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Abstract: This paper is based on two general ideas. The first one is the integration paradigm for data
type and process modeling techniques developed by the first two authors within the last five years. The
second one is a transformation-based component framework for system modeling presented at ETAPS 2002
in Grenoble. The aim of this paper is to join both ideas leading to a component framework for a generic
integrated modeling technique. This component framework is based on transformations and is especially
useful to be instantiated by graph- and net-based techniques. The main concepts are a self-contained seman-
tics and internal correctness of components, based on a new idea of high-level constraints. Two main results
concerning compositionality show that semantics and correctness for a system can be inferred from that of
its components. The concepts are illustrated by a running example on modeling Java threads by high-level
nets.

1. Introduction

In order to build up large software systems from smaller parts, a flexible component concept for software
systems and infrastructures is highly important (see e.g. (Szyperski, 1997; Mann et al., 2000; Gruhn and
Thiel, 2000)). On the other hand, the integration of different kinds of data type and process modeling tech-
niques is most important for software system specification in computer science and all kinds of applications.
In our papers (Ehrig and Orejas, 1998; Ehrig and Orejas, 2001) we have presented a conceptual and a formal
model for an integration paradigm for this kind of modeling techniques. For a large variety of basic and inte-
grated techniques (see (Blssow et al., 1998; Harel and Gery, 1997; 1SO, 1989; Lowe et al., 1993; Meseguer
and Montanari, 1990; Padberg et al., 1995; Rozenberg, 1997; Spivey, 1992)) we have shown already how
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they can be interpreted and classified within this integration paradigm.
1.1. A Generic Component Framework for System Modeling

The aim of our paper (Ehrig et al., 2002b) has been to present a generic component framework for sys-
tem modeling that could support the development of the kind of systems mentioned above. In this sense, we
have defined a framework that can be used for a large class of semi-formal and formal modeling techniques.
More precisely, we present a component concept based on a very general notion of specification. According
to this concept, a component consists of a body and of an import and an export interface. An import and an
export connection relate these specifications. These connections are again generic, to allow a great variety
of instantiations. We only require having suitable notions of inclusion and transformation (e.g. refinement)
between specifications, such that the import connection defines an inclusion from the import interface to
the body, and the export connection defines a suitable transformation from the export interface to the body.
These import and export connections represent the intradependencies between different parts of a single
component. The interdependencies between import and export of different components are represented by
connectors. Again, we only require connectors to define a suitable transformation. Consequently, our frame-
work is also generic concerning the connection of components. One of the key concepts of our framework
is a generic notion of transformations of specifications, especially motivated by - but not limited to - rule
based transformations in the sense of graph transformation and high-level replacement systems (Ehrig et
al., 1973; Ehrig et al., 1991; Rozenberg, 1997).

According to the general requirement that components are self contained units not only on the syntactical
but also on the semantical level, we are able to define the semantics of each component independently of
other components in the system. This semantics is also given in terms of transformations. It must be pointed
out that this semantics can be used to give meaning to components based not only on a formal, but also on
a semi-formal modeling technique. Moreover, this semantics is shown to be compositional. More precisely,
we are able to show that the semantics of a system can be inferred from that of its components.

1.2. Main Concepts and Results of this Paper

In our component framework for system modeling in (Ehrig et al., 2002b) we have not discussed the
aspect that systems should be described from different views (data view, process view, ...). But this aspect
has been widely discussed in several other papers leading to the conceptual and formal model for integrated
data type and process modeling techniques in (Ehrig and Orejas, 2001). It is the main aim of this paper to
join this concept with our component framework in (Ehrig et al., 2002b).

This leads to a transformation-based component framework for a generic integrated modeling technique
which is especially useful to be instantiated by graph- and net-based techniques. In this paper we review the
generic component concept and also the integration paradigm, we pay special attention to the instantiation
of our component framework in the context of this paradigm. Being specific, we introduce a notion of
high-level constraints that allow us to present, in a unified way, specifications corresponding to any arbitrary
modelling technique that can be integrated in our paradigm. Then, using this kind of specifications we are
able to define components over these specifications, formulating a property of internal correctness, which is
shown to be preserved under composition.

Finally, we briefly review how the various concepts can be instantiated to several modeling techniques.
More specifically, we present a small case study using Petri nets to model Java threads (Horstmann and
Cornell, 2000), which is used as a running example also to illustrate an instantiation of our integration
paradigm. For another, more detailed case study concerning a telephone service center we refer to (Padberg
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et al., 2001), where the component concept for Petri nets in (Padberg et al., 2001) can be considered as an
instantiation of our generic framework.

1.3. Organization of the Paper

The paper is organized as follows. In Sect. 2. we present some main requirements for a generic compo-
nent framework which have guided our proposal in (Ehrig and Orejas, 1998; Ehrig and Orejas, 2001; Ehrig
et al., 2002b) and in this paper. Section 3. presents the main ideas of the basic framework in (Ehrig et
al., 2002b), introducing the component concept, its transformation semantics and a composition operation,
showing the compositionality of semantics. Section 4. reviews the case-study of (Ehrig et al., 2002b) that is
used in the paper as a running example. Section 5. describes briefly our integration paradigm. Then, in Sect.
6., we study the instantiation of our component framework to integrated modeling techniques. Section 7.
discusses the instantiation of the framework in the context of some specific modeling approaches. Finally, in
Sect. 8., we discuss related work and present some conclusions, discussing up to which point our framework
meets the requirements presented in Sect. 2..

2. Main Requirements for a Generic Component Framework

In this section we present the requirements that, in our opinion, a component approach for integrated mod-
eling techniques should satisfy.

2.1. Accordance with Current Component Technology

First of all, it should be clear that the proposed framework should be in accordance with the standard
constructions used in current component technology for software development, enhancing the reusability
of software and supporting system evolution (Szyperski, 1997; Mann et al., 2000). This means that the
proposed notion of component concept should make a clear distinction between the interface, that states
how a given component is connected and used, and the body, where the services provided by the component
are implemented. On the other hand, the framework should provide composition operations that allow us to
put together components as it is done in standard software architectures.

2.2. Support of View-Oriented Semiformal and Formal Modeling Techniques

Secondly, the fact that the proposed framework should address the modeling phase poses some additional
requirements. The key issue is that, in the modeling phase, we would typically want to be able to analyze
and to reason about the single components and about the component-based systems. This means, in the first
place, that we need to have a sufficiently precise semantics of the components and of the corresponding
systems. However, we believe that different degrees of formality may be needed when modeling a certain
system. In particular, when describing critical aspects of a system a formal technique is needed. But, when
describing some less critical component, a semiformal approach could be sufficient. In this situation, the
semantics of a component should be as precise as the component is. This means that a formal component
should have a formal semantics. But, it should be possible to define some semiformal semantics for a com-
ponent based on a semiformal modeling technique. We also believe that systems (and single components)
are better modeled by, independently, describing them from different views (static, dynamic, behavior, .. .).
In this sense, the component framework should support this kind of view-oriented approach. Lastly, defin-
ing the semantics of a system compositionally, in terms of the semantics of the included components, would
probably help in reasoning about the given system. In this sense, if a notion of internal correctness is defined
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for components, this property should be preserved by component composition.
2.3. Different Roles of Genericity

Finally, we think that genericity plays a fundamental role in a component framework. Genericity should
be present in the framework in various senses. The most obvious one is that components must describe
generic software units. The separation between the body and the interfaces in a component, discussed
above, is the basis for this kind of genericity. Then, the component concept itself must be generic, in the
sense that it should be possible to use it in connection with different modeling techniques, by means of an
adequate “instantiation”. The reason is that component-based systems are often heterogeneous, i.e. include
components based on different modeling formalisms (or programming languages). Hence, using a uniform
notion of component, independently of the heterogeneity of the different contents, should simplify analyzing
and reasoning about the system. Moreover, these tasks may be even more simplified if the semantics of a
component is also generic, in the sense of being based on a number of basic concepts or constructs having a
precise definition or instantiation on the modeling techniques considered.

3. Main Concepts for a Generic Component Framework

In this section, we present the main concepts for our generic component framework and show already, on
a general level, how to satisfy the main requirements stated in the previous section. A simplified version
without constraints has been given already in our paper (Ehrig et al., 2002b). In the following sections
we give more detail how the basic notions of our framework can be interpreted in view of our integration
paradigm. We start with some general assumptions concerning our modeling technique, which is one of the
key generic concepts in our framework.

3.1. Generic Modeling Techniques with Constraints

We assume that a generic modeling technique is a general framework for describing systems. These
descriptions have a syntactical part, consisting of signatures SIG and specifications SPEC, and a seman-
tical part, consisting of behaviour or models A of the corresponding signature or specification, denoted
M € Mod(SIG) or M € Mod(SPEC), respectively. Moreover, it should be possible to deal with
specific modeling approaches as concrete instances of the generic technique.

In order to express properties of models, we assume that we have a constraint language, which allows us
to formulate constraints in an informal way, using diagrams or natural language, or in a formal way, based in
some logical formalism. We distinguish between loose and tight constraints. Loose constraints are defining
a class of models, while tight constraints are defining a unique model up to isomorphism. Typical examples
of loose constraints are predicate or temporal logic formulas. On the other hand, we show in Sect. 6. how a
Petri net can be considered as a tight constraint in an integrated modeling technique.

A generic modeling technique in our framework allows us to formulate different types of tight and loose
constraints. A signature SIG together with a single constraint or a class of constraints C'onstr is called
a specification SPEC = (SIG,Constr). We assume to have a notion of satisfaction for each kind of
constraint, where M = Constr means that M satisfies Constr. The class Mod(SPEC) consists of all
models M € Mod(SIG) such that M satisfies the constraints in Constr.

For verification purposes, a formal modeling technique should also have a suitable deduction calculus
for constraints. From the software engineering point of view, we also require to have suitable horizontal and
vertical structuring techniques, especially a notion of refinement or transformation of specifications.
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3.2. A Generic Component Concept

Components are self-contained modeling units with a clear separation between the interface of the com-
ponent and the body. Moreover, the interface can be divided into two parts: the import interface, describing
what the component assumes about the environment, and the export interface, describing the services pro-
vided by the component itself.

In this sense, given a generic modeling technique with model specifications in the sense of 3.1., we
are now able to define our generic component concept. A component specification, in short component,
COMP = (IMP,EXP, BOD,imp, exp) consists of model specifications and connections:

e M P, called import interface,

EX P, called export interface,

BOD, called body,

e imp: IMP — BOD, called import connection,
e cxp: EXP — BOD, called export connection.

In order to be generic, we do not require any specific type of connections between interfaces and body.
We only require that each export connection, exp: EXP — BOD, uniquely defines a transformation of
model specifications (see 3.3.), exp: EXP = BOD, called export transformation, which is a refinement
describing how the elements presented in the export interface are implemented by the body.

With respect to the import connection, we may assume that the body of a component is an extension
of the import interface, in the sense that the functionality defined in the body is built upon the elements of
the import interface. As a consequence, for the sake of simplicity, we assume that each import connection,
imp: IMP — BOD, defines an inclusion imp: IM P — BOD of the corresponding specifications. We
could have been slightly more general, by asking only for an inclusion of the import signature into the body
signature, but not necessarily asking for the inclusion of the corresponding constraints. However, we feel
that, dealing with this more general case, although technically not difficult, would slightly complicate the
rest of the paper.

3.3. A Generic Transformation Concept

We need a generic transformation concept in order to formulate properties of export connections (see
3.2.) and of connectors between import and export interfaces of different components (see 3.5., below).
Again, we will try to be as general as possible.

A generic transformation trafo: SPEC, = SPEC, between two model specifications SPEC; =
(SIG;,Constr;) for i € {1,2} consists of transformations trafos;a: SIG7 = SIG, of the signatures
and trafocons: Constry = Constrsy of the constraints.

We assume that a transformation framework 7 consists of a class of transformations, which includes
identical transformations, is closed under composition and satisfies the following extension property: For
each transformation ¢rafo: SPEC, = SPEC, and each inclusion ii;: SPEC; — SPECY there is a
selected transformation trafo’: SPEC] = SPECY with inclusion iy: SPECy — SPECY, called the
extension of tra fo with respect to iy, leading to the extension diagram in Fig. 1.

It must be pointed out that, in a given framework, given ¢rafo and i, as above, there may be several
trafo’ and is, that could satisfy this extension property. However, our assumption means that, in the given
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SPEC,—~ SPEC!

trafo“ trafo’ﬂ

SPEC,2~ SPEC
Fig. 1 Extension diagram for the extension property

framework 7 only one such trafo’ and one inclusion iy are chosen, in some well-defined way, as the
extension of trafo with respect to ;.

The extension property is called compositional, if the (chosen) corresponding extension diagrams are
closed under horizontal and vertical composition. This is very similar — and in some instantiations equal —
to the well-known composition property of pushouts in category theory.

The idea underlying this extension property is to ask a transformation framework to satisfy, what we may
call, a locality assumption: if one can apply a transformation on a certain specification, then it should be
possible to apply the “same” transformation on a larger specification. This assumption has been formulated,
in a more precise way in (Orejas et al., 2001). In this paper, for the sake of simplicity, we have avoided the
technical details.

We could have also required that these extensions would only exist when the given trafo is consistent
with 41 in a specific sense. For instance, in the case of graph transformations, the extension property corre-
sponds to the embedding of a transformation into a larger context. The corresponding embedding theorem
in (Ehrig et al., 1973) requires that the “boundary” of i1 has to be preserved by trafo. Again, for the sake
of simplicity, we drop this consistency condition in the general part, but we discuss it in Sections 4. and 7..

3.4. Transformation Semantics of Components

According to the general requirements, components are self-contained units, with respect to syntax and
semantics. Hence, it is necessary to have a semantics for each single component. Moreover, the semantics of
composite components (and, eventually, the entire system) must be inferred from that of single components.

The main idea proposed in (Ehrig et al., 2002b) is a semantics that takes into account the environment
of a component, in a similar way as the continuation semantics of a programming language assigns the
meaning of a program statement in terms of the environment of the statement. Here, the idea is to think
that, what characterizes the import interface of a component is not its class of models, but the possible
refinements or transformations of this interface that we can find in the environment of the component. In
this sense, it is natural to consider that the semantical effect of a component is the combination of each
possible import transformation, trafo: IMP = SPEC with the export transformation exp: EXP =
BOD of the component. Since IM P is included in BOD, we have to extend the import transformation
from IM P to BOD in order to be able to compose both transformations. Due to the extension property for
transformations, we obtain trafo’: BOD = SPEC'’, as shown in Fig. 2.

Let us call the class of all transformations trafo from IM P to some specification SPEC' the trans-
formation semantics of IM P, denoted by T'rafo(IM P), and similar for EX P. According to Fig. 2 the
transformation semantics of the component COM P can be considered as a function

TrafoSem(COMP):Trafo(IMP) — Trafo(EXP)
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EXP

expﬂ

IMP—""~ BOD

trafou trafo’ﬂ
%

SPEC“""~ SPEC"
Fig. 2 Transformation semantics

defined for all trafo € Trafo(IMP), by
TrafoSem(COMP)(trafo) = trafo’ oexp € Trafo(EXP) .

In our paper (Ehrig and Orejas, 2001) we have discussed a model semantics for components. It will
be discussed in forthcoming papers how to relate our transformation semantics with a model semantics in
specific cases.

3.5.  Composition of Components

Several different operations on components can be considered in our generic framework. Depending
on the underlying architecture intended for a given system, some specific operations may be needed. For
instance, in a hierarchical system one could need an operation to compose components by matching the
import of one (or more) components with the export of other component(s). On the contrary, in a non-
hierarchical system one may need an operation of circular composition, where the import of one component
is the export of another component and vice versa. In the following, for the sake of simplicity, we only con-
sider one basic operation, which allows one to compose components COM P; and COM P, by providing a
connector, connect: IM P, — EX P, from the import interface TM P, of COM Py to the export interface
EX P, of COM P,. Similar to an export connection, we only require that the connector uniquely defines a
transformation connect: IMP; = EXPs.

Different generalisations and variations of this operation, for instance by allowing to compose (simulta-
neously) several components, would not pose too many difficulties, only some additional technical compli-
cation. Circular composition and connectors in the sense of (Allen and Garlan, 1997) may be more difficult
to handle, however previous experience in dealing with module operations (see e.g. (Ehrig and Mahr, 1990))
would provide good guidelines.

Now, we are able to define the composition COM P3 = COM Py oconnect COM Py as follows. Let
xconnect = exps o connect. The extension property implies a unique extension zconnect’: BOD, =
BO D3 with inclusion imp}: BODy C BOD3 in Fig. 3. The composition COM Ps is now defined by
COMPs; = (IMPs, EXP3, BODs,imps, exps) With imps = imp) o impy and exps = zconnect’ o
expi. Since we have IMP; = IMP, and EX P; = EX Pj, this means especially that the result of the
composition concerning the interfaces is independent of the body parts.

Note, that each connector connect: IM P; — EX P, can also be considered as a seperate component
COM P2 with expi2 = connect and impi2 = idgx p,. This allows to consider COM Ps in Fig. 3 as the
composition of three components COM Py, COM P35 and COM P,, where all connectors are identities.
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EXP; = EXP,

exp1

mp1

IMP,“—— BOD;
connectﬂ
EXP xconnect’

exp2

imp2

IMP; = IMP,""™% BODy«—""* . BOD,4

Fig. 3 Composition of Components

3.6. Compositionality of Transformation Semantics

Given a connector, connect: IMP; — EX Py, between IM P, of COMP; and EX Py of COM P,
the composition COM P; of these components via connect is well-defined, and we have the following
compositionality result:

The transformation semantics of the composition can be obtained by functional composition of the trans-
formation semantics of COM P; and CO M P, with a most simple intermediate function

Trafo(connect): Trafo(EX Py) — Trafo(IMPy)

where T'rafo(connect)(trafo) = trafo o connect.
Theorem 1 — Compositionality of Transformation Semantics: Given a composition of components
COMP; = COM P oconnect COM Py as shown in Fig. 3 then we have

TrafoSem(COMPs) = TrafoSem(COMP;) o Trafo(connect) o TrafoSem(COM Py)

provided that the extension property is compositional.

Proof: Given a transformation ¢rafo,: IM Py = SP FEC, we consider Fig. 4, where extension diagram
(1) is given by extension of tra fo; W.r.t. impo, diagram (2) by extension of tra foo w.r.t. imp/ and diagram
(3) by definition of COM Ps in Fig. 3.

Compositionality of the extension property implies that also the horizontal composition (1)+(2) and the
vertical composition (2)+(3) are (chosen) extension diagrams.

We have to show

TrafoSem(COMPs)(trafo) = ()
TrafoSem(COMP;) o Trafo(connect) o TrafoSem(COM Ps)(trafoy) .

Using imps = imp) o impa, exps = zconnect’ o exp; and extension diagram (1)+(2) we have
TrafoSem(COM Ps)(trafo) = trafos o xzconnect’ o exp; . (5)

Concerning the right hand side of (4) we have TrafoSem(COM Ps)(trafo1) = trafos o expy and

hence
TrafoSem(COMPy) o Trafo(connect) o TrafoSem(COM Ps)(trafor) =

TrafoSem(COMPy) o Trafo(connect)(trafos o exps) = (6)
TrafoSem(COM P;)(trafos o exps o connect) =
trafos o xzconnect’ o expy
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EXP; = EXP,

exp1

mp1

IMPl e BOD1
connect 3)
EXP xconnect’

exp2

imps imp

IMPg = IMPQCH BODQC%' BOD3

trafolﬂ (1) trafoq (2) trafos
SPEC|“—— SPECy——— SPFE(C4

Fig. 4 Compositionality of Transformation Semantics

where the last step uses extension diagram (2)+(3).
Now (4) follows immediately from (5) and (6). O
In Sect. 6. we give a generic notion of internal correctness of components based on properties of con-
straints, such that the internal correctness is preserved by the composition operation.

4. Modeling Java Threads with Components in the Framework of High-Level Nets

As a small case study and running example presented already in (Ehrig et al., 2002b) we will model a few
aspects of the behaviour of threads in the programming language Java with algebraic high-level Petri nets.
An overview reference for Java threads is given in (Horstmann and Cornell, 2000).

We use a notation where an algebraic high-level net NV consists of an algebraic signature with variables
Yn = (S,0P, X) and a Petri net, where each place pl has a type type(pl) € S, the in- and outgoing arcs
of a transition ¢r are inscribed with multisets of terms and a transition ¢r itself is inscribed with a set of
equations over X . In our example, however, we do not use equations for transitions.

We use a transformation concept similar to (Padberg et al., 1995) based on rules and double pushouts in
a suitable category of high-level nets. Similar to the case of graph transformations we need a consistency
condition for the extension property. Moreover it would be useful for specific application areas to have
a pre-defined set of rules, and that the transformations are suitable refinements which may preserve some
important properties. This will be discussed in Section 7.4..

In our example we directly present the corresponding high-level net transformations. The extension
property is satisfied because the redex of a rule applied to a net is preserved by the inclusion into another
net, provided that the following consistency condition is satisfied: The “boundary” of the inclusion must be
preserved by the transformation. The application of the rule to the larger net yields the extended transfor-
mation.

4.1. Abstract Model of Threads

The first component T hread models the behaviour of threads as it is provided by the Thr ead-class of
the Java runtime library. It exports an abstract view of the lifecycle of a thread and refines it in the body
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by adding the execution of the r un-method while the thread is in the runnable-state. In the import of the
component only those parts are included which should be refined when inhereting from the Thr ead-class,
i.e. the constructor and the r un-method. The modeled part of the Thr ead-class is summarized in Fig. 5.

public class Thread {

public Thread() { ... }
public void start() { ... }

public void run() { ... }

Fig. 5 Part of the Thread-class

The export interface EX Pry,-.qq CONsists of the net structure in Fig. 6 and the following export signature:

sorts: thr
vars: t:thr

The sort thr should be interpreted by a set which contains elements for each thread that can be executed by
the system. The places runnable and dead are both of type thr. Tokens on runnable represent currently
runnable threads, while tokens on dead are threads which have already ended their execution. The transition
start corresponds to the st ar t -method which makes a thread runnable. It chooses a unique element from

the sort thr to identify that thread. The transition exit models the fact that a runnable thread eventually
exits.

Fig. 6 Export interface of Thread

The export transformation expriread: EX Priread = BO Drireaq refines the export interface by adding
the following parts:

sorts: attr, state

opns: empty: — attr
st:thr attr — state

vars: a:attr

The sort attr models the attributes of an executing thread. Since there are no attributes (at least none relevant
from our point of view), there is only the constant symbol empty at the moment. This sort is supposed to be
refined by imported components to allow the definition of attribute tuples. The sort state models the states
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a thread can be in during execution of the r un-method. These states are constructed by the operation st,
connecting a thread symbol from ¢thr and an attribute tuple from attr.

The net structure of BO Drp,eqq Can be found in Fig. 7, where exprp,eqq Preserves the places runnable
and dead, replaces the transitions start and exit by refined versions and adds the other parts. The place
new is of type attr and used to store the attributes of a newly created Thr ead-object. The places started
and finished of type state contain the states of started threads before resp. after execution of the r un-
method. The transition create represents the empty constructor and the transition r»un the method r un. The
refinement of start and exit correspond to the facts that execution of the st ar t -method leads to execution
of the r un-method and a thread exits after the r un-method has finished. Since the r un-method of the
Thr ead-class is supposed to be overwritten by extending classes and does nothing, the run-transition does
not change the attributes.

started

Fig. 7 Body of Thread
In the import interface I M Prp,cqq (€€ Fig. 8) the create-transition together with the new-place and

the run-transition with the adjacent places are kept, because these transitions are supposed to be refined by
components modeling extensions of Thr ead. The signature is identical to the signature of the body.

empty
create @

Fig. 8 Import interface of Thread
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The boundary of the import inclusion imprp,eqq CONsists of the four places new, started, runnable
and finished. These must be preserved by all transformations connected to the import, because they are
adjacent to additional transitions in the body and therefore an extended transformation is not allowed to
delete them.

4.2. Extension of Thread-Class

The second component Incr models a class extending Thr ead. The code for this class (presented in
Fig. 9) adds two attributes of type i nt and overwrites the r un-method by a method that increments these
attributes. The incrementation is done in two methods i nc1 andi nc2, wherei nc2 isnotfi nal and can
be overwritten by subsequent classes.

class I ncr extends Thread {
int attrl,attr?2;
public Incr(int il, int i2) { attrl =i1; attr2 =1i2; }
public final void run() { incl(); inc2(); }
final void incl() { attril++; }
void inc2() { attr2++; }

Fig. 9 Code for the Incr-Class

The export interface £X Py, consists of the net structure in Fig. 10 and the following signature:

sorts: int,attr,thr, state
opns: succ:int — int
att:intint — attr
st:thr attr — state
vars: t:thr
11,12:9nt
a: attr
This signature provides a refined view of attributes where the fact that | ncr has two i nt -attributes is
reflected by a new sort int and a new attr-constructor att. The net structure has the same places and tran-
sitions as the import of the T hread-component, but the inscriptions are changed to model the constructor,
which sets the atrributes, and the r un-method, which increments them.

The export transformation exp,.- leaves the signature unchanged and modifies the net structure to be-
come the structure of BO Dy, in Fig. 11 by replacing the run-transition with two consecutive transitions
incl and inc2 and an intermediate place working. This corresponds to the implementation of r un, which
first calls the method i nc1 represented by transition incl to increment at t r 1 and then calls i nc2 repre-
sented by inc2 to increment at t r 2.

In a more elaborated model threads could be in blocked states represented by thr-elements moved from
runnable to a place blocked. In this case the execution of r un cannot continue until the thread is runnable
again. To reflect this in the model, the run-transition depends on the correct thr-element on runnable. All
steps of refinements of the run-transition (as incl and inc2 in Incr) should also depend on this. To ensure
this condition the pre-defined sets of rules mentioned at the beginning of this section could be used.

In the import I M Py, (See Fig. 12) the transitions create and inc2 together with their adjacent places
are kept, because the corresponding parts of the class, i.e. the constructor and the method i nc2, could
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att(il,i2)
create @

st(t,att(i1,i2))

st(t,att(succ(il),succ(i2)))

Fig. 10 Export interface of Incr

att(il,i2)

Fig. 11 Body of Incr

be overwritten by a class extending | ncr. The other methods (r un and i nc1) are declared as f i nal ,
therefore they cannot be overwritten and the corresponding parts are not included in the import. Since all
operation symbols and sorts are still needed in the import, the signature of IM Py, is identical to the
signature of BO Dy, (and that of EX Py,cr).

In this case the boundary of imp;,... contains only the places runnable and working, because new and
finished have no additional adjacent transitions in BOD .

4.3. Composition of the Components

In order to compose the components we need a connector connect: IM Pryyeqd = EX Prper. This
connector changes the signature by removing the operation empty and adding the sort int, the operation att
and the variables i1 and 2. It modifies the net structure by replacing create and run with refined versions,
whose arcs are inscribed with the new terms.

Now the composition of the components is achieved by the extension diagram (1) in Fig. 13. For the
existence of this extension the composed transformation exp .- © connect has to preserve the boundary of
imprhread, DECaUSe otherwise it would delete places that are not allowed to be deleted from BOD 1 cqd-
This consistency condition is satisfied because both transformations connect and exp .. preserve the
places new, runnable, started and finished.

More precisely, the extension is obtained by application of the underlying rules of connect and exp rper
to BODppreqq- According to (Padberg et al., 1995) a rule consists of a left-hand side L, a right-hand side
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att(il,i2)
create @

st(t,att(il,i2))

st(t,att(il,succ(:2)))

Fig. 12 Import interface of Incr

EXPThread
ETPThread

(impTho"ea(i
IMPThread BODThread

connectﬂ

EXPIncr (1)

emplncrﬂ/
Z‘Tnp'énc'r

IMPIncr% BODIncr% BODComp

Fig. 13 Composition of the components

R and a context K, which is included in both sides. It is applied to a net N by the construction of a double-
pushout as in Fig. 14. Intuitively this means that N is the gluing of L and C over K, and N the gluing
of R and C over K. For more details we refer to (Padberg et al., 1995) and (Ehrig et al., 2002a), where
also the existence of the extension (1) is shown on a general level provided that the trafo exp e © connect
preserves the boundary of impry,eqd-

T

L<t—K-—"s>nR

le (PO) s (PO) lmR

N1%C*,>N2
l r

Fig. 14 Double pushout

This extension leads to the body BOD ¢, 0f the composition shown in Fig. 15. The signature for this
body is identical to that of BODj,¢.

The export interface of the composition is EX Poomp = EX Priread, Where the export transformation is
the composition of ezpr,eqq and the extension of ezpry,, o connect. The import interface is 1M Pcopy =
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att(il,i2)

Fig. 15 Body of Comp

IM Pryer. The boundary of impcomp = impipp,,.eqq © iMPiner, hOwever, is not identical to the boundary in
Incr, because now also the places new and finished have additional adjacent transitions in the composed
body.

5. The Integration Paradigm

In this section we present some ideas about the integration paradigm, introduced in (Ehrig and Orejas, 1998;
Ehrig and Orejas, 2001) to provide a uniform framework to deal with and integrate different data type and
process modeling techniques. This paradigm is based on the use of a specific kind of integrated model that
can be used to give semantics to the different modeling techniques.

5.1. Conceptual Ideas of the Integration Paradigm

The aim of this semantic integration is to provide the basis for the integration of the tools and concepts
associated to these techniques.

Integrated models can be seen as a semantic bottom-up description of given systems. This description
is presented in four layers. The first one is the data type layer: we consider that the most basic elements of
a system are the values processed, together with the basic operations defined over them. The second layer
describes the data states and the intended state transformations. The intuition here is to model the internal
states of the given system (or a system component) and the basic operations considered for their transfor-
mation. The third layer, the process layer, describes the intended reactive behaviour of a system. Finally,
the fourth layer is the architecture layer, which describes the existing composition operations considered for
building a system out of its components. Actually, the aim of this paper is to provide adequate concepts for
the definition of this fourth layer. In this sense, in the rest of the section, we will mainly concentrate on the
description of the first three layers, and how a given modeling technique is mapped into them.

A typical data type modeling approach, like algebraic specification or Z, will probably define integrated
models including the first two layers (the process signature and the corresponding process semantics will
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probably be empty). Conversely, a typical (low level) process modeling approach, like CCS or place/transi-
tion nets, will have very simple components corresponding to the first and, perhaps, the second layer. Below
we present in Fig. 16 very briefly how various modeling formalisms can be mapped into our integrated
model. In (Ehrig and Orejas, 2001) we have shown how some well-known formal modeling techniques, like
CCS, place/transition nets, algebraic high-level nets, graph transformations and attributed graph transfor-
mations, can be seen as conceptual and formal instances of our paradigm.

Specification Layer 1 Layer 2 Layer 3 Layer 4
Technique Data Types Data States & Processes System
Transformations Architecture
Algebraic data tokens and marking of parameterization,
High-Level | algebras defined places by data net net trans-
Nets by algebraic tokens & firing processes formations
specification of transitions union / fusion
Attributed attributes and attributed parameterization,
Graph algebras defined | graphs and graph graph composition,
Trans- by algebraic transformation processes modularization
formation specification
type data states and statechart
uSZ definition operations processes configurations
in Z schemas in Z
basic data object-
UML types defined classes, oriented
by class attributes statecharts packages
diagrams & methods & sequence
diagrams

Fig. 16 Integrated data type and process formalisms

5.2. Formal Concepts of the Basic Layers

Let us now introduce, in some more detail, the formal concepts for the basic three layers of our integration
paradigm according to our paper (Ehrig and Orejas, 2001).

1. The first layer, as said above includes the basic values and associated operations and relations used
in a given system. This is represented by a signature X, on the syntactical side, and a (partial) data
value Xp-algebra Ag, on the semantical side.

2. In our framework, data states are seen as algebras extending the basic data value algebra. This gen-
eralizes the cases where data states are tuples or some other kind of structured objects, like attributed
graphs or labeled trees. This means that the second layer includes, on the one hand, a signature X, ex-
tending Xq, providing a syntactic description of the attributes to access the values included in a given
state, and a class of partial X-algebras DS defining the allowable data states of the given system.
On the other hand, the second layer also includes a description of the state transformations available
in the given system. We consider that transformations are mappings that have some (explicit) input
parameters and are applied to data states (that act as implicit input parameters). The result provided
by a transformation is a new state together with some output data values. This implies that this second
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layer includes a transformation signature:

T= {TU;U)}(U,w)ES* X S*

where S is the set of sorts of the data state signature . If tis in T, , .. o this means that ¢ is

the name of a transformation with input parameters of sorts s; ... s,, and output parameters of sorts

/
m*

si...s
The semantics of a state transformation is represented by means of a data state transition system
G psrts Which includes all the possible transformations among all the possible states of the given
system. In particular, G psrs is a graph whose nodes are labeled by data states and whose edges
are labeled by transformation expressions, where a transformation expression is a term of the form
tA,B(a, b), where ¢ € TSL..Sn;S'l...S;n’ a = (al, e ,CLn) S Asl X ... X Asn and b = (bl, e ,bm) S
By x...xBg . In particular, if G psrs includes an edge from state A to state B with label ¢ 4 g(a, b)
this means that the transformation ¢ with input parameters « can be applied to A yielding as a result

the state B and output parameters b.

3. Similarly to transformations, we assume that processes may have input and output parameters. This
means that, in our models, processes are represented syntactically by a process signature:

P = {Pv;w}(v,w)GS*XS*

On the other hand, semantically, the behavior of a process is represented by means of a reactive state
transition system G'rsrs(p), which is mapped by a partial graph morphism i (p)(a, b): G rsrs(p) —
Gpsrs into the data state transition system G psrs Where a and b are suitable input and output
parameters of process p.

5.3. Integrated Signatures and Models

Summarizing, integrated models consist of a syntactic part, the integrated signature AM-SIG, and a
semantic part M-MOD. M-SIG consists of the basic data type signature X, the state signature 3, the
transformation signature 7" and the process signature P. On the other hand, M-MOD consists of the
basic data type algebra Ag, the class of data states DS, the data state transition system G psrs, and the
processes semantics, consisting, for each process p, of the reactive state transition system G rsrs(p), the
initial and final sets of nodes I(p) and F(p) and the families of morphisms h(p). Given a model (M-
SIG,M-MOD), with a certain abuse of terminology, we will often say that M-MOD is an integrated
M-SIG-model, denoted M-MOD € Mod(M-SIG).

As said above, our integration model can be used to give semantics to a large variety of data type or pro-
cess specification or modeling formalisms, including the possibility of integrating some of them. The basic
idea is that a given formalism can be seen as defining, for each specification, a certain integrated signature
M-SIG, therefore defining a corresponding class of integration models, Mod(M-SIG). Then, the given
specification (or, rather, the semantic description included) can be seen as restricting the corresponding class
to the intended semantics of the specification.

5.4. Example of High-Level Nets in the Paradigm

We take the algebraic high-level net BO Dp,,..qq from our example in Sect. 4.. It consists of an algebraic
signature X gop;,,,...q» Places Plpop,,. ..., transitions Trgop,, ..., and a type-function for places as well
as a pre- and a post-function for transitions.
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The data value signature of the integrated model of BODy;cqq IS the signature g = XBop,,,...s Of
the net shown below. On the semantical side there are data value algebras Ay € Alg(Xg) for this signature.
Each of these data value algebras defines a marking graph of BO D7 eqd-

Yo = sorts: attr,thr, state
opns: empty: — attr
st:thr attr — state

The data state signature

Y =Yg+ opns: new: — mult(attr)
runnable, dead: — mult(thr)
started, finished: — mult(state)

extends Xq by one constant symbol for each place pl. The domain of this constant is the multiset of the sort
type(pl). The data states D.S are all 3-algebras extending a given data value algebra A(. These states are
isomorphic to the markings of the net because the interpretation of the constant symbols in the D S-algebras
models the tokens on the corresponding place.

The transformation signature

T =trafos: create: A\; A
start: attr;thr
run, exit: thr attr; A

consists of one transformation symbol for each of the three transitions ¢r. The sorts of the input parameters
are the types of the variables in pre(tr), the sorts of the output parameters are the types of the remaining

variables in post(tr). In the data state transition system there is an edge A Y, B if the transition ¢r is
activated in the marking correponding to state A and the result of the firing is the marking that corresponds
to B, thus G psrs is isomorphic to the marking graph of the net in Fig. 7.

For simplicity we do not examine processes of the net here but they are considered in (Ehrig and Orejas,
2001). Therefore the process signature is empty and there are no reactive state transition systems.

6. A Component Framework for a Generic Integrated Modeling Technique

In this section we come back to the main aim of this paper to combine the concepts for the generic component
framework, presented in Sect. 3., with the integration paradigm, introduced in Sect. 5.. We introduce the
new concept of high-level constraints for integrated model signatures, which provides a framework for
presenting, in a uniform way, several kinds of integrated model specifications. This is the basis for the
instantiation of our generic component concept to this kind of integrated specifications, and allows us to
define a notion of internal correctness of a component. Then, we prove that internal correctness is preserved
under component composition.

In this section, for the sake of simplicity, we restrict ourselves to deal with “tight” modeling techniques,
i.e. approaches where a given specification defines a unique model (up to isomorphism). This is the case
of many modeling techniques, like Z, statecharts or Petri nets. As a consequence, we do not currently deal
with “loose” approaches, like temporal logic specifications, where a given specification may have many
(non-isomorphic) models. Nevertheless, it must be said that the constraints approach considered would
also have allowed us to deal with these techniques in a uniform way, making use of the notion of loose
constraints.
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6.1. High-Level Constraints

Let HL be a class of high-level structures, like a class of Petri nets or statecharts, together with an
interpretation in the integration paradigm. This means that we have, for each high-level structure HL € HL,
asignature Sig(H L) and a model Mod(H L), such that Sig(H L) is an integrated model signature M-SIG
and Mod(HL) is an integrated model M € Mod(M-SIG). Now, for each model signature M-SIG, we
define the class of high level constraints for this signature by:

HL-Constr(M-SIG) =
(HL|HL € HL and Sig(HL) = M-SIG}

For each integrated model M € Mod(M-SIG) and each high-level constraint HL € HL-Constr(M-
SIG), we say that M satisfies H L, written M |= H L, if the model Mod(H L) is isomorphic to M, i.e.

M HL < Mod(HL) = M
We could be slightly more general by allowing M € Mod(M-SIG') and defining:
M = HL < Mod(HL) = RESTR(M)

where REST R(M) is the restriction of M with respect to M-SIG. But, for the sake of simplicity, we only
consider the simpler case in this paper. However, the more general case is important in view of the general
requirement of system modeling with heterogeneous components based on different modeling techniques.
In particular, let HL; and HL, be two different classes of high-level structures, like, for instance, Petri
nets and Statecharts. Then, we could have high level constraints HL, € HL; for M-SIG+, and HL, €
HL, for M-SIG,, where M-SIG, and M-SIGs are both included in M-SIG. Then, a model M €
Mod(M-SIG) would satisfy the high-level constraints H L, and H Lo simultaneously, if the restrictions
My of M to M-SIG, and M, of M to M-SIG2 would be isomorphic to the models Mod(HL;) and
Mod(H Ls), respectively. This means that the subparts M; and M, of M are constrained by different
modeling techniques.

6.2. Integrated Model Specifications with High-Level Constraints and Generic Transfor-
mations

An integrated model specification M-SPEC = (M-SIG, HL), with a high-level constraint HL €
HL-Constr(M-SIG) can be considered now as a special case of a model specification, in the sense of
Sect. 3.1.. Let us have a closer look at the generic transformation concept and the corresponding extension
property (see 3.3.) in this special case. A generic transformation trafo: M-SPEC, = M-SPECs, in
this case, consists of the transformations trafos;a: M-SIG1 = M-SI1Gs, and trafocons: HL1 = H Lo,
such that Sig(HL,) = M-SIG and Sig(HLs) = M-SIG,. Aninclusion i: M-SPEC; — M-SPECs
consists of ig;q: M-SIG1 — M-SIG5, an inclusion of signatures, and icons: H L1 < H Lo, an inclusion
of H L-structures.

The extension property means now that we have separate extension properties for integrated model sig-
natures and H.L-structures, as shown in Fig. 17. They are, however, compatible in the sense that the
corresponding pairs in each corner are integrated model specifications. This is especially valid for M-
SPECY = (M-SIG,, HL,), which means that the signature Sig(H L%) is equal to M-SIGY,.
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M-SIG S M-SIGY,
trafosjgu trafofSIGM

12,51G

M-SIG, S M-SIG,

ZAl,Cons

HL, %" HI!

tT'afOConsH trafo/c’onsﬂ

Z'Z,Cons

HL,~“" - H[),

Fig. 17 Extension diagrams for integrated model specifications

6.3. Internal Correctness of Components

The component framework of Sect. 3. can now be applied to integrated model specifications with high-
level constraints. This means that we have all the constructions and results for components available in an
even more sophisticated framework.

A component COM P consists now of integrated model specifications /M P, EX P and BOD and im-
port and export connections, defining an inclusion imp: IM P — BOD and a transformation exp: EX P =
BOD.

This means, for the corresponding high-level constraints H Ly p, HLpop and H Lgx p, that we have
the following properties, called internal correctness of the component:

1. HLiyp € HLpop
2. exp(HLgxp) = HLBop

where exp(H Lgx p) is the result of the transformation expcons: HLgxp = H Lpop of HL-structures.

As remarked at the end of Sect. 3.2., we could have relaxed the assumption that the import connection
is an inclusion of specifications, asking to have only an inclusion of signatures. This may be especially the
case when the body is a tight specification, for instance a Petri net, and the import is a loose one, for instance
consisting of a set of temporal logic formulas. In this situation we can also relax the internal correctness
condition: We can just ask that the (transformed) export constraints should be implied by the import and the
body constraints. Formally, (imp(Constriap) + Constrgop) — exp(Constrgxp).

6.4. Internal Correctness Preserved under Composition

In Sect. 3.5. we have defined the composition COM P5; of components COM P, and COM P, us-
ing a connector connect: IMP; — EX P,. We have also assumed that the connector uniquely defines a
transformation connect: IM P, = EXP,. In the case of integrated model specifications with high-level
constraints, this means especially that we have a transformation of H.£-constraints connect cons SUch that
connect(HLlMpl) =HLgxp,.

We want to show that internal correctness of COM P; and COM P» implies that of the composition
COM P;.
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Theorem 2 — Compositionality of Internal Correctness: Given internal correct components COM P,
and COM P, and the composition

COMP3 == COMPl Oconnect COMP2

then also COM P4 is internal correct.

Proof: We have to show
I‘ILUMP3 gI‘ILBOD3 and (7)
exps(HLgxp,) = HLBop, -
The extension property in the case of H.L-constraints for the composition of components, in Fig. 3,

means that, if we have
HLiyvp, € HLpop, and

xconnect(HLyp,) = HLpop,

(8)

then we have also
HLpop, € HLpop, and

xconnect'(HLpop,) = HLpop, -
Now, by internal correctness of COM P; and COM P», we have

©)

HLyp, € HLpop, and
xconnect(H Ly p,) = exps o connect(HLiyp,) =
expo(HLExp,) = HLpop,

which implies (8). Hence, we have also (9) and can end the proof of (7) as follows:

HLiyp, = HLiyp, € HLpop, € HLpop, and
exps(HLpxp,) = xconnect' (exp1(HLgpxp,)) =
xconnect'(HLpop,) = HLpop, -

6.5. Example of Components in the Framework of Integrated Model Specifications

We will show how the component T hread from our running example in Sect. 4. can be transformed into
the framework of integrated model specifications.

The export interface now is a model specification X P containing a model signature M-SIG gxp
and the algebraic high-level net HLgxp = EX Prp.cqq from Sect. 4.1. as constraint. The signature
M-SIGgxp is constructed as shown in Sect. 5.4.. The specifications BOD and I M P are achieved corre-
spondingly.

The export transformation exp: EX P = BOD now consists of two transformations

expsic: M-SIGepxp = M-SIGBop

and
expcons: HLpxp = HLpop -

The latter is the same transformation as exprp,reqq from Sect. 4.1., while the former just does the corre-
sponding transformations on the syntactical side, i.e. it adds the sorts attr and state and the operation

Transactions of the SDPS JUNE 2002, Vol. 6, No. 1, 21



symbols empty and st to X, the constants new, started and finished to 3 and the transformation sym-
bols create, run and exit to T and it replaces the transformation symbol start: \; thr by start: attr; thr
and exit: thr; \ by exit: thr attr; A.

The import inclusion imp consists of

tmpcons: HLivp — HLpop

which is the same inclusion as impry...qq from Sect. 4.1., and the corresponding inclusion on the syntactical
side
Z'mpgjgi M—SIG[MP — M-SIGBOD .

The resulting component is internally correct since
HLivp € HLpop

by the inclusion impy, and
ewp(HLEXp) = HLBOD .

7. Instantiations of the Generic Component Framework

Our component framework is generic with respect to several aspects. First of all, it is generic with respect
to the technique used for system modeling, including especially the case of integrated modeling techniques.
This is reflected by our generic notion of integrated model signatures and models. Secondly, it is generic
with respect to the semantics of components and with respect to the composition operation, using a generic
notion of connector, where the semantics and the connectors are based on a generic notion of transformation.
Finally, the framework is generic with respect to the kind of constraints used for modeling techniques,
allowing us to formulate internal correctness of components.

In this section, we will briefly review some examples of instantiations for all these generic aspects, i.e.,
for integrated model signatures, transformations and constraints. Moreover, we discuss instantiations of
the generic component framework leading to existing and new component concepts for specific integrated
modeling techniques. This includes component concepts for Petri nets, graph transformations and some
ideas for other visual modeling techniques, like UML.

7.1. Instantiations of Integrated Modeling Signatures

In Sect. 5., we have reviewed our integration paradigm, including conceptual and formal instantiation
for several data type and process modeling techniques. Especially, formal instantiations have been given in
our paper (Ehrig and Orejas, 2001) for CCS, place/transition nets, algebraic high-level nets, graph transfor-
mations and attributed graph transformations. Moreover, conceptual instantiations have been discussed for
uSZ, statecharts, UML class diagrams and others in (Ehrig and Orejas, 1998).

7.2. Instantiations of Transformations

Transformation and refinement concepts have been developed for a great variety of data type and process
modeling techniques in the literature. In the following, we will focus on algebraic graph transformation
concepts and transformation of high-level structures (Ehrig et al., 1973; Ehrig et al., 1991). The extension
property for transformations formulated in Sect. 3. is well-known, as an embedding theorem, in the case
of algebraic graph transformations based on the double pushout approach. However, as stated at the end
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of Sect. 3.3. a consistency condition is needed in the embedding theorem and hence also for the extension
property.

This replacement system approach has been generalized to the categorical framework of high-level struc-
tures, including algebraic specifications and algebraic high-level nets. Several concepts and results for al-
gebraic graph transformations have also been generalized to high-level structures and replacement systems.
The embedding theorem with consistency condition and horizontal and vertical composition property as
required in Sect. 3.6. have been been formulated for high-level replacement systems and instantiated for
Petri nets in our paper (Ehrig et al., 2002a). Explicit examples of transformations in the case of algebraic
high-level nets are given in Sect. 4..

7.3. Instantiations of High-Level Constraints

As discussed in Sect. 6.1., high-level constraints can be formulated for any kind of integrated modeling
technique, which can be instantiated in the integration paradigm. This has been done for all the formal
integrated modeling techniques discussed in Sect. 7.1.. On the other hand, in order to be able to instantiate
our generic component framework for these modeling techniques transformations of high-level constraints
satisfying the extension property need to be defined (see Sect. 6.2.). This means that we can apply our
framework to all the formal integrated modeling techniques, which have not only an interpretation in the in-
tegration paradigm, but which are also instances of high-level replacement systems as discussed in Sect. 7.2..
Especially, this has been done for different kinds of Petri nets and algebraic specifications.

7.4. Component Concepts for Petri Nets

As discussed above, Petri nets have been interpreted in the formal model of our integration paradigm.
Moreover, rule-based transformations of Petri nets, in the sense of graph transformations and high-level
replacement systems, can be used as instantiation of transformations in the generic component concept of
Sect. 3. including a consistency condition for the extension property (see Sect. 7.2.). In fact, two different
kinds of Petri nets have been considered for the formal instantiation: place/transition nets and algebraic
high-level nets. But, also, other kinds of low-level and high-level nets are suitable. A specific example of
components, in the case of algebraic high-level nets, has been given in Sect. 4., including composition of
components.

For specific application areas it would be useful to have a pre-defined set of rules, and that the transfor-
mations from export to body of a component are suitable refinements which may preserve some important
properties. In (Padberg and Urbasek, 2002) such transformations are studied preserving liveness and safety
properties.

This component concept for Petri nets is closely related to the component concepts for Petri nets pre-
sented in (Padberg et al., 2001; Padberg, 2003). In fact, refinements of transitions, in the sense of (Padberg et
al., 2001; Padberg, 2003), are closely related to rule-based transformations of Petri nets, where the left-hand
side of the rule consists of a single transition only. Especially, it seems to be possible to consider the case
study in (Padberg et al., 2001), in the application domain of telephone services, also as a case study of our
component concept.

7.5. Component Concepts for Graph Transformation Systems

Similar to the case of Petri nets discussed above, also graph transformation systems have been interpreted
in the formal model of our integration paradigm. M. Simeoni (Simeoni, 2000) has considered a notion
of refinement for graph transformation systems, which is used as export connection between the graph
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transformation systems in the export and in the body part. It should be pointed out that a refinement of
graph transformation systems is conceptually different from a refinement or transformation of graphs.

Actually, the structures to be refined or transformed in the first case are graph transformation systems, i.e.,
a set of graph productions, while the structures are graphs in the second case. In fact the refinements of graph
transformation systems, in the sense of (Simeoni, 2000), can be considered as transformations in the sense of
3.3., because they are shown to satisfy the extension property. More precisely, it is shown in (Simeoni, 2000)
that the corresponding category of refinements has pushouts, if at least one morphism is an inclusion. This
property is shown for typed algebraic graph transformation systems (Heckel et al., 1996) and local action
systems in the sense of (Janssens and Verlinden, 2000). In both cases this means that the extension diagram
is a special kind of pushout considered in (Simeoni, 2000). As pointed out in the introduction the syntactical
concept of the module concept for graph transformation systems in (Simeoni, 2000) is the same as that of our
component concept in Sect. 3., instantiated for graph transformation systems. In (Ehrig and Orejas, 2001)
we discussed already an extension towards attributed graph transformations (Lowe et al., 1993) which leads
now to a new component concept for this case.

7.6. Towards a Component Concept for Visual Modeling Techniques

As shown by R. Bardohl (Bardohl, 1999), a large number of visual modeling techniques can be for-
mulated in the framework of GENGED, based on attributed graph transformations (Lowe et al., 1993). In
(Ehrig and Orejas, 2001), we have discussed already how attributed graph transformations can be interpreted
in our integration paradigm. Moreover, in (Bardohl, 1999), it is shown how attributed graph transformations
can be used to define transformations of visual sentences for different visual modeling techniques. This
seems to be a good basis to define a component concept for visual modeling techniques as instantiations of
the general framework presented in this paper. This applies especially to the different diagram formalisms
of the UML (UML, 2000), where at least simplified versions of class diagrams and statecharts have been
considered in the framework of GENGED.

More directly, there are already suitable refinement and transformation concepts for different kinds of
UML techniques, which might be used as transformations in the sense of our generic component concept.
However, it remains open which of these transformation concepts satisfy our extension property in order
to obtain other interesting instantiations of our component concept. In particular, in (Ehrig et al., 1997), a
transformation concept for statecharts has been introduced, which can be considered as an instantiation of
transformations for high-level replacement systems, as discussed in 7.2.. This seems to be a good basis for
a component concept for statecharts.

8. Conclusion

We have presented a transformation-based component framework for system modeling. More precisely the
main aim of this paper is a component framework for a generic integrated modeling technique combining
the integration paradigm in (Ehrig and Orejas, 1998; Ehrig and Orejas, 2001) with the generic component
framework in (Ehrig et al., 2002b). This framework is based on a generic transformation concept, which
is used to express intra- and interdependencies of interfaces and bodies of components given by integrated
model specifications. We have introduced a new type of constraints for integrated specifications, called
high-level constraints, which allows us to use high-level Petri nets or other kinds of high-level structures as
constraints.
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8.1. Related Work

As mentioned above the generic integrated modeling technique is based on the integration paradigm in
the papers (Ehrig and Orejas, 1998; Ehrig and Orejas, 2001) and the transformation concept of GrofRe-Rohde
(GroRe-Rhode, 2001). The generic component concept in (Ehrig et al., 2002b) has been mainly motivated
by the ideas in (Mann et al., 2000) for a component concept in the German BMBF project “Continuous
Software Engineering” and by the module concepts for graph transformation systems in (Simeoni, 2000)
and for Petri nets in (Padberg et al., 2001). In contrast to these concepts and that for UML (Cheesman and
Daniels, 2001) an important new aspect in our framework is the fact that we are able to give a self-contained,
compositional semantics for each component. The syntactical level of the approaches in (Simeoni, 2000;
Padberg et al., 2001) is partly motivated by algebraic module specifications in (Ehrig and Mahr, 1990). The
semantics of algebraic module specifications is based on free constructions between import and body part.
This constructor-based semantics has been dropped in (Padberg et al., 2001; Simeoni, 2000) for graph- and
net-based modules, where the key concepts are now refinements between export and body parts. This leads
directly to our transformation-based component framework, where transformations include refinements and
abstractions.

Although we mainly focus on our new component framework in this paper, we think that the concepts
introduced here are a good basis for other interesting architectural issues. In this sense, we think that the
papers (Fiadero and Lopes, 1997; Wermelinger et al., 2001; Zaremski and Wing, 1997; Allen and Gar-
lan, 1997) could be considered complementary to ours. In particular, the use of graph transformation tech-
niques proposed by Fiadeiro in (Wermelinger et al., 2001) and also by Lowe in (Lowe, 1999) for architecture
reconfiguration seems to be most promising, in view of a component concept for continuous software engi-
neering, including software reconfiguration and evolutionary software development in the sense of (Mann
et al., 2000).

8.2. Discussion of Requirements

Let us discuss in which way our generic component framework meets the main requirements stated in
Sect. 2.. Our proposed framework meets to a large extent the first requirement to be in accordance with
standard constructions used in current component technology as discussed in 2.1.. However, partly due to
lack of space, in this paper we just study a simple operation of (hierarchical) composition of components.
However, we have also studied a union operation for components and our experience on algebraic specifica-
tion modules provides good guidelines to define other more complex operations like, for instance, circular
composition. Moreover, it remains open to extend our framework to architectural issues in the sense of
(Fiadero and Lopes, 1997; Wermelinger et al., 2001; Léwe, 1999) discussed in the introduction.

Concerning the requirements in 2.2. we have defined components not only as syntactical, but also as self
contained semantical units. We have shown as two basic results that our semantics based on transformations
is compositional and that internal correctness of the system model can be inferred from its components.

The genericity requirements in 2.3. have been the main guidelines for our generic framework. Especially
we have shown in Sect. 7. how to instantiate all the generic parameters. Further exploration of the new idea
of high-level constraints should be especially useful for system modeling with heterogeneous components,
based on different modeling techniques. However, presently, it remains open how to combine in our frame-
work different kinds of high-level constraints and well-known examples of loose constraints, like formulas
in predicate or temporal logic.

Finally let us point out again that our generic framework is suitable not only for formal modeling tech-
niques mainly discussed in this paper, but also for semiformal techniques. However, it remains open to
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tailor our framework to specific requirements for visual modeling techniques including UML and to relate
it to existing capsulation, package and component concepts for some of these techniques (Cheesman and
Daniels, 2001).
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