph G. Now, if o also has an image r(0)
in the RHS, its corresponding object m(o) in the host graph is preserved during
the transformation; otherwise, it is removed. Objects appearing exclusively in
the RHS without an original object in the LHS are newly created during the
transformation. Finally, the objects of the host graph which are not covered
by the match are not affected by the rule application at all; they form the
context, which is always preserved during derivations. If the gluing condition
is not set, AGG supports the SPO approach. In this case dangling arcs are
implicitly removed by the transformation as well, even though they belong
to the context which is normally to be preserved. On the other hand, if the
gluing condition is set, AGG supports the DPO approach (see Subsection
1.2.3). AGG offers the possibility to set a number of transformation options:
(1) matches can be arbitrary or restricted to injective ones, (2) the dangling
condition can be active or not, (3) the identification condition can be active
or not, and (4) the NACs can be active or not. Every combination of these
options is possible. Choosing the dangling and the identification condition (or
injective matches) corresponds to the DPO approach to graph transformation.

Besides manipulating the nodes and edges of a graph, a graph rule may
also perform attribute computations. During rule application, expressions are
evaluated with respect to the instantiation of variables induced by the current
match. However, in AGG, we are not limited to applying simple arithmetic
operations on attributes. In fact, we may call arbitrary Java methods in at-
tribute expressions, as long as the overall type of the expression matches the
type of the attribute whose value it represents. From interfacing databases
to calling sophisticated mathematical libraries or invoking interactive dialogs,
everything is possible. Actual invocation of a method occurs whenever the
expression is evaluated, i.e. every time the corresponding rule is applied.

To summarize, the effect of the transformation is

e complete: any effect specified in the rule is actually performed in the con-
crete transformation;
minimal: nothing more is done than what is specified in the rule;?
local: only the fraction of the host graph covered by the match is actually
affected by the transformation.?

In this way, AGG graph transformations with the gluing condition cor-
responds strongly to the typed attributed graph transformations defined in
Chapter 9.

2 With the well-defined exception of the implicit removal of dangling edges and
conflicting objects, if the gluing condition is not set (SPO approach).

3 In the SPO approach, the coverage has to be extended to include potentially
dangling edges.
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15.1.6 Graph Grammars

A graph grammar in AGG consists of a start graph and a rule set. Graph
objects in the graphs and rules are classified by two type sets, one for nodes
and one for edges. Optionally, a type graph with multiplicity constraints can
be defined in addition.

AGG supports the possibility to set rule layers and thus to define layered
graph grammars. The layers fix an order on how rules are applied. The inter-
pretation process first has to apply all rules of layer 0 for as long as possible,
then all rules of layer 1, etc. After the rules of the highest layer have been ap-
plied for as long as possible, the transformation process stops. To summarize,
rule layers allow one to specify a simple control flow on graph transformation,
and they correspond exactly to those defined in Section 12.3.

15.2 Analysis Techniques Implemented in AGG

Several analysis techniques have already been implemented in AGG. They rely
on the language concepts of AGG. Not all theoretical constructions introduced
in Part III have been implemented in AGG, but the main ones are available.
On the other hand, the practical application of certain analysis techniques has
led to new ideas for presenting the results of the analysis in a suitable way.
Layout and filtering play important roles here.

15.2.1 Graph Constraints

AGG provides the possibility to formulate consistency conditions which can be
tested on single graphs, but which can also be checked for a whole graph trans-
formation system. Generally, consistency conditions describe basic (global)
properties of graphs such as the existence or nonexistence of certain substruc-
tures, independent of a particular rule.

An atomic graph constraint in AGG is a total injective morphism ¢ : P —
C, the left graph P is called the premise and the right graph C' is called the
conclusion. An atomic graph constraint is satisfied by a graph G if for all total
injective morphisms p : P — G there is a total injective morphism ¢ : C' — G
such that g o ¢ = p. Here, we restrict the atomic graph constraints presented
in Chapter 12 to injective ones. It is left to future work to extend AGG to
general graph constraints.

While the default number of conclusions is equal to 1, an atomic graph con-
straint can also have more than one conclusion in AGG. The graph constraint
is then defined by a set of total injective morphisms {¢; : P — C;|i € I'}. Such
an extended atomic graph constraint is satisfied if at least one morphism ¢;
fulfills the above condition. This extension was not presented in Chapter 12,
but has been introduced in [HW95] for labeled graphs and in [RT05] for typed
graphs. It extends the expressiveness of atomic graph constraints. As presented
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in Chapter 12, we can build up formulas over atomic graph constraints, using
the operators =, V, and A. Atomic graph constraints and formulas are called
graph constraints.

If GC is a set of graph constraints, we say that G satisfies GC' if G satisfies
all constraints in GC.

It is possible to generate postapplication conditions for a rule from graph
constraints such that the constraints are always ensured when the rule is ap-
plied. A rule extended in this way is applicable to a consistent graph if and
only if the derived graph is also consistent. A graph grammar is consistent
if the start graph satisfies all graph constraints and the rules preserve this
property. Thus, AGG realizes the transformation of graph constraints to ap-
plication conditions of rules, but the transformation from postconditions to
preconditions (from right to left application conditions) is left for future work
(see Section 12.2).

15.2.2 Critical Pair Analysis

AGG supports critical pair analysis, which is one of the main analysis tech-
niques for rewrite systems. Critical pair analysis is known from term rewriting
and is used there to check if a term rewriting system is locally confluent. It has
been generalized to graph rewriting by Plump [Plu95]. Critical pairs formalize
the idea of a minimal example of a conflicting situation. From the set of all
critical pairs, we can extract the objects and links which cause conflicts or
dependencies. Recall that two graph transformations G = H; and G = Hs
are in conflict if they are parallel dependent (see Definition 9.12).

A critical pair is a pair of transformations G P Hy; and G AL H,
which are in conflict, such that, roughly speaking (see Definition 10.13), the
graph G is minimal, i.e., G is the gluing of the left-hand sides L; and L5 of the
rules p; and ps. It can be computed by overlapping L; and Ls in all possible
ways, such that the intersection of L; and Lo contains at least one item that
is deleted or changed by one of the rules and that both rules are applicable
to G at their respective occurrences.

The set of critical pairs represents precisely all potential conflicts. This
means that a critical pair for rules p; and py exists iff there is an application
of p; which disables that of py or vice versa.

There are three main reasons why rule applications can be conflicting. The
first two are related to the structure of the graph, whereas the third concerns
its attributes.

1. One rule application deletes a graph object which is in the match of an-
other rule application (delete—use conflict).

2. One rule application generates graph objects in such a way that a graph
structure would occur which is prohibited by a negative application con-
dition of another rule application (produce—forbid conflict).
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3. One rule application changes attributes that are in the match of another
rule application (change—attribute conflict).

Two rule applications are in conflict if at least one of the conditions above
is fulfilled. To find all conflicting rule applications, minimal critical graphs
to which rules can be applied in a conflicting way are computed. Basically,
we consider all overlapping graphs in the LHSs of two rules with the obvious
matches and analyze these rule applications. All conflicting rule applications
that we find are called critical pairs. This construction follows the definitions
in Chapter 9, except of rules with NACs, which are not handled in the theory
of critical pairs up to now. If one of the rules contains negative application
conditions, the graphs of one LHS that overlap with a proper part of the NAC
have to be considered in addition. We are currently extending the theoreti-
cal foundation to support this construction, which is already implemented in
AGG.

Example: Critical Pairs for Sample Model Transformation

As an example of critical pair analysis, we consider the transformation rules
in the case study, depicted in Fig. 14.11-14.13. In Fig. 15.3, a table is shown
which gives an overview of all critical pairs for these rules, found by AGG
separately for the rule layers 0 and 1; critical pairs of transformations with
the same rule and the same match are not shown because they are isomorphic
and hence locally confluent. Fig. 15.3 just shows the critical pairs of layers 0
and 1. Layer 2 contains all deletion rules schematically described in Fig. 14.14.
Considering layer 2 containing the deletion rules, it is obvious that only trivial
critical pairs exist, i.e. critical pairs using the same rule and the same match,
which always lead to a confluent situation.

first ' second L:Ini. 2 5. 3: 5. 4 Ev.. 3 Tri. & 5L, 7: 5L, B Ac..!
: InitState2Place

: State2Place

: Step2Trans

: Event2Place
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L= - N~ B O L e

: Condition2PrePostAr

Fig. 15.3. Critical pairs of transformation rules in Figs. 14.11-14.13
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Now we shall consider one pair of rules more closely: the rules 7Trig-
ger2PreArc and StepFrom2PreArc (depicted in Fig. 14.12). The upper part of
Fig. 15.4 shows the LHS of the rules involved. Below, the overlapping graph,
is shown which causes a conflict of the following sort: both rules use the same
Place. The first rule approaches it via a RefEvent node, while the second
rule does so via a RefState node. This possible conflict situation cannot oc-
cur during the model transformation that we described in Chapter 14, since
events and states are always translated to different places according to the
rules State2Place and Fvent2Place, which generate a new Place in each case.
Moreover, there are no rules which can identify different Places. If we were
to add a graph constraint forbidding this situation, the critical pair analysis
would not report this conflict anymore (see the extensions below).
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Fig. 15.4. Overlapping graph for the rules Trigger2PreArc and StepFrom2Arc in
Fig. 14.12

As a second example, we consider the pair of rules Condition2PrePostArc
(depicted in Fig. 14.13) and StepFrom2PreArc (depicted in Fig. 14.12). The
upper part of Fig. 15.5 shows the LHS of the rules involved. Below, the over-
lapping graph is shown, which depicts a situation where both rules refer to the
same Trans and Place nodes. Between the Trans and the Place, the first rule
inserts a PreArc and a PostAre, while the second rule inserts a PreArc (see
the RHS of the corresponding rules in Figs. 14.12 and 14.13). The NACs of
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Fig. 15.5. Overlapping graph for the rules Condition2PrePostArc and
StepFrom2PreArc in Fig. 14.12 and 14.13

the two rules (with NAC = RHS in both cases) forbid the second application
of these rules owing to a produce-forbid-conflict. This conflict situation cannot
appear in our case study, because the rules of the generating syntax grammar
of the source language in Figs. 14.3 and 14.4 allow a condition Cond between
Transition and State nodes of different StateMachines only. However, a Conf
node is allowed between a Step and a State node of the same StateMachine
only. Hence the two situations depicted in Fig. 15.5 cannot appear in the
same host graph generated by the syntax grammar. Note that this restriction
cannot be expressed with the model transformation type graph itself, shown
in Fig. 14.6.

We have now shown for two of the critical pairs in Fig. 15.3 that they
cannot occur during the model transformation, owing to the restriction of the
source language given by the generating syntax grammar in Figs. 14.3 and
14.4. In fact, the same is true for the other critical pairs in Fig. 15.3. Since
there are no critical pairs left, the model transformation is locally confluent.
Together with the termination of the model transformation shown in Chap-
ter 14, the implemented analysis techniques of AGG imply that the model
transformation is also confluent and has functional behavior, as discussed in
Section 3.4.2.
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Extensions

Practical experience with critical pair analysis has shown that, often, critical
situations which cannot occur in the system are shown. Moreover, often too
many similar critical pairs are computed, which all show essentially the same
conflicts. We have implemented the following additional filtering possibilities
in AGG, which can reduce the number of critical pairs drastically:

e To rule out unwanted conflict situations, the user can enforce a check of
multiplicity and graph constraints for all overlapping graphs. Only those
constraints are taken into account which remain true for all possible em-
beddings of critical graphs into larger contexts. These are mainly those
constraints which forbid certain parts of a graph.

e The set of critical pairs can be reduced by ruling out similar critical pairs
that report essentially the same conflict. If one critical pair includes an-
other one, only that with the smallest overlapping graph is kept.

e If the graph grammar is layered, critical pairs are sought for rules in the
same layer only.

Automatic conflict resolution analysis in AGG is left to future work.

15.2.3 Graph Parsing

AGG provides a graph parser which is able to check if a given graph belongs
to a particular graph language determined by a graph grammar. In formal
language theory, this problem is known as the membership problem. Here, the
membership problem is lifted to graphs. This problem is undecidable for graph
grammars in general, but for restricted classes of graph grammars it is more
or less efficiently solvable.

Usually, a graph grammar is given to generate all graphs of a graph lan-
guage. For parsing, all rules of the graph grammar have to be inverted. By
applying the inverted rules in the right way, all graphs of the corresponding
graph language can be reduced to the start graph of the grammar.

In AGG not all kinds of rules can be automatically inverted. For this
reason, the graph parser expects, instead of a generating grammar, a “parse
grammar” containing reducing parsing rules and a stop graph. Given an ar-
bitrary host graph, AGG tries to apply the parsing rules in such a way that
the host graph is reduced to the stop graph. If this is possible, the host graph
belongs to the graph language determined by the grammar, and there is a
transformation sequence from the host graph to the stop graph; otherwise,
this is not the case.

AGG offers three different parsing algorithms, all based on backtracking,
i.e. the parser builds up a derivation tree of possible reductions of the host
graph with dead ends, called leaf graphs (i.e. where no rule can be applied
anymore), but the leaf graph is not isomorphic to the stop graph. Since simple
backtracking has exponential time complexity, the simple backtracking parser
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is accompanied by two further parser variants exploiting critical pair analysis
for rules.

Critical pair analysis can be used to make the parsing of graphs more ef-
ficient: decisions between conflicting rule applications are delayed as far as
possible. This means that nonconflicting rules are applied first and the graph
is reduced as much as possible. Afterwards, the conflicting rules are applied,
first in noncritical situations and, when this is not possible, in critical ones.
In general, this optimization reduces the derivation tree constructed, but does
not change the worst-case complexity.

15.2.4 Termination

In AGG, termination criteria are implemented for layered graph transforma-
tion systems (see Chapter 12). In general, termination is undecidable for graph
grammars. However, if graph grammars with negative application conditions
meet suitable termination criteria, we can conclude that they are terminating.
We have implemented the following termination criteria:

e Deletion layer conditions (1). If k is a deletion layer, then one of the
following applies:
1. Each rule decreases the number of graph items.
2. Each rule decreases the number of graph items of one special type.
The termination of attributed graph transformation systems using these
termination criteria has been shown in [BKPTO05].
Deletion layer conditions (2). See Definition 12.15.
Nondeletion layer conditions. See Definition 12.15.

In AGG, the rule layers can be set by the user or generated. The creation
and deletion type layers will be generated automatically, such that for each
layer one set of layer conditions is satisfied, if this is possible.

Example: Termination of Model Transformation

In Fig. 15.6, the termination dialog is shown for the case study in Chapter 12.
For the given rule layers, creation and deletion layers of node and edge type
are generated such that the termination criteria are fulfilled. As shown in
Fig. 15.6, the termination criteria are fulfilled for the case study, i.e. the
model transformation always terminates.

15.3 Tool Environment of AGG

AGG is an integrated development environment for graph transformation sys-
tems. It contains several visual editors for graph grammars, graphs and rules;
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Fig. 15.6. Termination dialog

a visual interpreter that performs graph transformations step by step or for as
long as possible; and a validation tool which supports the analysis techniques
described in the previous section. The internal graph transformation engine
can also be used by a Java API and thus can be integrated into other tool
environments.
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15.3.1 Visual Environment

The AGG development environment provides a comprehensive functional-
ity for the input and modification of typed attributed graph grammars by
a mouse/menu-driven user interface.

There is a variety of visual editors available:

a type editor for node and edge types, with the possibility to name and
set a simple graphical layout for each node and edge type,

a graphical editor for graphs (host graphs and type graphs),

a graphical editor for rules that supports the editing of rules consisting
of a left- and a right-hand side and (optionally) one or more negative
application conditions;

an attribute editor which allows the definition and modification of at-
tributes, variables, and parameters, as well as attribute conditions;

a tree view to edit graph grammars;

dialogs for setting rule layers and graph grammar attributes.

In Fig. 15.7, the main perspective of AGG’s visual environment is shown.

The figure depicts a tree view of the current graph grammars on the left, the
rule editor in the upper right part, and the graph editor in the lower right
part.
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Graph transformations are also performed in a visual manner. After a rule
and a match have been chosen interactively, the result of the rule application
is displayed using a simple layout algorithm which changes the given graph
layout as little as possible. When the automatic selection of rules and matches
is chosen and the rules are applied for as long as possible, the intermediate
graphs can be optionally shown. It is also possible for a graph transformation
sequence to be stopped by the user.

For a detailed description of the graphical user interface, see the user
manual at the AGG home page [AGG].

AGG is designed according to the model-view—controller architecture. It
distinguishes between graphs with a concrete layout and graphs without a
layout. The model is formed by the graph transformation engine, which ma-
nipulates graphs without a layout.

15.3.2 Graph Transformation Engine

The graph transformation engine is the internal model of the AGG system,
which is also usable without the visual environment. The engine’s API directly
reflects the concepts of graph transformation described in Section 15.1.

Rule applications can be performed in two different modes: an interaction
mode and an interpreter mode. In the interaction mode, the rule selection
and match definition can be done interactively. After a rule has been cho-
sen, the match can either be given elementwise by clicking on LHS and host
graph elements alternately, or be computed automatically. If several matches
are possible, they are computed one after the other. A third possibility is the
manual definition of a partial match, which is completed automatically after-
wards. Again, if several completions exist, they are shown sequentially. The
automatic match completion computes the possible matches in an arbitrary
order, which will certainly differ from the order that will be used if the com-
putation of all possible matches is repeated. After the rule and match have
been fixed, the rule is applied to the current host graph.

To ensure compliance with the formal definition of graph transformation,
AGG’s transformation engine is based on a library designed to perform arbi-
trary colimit computations [Wol98], where pushouts fit in as a special case.
Note, however, that AGG will never face you with an explicit pushout di-
agram, i.e. the rules modify the host graph directly. However, owing to the
freedom to use arbitrary Java expressions for attribute computations, a graph
transformation might yield unexpected results; for example, when a method
throws an exception, it might happen that the attribute values are not set.

The second possible mode of rule application is the interpreter mode, where
rules are applied for as long as possible. The selection orders for the rules and
matches are nondeterministic, except for layered graph grammars or other
kind of rule control such as by Java programs using the AGG API.
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15.3.3 Tool Integration

Since graphs are a very general data structure which is used in various fields
of computer science, a variety of graph-based tools exist. To increase their
interoperability, GXL [GXL], a common exchange format for graphs, has been
developed on the basis of XML. GXL allows one to store the logical structure
of nearly all kinds of graphs, for example typed and attributed graphs with
hyperedges, and also hierarchical graphs. GXL is used not only by graph
transformation tools, but also by graph-drawing tools, reengineering tools,
etce.

AGG supports the exchange of graphs by GXL, i.e. the current host graph
of a graph grammar can be stored in GXL or a GXL graph can be read in
and set as a new host graph in AGG. Input graphs which use graph concepts
not supported by AGG, such as hyperedges, cannot yet be loaded. It is left to
future work to support various kinds of style sheet transformations between
GXL graphs and advanced graph concepts.

To support model transformation by AGG graph transformation, some
CASE tool (with subsequent XSL transformation if needed) could produce a
GXL graph, which would be the input graph for a model transformation in
AGG. The resulting graph could be exported in GXL again and prepared for
further processing.

Graph grammars are currently stored in a proprietary XML format of
AGG. Tt is planned to replace this format by GTXL [Tae01, Lam04], the fu-
ture exchange format for graph transformation systems, which is build on top
of GXL. If graph transformation is to be used as a semantic model domain,
it is intended that GTXL will be used as the target format for model trans-
formations and thus as the input format for graph transformation tools that
perform validations.

15.4 Conclusion

This chapter has given a short overview of the graph transformation environ-
ment AGG and its relation to the theory of graph transformation. AGG is an
integrated development environment for graph transformation systems which
supports standard validation techniques for graph transformation. The appli-
cations of AGG may have a large variety, because of its very flexible concept
of attribution, which relies on Java objects and expressions.

AGG has become one of the standard development environments for graph
transformation systems and has been applied in a variety of contexts. For
example, the following applications of AGG have been considered:

visual language parsing [BST00], implemented in GenGEd [Bar02];
conflict detection in functional requirement specifications [HHT02];
conflict detection in model refactorings [MTRO4]; and

[
o
L]
e termination checks for model transformations [EEALT05].
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The AGG development group at the Technical University of Berlin will
continue implementing concepts and results concerning the validation and
structuring of graph transformation systems in order to continue implement-
ing concepts from the theory of graph transformation. AGG is available from
the AGG Homebase [AGG].
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Appendices A and B are short introductions to category theory and to signa-
tures and algebras, respectively, to the extent needed for understanding the
main part (Parts I-IV) of the book. Appendix C contains selected proofs not
presented in the main part of the book.



A

A Short Introduction to Category Theory

In this appendix, we give a short summary of the categorical terms used
throughout this book. We introduce categories, show how to construct them,
and present some basic constructions such as pushouts, pullbacks, and binary
coproducts. In addition, we give some specific categorical results which are
needed for the main part of the book. For a more detailed introduction to
category theory see [Mac71, EM85, EM90, AHS90, EMC™'01].

A.1 Categories

In general, a category is a mathematical structure that has objects and mor-
phisms, with a composition operation on the morphisms and an identity mor-
phism for each object.

Definition A.1 (category). A category C = (Obc, Morc,o,id) is defined

by

e a class Obc of objects;

e for each pair of objects A, B € Obc, a set Morc(A, B) of morphisms;

o for all objects A,B,C € Obc, a composition operation o p c)
More(B,C) x Morc(A, B) — Morc(A4,C); and

e for each object A € Obc, an identity morphism ida € Morc(A, A),

such that the following conditions hold:

1. Associativity. For all objects A, B,C,D € Obc and morphisms [ :
A—B,g:B—C and h: C — D, it holds that (hog)o f =ho(go f).

2. Identity. For all objects A, B € Obc and morphisms f : A — B, it holds
that foida = f andidgo f = f.

Remark A.2. Instead of f € Morc(A, B), we write f : A — B and leave
out the index for the composition operation, since it is clear which one to use.
For such a morphism f, A is called its domain and B its codomain.
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Example A.3 (categories).

1.

A.

The basic example of a category is the category Sets,, with the object
class of all sets and with all functions f : A — B as morphisms. The
composition is defined for f : A — B and g: B — C by (go f)(z) =
g(f(z)) for all x € A, and the identity is the identical mapping id4 : A —
A:x .

. Another category based on sets is the category Rels, where the objects

are sets and the morphisms are relations R C A x B between two sets.
The composition is defined for R C A x B and Q@ C B x C by (a,c) €
QoR<& Jbe B:(a,b) € RA(byc) € Q. The identity on a set A is the
diagonal relation Ay = {(a,a)| a € A}.

. The category Posets consists of partially ordered sets as objects, i.e.

tuples (M, O) of a set M and a relation O C M x M that is reflexive,
antisymmetric, and transitive; a morphism f : (M1,01) — (M2,02) is
a mapping f : My — Mo, that is order-preserving, ie. (z,y) € O; =
(f(x), f(y)) € Oz. Composition and the identities are the same as in
Sets.

. The class of all graphs (as defined in Definition 2.1) as objects and the class

of all graph morphisms (see Definition 2.4) form the category Graphs;
the composition is given in Fact 2.5 and the identities are the pairwise
identities on nodes and edges.

. Typed graphs and typed graph morphisms (see Section 2.2) form the

category Graphsrtg (see Example A.6).

. The category Alg(X) has as its objects algebras over a given signature

Y, and the morphisms are homomorphisms between these X-algebras.
The composition is defined componentwise for homomorphisms, and the
identities are componentwise identities on the carrier sets (see Appendix
B).

O

2 Construction of Categories, and Duality

There are various ways to construct new categories from given ones. The first
way that we describe here is the Cartesian product of two categories, which
is defined by the Cartesian products of the class of objects and the sets of
morphisms with componentwise composition and identities.

De

finition A.4 (product category). Given two categories C and D, the

product category C x D is defined by

Obch = Obc X ObD;

Morexp((A, A, (B,B")) = Morc(A, B) x Morp(A', B');

for morphisms f : A — B, g: B — C € Morc and f' : A/ — B,
g+ B'— C" € Morp, we define (g,9") o (f, f') = (g0 f, 9" o [');
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L id(A,A’) = (idA,idA/).

Another construction is that of a slice or a coslice category. Here the
objects are morphisms of a category C, to or from a distinguished object
X, respectively. The morphisms are morphisms in C that connect the object
morphisms so as to lead to commutative diagrams.

Definition A.5 (slice category). Given a category C and an object X €
Obg, then the slice category C\X is defined as follows:

Obenx ={f:A— X| A€ Obc, f € Morc(A, X)},

Moro\x(f:A— X,9g:B—X)={m:A— Blgom = f},

for morphisms m € Moronx(f : A — X,g : B — X) and
n € Morc\x(g: B — X,h : C — X), we have nom as defined in C
form:A— Bandn:B— C:

A

m——» B n——» ()

b

° idf;A_,X =1ida € Morc.

Example A.6 (slice category Graphsrg). Given a type graph TG, the
category Graphstg can be considered as the slice category Graphs\TG.
Each typed graph is represented in this slice category by its typing mor-
phism, and the typed graph morphisms are exactly the morphisms in the slice
category. O

Definition A.7 (coslice category). Given a category C and an object X €
Obg, then the coslice category X\C is defined as follows:

ObX\C = {f X — A| A€ Obe, f e MO?“(j(X, A)},‘

Morx\c(f: X - A,g: X = B)={m:A— Bl g=mo [};

for morphisms m € Morx\c(f : X — Ayg : X — B) and
n € Morx\c(g : X — B,h : X — C), we have n om as defined in
C form:A—Bandn:B— C:

n——» ()

° ’idf;X_”q =1ida € Morc.

As the last construction in this section, we introduce the dual category.
For the dual category, we use the objects of a given category, but reverse all
arrows, i.e. morphisms.
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Definition A.8 (dual category). Given a category C, the dual category
C°P s defined by

OBCDP - Obc;

Morcer(A, B) = Morc(B, A);

[ g=goC fforalf:A—B,g:B—C;
idG”" = idS for all A € Obcos.

The duality principle asserts that for each construction (statement) there
is a dual construction. If a statement holds in all categories, then the dual
statement holds in all categories too. Some examples of dual constructions
are monomorphisms and epimorphisms, pushouts and pullbacks, and initial
and final objects, which will be described in the following sections.

A.3 Monomorphisms, Epimorphisms, and Isomorphisms

In this section, we consider a category C and analyze some important types
of morphisms, namely monomorphisms, epimorphisms, and isomorphisms.

Intuitively speaking two objects are isomorphic if they have the same struc-
ture. Morphisms that preserve this structure are called isomorphisms.

Definition A.9 (isomorphism). A morphism i : A — B is called an iso-

morphism if there exists a morphism i~' : B — A such that ioi™' = idp and

i~lodi=ridy:

Aki—il —
Two objects A and B are isomorphic, written A = B, if there is an iso-
morphism i : A — B.

Remark A.10. If ¢ is an isomorphism, then 7 is both a monomorphisms and
an epimorphism. For every isomorphism i, the inverse morphism ¢! is unique.

Example A.11 (isomorphisms).

e In Sets, Graphs, Graphsrtg, and Alg(3X), the isomorphisms are exactly
those morphisms that are (componentwise) injective and surjective.

e In product, slice, and coslice categories, the isomorphisms are exactly those
morphisms that are (componentwise) isomorphisms in the underlying cat-
egory.

O

Definition A.12 (monomorphism and epimorphism). Given a category
C, a morphism m : B — C' is called a monomorphism if, for all morphisms
f,9: A— B € Morg, it holds that mo f =mog= f=yg:

A—i—ZB—m—C
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A morphism e : A — B € Morg is called an epimorphism if, for all
morphisms f,g: B — C € Morg, it holds that foe=goe= f=g:

A—e—=B——{=ZC

Remark A.13. Monomorphisms and epimorphisms are dual notions, i.e. a
monomorphism in a category C is an epimorphism in the dual category C°P
and vice versa.

Fact A.14 (monomorphisms and epimorphisms).

e In Sets, the monomorphisms are all injective mappings, and the epimor-
phisms are all surjective mappings.

e [n Graphs and Graphsrtq, the monomorphisms and epimorphisms are
exactly those morphisms that are injective and surjective, respectively.

e In Alg(X), the monomorphisms are the injective homomorphisms. Injec-
tive homomorphisms are componentwise injective. Analogously, the epi-
morphisms are the surjective homomorphisms, which means that they are
componentwise surjective.

e In a product category C x D, monomorphisms and epimorphisms are com-
ponentwise monomorphisms and epimorphisms in C and D, respectively.

e In a slice category, the monomorphisms are exactly the monomorphisms
of the underlying category. The epimorphisms of the underlying category
are epimorphisms in the slice category, but not necessarily vice versa.

e In a coslice category, the epimorphisms are exactly the epimorphisms of
the underlying category. The monomorphisms of the underlying category
are monomorphisms in the slice category, but not necessarily vice versa.

Proof. For Sets, Graphs, and Graphstg, the above characterization of
monomorphisms, epimorphisms, and isomorphisms have been proven explic-
itly in Fact 2.15. These proofs can be extended to Alg(X). For product, slice,
and coslice categories, the results stated above can be shown directly from the
definitions. However, the characterization of epimorphisms in slice categories
and of monomorphisms in coslice categories is an open problem. ]

In general, a factorization of a morphism decomposes it into morphisms
with special properties. In an epi—-mono factorization, these morphisms are an
epimorphism and a monomorphism.

Definition A.15 (epi-mono and (weak) £—M factorizations). Given a
category C and morphisms f : A — B, e: A — C, and m : C — B with
moe = f, if e is an epimorphism and m is a monomorphism then e and m
are called an epi—-mono factorization of f:

AT

e m

\C’/
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If for every morphism f we can find such morphisms e and m, with f = moe,
and this decomposition is unique up to isomorphism, then the category C is
said to have an epi-mono factorization.

C has an £-M factorization for given morphism classes € and M if for
each f there is a decomposition, unique up to isomorphism, f = m o e with
e € & and m € M. Usually € is a subclass of epimorphisms and M is a
subclass of monomorphisms.

If we require only f = moe with e € £ and m € M, but not necessarily
uniqueness up to isomorphism, we have a weak E-—M factorization.

The categories Sets, Graphs, Graphstg, and Alg(X) have epi-mono
factorizations.

Definition A.16 (jointly epimorphic). A morphism pair (e1,e2) with e; :
A; — B (i = 1,2) is called jointly epimorphic if, for all g,h : B — C with
goe;=hoe; fori=1,2, we have g = h.

In the categories Sets, Graphs, Graphsrg, and Alg(X), “jointly epi-
morphic” means “jointly surjective”.

A .4 Pushouts and Pullbacks

Intuitively, a pushout is an object that emerges from gluing two objects along
a common subobject. In addition, we introduce the dual concept of a pullback
and the construction of both in specific categories.

Definition A.17 (pushout). Given morphisms f: A— B andg: A — C €
Morc, a pushout (D, f',g") over f and g is defined by

e a pushout object D and
e morphisms f':C — D andg : B— D with f'og=g'o f,

such that the following universal property is fulfilled: for all objects X with
morphisms h: B — X and k : C — X with kog = ho f, there is a unique
morphism x : D — X such that xog' = h and z o f' = k:

=

g g’

b
7]0/4»

Remark A.18 (pushout object). The pushout object D is unique up to
isomorphism. This means that if (X, k, h) is also a pushout over f and g, then
z: D 5 X is an isomorphism with z o ¢ = h and z o f’ = k. Vice versa,
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if (D, f’,¢') is a pushout over f and g and z : D = X is an isomorphism,
then (X, k,h) is also a pushout over f and g, where k¥ = z o f/ and h =
x o ¢'. Uniqueness up to isomorphism follows directly from the corresponding
universal properties (see Fact 2.20).

Fact A.19 (pushout constructions).

1. In Sets, a pushout over morphisms f: A — B and g : A — C can be
constructed as follows. Let

~ro=t({(a1,a2) € Ax Al f(a1) = f(az2) V g(a1) = g(az)})

be the transitive closure of Kern(f) and Kern(g); ~y¢,4 is an equivalence
relation. We define the object D and the morphisms as:

e D=Al.,, UB\f(A)UC\g(4),

. . a @ JacA:gla)=x
* f'c_)D'xH{x otherwise
Ja€eA: f(a)=x
otherwise ’

)

. 9':B—>D:xn—>{£§]

2. In Graphs and Graphsrg, pushouts can be constructed componentwise
in Sets.

3. In Alg(X), pushouts over arbitrary morphisms exist. However, in general,
the pushouts cannot be constructed componentwise.

4. If the categories C and D have pushouts, the pushouts in the product
category can be constructed componentwise.

5. If the category C has pushouts, the pushouts in the slice category C\X
can be constructed over the pushouts in C. Given objects f : A — X,
g:B— X, and h: C — X, and morphisms m and n in C\X as in (1)
below, it holds that gom = f = hon by the definition of morphisms in
C\X. We construct the pushout (2) in C over C <~ A ™% B. From (2),
we obtain the induced morphism d : D — X as the pushout object, and
morphisms s and t with dos = g and dot = h, leading to the pushout (1)
in C\X:

ffA=X—m—»g:B—X A——m—»RB
IR
g
h:C—X t—=d: D — X C%D\\

h d

N

This construction works analogously for the coslice category X\C.

Proof idea. The construction of a pushout in Sets is equivalent to that given
in Fact 2.17. For Graphs and Graphsrg, pushouts can be constructed com-
ponentwise in Sets for nodes and edges, respectively. The source and target
functions are uniquely determined by the universal pushout properties. For
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more details concerning Alg(3), we refer to [EM85], but we do not give an
explicit proof here. For product, slice, and coslice categories, the proofs can
be obtained directly from the constructions. O

In various situations, we need a reverse construction of a pushout. This is
called the pushout complement.

Definition A.20 (pushout complement). Given morphisms f : A — B

andn : B — D, then A C % D is the pushout complement of f and n if
(1) below is a pushout:

A—Ff—=B

| |
P@ g

C 9—=D

Pushout squares can be decomposed if the first square is a pushout, and
can be composed, preserving their pushout properties.

Lemma A.21 (pushout composition and decomposition). Given the
following commutative diagram,

A B E
l (1) l (2) l
C D F

then the following hold:
e Pushout composition. If (1) and (2) are pushouts, then (1) + (2) is also

a pushout.

e Pushout decomposition. If (1) and (1) + (2) are pushouts, then (2) is also
a pushout.

Proof. See Fact 2.20. ad

The dual construction of a pushout is a pullback. Pullbacks can be seen
as a generalized intersection of objects over a common object.

Definition A.22 (pullback). Given morphisms f :C — D and g: B — D,
a pullback (A, f',¢") over f and g is defined by

e a pullback object A and
e morphisms f':A— Bandg : A— C withgo f'=fog,

such that the following universal property is fulfilled: for all objects X with
morphisms h: X — B and k : X — C, with f ok = go h, there is a unique
morphism x : X — A such that f'ox =h and g’ ox = k:
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Xiz\h

k\AxB
[ '
C——f—=D

Fact A.23 (pullback constructions).

1. In Sets, the pullback C 2 A X B over morphisms f : C — D and
g: B — D is constructed by A = J,ep f(d) x g~ (d) with morphisms
f'tA—=B:(x,y)—yandg : A— C:(x,y) — x.

2. In Graphs and Graphsrg, pullbacks can be constructed componentwise
in Sets.

3. In Alg(X), for given morphisms f : C — D and g : B — D, the carrier
sets of the pullback object A and the morphisms can be constructed com-
ponentwise for all s € S. For an operation op : s1...520 — s € OP, we
define opa((x1,y1)s - (Tn,yn)) = (opc (@1, ..., Tn),0pB(Y1, -« s Yn))-

4. In a product, slice, or coslice category, the construction of pullbacks is dual
to the construction of pushouts if the underlying categories have pullbacks.

Proof idea. The proof for Sets is given in Fact 2.23 and can be extended com-
ponentwise to Graphs and Graphstq, where the source and target functions
are uniquely determined by the universal pullback properties. For Alg(X), the
componentwise construction described above can be shown to satisfy the pull-
back properties. The results for product, slice, and coslice categories follow by
duality from Fact A.19. a

In the following, we present a category where general pullbacks exist, but
cannot be constructed componentwise.

Fact A.24 (pullbacks in PTNets). The category PTNets has pullbacks.

Construction. In contrast to pushouts, the construction of pullbacks in
PTNets cannot be done componentwise for places and transitions in gen-
eral (see Example 4.23). If, however, at least one of the given morphisms is
injective, then the construction can be done componentwise (see Fact 4.21).
If both morphisms are noninjective, the places of pullbacks for PTNets are
constructed as pullbacks in Sets (see Remark 4.21), but the construction for
the transitions is quite complicated, as shown below.

Given Petri nets B, C, D with X = (Px,Tx,prex,postx) for X =
B,C, D, we assume, without loss of generality, that Pp = {p1,...,pq} and
define p; < p; & i < j. For given Petri net morphisms f : B — D and g :
C — D, we want to construct the pullback object A = (Pa,Ta,prea,posta)
and morphisms f': A —- C and ¢’ : A — B.

We define P4 :={(i,j) € Pg x Pc | f(i) = g(j)} as the pullback in Sets
over the places.
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Consider t € Tp and a tuple (tp,tc) € T x Te with f(tg) = t and
g(tc) =t.

Without loss of generality, let prep(t) = Z py, and postp(t) = Z Ptk

with p, € Pp for k =1,...,m +n, andpk<pk+1fork—1 n—land
k:n+1,...,m+n—1.
We define a set of lists of possible matches for the preplaces and postplaces

Litpic) = {((iks Ji)k=1,...n4m) © PAT™ | fir) = i, 2 ix = pres(tn),

m
Z Jk = prec(tc), Z intk = Ppostp(tp), Y jnik = postc(tc)}.
k=1
We deﬁne the relation ~, 10y o0 Lty 10y by ((if,52)) ~tste) (35 57))
if
L for Iy, € {1,...,n}, we have p;, = py,, (i} ,4) = (i}, 32), (i, 45) =
(7:1217j121)5 and (7']1@).7]%) = (7'%).7]%) for k 7é l17l2; ) )
2. for l1,lo € {n+1,...,n 4+ m}, we have p;, = p,;,, (i ll’jll) = (2122,]?2),
(2112’3112) = (lelajlzl)a and (lec’jk) (Zkajk) for k # 11, l2;
and the equivalence relation =y, ;) on L, ;) is the transitive closure of

N(thtC’)'
Now Ty := {tflt]B’tC) |t € Tp, (t,tc) € Tr x T¢, f(t) = g(tc) =t,[l] €

n

(ts;to) _ o (ts to)
Litste)l=egier b preA(t[(szC.k))]) B kz1(Zk,jk), and pOStA(t[((ik ?k))])
>~ (intk, Jntk)-

=1
With this definition, the preplaces and postplaces of tfl’?tc and tfltj’tc)

=

are exactly the same iff [I1] = [l2].

For the morphism f’, we define f5((4,7)) = 7 and fT(tElt]B’tC)) = t¢, and,
analogously, g5 ((¢,7)) = ¢ and gT(tElt]B’tC)) =tig. O
Proof. 1. Well-definedness and commutativity. A is well defined, since
prea and posty are well defined.

f! is well defined, because for all tf(t(rz’tf:))] € T4 we have:

Iplin, jr) = Xn: Jk

1 k=1

NE!

o Pty = FE( i) =

k
prec(te) = prec(Fr(tES));
?(

hd fllDea(pOStA( th’tC) )) = f Z (Z7L+kaj7L+k)) = Z f}—)(in—&-k;jn—&-k) =
[((irsx))] = =
> ik = posto(te) = posta (f(t(E")))-

k=1

The well-definedness of ¢’ follows analogously.
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Now we have, for all (i,j) € Pa, the result that gp(fp(4,5)) = gr(j) =
fp(i) = fp(gp(i,j)), and for all tftaf?k)))] € Ta, gr(f7(t [(t(}j,;ti)))])) =gr(tc) =
t= fr(ts) = fr(gp(t [f(‘f:?k)))])). Therefore the diagram commutes.

2. Pullback properties. Given a Petri net X and morphisms h : X — B,
l: X — C with gol = foh, we have to show that there exists a unique
morphism z : X — A with ffox =1 and g’ ox = h.

Suppose that Px = {q1,...,¢,} such that fp(hp(q:)) < fr(hp(gr+1))
with respect to the order on Pp defined above, and we define ¢; < ¢; & ¢ < j
analogously. This order is not unique if f or g is not injective.

Now we define zp(q) = (hp(q),lp(q)); and for tx € Tx, where hT(tX)

tg, lr(tx) = tc, g(tc) =T, prex(tx) = Z qy, and postx (tx) = Z Qntk

with ¢, € Px for k =1,.. m+nanqu<qk+1f0rk‘—1 n—land

_ _ (thtC)
E=n+1,...,m+n—1, we define zp(tx) = E(hr(an), lp(qk))]

Then 23 (prex (tx)) = 28(3 q0) = 3 op(gr) = 3. (hp(ay), lp(ay) =
k=1 k=1 k=1

Prealt(a anton) = Prealer(tx)) and i (postx (tx)) = of3( 2 k) =
m m t

2 o) = 2 e lngp): bp(@nin)) = postalt (or o e e
posta(zr(tx)).

For the well-definedness of z, we have to show that (hp(qy),ip(q;)) €
L(iy,tc)- We check the necessary properties:

o We kuow that fE(hS(prex(tx))) = i frlhp(ay) = Zpk Since

pk < Pryts Qe < Quyrs and fp(hp(qr) < fr(hp(qrit)), lt fOHOWS that
(hp(qk)) =py for k =1,...,n. Analogously, fp(hp(q, 1)) = Pnys for
=1,.

n

(Qk) = h@( > qr) = hp(prex(tx)) = prep(hr(tx)) = pres(ts).

k=1
J Z play) = l@(iqk) 15 (prex (tx)) = prec(Ir(tx)) = prec(te).

° Analogously for post

[ ]
:HM:
3

The equivalence class for tx is independent of the chosen order on Py, i.e.
if fp(hp(qr)) < fp(hp(qyy1)), exchanging the roles of g, and g, leads to
an exchange of ((hp(qy),lp(qy))) and ((hp(qxy1),lP(qsy1))) and therefore to
the same equivalence class.

We then have f(zp(9) = Fi(hp(a),lp(@)) = Lp(q) and fh(wp(ty)) =

fl’g(tflf]bT(tX)’lT(tX))) = Ip(tx), which means that f’ o x = [. Analogously,
gp(zr(a)) = gplhr(a),lr(q)) = hple) and gp(zp(tx)) =

g’ (tfl}]LT(tX) lT(tX))) = hr(tx), and therefore ¢’ o x = h.
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Now we show that z is unique. For any z’ : X — A with f' o2’ = [ and
g ox’ = h, we have the following;:

e Let 25(q) = (4,5). Since lp(q) = fp(zp(q)) = [fp(i,j) = j and

he(q) = gp(@p(q)) = gpi,j) = i, we have /() = (i,j) =
(hp(a),lp(q)) = zp(q). , z
tx),lr(t tp,t
e For xT(tX):gT(lT(tX))E((fliél)’Tlﬁ();B))] and x'(tX):tES]B <) we have:

L lr(tx) = fh(alp(tx) = £/ (t7) = te.

2. hr(tx) = gp(@h(tx)) = o' (t"")) = t5.

3. gr(lr(tx)) = gr(tc) = t.

4. Suppose that [s] # [((hp(qr),lp(qx)))]; then z(tx) # a'(tx), but we
have the same preplaces and postplaces (defined by zp), which is a
contradiction.

It follows that = = 2. m|

Pullback squares can be decomposed if the last square is a pushout, and
can be composed, preserving their pullback properties.

Lemma A.25 (pullback composition and decomposition). Given the
following commutative diagram,

A B E
i (1) i (2) i
C D F

then the following hold:

e Pullback composition. If (1) and (2) are pullbacks, then (1) + (2) is also
a pullback.

e Pullback decomposition. If (2) and (1) + (2) are pullbacks, then (1) is
also a pullback.

Proof. See Fact 2.27. a

A.5 Binary Coproducts and Initial Objects

Binary coproducts can be seen as a generalization of the disjoint union of
sets and graphs in a categorical framework. Analogously, initial objects are
the categorical representation of the empty set and the empty graph. Note,
however, that the construction of binary coproducts and initial objects of
algebras is much more difficult.

Definition A.26 (binary coproduct). Given two objects A, B € Ob¢, the
binary coproduct (A + B,ia,ip) is given by
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e a coproduct object A+ B and
e morphismsiga: A— A+ B andip: B— A+ B,

such that the following universal property is fulfilled: for all objects X with
morphisms f : A — X and g : B — X, there is a morphism [f,g] : A+B — X
such that [f,gloia = f and [f,g]oip = g:

A

ia—»= A+ B=ip B

f \[fr] / 9
X

Remark A.27. Given two morphisms f: A — A’ and g : B — B’, there is a
unique coproduct morphism f +g: A+ B — A’ + B’, induced by the binary
coproduct A + B and the morphisms i4- o f and ig/ o g:

A ia—»= A+ B=ip B

I flrg i

A/ iA”A/—FB/‘iB’ B/

Example A.28 (binary coproduct constructions).

e 1In Sets, the coproduct object A+ B is the disjoint union A U B of A and
B, and i4 and ip are inclusions. For AN B = &, we use the representation

AUB=AUB, and for ANB # @&, weuse AUB = Ax {1}UB x {2}.
e In Graphs and Graphsrtg, the coproduct can be constructed component-
wise in Sets.
e In a product or slice category, coproducts can be constructed component-
wise if the underlying categories have coproducts.
e In a coslice category, the coproduct of objects f: X — Aandg: X — B
is constructed as the pushout of f and g in the underlying category.
(|

In the following, we give an example where binary coproducts exist, but
in general cannot be constructed componentwise in Sets.

Construction (binary coproducts in Alg(X)). Given a signature X' = (S, OP)
and objects A, B € Alg(X), for the construction of the coproduct A + B

we extend ¥ to a signature X (A + B) = (S,0P U OP4 U OPg), where
OPy = {24 :— s|s € S,z € A,} and OPp = {2P :— s|s € S,z € B,}.

Consider the set of equations E = {(t,t')|s € S,t,t' € Txayp)s :
evalas(t) = evala(t")} U {(t,t')]s € S,t,t' € Txatp)s : evalps(t) =
evalp s(t')} over the term algebra T'w(aip) with eval;(z') = x for o' :—
s € OP;, i = A, B. This results in a specification SPEC = (¥(A+ B), E).
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We then define the coproduct object of A and B by A+ B = Tsprc|s
and the morphism families i s : As — (A+ B)s : 2 +— [24] and ip s : Bs —
(A+ B)g:x— [2P].

For morphisms f : A — X and g : B — X, the induced morphism
[f,g] : A+ B — X is defined by

OpX([fvg]m(tl])a :t:()p(tlv"'vtn)v
oI gls, (tn]))  op:isi...sp — s€OP

[f,9ls([t]) = { ex it=c,ci— s€OP
fs(z) it =[24],2% :— 5 € OPy
gs(z) it =[2P],2P :— s € OPp

This definition guarantees that [f, g] preserves the operations and the unique-
ness of [f, g].

For a € Ay, we have the result that [f, g]s(ias(a)) = [f, g]s([a?]) = fs(a)
and, analogously, [f, g]s(iB,s(b)) = gs(b) for all b € By; therefore [f, gloia = f
and [f,g]oip = g. o

The following lemma combines pushouts and binary coproducts in a cate-
gory. It is used in the proof of the Parallelism Theorem (Theorem 5.18) and is
called Butterfly Lemma in [Kre78] because the pushouts (1)—(3) below have
the shape of a butterfly.

Lemma A.29 (Butterfly Lemma). Consider a category with pushouts and
binary coproducts. We then have:

1. If (1), (2), and (3) below are pushouts with e; = dy oby, ea = da 0 b, and
c¢=djocy =dgocy, then (4) is also a pushout.

2. Given that (4) is a pushout and given morphisms f1 : Ay — B and
fa : As — Bs, then there exists a decomposition into diagrams (1)—(3)
such that (1), (2), and (8) are pushouts with e; = dy 0 by, ez = da 0 by,
andc=djoc; =dyocy:

Ag—f2—» By
‘12 (2) bi\' A+ Ay fitfo—= B + By
| |

‘ cz— Dye2 l[a1,az] (4) le1,e2]
| |
A1) a N (3) do C——c
]E; 1; c\—tj
——by —» —ds E
1\ 1/

€1

E

Proof.

1. Given the pushouts (1), (2), and (3) with e; = d; 0 b1, e2 = dg 0 by, and
¢ =djocy = dsoce, consider an object X and morphisms h : C' — X and
k:By+ By — X with ho [al,ag] :ko(f1+f2)2
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A+ Ao fitf2—= B + By
| |
l[a1,az2] (4) le1,e2]
k
h\
X

Comparing pushout (1) with the morphisms h and koipg,, where hoa; =
holay, ag]oia, = ko(f1+f2)oia, = koip, of1, we obtain a unique morphism
x1 : D1 — X, where z10c¢; = h and x10b1 = koip,. Analogously, we obtain
from pushout (2) a unique morphism x2 : Dy — X, where 29 0co = h and
xo0by =koip,:

Ali‘ll"c" AQ*]‘Z‘»BQ\
| \ | ime
f1 (1) €1 a2 (2) ba B1+ By
AN N S N
by —» C [ k
EESN Y
B1+B2*k4X X

Now z1 0 ¢1 = h = x2 0 ¢o, and we obtain from pushout (3) a unique
morphism x : £ — X, where x od; = x1 and x o dy = xs.

From xoe; =zodyoby =x10b; = kand xoes = xodyoby = x90by =k,
it follows that z o [e1,e2] = k, and we have zoc = zodyocy = xa0co = h.
This means that x is the required unique morphism and (4) is a pushout.
. Given the pushout (4) and f; and fo, we define a; = [a1,az2] 0 ia, and
ag = [a1,az]oia,, and, analogously, e; = [e1, es]oip, and ea = [e1, e3]oip,.
In the first step, we construct the pushouts (1) and (2) over f; and a; and
over fy and ag, respectively. Since coa; = colay, as]oia, = [e1,ea]o (f1+
f2)oia, =[e1,ea]0ip, o f1 = ej0 f1, we obtain from pushout (1) a unique
morphism dy, where dy o by = e; and dj o ¢; = ¢. Analogously, we obtain
from pushout (2) a morphism dy, where dg 0 by = e3 and dz 0 ¢ = ¢. Tt
remains to show that (3) is a pushout.

Given an object X and morphisms hy : D1 — X, hy : Do — X, where
hiocy = hgocs, we have the following result for k1 = hioby and ko = hoobs:
klofl = h10b10f1 :hlocloal and kQOfQ = h20b20f2 :hQOCQOag.
Therefore [kq, ko]o(f1+f2) = hiocio[a1, as]. From pushout (4), we obtain a

unique morphism z : E — X, where zoc = hyocy and zoley, ea] = [k1, ko)
C co— [y A; + Ay —fi+fom By + By
| | | |
c1 (1) da la1,a2] (4) le1,e2]
* * ha v Vo lenoka)
D, <ﬁ<£ \ C\CTN:IE\ac\
X B

Because of the pushout (1), the morphism h; is unique with respect to k;
and hy oci. Now we have todyocy =xoc=hocy and xody ob; =
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xoe =xoler, ez oip, = [ki,ks] oip, = ki, and therefore x o dy = hy.
Analogously, we obtain from pushout (2) the result that x o dy = ho, and
therefore x is the required unique morphism. ad

Definition A.30 (initial object). In a category C, an object I is called
initial if, for each object A, there exists a unique morphism iy : I — A.

Example A.31 (initial objects).

In Sets, the initial object is the empty set.

In Graphs and Graphsrg, the initial object is the empty graph.

In Alg(X), the initial object is the term algebra T's.

In a product category A x B, the initial object is the tuple (I3, I2), where

I, I are the initial objects in A and B (if they exist).

e If C has an initial object I, the initial object in a slice category C\X is
the unique morphism I — X.

e In general, a coslice category has no initial object.

O

Remark A.32. The dual concept of an initial object is that of a final object,
i.e. an object Z such that there exists a unique morphism z4 : A — Z for each
object A. Each set Z with card(Z) = 1 is final in Sets, and each algebra Z
in Alg(X) with card(Zs) =1 for all s € S is final in Alg(X) (see Definition
B.11).

Initial objects are unique up to isomorphism.

A.6 Functors, Functor Categories, and Comma
Categories

Functors are mappings between different categories which are compatible with
composition and the identities. Together with natural transformations, this
leads to the concept of functor categories. Another interesting construction
for building new categories is that of comma categories.

Definition A.33 (functor). Given two categories C and D, a functor F :

C — D is given by F = (Fob, Fypor), with

e a mapping Fop : Obc — Obp and

o a mapping Fuor(a,py : Morc(A,B) — Morp(Fou(A), Foy(B)) of the
morphisms for each pair of objects A, B € Obg,

such that the following apply:

1. For all morphisms f : A — B and g : B — C € Morc, it holds that

Fgo f) = F(g) o F(f).
2. For all objects A € Obc, it holds that F(ida) = idp(a).
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Remark A.34. For simplicity, we have left out the indices and have written
F(A) and F(f) for both objects and morphisms.

To compare functors, natural transformations are used. Functors and nat-
ural transformations form a category, called a functor category.

Definition A.35 (natural transformation). Given two categories C and
D and functors F,G : C — D, a natural transformation a : F' = G is a family
of morphisms o = (@a) acobe With ays : F(A) — G(A) € Morp, such that,
for all morphisms f: A — B € Morc, it holds that apg o F(f) = G(f) o aa:

F(A) F(f)— F(B)
\ |
' v
G(A) a(H—G(B)

Definition A.36 (functor category). Given two categories C and D, the
functor category [C, D] is defined by the class of all functors F : C — D as the
objects, and by natural transformations as the morphisms. The composition of
the natural transformations a: F' = G and B : G = H is the componentwise
composition in D, which means that foa = (Baoaa)acobs, and the identities
are given by the identical natural transformations defined componentwise over
the identities idp(ay € D.

Fact A.37 (constructions in functor categories).

e In a functor category [C, D], natural transformations are monomorphisms,
epimorphisms, and isomorphisms if they are componentwise monomor-
phisms, epimorphisms, and isomorphisms, respectively, in D.

o If the category D has pushouts, then pushouts can be constructed “point-
wise” in a functor category [C,D] as follows. Given functors F,G,H : C
— D and natural transformations o : F — G and 8 : F — H, for every ob-
ject A € Obe we construct the pushout (Pa) below as H(A) 13 K 4 2 G(A)
over H(A) fa F(A) %3 G(A) in D. Now we define the functor K : C — D
by K(A) = K4 for objects in C. For a morphism f: A — B € Morc, we
obtain an induced morphism K(f) from the pushout (Pa) in comparison
with yg o H(f) and 0 o G(f). K is the pushout object in [C,D], and
(va)acobe and (04) acob. are the required morphisms:

F(B) o ~G(B)
TR e
F(A) ——ea—>=G(A)
BB ﬂvA (PA) J‘A B
/H(A) ”/AHKA\
L H) K(p)
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o The construction of pullbacks is dual to the construction of pushouts if the
underlying category D has pullbacks.

Proof idea. It follows directly from the definition that a natural transforma-
tion is monomorphism, an epimorphism, or an isomorphism if it has that
property componentwise in D. The construction of pushouts in the functor
category [C,D] can be shown directly to satisfy the properties of pushouts
in [C, D] using the corresponding properties in D. The result for pullbacks
follows by duality. O

In the following, we show that some explicit functors preserve pullbacks
(along injective morphisms).

Lemma A.38 (O preserves pullbacks). The free monoid functor O :
Sets — Sets preserves pullbacks, i.e., given a pullback (P) in Sets, then also
(P*) is also a pullback in Sets:

,‘4 f1—>? /}*fff+B‘*
f2 (P) g1 3 (P*) 97
v v v v
C—o—D C*—a;—D*

Proof. Given a pullback (P) in Sets, we have to show that (P*) is also a
pullback in Sets:

Given hy, ha, where (3) gf o hy = g5 o ho we have to show that there exists a
unique h : X — A* such that (1) and (2) commute, i.e.

(4) Ve € X : hi(z) = f{ o h(x) and ho(z) = f5 o h(x).

Let hi(z) = by...b, € B* and hao(z) = ¢1...¢ € C* with n,m > 0,

where n = 0 means that b;...b, A. (3) implies that g} o hi(z) =
g1(b1) ... g1(bn) = ga(c1) ... g2(cm) = gs o ha(x). Therefore we have n = m
and g1(b;) = ga2(¢;) for all ¢ = 1,...,n. In the case n = m = 0, we have

hi(z) = X € B* and ha(z) = A € C*, and define h(z) = A € A*, leading to
fioh(z) = hi(z) and f5 o h(x) = he(x). For n = m > 1, the fact that (P)
is a pullback implies the existence of a; € A with fi(a;) = b; and fa(a;) = ¢
foralli=1,...,n. Let h(z) = a;1...an, € A*. We have to show (4):
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fioh(x)=fi(ar...an) = fi(a1)... fi(an) =b1...b, = h1(z) and
fyoh(x)=fi(ar...an) = fa(ar) ... fa(an) =c1...cn = ha(x).

It remains to show that h is unique. Let A’ : X — A* satisfy (4) with
W(z)=a}...a, € A*.

m

Case 1. If m > 1, we have that:

1. hi(z) = ffoh'(z) = fi(a})... fa(al,) =b1...b, = n=m and fi(a}) =
bi (i=1,...,n),

2. hao(z) = f3 o W(z) = faa))... falas,) = c1...cn = falaj) = ¢ (i =
1,...,n).

The uniqueness of the pullback (P) implies that a} = a; for i =1,...,n, and
therefore h/(z) = h(x).

Case 2. In the case m = 0, the commutativity of (1) implies that h'(z) =
A = h(x). O

Lemma A.39 (P preserves pullbacks). The power set functor P : Sets —
Sets preserves pullbacks, i.e., given a pullback (P) in Sets, then (P(P)) is
also a pullback in Sets:

™ —= B P(A)—P1)=P(B)

Tr‘z (P) f‘l 7’(;2) (P(P)) P(vfl)

fa—»=D P(C)*P(f2)>P(D)

Proof. Given a pullback (P) in Sets, we have to show that (P(P)) is also a
pullback in Sets:

o
I e

\ \
P(r2) (P(P)) P(f1)
: (P(P)) /

P(C)—P(2) =P (D)

Since (P) is a pullback, we know that A = {(b,c) € BxC'| f1(b) = f2(c)},
and the power set functor gives us P(f1)(B’) = f1(B’) € P(D) for all B’ C B.

Given g1 and ga, where (3) P(f1) o g1 = P(f2) o g2, we have to show that
there exists a unique g : X — P(A) such that (1) and (2) commute, i.e.

(4) X =@ orVz € X : g1(z) = P(m1) o g(z) and go(z) = P(m2) o g(x).

~){( c) € A|be gi(z),c € ga(x)}.

For all z € X, we define g(x) b,
C g1(x), but we have to show that

This definition implies that P(?Tl)(g(:)
P(m1)(9(z)) = g1().
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This is true for gi1(x) = @. For ¢1(z) # @ and b € gi(x), (3) implies
that ga(z) # @ and P(f1) o g1 = P(f2) o g2, i.e. f1(g1(z)) = f2(g2(x)). This
means that f1(b) € fa(g2(z)), and therefore there exists a ¢ € ga(x) with
fi(d) = fa(c). It follows that (b,c) € A and (b,¢) € g(z), and therefore
b € P(m1)(g(x)). This implies that P(m1)(g(x)) = g1(x). Similarly, we have
P(m2)(g(z)) = g2(x) as required in (4).

It remains to show that g is unique. Let ¢’ : X — P(A) satisfy (4). For
g'(z) = @, we have g1 (x) = @ and g2(z) = &, and hence g(z) = @. Otherwise,
for (b,c) € ¢’'(x), we have from (4) the result that b € g1(z) and ¢ € ga(x),
and therefore (b,c) € g(x). This means that ¢’ = g. O

Lemma A.40 (% preserves pullbacks along injective morphisms).
The free commutative monoid functor (% : Sets — Sets preserves pullbacks
along injective morphisms, i.e., given a pullback (P) in Sets, where fo and
g1 are injective, then (P®) is also a pullback in Sets:

1‘4 fi—= B A@ J— fl@ - B@
\ \
P b ke b
1 \ v v
C 92— ) C®—4¢$ = DO

Note that (0% (A) = A® is the free commutative monoid over A, given by
n
A® = {w | w = > Na; in normal form, \; > 0,a; € A,n > 0}, where

i=1
“w in normal form” means that \; > 0 and the a; are pairwise distinct.

On morphisms, O%(f) = f® is defined by f@(zn: \ia;) = i/\if(ai) for
i=1 i=1
f:A— B.

Proof. Given a pullback (P) in Sets, where g; and fs are injective, we have
to show that (P®) is also a pullback in Sets:

X\
\\h
\\(1)\
ho (2)14‘69—&69’3‘@
3] (p@) ¢®
v \
C®—4¢$ = DO

Given hy, ho, where
(3) g o h1 = g3 o ha,

we have to show that there exists a unique h : X — A® such that (1) and (2)
commute, i.e.

(4) X =@ or Vo € X : hi(x) = f? o h(z) and ha(x) = f5 o h(z).
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Let hi(z) = Y Ajb; € B® and hy(z) = Y M¢; € CP, in normal form,
Jj=1 =1
i.e. the b; and ¢; are pairwise distinct, and /\1 75 o and \? # 0, respectively.

(3) implies that ¢&¥ o hy(z) = Z Algl( i) = Z M go(c;) = g o ha(z). Since
g1 is injective, the g¢1(b;) are pa1rw1se dlstmct for j = 1,...,n. Therefore

Z AL ;91(bs) is in normal form, and we have pairwise disjoint index sets I; for
i=
j=1,...,nwith U?_, I; = {1,...,m} such that

(5) Vi € I; : g1 (b)) = ga(ci) and Aj = > A2
i€l

(5) and the fact that (P) is a pullback imply, for each pair (¢, j) with i € I},
the existence of a;; € A with fi1(a;;) = b; and fa(a;;) = ¢.

n
Let h(z) = > 3 A2a;; € A®. We have to show the following, i.e. (4):
j=1i€l;

fE o h(z) = fE (z > A%a@) — 3 ¥ Afilay) =

j=1i€l; j=14i€l;
) > ATb —ZAlb = hi(z)
Jj=liel;

and

[ oh(x) = f5 <Zn: > Afdij) = Zn: > A falaij) =

j=14icl; j=liel;
n

>3 A = Z Me; = ha(z),
j=li€l;

n m
where Y7 3 AMe; = Y0 Mey, using Uj_ [y = {1,...,m}.
j=li€l, i=1
The uniqueness of h with respect to (4) follows from the injectivity of f5.
In fact, we have fo injective = [P injective as we now show.

Let £ (w) = f& (Z)\az)— (Z Y '):ff(w’),withwandw’innor—

mal form. It follows that Z Aifa(a;) = Z A f2(a}) and, since fs is injective,
i=1

the fa(a;) are pairwise distinct, and also the f2(a’;). This means that n = m.

Without loss of generality, let fa(a;) = fa(a}). It follows that )\L = A} and,

since fo is injective, a; = a}. Therefore we have w = Z Aia; = Z Noaly = w',
i=1 j=1
which means that f5 is injective. O

In the following, we define comma categories and show under what condi-
tions pushouts and pullbacks can be constructed.
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Definition A.41 (comma category). Given two functors F : A — C and
G : B — C and an index set I, the comma category ComCat(F,G;T)
is defined by the class of all triples (A, B,op), with A € Oba, B € Obg,
and op = [op;licz, where op; € Morc(F(A),G(B)), as objects; a morphism
f: (A B,op) — (A", B 0p') in ComCat(F,G;Z) is a pair f = (fa: A —
A, fg : B — B') of morphisms in A and B such that G(fg)oop; = op;oF(fa)
forallieZ:

F(A)—orim G(B)
\ \

F(fa) = G(fB)

i i
F(A") o~ G(B')

The composition of morphisms in ComCat(F,G;Z) is defined component-
wise, and identities are pairs of identities in the component categories A and
B.

Remark A.42. The short notation (F, G) for ComCat(F, G;Z), where |Z| =
1, explains the name “comma category”.
Note that we have ComCat(F, G; o) = A x B.

Fact A.43 (constructions in comma categories).

1. In a comma category ComCat(F,G;Z) with F: A — C, G: B — C,
and an index set T, morphisms are monomorphisms, epimorphisms and
isomorphisms if they are componentwise monomorphisms, epimorphisms
and isomorphisms, respectively, in A and B.

2. If the categories A and B have pushouts and F preserves pushouts, then
ComCat(F, G;Z) has pushouts, which can be constructed componentwise.

3. If the categories A and B have pullbacks and G preserves pullbacks, then
ComCat(F,G;Z) has pullbacks, which can be constructed component-
wise.

Proof idea. All constructions can be done componentwise in A and B and
then lifted to the comma category using the given properties. Note that these
properties are sufficient, but in general are not necessary.

More precisely, we have the following pushout construction: given objects
XJ = (A7, B?,0p’) in ComCat(F,G;Z) for j = 0,1,2 and morphisms f! :
X% — X' and f2: X% — X2, then the pushout object X3 = (43, B3 op?) is
given by A3 = A'+ 40 A% and B® = B'+30B?; 0p? : F(A3) — G(B3) fori € I
is uniquely defined by the pushout properties of F(A%) = F(A")+ p(a0) F(A?)
in C. a

A.7 Isomorphism and Equivalence of Categories

In the following, we define the isomorphism and equivalence of categories.
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Definition A.44 (isomorphism of categories). Two categories C and D
are called isomorphic, written C = D, if there are functors F : C — D and
G :D — C such that GoF = ID¢g and F o G = IDp, where IDc and I1Dp
are the identity functors on C and D, respectively.

Remark A.45. [somorphisms of categories can be considered as isomor-
phisms in the “category of all categories” Cat, where the objects are all
categories and the morphisms are all functors. Note, however, that the collec-
tion of all categories is, in general, no longer a “proper” class in the sense of
axiomatic set theory. For this reason, Cat is not a “proper” category.

Fact A.46 (isomorphic categories). The category Graphs of graphs is
isomorphic to the functor category [S,Sets], where the “schema category” S
is given by the schema S : - =3 -.

Proof. Let us denote the objects amd morphisms of S by v, v/, e, and €', i.e.
Stv " v

The functor F' : Graphs — [S, Sets] is given by the following:

1. For a graph G = (V, E, s,t), let F'(G) : S — Sets, defined by F(G)(v) =
V, F(G)(v') = E, F(G)(e) = s, and F(G)(¢') = t.

2. For f = (fv, fe), let F(f): F(G1) = F(G2) be a natural transformation
defined by F(f)(v) = fyv and F(f)(v') = fg.

Vice versa, the functor F~1 : [S, Sets] is given by the following:

1. For a functor D : S — Sets, let F~1(D) = G = (V, E, s,t), where V =
D(v), E=D({'), s= D(e), and t = D(¢').

2. For a natural transformation o : Dy = Do, let f = (fy, fr) : F~1(D;) —
F~1(Dy), defined by fy = a(v) : Di(v) — Da(v) and fr = a(v') :
Dy (v') — Dy(v').

It is easy to verify that I and F~! are functors satisfying F~1 o F =
IdcatGraphs and F o F 1 = Id[&sets], which implies that the categories
Graphs and [S, Sets| are isomorphic. O

Definition A.47 (equivalence of categories). Two categories C and D
are called equivalent, written C = D, if there are functors FF : C — D
and G : D — C and natural transformations o : Go F = IDg and
B : F oG = IDp that are componentwise isomorphisms, i.e. aa
G(F(4)) = A and Bp : F(G(B)) = B are isomorphisms for all A € C
and B € D, respectively.

Remark A.48. If C and D are isomorphic or equivalent then all “categor-
ical” properties of C are shared by D, and vice versa. If C and D are iso-
morphic, then we have a bijection between objects and between morphisms
of C and D. If they are only equivalent, then there is only a bijection of
the corresponding isomorphism classes of objects and morphisms of C and
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D. However, the cardinalities of corresponding isomorphism classes may be
different; for example all sets M with cardinality |[M| = n are represented by
the set M,, = {0,...,n — 1}. Taking the sets M,, (n € N) as objects and all
functions between these sets as morphisms, we obtain a category N, which is
equivalent — but not isomorphic — to the category FinSets of all finite sets
and functions between finite sets.



B

A Short Introduction to Signatures and
Algebras

In this appendix, we give a short introduction to algebraic signatures and
algebras, including terms and term evaluation, together with some illustrative
examples. For a deeper introduction, see [EMS85].

B.1 Algebraic Signatures

A signature can be considered on the one hand as a syntactical description
of an algebra, and on the other hand as a formal description of the interface
of a program. Algebraic signatures consist of sorts and operation symbols. In
contrast to various kinds of logical signatures, they do not include predicate
symbols.

Definition B.1 (algebraic signature). An algebraic signature X =
(S,0P), or signature for short, consists of a set S of sorts and a family OP =
(OPy.s)(w,s)es+xs of operation symbols.

Remark B.2. For an operation symbol op € OP,, s, we write op : w — s or
op : S1...8, — 8, where w = 81...8,. If w = A, then op :— s is called a
constant symbol.

As some basic examples, we present algebraic signatures for natural num-
bers, characters, and, based on characters, strings. We give these examples in
a user-friendly notation as a list of sorts and operation symbols instead of in
the set-theoretical notation.

Example B.3 (algebraic signatures).

e We describe the interface for natural numbers with our first signature.
We have a sort nat, representing the numbers, a constant symbol zero,
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and operation symbols for a successor, an addition, and a multiplication
operation:
NAT =
sorts : mnat
opns: zero:— nat
succ : nat — nat
add : nat nat — nat
mult : nat nat — nat

e The signature for characters is really simple; we have only a sort char,
a constant a, and an operation symbol next implying something like an
ordering on characters:

CHAR =
sorts : char
opns: a:— char
next : char — char

e The signature for strings imports the signature for characters. This means
that all sorts and operation symbols over characters can be used in the new
signature. We define a new sort string, a constant for the empty string,
and operations for the concatenation of two strings, for adding a character
to a string, and for returning a character from a string:

Signature STRING = CHAR+
sorts : string
opns: empty :— string
concat : string string — string
ladd : char string — string
first : string — char
O

Finally, we present signature morphisms, which lead to the category Sig
of signatures.

Definition B.4 (signature morphism). Given signatures ¥ = (S,0P)
and X' = (8',OP"), a signature morphism h : X — X' is a tuple of mappings
h=(hs:S — S hop: OP — OP’) such that hop(f) : hs(s1)...hs(sn) —
hs(s) € OP' forall f :81...8, — s € OP.

Example B.5 (signature morphism). Consider the signatures NAT and
STRING from Example B.3. Then h = (hg, hop) : STRING — NAT, with
hs(char) = hg(string) = nat, hop(a) = hep(empty) = zero, hop(next) =
hop(first) = succ, and hop(concat) = hop(ladd) = add, is a signature
morphism. a

Definition B.6 (category Sig). Algebraic signatures (see Definition B.1)
together with signature morphisms (see Definition B.4) define the category
Sig of signatures.
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B.2 Algebras

An algebra is a semantical model of a signature and can be seen to represent
an implementation. In this sense, an algebra implements the corresponding
signature.

Definition B.7 (X-algebra). For a given signature ¥ = (S,0P), a X-
algebra A = ((As)ses, (0pa)opecop) is defined by

for each sort s € S, a set Ay, called the carrier set;

for a constant symbol ¢ :— s € OP, a constant c4 € Ag;

for each operation symbol op : s1...s, — s € OP, a mapping
opa:Asy X ... xAs, — As.

Many different algebras can implement the same signature, correspond-
ing to different semantics. To analyze relations between algebras, we define
homomorphisms.

Definition B.8 (homomorphism). Given a signature X = (S, OP) and X-
algebras A and B, a homomorphism h : A — B is a family h = (hs)ses of
mappings hs : As — Bs such that the following properties hold:

e for each constant symbol ¢ :— s € OP, we have hs(ca) = cp;
e for each operation symbol op : s1...8, — s € OP, it holds that
hs(opa(z1,...,zn)) = opp(hs, (1), ..., hs, (xn)) for all x; € As,.

Definition B.9 (category Alg(X)). Given a signature X, X-algebras and
homomorphisms define the category Alg(X) of X'-algebras.

Example B.10 (algebras). Here, we present algebras for the signatures de-
fined in Example B.3.

e The standard implementation of the signature N AT for natural numbers
is the following algebra A:
Apat =N
zerog =0 € Apgr
succa - Anat - Anat
r—x+1
addA : Anat X Anat - Anat
(z,y) »x+y
mults @ Anat X Anat — Anat
(@,y) -y
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e Since a signature gives us only the syntax, we can implement the signature
NAT with a completely different algebra B, which describes operations
on words that consist of the characters a, b, and c:

Bhat ={a,b,c}*

zerog = A € Bpat

succp Bnat - Bnat
w — aw

addp : Bpat X Bpat — Bnat
(v, w) — vw

multB : Bnat X Bnat — Bnat
(v,w) — V™ with |w| =n

e Now we can look for a homomorphism h: A — B or g : B — A. Consider
h:A — B, hpat : Anat — Bnat : * — a®. The properties of a homomor-
phism can be easily verified. Indeed, this is the only homomorphism from
A to B. Since h is not surjective, the two algebras are not isomorphic.

In the other direction, g : B — A, defined by gnat : Bnat — Anat : W —
|w], is the only homomorphism, that exists.

e An implementation of the C'H AR-algebra C' can be defined as follows:
Cehar ={a,...,2,A,...,2,0,1,...,9}
ac = A€ Cehar
nextc : Cehar — Cehar

ar—b,....2—AA—B,....Y—Z Z—00—~1,...,9—a

e The STRING-algebra D is defined on the character part like the algebra
C. Strings are words over characters, and we implement the remaining
operations as follows:

Dehar ={a,...,2,A,...,2,0,1,...,9}

Dstm’ng = DZhaT
ap = A€ Depar

emptyp = A€ Dstring
nextp : Dchar - Dchar

a—b,....2—AA—-B,....Y—Z 7—00—~1,....9—a
concatp : Dstring X Dstring - Dstring

(s,t) — st
laddp : Dchar X Dstring - Dst'r"mg

(z,s) — xs
firStD : Dstm’ng - Dchar

A= A, s+ 81 with s =57...8,

O

The final algebra, which we use for the attribution of an attributed type
graph, is a special algebra.

Definition B.11 (final algebra). Given a signature X' = (S,OP), the final
X-algebra Z is defined by:
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o 7, ={s} for each sort s € S;

o cy=3s€Z for a constant symbol ¢ :— s € OP;
opz : {s1} x ... x{sp} — {s}: (s1...8n) — s for each operation symbol
op:81...8, — 8 € OP.

For an arbitrary X-algebra A, there is a unique homomorphism z4 : A — Z
defined by za s : As — {s} : x — s for all s € S. This is the reason why Z
is called the final algebra. In fact, it is the unique (up to isomorphism) final
algebra in the category Alg(X).

Example B.12 (final ST RING-algebra). As an example, we show the final
algebra Z for the signature STRING given in Example B.3. Z is defined as
follows:

Zehar = {char}
Zsiring = {string}

az = char € Zcpar
emptyy = string € Zsiring
nextz  : Zchar — Zehar

char — char
concaty : Zstm'ng X Zstm'ng — ZLstring
(string, string) — string
ladd : Zcpar % Zstm'ng — Lstring
(char, string) — string
fi?“St : Zstring - Zchar
string — char

B.3 Terms and Term Evaluation

Terms with and without variables can be constructed over a signature 3’ and
evaluated in each X-algebra.

Definition B.13 (variables and terms). Let X = (S,0P) be a signature
and X = (Xy)ses a family of sets, where each X is called the set of variables
of sort s. We assume that these X are pairwise disjoint, and disjoint with
OP.

The family Tx(X) = (Ts,s(X))ses of terms (with variables) is inductively
defined by:

o zecTy (X) forallx € Xg;

o ce€Tsx (X) for all constants ¢ :— s € OP;

o f(ti,...,tn) € T (X), for each operation symbol f :s1...s, — s € OP
and all terms t; € T 5,(X) fori=1,...,n.

The family Tx, = (Tx s)ses of terms without variables, also called ground
terms, is defined for the empty sets Xy = & for alls € S, i.e. Ty s = T (D).
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Definition B.14 (evaluation of terms). Let X = (S,OP) be a signature
with variables X, and let A be a X-algebra. The evaluation of the ground
terms evala : T, — A with evala = (evala,s : T s — Ag)ses is defined by:

evala s(c) = ca for all constants ¢ :— s € OP;

evala s(f(t1,...,tn)) = falevalas, (t1),...,evalas,(tn)) for all terms
f(t1,...,tn) € T s and operation symbols f:s1...s, — s € OP.

An assignment asg : X — A is a family of assignment functions asgs :
Xs — As for all s € S. The extended assignment asg : Tx(X) — A of the
assignment asg, where asg = (asg, : Ts s(X) — As)ses, is defined by:

o asg,(z) = asgs(x) for all x € X,;
o asg,(c) =cy for all constants ¢ :— s € OP;

o asg,(f(tr,....tn)) = falasgy (t1),...,asg, (tn)) for all terms
ft1,...,tn) € Tw s(X) and operation symbols f:s1...s, — s € OP.

Definition B.15 (term algebra Tx(X)). The algebra Tx(X) =
((T's,s(X))ses, (0prs.(x))opeop), where the carriers sets consist of terms with
variables, and with operations defined by

o cpyx) =c€Tx(X) for all constants c:— s € OP,
° fTE(X) : Tg,sl(X) X...XTZ,SW(X) — TZ‘,S(X); (tl, . ,tn) = f(tl, .. .,tn)
forall f:s1...8, > s€OP,

is called the term algebra over X and X.

Fact B.16 (freeness of T (X)). Let X' = (S,OP) be a signature with vari-
ables X, and let A and B be X'-algebras. We then have the following:

1. Ifasg : X — A is an assignment, then asg : Ts(X) — A is the unique X-
homomorphism such that the following diagram commutes for all s € S,
where us(z) = x for all x € X,:

Xg—asgs A,
\ A

Us asgg

/
Ty s(X)

2. evaly : Ty — A is the unique X-homomorphism between Tx, and A, i.e.
Ty is an initial algebra.
3. Given a X-homomorphism f : A — B, then f oevaly = evalp:
A—Ff—=B
A

eval 4 evalp

N/
T

4. If f+ A— B is a X-homomorphism, and asgs : X — A and asgp : X —
B are assignments with f o asga = asgp, then foasgy, = asgg.

Proof. See Chapter 3 of [EM85]. O



C
Detailed Proofs

In this appendix, we present detailed proofs of some results which have been
postponed from Parts IT and III.

C.1 Completion of Proof of Fact 4.24

For the proof of Fact 4.24, it remains to show the following:

1. Strictness is preserved by POs.
2. Strictness is preserved by PBs.
3. The weak VK property is satisfied.

We know that f : (SIG1, F1) — (SIGa, E3) € Mgirier iff f is injective
and f#~1(Ey) C Ey.

1. Strictness is preserved by POs, i.e. if f; is strict, so is ga:

(SIG(), Eo)*f1> (SIGl, E1)
| \
f2 (1) g1
\ \
(SIGQ, Eg)*92> (SIGg, E3)

Given that f; is strict, we know from Fact 4.19 that go is injective. It
remains to show that g ~'(E3) C E,. This is true for E3 = @. Otherwise,
let e € E3 and let gf ~! be defined for e; otherwise gf 71(6) = @ and
we have finished. We have Es = g () U g7 (E,); therefore either e €
g7 (E,), which implies g7 '(e) C E,, or e € g7 (E1). In the second case,
e = gf& (e1) for some e; € Ej. The requirement that g#71 is defined for
e implies that all operator symbols in e are in the image of g; and gs.
By the PO construction, all operator symbols in e must have preimages
in SIGy. Hence f7 (1) is defined and e; = f¥(eo) for some e € Ey,
because f; is strict. Finally, e = g7 (e1) = g7 (f7(e0)) = 9% (17 (e0)), and
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therefore ¥ ~*(e) = f¥ (eo) € E» because g7 is injective. This means that
95 ' (Es) C B

. Strictness is preserved by PBs, i.e. if g5 is strict, so is fi.

Given that go is strict, we know from Fact 4.19 that f; is injective.
Let eg € fl#_l(El) for eg € Fqns(SIGp). We have to show that ey € Ep.

By assumption, e; = ff(eo) € F4. Since g; is a Spec morphism, we
have e3 = g7 (e1) € E3 and es = g (f7 (e0)) = g% (f (e0)). This means
that e; = f7 (eg) € Eqns(SIGs) and g% (e2) = e3 € Es, and, since gy is
strict, es € Es. Finally, fl#(eo) € Fy and fQ#(eo) = ey € FEy; therefore
eo € fF7HE) N 7 (By) and, since (1) is a pullback, ey € Ep.
The weak VK property is satisfied.

Consider the following commutative cube, with fi € Mgyier and (f2 €

Mstrict OF h17 h27 hs € Mstm’ct):

L (SIGhEy
SIGy, By~ " RN
N e

(SIGY, B~ 11

ha
hy

- (SIGo, Ey) L

f2-hs ~
SIGo, Bo) =~ fie
S 2)\92‘  (SIGy, Ey)

(SIGs, E5) = "

Part 1. If the bottom is a PO and all side faces are PBs, then the top
is a PO.

This follows from Fact 4.19 for the signature component. It remains to
show that B} = g/ (E})Ugy" (E}). We know that Es = ¢ (Ey)Ug¥ (E,).

For €} € B}, we have hi(e}) € Es. First, let hif(e}) € g7 (E1), ie.
h3#(e’3) = gf(el) for ey € Ej. The front right face is a pullback, and
therefore there exists ¢} € E} with h¥(e}) = e; and ¢/ (¢}) = e}; there-
fore e € ¢/* (E}). In the case hi (e}) € g7 (E,), we can conclude that
ey € g5 (B3).

Vice versa, for e € ¢/ (E}) we have e} € E} because g¥ (E}) C Ej,
using ¢} € Spec, and for ¢} € g5 (E}) we have ¢} € E} using g, € Spec.

Part 2. If the bottom and the top are POs and the back faces are
PBs, then the front faces are PBs.

This follows from Fact 4.19 for the signature component. It remains to
show that B = h¥* "1 (Ey) N g# "1 (E}) and By = hZ 1 (Ey) N i~ (EY).

For €| € Ef, since hy € Spec, we have h(¢}) € Ei, and therefore
el € hf&_l(El). Analogously, since ¢} € Spec, we have g'l#(e’l) € Ef, and
therefore ¢} € ¢/ ' (E}). Altogether, ¢} € h¥ ~*(Ey) n g " (E}).

Vice versa, let €) € h¥ ~'(E)) N ¢/ ' (E4). We have to show that
e} € Ej. By assumption, fa or hy is strict; this implies that g} or h; is
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strict, because strictness is preserved by pushouts and pullbacks. There-
fore g 1 (E4) C E} or h¥ 7'(E1) C E/, which means that ¢/ € E].
It follows analogously that £y = hi ' (Ey) N g5 1 (E}).

C.2 Proof of Lemma 6.25

To prove Lemma 6.25, we use the principle of Noether’s induction concerning
properties of terminating relations. We call a relation > C M x M terminating
if there is no infinite chain (m;);eny with m; € M and m; > m; ;.

Lemma C.1 (Noether’s induction). Given a terminating relation
> C M x M and a property P: M — {true, false} then we have

(VneM:(Vke M:n>k— P(k)) — P(n)) = VYm e M : P(m).

Proof. Suppose that Vn € M : (Vk € M : n >k — P(k)) — P(n) and that
there is an mg € M : =P(mg). We then have ~(Vk € M : mg > k — P(k)),
i.e. there is an my € M with mg > my and —P(m;). Analogously, we have
-(Vk € M : my > k — P(k)) and an element my € M with m; > mq
and ~P(mz) ..., leading to an infinite chain mg > my > my..., which is a
contradiction of > being terminating. ad

Proof (of Lemma 6.25). Consider an adhesive HLR system AHS, which is
terminating and locally confluent, i.e. the relation = is terminating and lo-
cally confluent. We shall use this relation = for > and show, by Noether’s
induction for all graphs G, the following property P(G): for transformations
H, £ G 2 H, there exist transformations H; = G’ < H,. Note that we
use as the relation > not the relation =, but only the relation = of direct
transformations.

Given H; < G = Hy, we consider the following cases:

Case 1. If H; = G, we have the diagram (1) below, which gives the con-

fluence; here, G 2 Hy means G = Hy or G = H; (see Definition 5.2):

G *.'> Hy
oo
H, L Ne = H,

Case 2. If Hy = G, this is symmetric to case 1.
Case 3. If ~(H1=G), —~(H2=G), we have transformations H; £ H| <
G = Hj = H,. Because of local confluence, there are an object G’ and

*

transformations H, = G” < H}.
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We have G = Hj; therefore, by the induction assumption, we have the
property P(H}), i.e. for all transformations K; < H| = K/ there are trans-
formations Ky = H} < K. In our case, this means that for H; < H| = G”
there are transformations H; = G, & G”:

N

*

e

*

e
0 N
d

N

Moreover, we have G = H), and hence, by the induction assumption, we
have the property P(H3). This implies that for G; < Hj = H, we obtain
transformations G; = G/ < H,.

Altogether, we have H; = G’ < H,, which shows the confluence of H; &
G = Hs. O

C.3 Completion of Proof of Theorem 11.3

In this section, we show that the morphisms F' and F~! constructed in the
proof of Theorem 11.3 are well defined, and that they are actually functors
and isomorphisms.

C.3.1 Well-Definedness

We have to show that the morphisms F and F~! are well defined.

1. F(AG,t) = A, where AG = (G, D), is an AGSIG(ATG)-algebra.
We have to show that all operations are well defined. For all e € EgG C Sg
and a € A, = t(_}lEG (e) C Eg¢, the following holds:

* tgvg(sr ?( )) = ta.ve (source(a)) = sourcelE (e pe(a) =
sourceL%(e),

o tovs(tarf(a)) = te,v,(targetc(a)) = target(Z (te, b (a) =
targetTG(e)

Therefore we have srcl(a) € t&}v (sourceLC(e)) = Agourcerd(ey and

tar(a) € t&}vc(targetgc(e)) = Ajargetzo(ey- This works analogously for

e € ELG C Sp and e € FL§ C Sp. This means that the graph part of
A is well defined.
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For all s € Sp\Sq, we have A = tB}S(s) = D;. Since t : (G, D) — (TG, Z)
is a typing morphism with VA = S/, and Z, = {s}, we have commutativity
of (1) below for all s € S7,. It follows that A, = t(_;,lVD {s} = Ds = tB,ls{s}.
Therefore all data operations are well defined (as they are in D).

Dy fD,s—>{8}
J

oo
Vb tc,vp —»S’D

2. F(f : (AG',#Y) — (AG%,t?)) = h : A — B with F(AG',#!) = A and
F(AG?,t?) = B is an algebra homomorphism.

For all s € S¢ U Sp and a € Ag, we have hs(a) € Bj, as shown in the
following case distinctions:

1. s € V;I'G C Sy for i € {G, D}. Since té’Vi(hs(a)) = tQGM(fGM(a)) =
té%(a) = s, we have hg(a) € té}l (s) = Bs.

2.¢e € EfY C Sp for j € {G,NA EA}. Since tg p (he(a)) =
t& 5, (fo,,(a)) = t5 p,(a) = e, we have he(a) € té;ﬂi (e) = Be.

3. s € Sp. By construction, we have A; = D!, By = D% and hs = fp :
A, — Bs.

It remains to show that h is a homomorphism. Since hp = fp, this is
obviously true for the data part. For all e € EgG C Sg and a € A, =
t&}EG (e) C Eg, we have

b hsourcegg(e) (STC? (a’)) = fVG (SOUTCG%;(G,)) = SOUTCG%(]CEG (a’)) =
srcl (he(a)),

b htm“getgc(e) (ta‘r? (a‘)) = fVG (targeté (a’)) = target%; (fEG (a’)) =
tarB(he(a)).

This can be shown analogously for e € ELG C Sp and e € ELG C Sg.
Therefore h is a homomorphism.

3. F7Y(A) = (AG,t: AG — ATG), where AG = (G, D), is an attributed
graph typed over ATG.

It is obvious that G is an E-graph. It holds that USGS/D Dy = Osevgc As =
Vp. Thus, AG is an attributed graph.

t is well defined, since tp s(a) = s = ty, (a) for s € S, a € As. It then
holds that ¢~1(s) = A, for all s € S, and (1) commutes.

4. FY(h: A— B) = f: (AGY,#!) — (AG?,#?) with F~1(A) = (AG!, )
and F~1(B) = (AG?,t?) is a typed attributed graph morphism with t; =
tg o f

Obviously, fp is an algebra homomorphism. We have to show that fg
preserves the source and target functions. For all e € EZ;G and a € A., we
have
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o fav,(sourcel(a)) = goumegc(e)(srcf(a)) = srcB(he(a)) =
source(fa.pe(a))
o fov.(targetl(a))
targetZ(fo e (a)).

This holds analogously for all e € ELG and e € ELG. The following diagram
(2) commutes for each s € S}, and therefore fg is a graph morphism:

= targetgc(e) (taT? (a)) = tareB(he(a)) =

D; —————fpy=hs Dz
' @ !
Gresy Do =0y g, D2

For i € {G,D}, s € V%, and a € A,, it follows that tf y, (a) = s =
t& v, (hs(a)) = t& v, (fa,vi(a)). This holds for j € {G,NA,EA} and e € ET“
analogously. Since t}, = t% o fp and since Z is the final algebra, it follows
that tl = tQ ¢} f

C.3.2 Functors

We show that F and F~! are functors by verifying the necessary functor
properties.

1. F(go f) = F(g) o F(f). Consider the following case distinctions:

1.i € {G,D}, s € VI C Sy, a € A;. We have F(g o f)s(a) =
(90 flavi(a) =gayv, o fav.(a) = F(g)s o F(f)s(a).

2. j € {G,NAEA}, e € E] C Sp, a € A.. We have F(go f).(a) =
(90 fla,e;(a) = ga,B; © fa,p;(a) = F(g)e o F(f)e(a).

3. s€ Sp. Wehave F(gof)p.s = (90f)p.s = 9p.s°fp.s = F(9)D,soF(f)D,s-

2. F(idiag,t)) = idp(ag,t)- Consider the following case distinctions:

1. i€ {G,D}, s € VIS C Sy, a € A,. We have F(idag)s(a) = idg v, (a) =
a=1ida,(a).

2. j € {G,NA,EA}, e € EjTG C Sg, a € A.. We have F(idag)e(a) =
idg,g,(a) = a =1ida,(a).

3. s € SpWe have F(idag)s = idp,s-
3. F~Y(goh) = F~1(g)o F~1(h). Consider the following case distinctions:

1.i € {G,D}, s € V;T® C Sy, a € A,. We have F~1(g o h)g,v,(a) =
(9o h)s(a) = gs o hs(a) = F~H(g)a,vi o F~H(h)a,vi(a)-

2. je{G,NAEA}, e € ETG C Sg, a € Ae. We have F~!(go h)g g, (a) =
(goh)e(a) = ge o hela) = “H9)e.g, 0 F(h)e,g,(a).

3. s € Sp. We have F~ (goh)Dé = (goh)s = gsohs = F7(g)ps o
Fﬁl(h)[)’s.

4. F~Y(ida) = idp-1(4)- Consider the following case distinctions:
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1.i € {G,D}, s € VI C Sy, a € As,. We have F~1(ida)gv,(a) =
idAS (a) =a = id(;,vi(a).
2. j € {G,NA,EA}, e € E]“ C S, a € A.. We have F~'(ida)g,k,(a) =
ida,(a) = a = idg,g,(a).
3. s € Sp. We have Fﬁl(idA)D’s = idA’s = Z.dF—l(A)7D7S.
We conclude that F and F~! fulfill the necessary properties and are there-
fore functors.

C.3.3 Isomorphism

Finally, we show the isomorphism of the categories considered by proving that
F~' o F = IDaGraphsare and F o F~' = ID sgsic(are)-alg-

1. For an object (AG,t) in AGraphsarg, we show that, for the object
(AG',t') = F7Y(A) = F~1 o F(AG, 1), it holds that (AG,t) = (AG',t').

e Forie {G,D}, we have V/ = OsevTc A = L.JSeVTG t&lv (s) =V;.

e Forje {G,NA EA}, we have E} = UeeETG A. = eeETG tGE (e) =

e TForec ELY and a € Eg with tG’EG( ) = e, it holds that sourceg(a )
srci(a) = sourceg(a) and targety(a) = tar’(a) = targete(a), and anal-
ogously for e € ELG and e € ELG

For s € Sp, we have D!, = A; = D

For op € OPp, we have opp: = opa = opp.

Fori € {G,D},s € V;'? and a € Aj, it holds that tav,(a) =s=tgv(a).
For j € {G,NA,EA}, e € EJ-TG, and a € A., we have t’G’Ej(a) =e =
tG,Ej (CL)

ot =tp follows, since Z is the final algebra.

This means that (AG,t) = (AG',t').

2. For a morphism f : (AGY,t!) — (AG?,t?) in AGraphsarg, we show
that, for the morphism f' = F~1(h : A — B) = F~! o F(f), it holds that
f=r.

Consider the following case distinctions:

1. i€ {G,D}, s € V'S C Sy, a € A,. We have f(, . (a) = hs(a) = fa.v(a).
2. j € {G,NA,EA}, e € E]C C Sp, a € A.. We have f6,g,(a) = he(a) =
fa.p,(a).
3. s € Sp. We have fb’s =hs = fps.
Therefore f = f’.

3. For any algebra A in AGSIG(ATG)-Alg, we show that, for the object
A" = F(AG,t) = F o F~1(A), it holds that A = A’

e Forie {G,D}and s € VY we have A, = t@}m (s) = As.
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e Forje{G,NA/EA} and e € E]TG7 we have A/ = t&}EJ (e) = Ae.

e Foree ELE and a € A, it holds that srcl’ (a) = sourceg(a) = sre(a)
and tar?’ (a) = targetq(a) = tar?(a), and analogously for e € ELG and
e€ ELG.

For s € Sp, we have A. = D, = A,.
For op € OPp, we have opa = opp = opa.

This means that A = A’.

4. For a morphism h: A — B in AGSIG(ATG)-Alg, we show that, for
the morphism h’' = F(f) = F o F~1(h), it holds that h = h'.
Consider the following case distinctions:

1. i€ {G,D}, s € VIY C Sy, a € A,. We have hl(a) = fg,v,(a) = hs(a).

2. je{G,NAEA}, e € E]TG C Sg, a € Ac. We have hl(a) = fa,g,(a) =
he(a).

3. s € Sp. We have hl,(a) = fp s(a) = hs(a).

Therefore h = h'.
Altogether, the functors F and F~' are isomorphisms, and therefore the
categories AGraphsare and AGSIG(ATG)-Alg are isomorphic. O

C.4 Proof of Lemma 11.17

In this section, we show that the construction in Lemma 11.17 is well de-
fined and is indeed an initial pushout over f, which means that the square
constructed is a pushout with b € M and the initiality property holds.

C.4.1 Well-Definedness

B is defined as the intersection of the subalgebras of A, and hence it is a
subalgebra of A and therefore well defined.

For the algebra C, the data part is obviously well defined. For the graph
part, we have to show that, for an operation op : s — s € OPg and for a
¢ € Cy, we have opo(c’) € Cs. If s € Sp, we have Cs = Ag, and this is
clear. Consider the case where s € Sg\Sp. Since AGSIG is well structured
we know also that s’ € S¢\Sp.

Suppose there is a ¢/ € Cy = AL\ frs(As) U for(By) such that opc(c’) ¢
Cs. Since Cy = A\ fs(As) U f5(Bs), there is an a € A; with fs(a) = ope(c)
and a ¢ Bs. The following cases may occur:

1. ¢ € A \fyAy. In this case a € A% follows from the first part of the
definition of A%. Therefore AY C B, implies that a € Bg, which is a
contradiction.
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2. ¢ € fg(Bys). In this case there is an o' € By C Ay with fo(a') =
gs'(a’) = ¢/, and we have f;(a) = opo(c') = opc(gs(a')) = opar (fu(a)) =
fs(opa(a’)). Since opa(a’) = opp(a’) € Bs and a ¢ Bs, we conclude that
a # opa(a’). Then a € A C By follows from the second part of the
definition of A, which is a contradiction.

We conclude that, for every operation op : s’ — s € OPg and ¢’ € Oy, we
have opc(c’) € Cy. This means that C' is well defined.

b and c¢ are inclusions and ¢ is a restriction of f, and therefore they are
homomorphisms and the square commutes.

C.4.2 Pushout Property

Consider the following diagram with an object X and morphisms [ : C — X
and k: A — X such that log=Fkob:

B—bv—=A
N
.
\l\z\
P

X

We have to show that there is a unique morphism x : A" — X with zoc =1
and z o f = k. We define x4 : A, — X, by

ls(a’) : s€Sp
zs(a') =< ks(a) : s€Sc\Sp,Ja€ As: fs(a) =d
ls(a’) : otherwise

and prove that x = (z5)sescus, 1S the required homomorphism.

First we show that all components x, are well defined. For s € Sp, we have
the result that A, = B, AL = Cy, fs = gs, and bs and ¢, are the identities.
Therefore s = I, is well defined, x5 0 cs = x5 = ls, and, for an a € Ag, it
holds that zs(fs(a)) = ls(fs(a)) = ls(gs(a)) = ks(bs(a)) = ks(a).

Consider s € S¢\Sp and a’ € AJ. The following cases can then occur:

1. Ja € Ay : fs(a) = d/. We define z5(a’) = kq(a). This is well defined:
if there is an a1 € Ay, a1 # a with fs(a1) = fs(a) = @/, then we have
ai,a € A C B from the first part of the definition of A}. It holds
that ky(0) = ks(bs(@)) = Lo(9:(0) = L(Fs(@)) = 1o(@) = L(fular)) =
ls(gs(a1)) = ks(bs(ar)) = ks(az).

2. a € Ay : fi(a) = a’. In this case x4(a’) = ls(a’) is obviously well defined.

xs(fs(a)) = ks(a) holds by definition for all a € A; with s € Sg\Sp. For
€ Cs C AL, consider the following case distinctions:
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1. da € As : fs(a) = . In this case ¢ € fs(Bs) from the definition of
Cs. This means that there is an @' € Bs with fi(a') = ¢ = fs(a). If
a = d, then it follows directly that a € By; otherwise, a € A* C By, and
a € B, follows from the second part of the definition of A}. We then have
7o(cs (1)) = 2y (¢") = k@) = ko (by (@) = Lu(gs(@)) = L, (fola)) = L,(c).

2. fa € A, : fi(a) = ¢. In this case z4(cs(c')) = zs(¢’) = I5(c') holds by
definition.

Now we show that x is a homomorphism. The compatibility with opera-
tions in the data part follows from the fact that [ is a homomorphism.

For an operation op : s — s € OPg, s ¢ Sp follows from the well-
structuredness of AGSIG. For ¢’ € A.,, we have to show that z(opas(a’)) =
opx (xs (a')), and we prove this for the following cases:

1. Ja € Ay : fy(a) = @ In this case we have x5 (opar(a')) = zs(opar (fs (a)))
= 25(fs(opa(a))) = ks(opa(a)) = opx(ks(a)) = opx(zs(fs(a))) =
opx (zs (a')).
2. fa € Ay : fo(a) = d'. In this case @’ € Cy follows from the def-
inition of Cy, and it holds that z(opa/(a’)) = zs(opa(cs(a’))) =
zs(cs(opa(a’))) = ls(ope(a’)) = opx(lsy(a')) = opx(zy(cs(a)))) =
opx (zs(a)).
Therefore x is a homomorphism.

It remains to show that z is unique. Suppose that there is a homomorphism
z: A — X with Zoc=1and Zo f =k. Then zs(a’) = &s(a’) for each sort
s € S5cUSp and o' € A, as shown in the following case distinctions:

1. s € Sp. Since ¢; = idc,, we have &3 = £50cs =I5 = .
2. s € S¢\Sp, Ja € A : fs(a) = &'. In this case it holds that &,(a’) =

Ts(fs(a)) = ks(a) = xs(a')-
3. 5 € Sc\Sp, Pa € A, fs( ) = d'. Tt follows that a’ € Cs, and then we
have & (a’') = Z4(cs(a )) ls(a') = z4(a)).

Hence it follows that x = &, which means that z is unique.

C.4.3 Initial Pushout

Consider the pushout (2) below, with d,e € M. We have to show that there
are morphisms b* : B — D and ¢* : C' — FE such that dob* = b, eo c* = ¢,
and (3) is a pushout:

/—b*_\

T
: P@ o 0 @
1 v T Y
C c—» A/ -—e E C —F

o*



C.4 Proof of Lemma 11.17 369

We define

() = e;t(es(d)) + s€Sp
s e i s€8c\Sp,3e’ € B ieg(ef) =cs(c) =

We shall show that ¢* = (¢%)sesqusp is one of the required homomorphisms.

First, we show that ¢* is well defined. For s € Sp, e is an isomorphism;
therefore the inverse morphism e~ exists and, for each ¢’ € Cs, e51(cs(c')) =
e; 1(c') is uniquely defined.

For s € S¢\Sp, we have to show that for each ¢/ € Cs there is a unique
e’ € E; such that es(e’) = ¢. Since e is injective, the uniqueness follows.

Suppose that there is a ¢’ € Cs and no ¢’ € E, such that es(e’) = ¢'. Since
(2) is a pushout, e5 and f5 are jointly surjective. There is then an a € A, with
fs(a) = . It follows that a € Bs, from the construction of B and C. Now the
following cases may occur:

l.a€ A%, Jop: s’ — s € OPg Ja' € AL \fs(As) : fs(a) = opar(a’). Since
(2) is a pushout, there is an e; € Ey such that ey (e1) = a’. It then
holds that es(opg(e1)) = opas(es(e1)) = opar(a’) = fs(a) = . This is a
contradiction; we have found an e/ = opg(e1) € E, with es(e’) = ¢'.

2. a€ Af Jd' € As,a# d : fs(a) = fs(a’). Since (2) is a pushout, we find
elements dy,ds € D with ds(d1) = a, ds(d2) = o', and hs(dy) = hs(da). Tt
then follows that es(hs(d1)) = fs(ds(d1)) = fs(a) = /. This means that
for e’ = hs(d1) € Ey it holds that es(e’) = ¢/, which is a contradiction.

3. a ¢ A%. Since a € B, and B is the smallest subalgebra of A that contains
A%, there must be a chain of operations op; : s; — s;41 € OPg and
elements a; € A, for i = 1,...,n such that a; € A} and op; a(a;) = ai1
with s,4+1 = s and a,+1 = a. We have s1 € Sg\Sp because AGSIG is well
structured. Then a; € A} , and, from the proofs above in items 1 and 2, it
follows that there is an ey € F;, such that e, (e1) = f5, (a1). We then have
¢ = £,(a) = fo(oPm,a(.. - (0P14(@1))) = 0pmar(.. - (Op1, 40 (Fr (1)) =
0B ar(. . (091, (E0r (€1)))) = €5(0Pm,5 (- (091 B(€1)))):

For € = opy.E(...(op1,e(e1))) € Es, it holds that es(e’) = ¢/, which is a
contradiction.

This means that ¢} is well defined for each s € S¢ U Sp and, obviously,
€s 0 Ch = Cs.

For the data part, it is clear that ¢* is a homomorphism. For op : s’ —
s € OPg, we have s’ € Sg\Sp since AGSIG is well structured. It then
holds for ¢ € Cy that es(opg(ct () = opar(es (ci(c))) = opar(cs () =
cs(ope () = es(ct(ope (). Since es is injective, opE( ek () = c(opa(c))
follows. Hence c¢* is a homomorphism.

The square (2) above is a pushout along the M-morphism d and therefore
also a pullback. Comparing this pullback (2) with the morphisms b and ¢* o g,
we have fob = cog = eoc*og, and obtain the induced morphism b* : B — D
with dob* =b and hob* =c*og.
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It remains to show that (3) is a pushout. Consider the commutative cube
(4) below. Since the bottom is the pushout (1) along the M-morphism b, it
is a VK square. We then have the following:

the back left face is a pullback;
the back right face, being a composition of pullbacks (since d € M), is a
pullback;

e the front left face, being a composition of pullbacks (since e € M), is a
pullback;

e the front right face, being the square (2), is a pullback.

From the VK square property, we conclude that the top, corresponding to
square (3), is a pushout.

Altogether, this means that (1) is an initial pushout over f : A — A’. O

C.5 Proof of Theorem 13.12

In this section, we show that the following hold for the constructed morphism
type:
1. type : AG — ATG is a well-defined AG-morphism.
2. uarg o type = type.
3. For each AG-morphism f : AG — ATG with uarg o f = type, we have
f = type.

1. We have to show that type : AG — ATG is a well-defined AG-morphism.

(a) Well-definedness means that type, (e;) € TG, fori € {G,NA, EA}.

i. For typep_(e1) = (ni,ej,n2) € TGEg, we have to show that
e} € TGg,, nm1 € clany(srcg(e))), and ne € clany(targ(e))).
From the definition of typey, ,, we have

e} =typeg,(e1) € TGg,,
m = typey, (sae(e1)) = typeve (sae(e1))

€ dang(sreg o typeg, (e1)) = clani(sreg(e})),
na = typey, (tag(er)) = typevs (tag (e1))

€ dang(targ o typeg,(e1)) = cany(targ(e})).

~



ii.

iii.
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For typeg, ,(e2) = (n1,e5,n2) € TGEy,, we have to show that
eh € TGEy,, n1 € clang(srena(ely)), and ng = tarya(eh). From
the definition of typeg, ,, we have

ey = typepya(e2) € TGy,
ny = typeyy, (SGNA(€2)) = lypevg (SGNA (62))
€ clany(srena o typeg, 4 (e2)) = clang(sren a(es)),
ng = typey,, (tGNA(BQ)) = typev, (tGNA (62))
=tarya o typery ,(€2) = tarya(eh).
For typeg,,(es) = ((ni1,e4,n12),e5,n2) € TGpgg,, we have
to show that e} € TGg,,, ¢4 = srcgaley) € TGgy, n11 €
clany(srcg(ey)), niz € clany(targ(ey)), and ng = targpa(el) €
TGyy. From the definition of typeg, ,, we have

€5 =typepy,(es) € TGry,,

(nlla eél, n12) = typeEG (SGEA (63)) € TGEG
according to step (i), where we have shown that ef = srcga(e}),
n11 € clany(sreg(e})), and nis € clan(targ(ey)), and

na = typey,, (tapa(e3)) = typevy, (to 4 (€3))
=tarpa(typep,,(es)) = tarpa(el).

(b) The AG-morphism property of type : AG — ATG requires us to show
the following properties i—vii:

i.

ii.

iii.

iv.

typey, (d) = s for d € Dy and s € ST,. This is true because the
corresponding property holds for typey,,, and typey,, = typey,,.
typey,, © sag(e1) = srcg o typep, (e1) Yer € Gg.. From the defi-
nition of typeg, ., we have typeg . (e1) = (n1, €}, n2) with

ny1 = typey,, (sae(e1)) € TGy, =

srcgotypep, (e1) = sregl(ni, el,ne)] = n1 = typey,, (sae(e1))-
typey,, o tag(e1) = targ o typep, (e1) Ye1 € G . From the defi-
nition of typeg, ., we have typeg . (e1) = (n1,€},n2) with

n1 = typey,, (ta(e1)) € TGy, =

targotypeg, . (e1) = targ[(n1, €], n2)] = n1 = typey,. (tas(e1)).

typey,, © Say4(e2) = srena o typeg, ,(e2) Ves € Gpy,. From the
definition of typep  ,, we have typeg (e2) = (n1, ey, n2) with

ny = typeVG (SGNA(62)) € TGVG =
srena o typeg, , (e2) = srenal(ny, ey, ne)] = ny =
typeVG (SGNA (62))'
typey, otaya(e2) = tarna o typep, ,(e2) Vez € Ggy,. From the
definition of typey  ,, we have typey (e2) = (n1, ey, n2) with

ng = typeVD (tGNA(e2)) € TGVD =
tarna o typeg, ,(e2) = tarna[(ni, €5, n2)] = ng =
typey, (tay 4 (€2))-
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vi. typeg, o sgpa(e3) = srcpa o typey, , (e3) Ves € Ggy,. From the
definition of typey . ,, we have typeg ., (e3) = ((n11, €3, n12), €5, n2)
with

(nlla eg’ TL12) = typeEG (SGEA (63)) =
srcpa o type, , (es) = srepal((n11, €5, n12), e5,n2)] =
(n11,e5,n12) = typeg,, (sGpales))

vil. typey, otapa(es) = tarpa otypeg, ,(e3) Ves € Gpg,. From the
definition of typey _,, we have typer_ (e3) = ((n11, €5, n12), €5, n2)
with

ng = typey,, (tapales)) =
tarpa otypep, , (e3) = tarpa[((n11, €5, n12), e5,n2)] = ny =
typey,, (tapales)).
2. We have to show that uarg o type = type.
(a) uara,ve o typey,, = typey, = typevs.
(b) wara,vp o typey,, = typey,, = typev,.
(c) For typeg,, (e1) = (n1,e],n2) € TG, with €] = typeg. (e1), we have

UATG,Eg © typep, (e1) = uarag,es[(n1, €1, n2)] = €] = typep, (e1).

(d) For typep, ,(e2) = (n1,e3,n2) € TGy, with €5 = typep, ,(e2),

we have uaTG, By, © tYpeg, ,(€2) = uaTG Exal(n1,€5,12)] = €5 =
typemy 4 (€2)-
(e) For typeEEA(e3) = ((n117613/7n12)aeé7n2) € TGEEA with 613 =

typepy . (e3), we have the result that uarg ey, © typeg, ,(e3) =
UATG,Epal(n11, €5, 112)] = €5 = typep, , (€3).
(f) warg,p otypep = typep = typep.
3. Given an AG-morphism f : AG — ATG with uarg o f = type, we have
to show that f = type, which is shown in (a)—(f) below.

(a) fVc = UATG, Vg © fVc = typey, = type\/c'

(b) fvp = uarc,vp © fvp = typev, = typey, .

(¢) Let fr,(e1) = (n1,€l,n2) € TGE,. Now type = uarg o f implies
that typer;(e1) = uarc g © frg(e1) = uarc g, [(n1,e1,n2)] = €.
The fact that f is an AG-morphism implies

(a)
typey,, © sae(e1) =2 fve o sgeler) =
sreg o fre(e1) = sregl(ng, ef,n2)] = nq,
(a)
typeVG olag (61) = fVG otag (61) =

targ o fu,(e1) = targ[(n1, €}, n2)] = na

© typer,(e1) = (1, €}, m2) = fr, (1)

= fBc = typep, -
() follows from the definition of typep,,.
(d) Let fpy,(e2) = (n1,€e5,n2) € TGEy,- Now type = uarg o f implies
that typepy ,(€2) = UATG,Exa © fEna(€2) = vaTG By 4[(n1, €5, 12)] =
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5. The fact that f is an AG-morphism implies

typeVG (SGNA (62)) = fVG © SGNA(BQ) =

STCNA © fEya(€2) = srenal(ny, €5, n2)] = ny,
typeVD (SGNA(€2)) = fVD ° tGNA(eQ) =

tarna o feya(e2) = taryal(ni, e5,n2)] = no
= typep, ,(€2) = (n1,€5,n2) = fEy,(e2)
= [Ena = typep, ,-

(e) Let fppa(es) = ((n11,€4,n12),€5,n2) € TG, ,. Now type = uargo f
implies  that typepy,(e3) =  uaTG.Epa © [Epales) =
UATG, Epal((N11,€4,n12), €5,n2)] = e5. The fact that f is an AG-
morphism implies

typer,, (8Gpa(€3)) = fEg © SGpales) = srcpa o frp,(es) =
srcpal((ni, €4, n12), €5, n2)] = (n11, €4, n12),

typey,, (tapa(es)) = fvp otapa(es) =tarpa o fpp,(es) =
tarpal((ni1, €4, n12), €5, n2)] = ng

= typeg,, (e3) = ((n11, €3, m12), €5,n2) = fry,(e3)

= fEpa = typeg, ,-

(f) fo =uare,po fp=typep = typep.

C.6 Proof of Lemma 13.20

1. We have to show that (a) p; is a concrete production and (b) p; is unique.
Let RQ/G = RVG \TVG (KVG )

(a) We show that tr, tx, and tg are well-defined concrete ATGI-clan
morphisms and fulfill the properties in Definition 13.16.

e From Fact 13.11 and the fact that typeg is concrete, t;, and tg
are well-defined concrete ATGI-clan morphisms, and we have by
definition, tx = ¢, ol. In addition, m is a match with respect to p
and (G, typec), and therefore t;, = typeg o m < typer, and, from
Remark 13.15, we also have tx =ty ol < typer ol = typek.

o tpris well defined: from Definition 13.18, we know that tx v, (z1) =
tK Ve ((EQ) for x1,29 € KVG with Vg (xl) =Tvg ((EQ)

e tp fulfills the properties of a concrete ATGI-clan morphism in Def-
inition 13.8:

- (0), (4), (5), and (6) follow from tp x = typer x for X €
{Vb,Eq,ENna,Ega,D}.
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2.

C Detailed Proofs

— For (1), weshow tr v, (sg.(e1)) € clani(sreg(tr,c(e1))) using
the properties of type.

Case 1. If sg,(e1) € Ry, we have, from Definition 13.16,

trve(sae (1)) = typer,ve (saq (1)) €
clany(srca(typer, e (e1))) = clani(srea(tr,B.(€1)))-
Case 2. If sg,(e1) = rv,(v) € ry,(Ky,), we have, using
tx < typer, typer o r = typer, and Definition 13.8,

trve(saq(e1)) = trvs (v) € clang(typerc v (v) =
clan (typer ve (rve (v))) = clani(typer,vs (saq(e1))) C
clani(sreg(typer,gq(e1))) = clani(sreg(tr,ps(€1)))-
—  (2) and (3) follow analogously.
—~  We show that tg is concrete: Vz € ry, (Kyv,), © = ryg(2) :
trve (7) = tx ve (2') & A, since t is concrete, and Vo € Ry,
trve(x) = typer,v, (z) ¢ A, since p is an abstract production.

e All ty, are concrete by construction. Furthermore, ty, < typen,
and ty, on; = t;, by construction.

(b) Given a concrete production py with concrete ATGI-clan morphisms
t' = (t},,t,t), where t) = typeg o m = tr, then we have, from
Definition 13.16,

t'KZt’Loltholth;

Vo € Ry, : th,VG (x) = typer,ve (z) = tr v (2);

Vo € ry, (Kv,), 32" € Ky, : ryg (@) = x - t'RyG(x) = ’Kyc(a:’) =

ti Ve (2') = trve (2);

o thx = typerx = tgpx for X € {Vp,Eg, Ena, Epa, D}, since

t,tr < typer.

This means that t =t and r; = rp.

For NAC' of py and NAC of p;, we have NAC' = NAC be-
cause NAC' and NAC are uniquely determined by NAC and ¢} and
by NAC and tr, respectively, and we have ¢}, = ¢r. Therefore p; is
unique.

We have to show that m is a consistent match with respect to p; and

(G, typea).

By assumption, m is a consistent match with respect to p and
(G, typec), and we have typesom = tr,. It remains to show that m satisfies
NAC'. Assume the contrary: There then is an (N,n,ty) € NAC that is
not satisfied by m. This means that we have i € I and (N;, n;, typen,) €
NAC with N = N;, n = n;, and ty < typen,. There is then an AG-
morphism o0 : N — G € M’ with oon = m and typeg o 0o = tn. Hence
it follows that typeg o 0 = tn < typen,, which means that m does not
satisfy NAC. This is a contradiction.

Therefore m is a consistent match with respect to p; and (G, typeg),
and we can apply p: to (G,typeq) as defined in Definition 13.17. The
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result is a direct transformation (G, typeg) 2 (H, typer). The explicit
definition of typey follows from the construction of typey as the induced
morphism of typep and tz in AGraphs, and therefore it is well defined.
. Given the abstract direct transformation (G,typeq) X (H, type H')
according to Definition 13.18 and the concrete direct transformation
(G, typeq) == (H, typeyr) constructed in step 2 of this proof, obviously
we have H = H’ (or, at least, they are isomorphic and we can replace H’
by H), since they are constructed as the same pushout in AGraphs.
We have to show that typey = typep from the definition of typey in
step 2 and of typey in Definition 13.18. For X € {V, Vp, E¢, Ena, Ega,
D}, the following holds:
o Vzery(Dx),32 € Dx : x =1 (2) : typen x(z) = typep x(z') =
typerr x ().
o Vr € Hx\rx(Dx) : typeux(z) = trx(x"”) = typerx(z”) =
typer x(x) with m/(z") = .

Therefore typey = typep:.
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Adhesive category, 84
Adhesive HLR category, 86
AGraphsarc, 230
AGSIG-Alg, 230
properties, 96
Adhesive HLR grammar, 102
Adhesive HLR system, 102
AGG
critical pair analysis, 313
graph, 306
graph constraints, 312
graph grammar, 312
graph parsing, 317
graph transformation, 310
language concepts, 305
node and edge attributes, 307
rule and match, 308
typing, 306
Algebra, 355
final, 356
Applicability, 44, 104
Application condition, 67, 154
construction from constraint, 156
in AGraphsarc, 243
construction from right to left, 160
in AGraphsarc, 245
for a production, 69, 156
for AGraphsarca, 240
negative, see Negative application
condition
ATGI, 260
graph grammar and language, 279

Attributed graph grammars, equiva-
lence, 279

Attributed graph structure signature,
222

Attributed graph with inheritance, 260

Attributed type graph with inheritance,
see ATGI

Binary coproduct, 340
Boundary, 56, 126
for typed attributed graph mor-
phisms, 210

Category, 25, 329
adhesive, 84
adhesive HLR, see Adhesive HLR

category
AGraphs, 174
AGraphsarg, 175
AGSIG-Alg, 222
AHLNets(SP,A), 95
Alg(X), 26, 330
coslice, 331
dual, 332
EGraphs, 173
ElemNets, 91
functor, 345
Graphs, 26, 330
Graphsrg, 26, 330
HyperGraphs, 90
product, 330
PTNets, 92
quasiadhesive, 85
Rels, 330
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Sets, 26, 330
Sig, 91
slice, 331
Spec, 94
weak adhesive HLR, see Weak
adhesive HLR category
Clan morphism
ATGI, 266
universal ATGI, 267
Class M, 177
AGSIG-Alg, 225
Closure of ATGI, 262
Codomain, 25, 329
Concurrency Theorem, 54, 119, 203
proof, 120
Confluence, 59, 144
local, 144
strict, 145, 218
Consistency, 132, 213
Constraint, 152
graph, 65
guaranteeing of, 164
negative, 66, 153
preservation of, 164
typed graph, 65
Context graph, 44
existence and uniqueness, 189
Context, for typed attributed graph
morphisms, 210
Coproduct, compatible with M, 114
Critical pair, 60, 141
completeness, 60, 142, 215
definition, 215
strict confluence, 145, 218
Critical Pair Lemma, 61, 147
proof, 147

Dangling points, 45
Derived span, 131, 208
Domain, 25, 329

FE-dependency relation, 117, 202
E'-M’ pair factorization, 122
in AGraphsarg, 195
Embedding Theorem, 56, 133
for typed AGT systems, 214
proof, 133
Epi—mono factorization, 333
Epimorphism, 26, 332

in Graphs, 27
in Graphsrg, 27
in Sets, 27
Essential match, 254
Extension diagram, 130, 207
Extension Theorem, 57, 136
for typed AGT systems, 214
proof, 136

Functional behavior, 62
Functor, 344

Gluing condition, 44, 126
in AGraphs, 188
in AGraphsarc, 188
Gluing points, 45
Grammar
adhesive HLR, 102
graph, see Graph grammar
typed graph, 38
Graph, 21
attributed, 173
context, see Context graph
E-graph, 172
labeled, 23
morphism, 22
typed, 22
typed attributed, 175
Graph constraint, 65
in AGraphsarc, 238
Graph grammar, 38
layered typed, 63
typed, 38
Graph language, 38
typed, 38
Graph transformation system, 38
functional behavior, 62
global determinism, 59
terminating, 60
typed, 38
typed attributed, 183
GTS, see Graph transformation system

Homomorphism, 355

Identification points, 45
Independence
parallel, 47, 109, 191
sequential, 47, 109, 191



Inheritance clan, 261
Initial object, 344
Initial pushout, 126
closure property, 127
in AGraphs, 212
in AGraphsarc, 212
in Graphs, 126
Instance of ATGI, 263
Isomorphism, 26, 332
AGraphsarg = AGSIG(ATG)-
Alg, 223
in Graphs, 27
in Graphsrg, 27
in Sets, 27

Jointly surjective, 29

Label alphabet, 23
Labeled graph, 23
Language, 102
graph, 38
typed graph, 38
Layer assignments, 253
reduced conditions, 253
Layered typed attributed graph
grammar, 250
Local Church—Rosser Theorem, 50,
111, 192
proof, 112
Local Confluence Theorem, 61, 147, 219
proof, 147

M pushout—pullback decomposition,
96
M—M' pushout—pullback decomposi-
tion, 123
Model transformation
by typed attributed graph transfor-
mation, 287
from statecharts to Petri nets, 288
further case studies, 303
generating syntax graph grammar,
290
Monomorphism, 26, 332
in Graphs, 27
in Graphsrg, 27
in Sets, 27
Morphism, 25
graph, 22

Index 387
labeled graph, 23
typed graph, 23

NAC, see Negative application
condition

Natural transformation, 345

Negative application condition, 68, 155
in AGraphsarc, 241

Negative constraint, 67, 153

Negative graph constraint, 66

Nondeterminism, 62

Pair factorization, 122, 199
Parallelism Theorem, 53, 115, 193
proof, 116
PB, see Pullback
PO, see Pushout
Production, 37, 101
abstract, 272
applicability, 44, 104
application, 188, 273, 274
concrete, 272
FE-concurrent, 54, 118, 202
graph, 37
inverse, 37, 102
parallel, 52, 115, 192
typed attributed, 182
typed graph, 37
Pullback, 33, 336
along M-morphism, 180
in comma category, 92
in Graphs, 34
in Graphsrg, 34
in Sets, 34
Pushout, 29, 334
along M-morphism, 177
in AGraphsarc, 178
in Graphs, 29
in Graphsrg, 29
in Sets, 29
initial, see Initial pushout
Pushout complement, 45, 336

Refinement, ATGI-type, 272
Restriction Theorem, 139
Rule, see Production

Signature, 353
attributed graph structure, 222
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well-structured, 222
Signature morphism, 354
Strict confluence, 145, 218

Termination, 63
analysis, 301
of layered typed attributed graph
grammar, 253, 256
with deletion, 254
of layered typed graph grammar, 63
of nondeleting layered typed
attributed graph grammar, 256
Tracking morphism, 254
Transformation, 38, 102
construction, 46, 105, 190
direct, 38, 102
FE-related, 54, 118, 202
construction, 123, 203

equivalence, 278

graph, 38

parallel, 52, 115, 192

terminating, 59

typed attributed, 182

typed graph, 38
Type graph, 22

Universal ATGI-clan property, 268

Van Kampen square, 78
in AGSIG-Alg, 229
in Sets, 78
VK square, see Van Kampen square

Weak adhesive HLR category, 87
properties, 96
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