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Abstract

A good architectural design allows to capture the overall complexity of large,
distributed systems at a higher level of abstraction. This is especially im-
portant for reconfigurable systems where the architectural configuration is
subject to (constant) changes at runtime. When designing such a dynamic
architecture, the software architect has to bring the functional business re-
quirements and the available communication and reconfiguration mechanisms
of the intended target platform in line.

As it is a complex task to incorporate these often diverging requirements
into the architectural model, we propose a stepwise approach similar to the
MDA initiative. We start with a platform-independent model capturing the
business requirements and add platform-specific details in a later step. For
each level of platform abstraction and associated platform, we define an ar-
chitectural style which describes the characteristics of the platform. This way,
conformance to the architectural style entails consistency between model and
the underlying platform.

Besides run-time configurations of components and connections, archi-
tectural models also comprise the description of processes that control the
communication and reconfiguration behavior. To provide operational seman-
tics, we formalize architectural models as graphs and architectural styles as
graph transformation systems. UML is added as high-level modeling language
on top, and profiles are used to adapt UML to certain architectural styles.

Due to the stepwise procedure, we also have to ensure the mutual con-
sistency between models at different levels of abstraction. For this purpose,
we define formal refinement criteria which require that both structural and
behavioral properties are preserved at the lower level of abstraction. Based
on refinement relationships between abstract and platform-specific architec-
tural styles, an algorithm allows to verify that all abstract, business-level
behavior can also be realized in the platform-specific architecture and that
no new behavior is added. These innovative refinement techniques for graph
transformation models facilitate a stepwise, platform-consistent development
of dynamic software architectures.
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Chapter 1

Introduction

The thesis at hand shall contribute to ongoing research on model-driven
development techniques for large and possibly distributed software systems.
To overcome the complexity of such systems, they have to be decomposed
into self-contained components which can be developed independently of each
other. The integration of these components happens at the level of software
architecture, which represents an abstract view on the system focusing on the
configuration of and communication between components while neglecting
their internal structure and behavior.

Our work deals with the model-driven development of an advanced kind
of software architecture, namely dynamic architectures which can be recon-
figured at runtime. In the following sections, we provide an introduction to
the current challenges in this context and the problems we want to address
by this thesis. At the end of the chapter, we provide an overview of the rest
of this thesis.

1.1 Architecting large, distributed software

systems

There is a growing need for large, but distributed and loosely coupled software
systems. Some of the key factors behind their popularization are increased
system availability through better fault tolerance, parallel execution, as well
as improved scalability and flexibility [80].

As a typical example, which we use throughout the thesis, consider the de-
velopment of a modern virtual enterprise, namely an electronic travel agency.
The agency should allow customers to individually arrange and book jour-
neys including flight, hotel accommodation, car rental and so on. Customers
do not need to solve all their constraints themselves any more, but employ a

1



2 CHAPTER 1. INTRODUCTION

more or less intelligent software agent which autonomously negotiates with
the travel agency system.

Figure 1.1 sketches the planned distributed system with the travel agency
system, the client’s personal agent, and other parties involved, i. e., the airline
providing the flight, the hotel providing the accommodation and the client’s
home bank handling the payment for the journey.

1

«component»
c:Client

«component»
t:TravelAgency

«component»
a:AirlineFlight-

Booking

Payment

Journey-
Booking

«component»
h:Hotel

Room-
Booking«component»

b:Bank

Homebanking

Figure 1.1: Components involved in the electronic travel agency

When developing such software systems, we are facing the following dif-
ficulties and requirements:

• Due to its size and complexity, we have to modularize and decompose
the system into smaller units. For the sake of reusability, the current
trend towards component-based software suggests to divide a system
into self-contained functional components [148]. Some of these com-
ponents can, e. g., be reused from previous projects or purchased as
commercial off-the-shelf components.

• We have to cope with existing systems of other business partners
which are not under own control. When developing the electronic travel
agency, for instance, we have to integrate the systems of partner air-
lines, hotel groups, banks, and so forth.

Moreover, as business partners usually protect and hide the internal
structure of their software systems, the integration can only be based
on interface descriptions.

• Some parts of the overall system might even be unknown at design
time. For instance, we do not know in advance which proprietary or
vendor-specific software agents the clients will use to access the travel
agency. However, in order to maximize the market share, the travel
agency should at best provide access to all of them.
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We can address these difficulties of complexity, component integration,
and lacking knowledge only by means of abstraction, omitting unnecessary or
not available details. This is where software architecture as an abstract view
of the system’s runtime structure comes into play. Hiding some of the details
through encapsulation helps to better identify and sustain the properties of
the system [142].

As one cannot succinctly describe which details can be abstracted away
over all domains and system sizes, there is much controversy over a general
definition of software architecture [73]. We adopt as our working definition a
slightly edited version of that provided by Shaw and Garlan [144]:

“Software architecture [is an abstract level of design that] in-
volves the description of [runtime] elements from which systems
are built, interactions among those elements, patterns that guide
their composition, and constraints on these patterns.”

In this definition, we emphasize the runtime aspect because some au-
thors use the term software architecture for the code structure of a system
rather than its runtime structure [45]. However, the task of structuring source
code into modules is better known as “programming in the large” [129]. Al-
though it might be advantageous if the modular structure of the source code
matches the decomposition structure of a running system, the individual
software components are usually implemented sharing parts of the code (
e. g., libraries). Therefore, architectural design and programming in the large,
though closely related, are separate design activities.

During the last decade, a number of dedicated Architecture Description
Languages (ADL) have been proposed to capture software architectures.
Their essential constructs to describe the runtime structure of a system are
components, interfaces, and connectors which are assembled to architectural
configurations [107].

Components and interfaces. In general, components are abstractions for
heterogeneous pieces of software written in different programming languages
and of varying granularity, from primitive functions to complex applications.
For a component to be “composable” with other components, it needs to be
sufficiently self-contained. Also, it needs to come with a clear specification of
what it requires and provides [148].

Given this specification in form of provided and required interfaces, we
can abstract from internal details and encapsulate a component’s implemen-
tation by explicit interaction points to its environment, also called ports. An
interface description reveals, e. g., under which name a functionality can be
accessed and its input/output behavior in terms of data units and formats.
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The concept of a “black box” component is useful for abstracting from im-
plementation details, e. g., those of the travel agency system in our example,
and to reason about system parts whose details are not known, e. g., those
run by external business partners. Despite the lacking details, we can inves-
tigate the mutual compatibility of the components based on their interface
descriptions. For example, we can describe that our travel agency component
can accept journey requests from any arbitrary client component as long as
the client adheres to the JourneyBooking interface (cf. Fig. 1.1).

Related components like, e. g., our travel agency and its clients or busi-
ness partners, communicate with each other by exchanging messages, signals
or data units. A correct communication depends on the mutual compatibility
of their communication behavior. Thus, we have to describe a component’s
behavior at the architectural level, too. However, in order to retain the encap-
sulation principle and not to uncover any internal, implementation-specific
computation behavior, the behavior description should only reveal the com-
ponent’s externally observable behavior.

In favor of the reusability intended by component-based software, most
ADLs allow to describe specific component types which can be instantiated
multiple times in a single architectural configuration with all instances shar-
ing the properties defined for the type. This way, types become abstractions
that encapsulate functionality, interface definitions, and communication be-
havior into reusable building blocks [107, 145].

Connectors. In an architectural configuration, compatible interfaces or
ports of different components are connected so that these components can
communicate with each other. Since such connections have to bridge not
only physical distances but also logical obstacles like diverging name spaces,
data formats, or communication protocols, they should be made explicit as
architectural elements of their own, called connectors [51].

Sometimes, connectors function as adapters bridging even different com-
ponent interfaces. Their implementation typically involves some computation
such as format conversion, buffering, event dispatching, synchronization over
shared variables, client-server protocols and so forth [145]. Following the main
research stream, we distinguish connectors from components because they do
not provide additional functionality to the current application; on the con-
trary, some other approaches treat connectors as special components [97].

Analogously to components, ADLs commonly allow to define reusable
connector types which can be instantiated several times. The type definitions
include interface-like descriptions of a connector’s end points revealing which
component interfaces can be glued by the connector. In order to enable type
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checking and to prove that two interfaces can be glued by a certain connector
type, a formal interface representation of both component and connector
types has been proposed, e. g., by Allen and Garlan [6].

The terminology of components and connectors, nowadays widely adopted
by the software architecture community, is in the tradition of Garlan and
Shaw [51, 144]. In the beginning, slightly different terms have been used in
parallel. For example, Perry and Wolf distinguish processing elements which
perform transformations on data, data elements which contain the informa-
tion that is used and transformed, and connecting elements which glue the
different pieces of the architecture together [125].

Architectural configurations. Needless to say, an architecture model
should not only define the various component and connector types but also
how the system’s runtime configuration is built out of multiple instances
thereof. For this reason, an ADL allows to construct component and connec-
tor instances as well as bindings between their interfaces.

The resulting configuration determines the paths along which compo-
nent instances can communicate with each other. This way, the configura-
tion structure strongly influences the global behavior of the system. A con-
figuration description may also cover additional resources relevant for the
communication behavior, e. g., data units, documents, and so on.

In order to reason about the global behavior and to decide if, e. g., the
business processes of our travel example can be realized as required, an ADL
should provide a suitable notion of behavior composition which allows to
derive the overall behavior from a parallel composition of the concurrently
running components. Moreover, the ADL should be equipped with opera-
tional semantics allowing to execute and simulate the composed behavior.
The advantages of formal semantics are further discussed in the following
paragraphs.

Formal methods. The description of a software architecture helps to doc-
ument and understand the high-level relationships among involved subsys-
tems. This allows engineers to make principled choices between different de-
sign alternatives and to build new systems as variations of old ones. Also,
such descriptions enable them to communicate system designs to other en-
gineers and stakeholders. Eventually, they facilitate software maintenance
because documentations of the system’s structure and properties reduce the
time spent on understanding the code [144].

Those documentation purposes can already be fulfilled by informal “lines
and boxes” models, which we encounter in most early practices of software
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architecture descriptions [146]. However, the real challenge in software ar-
chitecture research is not to use architecture descriptions as documentations
but to exploit them in all phases of a software development process – from
requirements analysis up to testing.

In this context, the main deficiency of “lines and boxes” modeling lan-
guages is their missing formal semantics. By formal semantics we mean a
precise calculus or symbolic logic which allows a computer to represent the
meaning of the various modeling elements and to perform computations and
manipulations on these elements. In particular, the semantics of behavior
descriptions should be operational, i. e., the specified behavior should be ex-
ecutable by appropriate interpreters.

A recent representative for modeling languages without formal semantics
is the Unified Modeling Language (UML)1. As a general purpose modeling
language, it can also be used for architecture descriptions [106]. For instance,
Fig. 1.1 describes the architectural configuration of our distributed travel
system as a UML component diagram. However, without formal semantics
the diagram is not more than a modern variant of a “lines and boxes” model.

Unlike UML and similar languages, the research area of formal methods
is especially concerned with the development of specification techniques that
include formal semantics and can therefore be analyzed and simulated by
appropriate algorithms and tools. An increasing number of proposals im-
pressively proves the benefits of using formal methods in conjunction with
architecture descriptions for driving system construction from requirements
to implementation.

For instance, the work by van Lamsweerde [153] shows how software ar-
chitectures can systematically be derived from system requirements, and
Heckel and Engels [59] show how to ensure the consistency between func-
tional requirements and software architecture. Formal descriptions of com-
ponent types and interfaces enable type checking and help to decide whether
components with complementary functionality will be able to interact prop-
erly [6, 75]. Besides, one can detect faults and inconsistencies like deadlocks
already at an early stage of the development process [88]. This also holds for
non-functional properties like performance or dependability which heavily
depend on the software architecture [7, 76]. Eventually, formal architecture
models can also support later development phases like testing [17].

The weakness of many formal methods is their decreasing efficiency when
it comes to the analysis of real-size models. A prominent example is the state
explosion problem [26] in the area of model checking. It describes the fact
that the size of the state space representing the behavior of a system often

1www.uml.org

www.uml.org
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grows exponentially in the number of processes and variables involved.
Fortunately, the high level of abstraction we are facing in software archi-

tectures reduces the impact of this problem: As we neglect the components’
internal computations, the complexity of a model is decreased while pre-
serving the subset of properties we are interested in. Following the “divide-
and-conquer” paradigm, one can analyze internal properties of individual
components separately, and, with the help of compositional analysis strate-
gies, derive properties of the composite configuration from the analysis of
its individual constituents. A recent application of this strategy for model
checking is presented in [52].

Another often-mentioned weakness of formal methods is their limited us-
ability for practitioners, which is closely linked to complex mathematical
notations. Thus, a promising research direction currently observable in the
area of model-driven development is the combination of visual modeling lan-
guages as a user-friendly notation with formal methods as semantic domain
for computer-based analysis (for instance, see [89]).

In this thesis, we will propose a similar strategy for modeling an advanced
kind of software architectures, namely dynamic architectures. However, fac-
ing the many existent ADLs, we are not primarily interested in “yet another”
notation or ADL. Instead, we concern ourselves with a well-defined, uniform,
and flexible formal method for architecture descriptions which could in prin-
ciple be combined with different concrete notations.

1.2 Dynamic software architectures

In recent times, we are facing new system types which cannot be captured
by static architectures with a fixed configuration any more. Instead, the ar-
chitecture of such systems is subject to constant changes triggered by certain
states, events or user requests. Examples include

• “24/7” systems that have to run 24 hours a day and, thus, require
online updates, i. e., without shutting down the entire system,

• self-healing systems [50] that own a more or less intelligent mecha-
nism for autonomous reactions to upcoming inconsistencies,

• context-sensitive systems that adapt themselves to changing condi-
tions in their environment like, e. g., different levels of user experience,

• mobile systems [8] that reconfigure their architecture in the case of
changing locations in order to provide location-specific services to their
users,
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• loosely coupled enterprise systems that allow business partners to
flexibly connect to other enterprises in a supply chain, to form virtual
enterprises, and to adapt to changing market conditions in order to
maximize the current profit.

Our electronic travel agency example falls into the last category as it has
to deal with several different airlines, hotel companies, and banks. Depending
on an incoming client request, the travel agency should select and connect to
airlines serving the client’s destination, to hotel companies offering accom-
modation at that place, and to the bank managing the client’s personal bank
account. This situation is sketched in Fig. 1.2.

1

«component»
c:Client

«component»
t:TravelAgency «component»

BritishWings:Airline
Payment

Journey-
Booking

«component»
London-Inn:HotelSys

Room-
Booking«component»

SHBC:R5/Banking

Homebanking

«component»
BankOfEurope:XBank

Clearing
Remote-
banking «component»

BestEastern:Hotel
Room-
Manager

«component»
InterFlight:AirlineIS

Flight-
Booking

Flight-
Booking

Figure 1.2: The electronic travel agency as dynamic architecture

As shown in this architecture model, different business partners usually
run different system types. For example, while the fictive bank SHBC operates
an R5/Banking system, its competitor BankOfEurope runs the XBank system;
the same holds for the hotel and airline components. The travel agency does
not only need to cope with these different component types but also with the
different interfaces they adhere to, e. g., Payment vs. Clearing.

Even more challenging, the travel agency should be able to discover and
communicate with new systems which are not known in advance, e. g., air-
lines or hotel companies which enter the market stage providing new services
or attractive start-up offers. To satisfy the above demands, the global con-
figuration of the travel application is subject to frequent runtime changes.

When designing an architecture for such a flexible system, we already
have to take possible runtime changes of its architectural configuration into
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account. These changes are called dynamic reconfigurations, and architec-
tures capable of such changes are called dynamic architectures. While, in the
beginning, software architecture research was mainly restricted to static ar-
chitectures, the need for dynamic architectures caused growing attention to
this topic in recent years.

Dynamic architectures raise several issues to be considered in architecture
descriptions [123], among which are

• Reconfiguration operations: The four fundamental reconfiguration
operations are the addition and removal of components and connectors,
respectively. However, we also want to support more complex reconfig-
uration operations composed out of these four basic ones.

• Reconfiguration triggers: Runtime reconfigurations may be trig-
gered by the current state of the system or a component, called pro-
grammed reconfiguration [40], or may be requested unexpectedly by the
user or some unanticipated event, called ad-hoc reconfiguration [40].

In the case of programmed reconfigurations triggered by components
themselves, the reconfiguration behavior has to be incorporated into
the component’s overall behavior specification.

• Reconciliation with component behavior: We cannot assume that
the concurrent execution of the architecture’s components may be sus-
pended during reconfiguration. Thus, an important issue is how com-
munication and reconfiguration behavior play together. For instance,
we do not allow to remove a connector from a configuration while the
connected components are still communicating with each other.

• Synchronization: Complex reconfiguration operations might affect
several elements of the current configuration. As the default behavior
in distributed systems is asynchronous, there is a need for synchroniza-
tion points which allow all components and connectors involved in a
reconfiguration to “agree” or “disagree”.

In the case of dynamic architectures, an architectural configuration cap-
tures a system state at a certain point in time only. In order to trace and
simulate the evolution of the system from a given initial configuration, we
require that an ADL does not only provide operational semantics for com-
munication behavior but also for possible reconfiguration operations.

For a complete specification of dynamic architectures, one has to integrate
the specification of architectural structure, component behavior, and archi-
tectural reconfiguration as shown in Fig. 1.3 [20]. In this work, we intend to
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provide a description technique for dynamic architectures which combines all
three dimensions at the semantic level using uniform operational semantics
for both kinds of architectural behavior. We believe this to be advantageous
because we can avoid additional constructs for composing separate formal
methods for communication and reconfiguration. Moreover, a uniform for-
malism makes models easier to understand and manage, and we can better
employ existing tool support and standard analysis techniques.

Figure 1.3: Complete specification of dynamic software architectures [20]

1.3 Platform-consistent development

When developing large software systems and reasoning about their runtime
behavior, the architect has to take the desired target platform into account. In
this section, we will motivate the notion of platform consistency and propose
to develop platform-consistent architectures using explicit platform models
in conjunction with a stepwise refinement approach.

1.3.1 Platform consistency

Distributed systems like the electronic travel agency are increasingly built
on distributed object or component middleware platforms. The direct use of
networking primitives or proprietary technologies is no longer a viable op-
tion because such approaches affect the maintainability and interoperability
with other applications [80]. Instead, standardized middleware technologies
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such as CORBA2 and Enterprise Java Beans3 are usually preferred for the
development of such systems.

Thus, a crucial problem of the development of distributed systems is
the selection of a suitable middleware platform. The right choice is driven by
different factors among which are the realizability of both functional and non-
functional requirements, the interoperability with platforms used by business
partners, and the current business policy of the company.

The evaluation of these factors heavily depends on the capabilities and
restrictions of the candidate platforms. In the context of dynamic software
architectures, we are especially interested in the mechanisms they provide to
enable component communication and dynamic reconfigurations:

• Communication mechanisms prescribe what kind of communica-
tion between components is supported by a platform. Examples include
direct message exchange, remote procedure call, publish-subscribe poli-
cies [161], event broadcasting, blackboard communication [117], and so
on. Each of these mechanisms has specific features. For our travel sys-
tem, for instance, we require a flexible platform which allows the travel
agency to communicate with (ideally) arbitrary business partner appli-
cations.

• Reconfiguration mechanisms prescribe which reconfiguration oper-
ations are supported by a platform. For our travel system, for instance,
we require a platform which allows the travel agency to flexibly connect
to third-party components according to incoming user requests and to
automatically detect new market participants.

The travel agency’s requirements on communication and reconfiguration
mechanisms could be satisfied, e. g., by a platform that supports service-
oriented computing [124]: In a service-oriented architecture (SOA), service
providers make component interfaces public and allow business partners to
access them as services. For this purpose, they publish service descriptions
in standardized formats via third-party discovery services. With the help of
specialized look-up functions, service requesters can implement automatic
service discovery facilities which are able to find suitable services at run-
time. Thus, we assume that our fictive travel agency project shall be realized
on an SOA-enabled platform which supports loose component coupling and
dynamic component discovery.

Anyway, whatever middleware platform is chosen, the software architect
has to make allowance for its capabilities and restrictions when designing an

2www.corba.org
3java.sun.com/products/ejb/

www.corba.org
java.sun.com/products/ejb/
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architecture which shall be realized on top of it. We call this requirement for
architectural models platform consistency. In particular, the behavior spec-
ifications of an architectural model must not conflict with the mechanisms
of the chosen platform. This means that only those communication and re-
configuration operations are allowed which can be implemented based on the
underlying platform mechanisms. Otherwise, the desired behavior would not
be realizable on that platform. In a SOA, for instance, one cannot connect
to a new service unless the corresponding service description is available.

Moreover, the mechanisms a platform provides are accompanied by cer-
tain topological constraints. For instance, blackboard communication always
requires a central blackboard component while direct message exchange can
do without any central communication server. Or, service-oriented systems
require explicit discovery services to publish and detect new components.
To be platform-consistent, architectural configurations have to satisfy those
platform-specific topological constraints, too.

Platform models. In order to formalize the notion of platform consis-
tency, we require a platform model that precisely describes the specific char-
acteristics of a certain platform type. It should at least comprise

1. a platform-specific vocabulary,

2. a set of topological constraints,

3. available communication mechanisms, and

4. available reconfiguration mechanisms.

The platform-specific vocabulary defines classifiers and roles known at the
platform level like, e. g., blackboard, client, server, event dispatcher, discovery
service, and so on. It should also define relationships between these classifiers,
e. g., that a server can be registered at a discovery service. The remaining
parts of the platform model, i. e., constraints and mechanisms, can then be
phrased in terms of the platform-specific vocabulary.

A platform model should be reusable for different architectures. Hence,
we have to distinguish the vocabulary of a platform model from the compo-
nent and connector types of individual architectures. While the former define
application-independent concepts like, e. g., Client, Server, etc., the second
should be used to define application-specific component and connector types,
e. g., R5/Banking or XBank in our example (Fig. 1.2).

Having defined a platform model for our target platform, we require a for-
mal relationship between architecture and platform model which shows how
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the architecture instantiates the platform-specific concepts and mechanisms.
As depicted in Fig. 1.4, we distinguish between structural and behavioral
instantiation:

• Structural instantiation reveals how the platform-specific vocabu-
lary is used to classify the structural elements, i. e., the type definitions
and architectural configurations. Based on such a classification, one can
then check the satisfaction of topological constraints.

• Behavioral instantiation links architectural behavior to the corre-
sponding platform mechanisms defined in the platform model. The ex-
ecution semantics of the ADL has to be flexible enough to interpret the
behavior definitions according to these mechanisms.

1
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model

platform
model
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constraints

vocabulary communication
mechanisms

reconfiguration
mechanisms
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architectural
configurations

type
definitions

reconfiguration
behavior

communication
behavior
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instantiation

behavioral
instantiation

Figure 1.4: A platform model and its instantiation

1.3.2 Different levels of platform abstraction

The choice of a suitable middleware platform and its incorporation into a
software architecture model is a difficult task because we have to come up
with a model that equally conforms to system requirements and platform ca-
pabilities. In order to achieve such a platform-consistent architecture, we ad-
vocate a stepwise modeling approach. Following the “separation of concerns”
paradigm, we consider it advantageous to deal with system requirements at
a business-oriented level and to add details of the chosen target platform in
a later stage of the development process.
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The resulting business-oriented architecture can be used to communicate
with customers and business experts while the platform-specific architecture
can be discussed with IT experts and programmers. Moreover, the business
architecture can remain unchanged while deriving several platform-specific
variants for different platform candidates. This way, we can strengthen the
reusability and portability of the business-oriented model.

Such a stepwise modeling approach is also put forward by the Model-
Driven Architecture (MDA)4 initiative of the Object Management Group
(OMG). According to MDA, software development should start with a
platform-independent model (PIM) which is driven by business processes
rather than platform-related aspects.

Later, we add the missing details required to map to a certain target plat-
form and convert the PIM into a platform-specific model (PSM). Eventually,
the PSM shall be transformed into a working implementation on the selected
middleware platform. The (future) vision of the MDA initiative is to auto-
mate the PIM-to-PSM and PSM-to-code conversions by software tools [81].
Provided such automated transformations, the approach promises a substan-
tial productivity gain in software development [81].

In the MDA terminology, “a PIM exhibits a certain degree of platform
independence so as to be suitable for use with a number of different plat-
forms of similar type” [108]. This formulation reveals that platform indepen-
dence is not meant to be absolute but always related to the assumptions
we make about the computational infrastructure. In this sense, a platform-
independent model is platform-specific with respect to an abstract platform,
i. e., an abstract, technology-neutral virtual machine.

Generalizing this observation, we can conclude that every model of a
stepwise approach like MDA belongs to a certain level of platform abstraction.
At each level, one imposes more concrete assumptions about the underlying
platform, formally defined by suitable platform models as introduced in the
previous section. In the MDA terminology, a “platform model provides a
set of technical concepts, representing the different parts that make up a
platform and the services provided by that platform” [108]. Platform models
can also be used to guide the necessary MDA model transformations.

Returning to our travel example, we require at least two different plat-
form models: an abstract one for generic component platforms and a more
concrete one for service-oriented platforms. The abstract platform model can
be used as foundation of the business-oriented variant of our architecture
concentrating on business-relevant, functional components as known from
Fig. 1.1. For this purpose, it should define a general notion of component

4www.omg.org/mda

www.omg.org/mda
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and a reconfiguration mechanism that allows components to “somehow” find
and use each other.

The concrete platform model can be used as foundation of a more
platform-specific architecture, now also taking into account middleware-
related questions like how the components can find each other. As we de-
cided to employ a service-oriented middleware like, e. g., Web Services, the
platform model should define concepts like service, which is a special com-
ponent exposing its functionality over a network to service requesters, and
discovery service, which is a third-party component mediating between ser-
vice requesters and providers. Further on, it should define the corresponding
reconfiguration mechanisms for an automated discovery of new services.

Without question, there could also be alternative platform models rep-
resenting other types of middleware platforms the travel system could be
deployed on. Also, the service-oriented platform model could be further spe-
cialized into descriptions of vendor-specific middleware products. This way,
we achieve a hierarchy of different platform models which comprises various
paths for stepwise modeling (cf. Fig. 1.5).

1
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Figure 1.5: Hierarchy of platform models

When defining such a hierarchy of platform models in a top-down order,
it is advantageous if previous platform models can easily be extended by
more detailed vocabulary, constraints, and mechanisms for the next platform
hierarchy level. For this reason, we aim at a specification technique that
ensures a good extensibility of platform models.

However, given two consecutive platform models of the hierarchy, the
question remains (1) how to derive an architecture for the concrete platform
model from a given architecture for the abstract platform, and (2) how to
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check if two given architecture variants, one for the abstract platform and
one for the more concrete platform, are consistent to each other. We will
elaborate on these problems in the next section.

1.3.3 Architecture refinement

The conversion of architectures from a high level of abstraction to a lower
level is also called architecture refinement. Its two major challenges are (1)
the automated derivation of concrete architectures from abstract ones (refine-
ment construction) and (2) a formal consistency check for the two variants
(refinement check).

Refinement construction. Refinement construction is similar to the
problem of generating code from software models, which is still open re-
search. Although there is a number of CASE tools with code generation ca-
pabilities, they are either restricted to certain application domains or limited
to structural aspects generating code skeletons only. Only very few of them
(e. g., FUJABA5) are able to produce entire applications including operation
bodies. However, in order to produce meaningful code, these code generators
require very precise input models which are already close to the code level.

Consequently, we cannot expect to generate implementation code from
an abstract, business-oriented architecture model. Nevertheless, the chal-
lenge remains to derive at least a platform-specific model which reveals how
business-relevant components can be deployed on the desired target platform.

In this thesis, we do not try to solve the refinement construction problem
by providing a functional refinement operator that enables arbitrary auto-
matic model transformations from a high level of platform abstraction to a
lower level. Since abstract models are lacking information about the details
that have to be inserted, we rather believe that this problem can only be
solved by a semi-automated technique still involving user interactions. Even
if we assume that a platform model provides all required platform-related
knowledge and guides the transformation, the refinement process will still
involve several degrees of freedom requiring user-specific design decisions.

For these reasons, we will not elaborate on automated refinement con-
structions but confine ourselves to some brief remarks on how the underlying
model transformations could in general be specified. Instead, our main objec-
tive concerning architecture refinement are formal refinement checks which
allow to compare a given pair of concrete and abstract architecture models.

5www.fujaba.de

www.fujaba.de
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Nevertheless, refinement checks can to a certain extent also support re-
finement constructions. In an iterative refinement process, for instance, an
engineer improves initially unsatisfactory refinements step by step. In ev-
ery iteration, the engineer can apply a refinement check to detect remaining
inconsistencies.

Refinement check. After completion of a (manual) refinement construc-
tion, we have to check if the resulting concrete architecture is indeed a refine-
ment of the abstract architecture. This is true if the platform-specific archi-
tecture satisfies the same requirements as the business-oriented architecture.
For this check, we require a formal criterion which allows us to compare both
structure and behavior of the two architectures. Hence, we subdivide the
problem into structural and behavioral refinement.

Structural refinement includes the preservation of all functional, business-
relevant components at the platform-specific level. However, it is not sufficient
to check the existence of corresponding components, but we also have to look
for corresponding connections in the platform-specific topology which enable
the components to carry out all business-relevant interactions.

Behavioral refinement includes the following two requirements:

1. Behavior preservation: A refinement has to preserve the complete
business-relevant behavior at the platform-specific level. This means
that all business-level scenarios of communication and reconfiguration
operations can also be realized in the concrete architecture in terms of
platform-specific communication and reconfiguration mechanisms.

Behavior-preserving refinement is important because it is the key fac-
tor for realizing the application’s business processes on the desired tar-
get platform. For instance, if our travel agency can discover hotels of-
fering accommodation in a certain place and book rooms there, then
this business process should also be realizable in the platform-specific,
service-oriented architecture. The same holds for all other processes
and scenarios of the travel system.

2. Observational substitutability: Dually to behavior preservation,
observational substitutability (sometimes also called behavior reflec-
tion) means that every behavior possible in the concrete architecture
corresponds to a behavior in the abstract architecture. This way, the
refined behavior can be used as a specialization, or substitution, of the
original, abstract behavior.

The substitutability restriction guarantees that all safety constraints
satisfied by the business-level architecture are also satisfied by the
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platform-specific variant. For instance, if a client cannot book a journey
without paying in the business architecture, then this scenario is also
forbidden in the platform-specific architecture. In summary, “the con-
crete representation should not produce any externally-observable be-
havior that the abstract representation could not have produced” [48].

What makes behavioral refinement checks rather difficult is the fact that
platform-specific mechanisms for communication and reconfiguration opera-
tions might be completely different from the abstract mechanisms assumed
for the business-level architecture. Due to this divergence, it might be impos-
sible to syntactically match abstract and concrete behavior definitions, but
one has to decide behavior preservation and observational substitutability at
a semantic level considering the actual effects of the invoked operations.

Another difficulty is the fact that sometimes different occurrences of the
same abstract operation have to be refined differently, depending on the
current configuration or the history of past operations. Consequently, a be-
havioral refinement check should allow for different, context-dependent re-
finements.

For instance, the creation of a connector between our travel agency com-
ponent and an airline’s booking system is at the refined, service-oriented
level only possible after the travel agency has retrieved a description of the
flight booking service. However, in situations where the travel agency knows
the description already, e. g., due to previous look-up actions, the required
retrieval operation can be omitted.

For the sake of reusability, we are looking for a refinement criterion which
is based on a relationship between the underlying abstract and concrete plat-
form models rather than the specific architectures. A refinement relationship
between platform models is advantageous because it can be reused to check
the refinement for any pair of architectures conforming to these two platform
models (see Fig. 1.6).

Eventually, we are aiming at a formalization of the refinement criterion
and a corresponding checking algorithm. The intention behind is to employ
software tools which can automatically decide whether a platform-specific
architecture is a valid structural and behavioral refinement of the abstract
architecture or not. Such a tool together with a powerful formalism for de-
scribing dynamic architectures and underlying platform models would cer-
tainly aid the stepwise, platform-consistent development of dynamic software
architectures.
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Figure 1.6: Reusable refinement relationship between platform models

1.4 Structure of the thesis

After Chapter 1 has provided first insights into the field of dynamic soft-
ware architectures, motivated the need for suitable architecture description
languages, and outlined the challenges of platform-consistent architecture de-
velopment in a model-driven methodology like MDA, the rest of the thesis is
structured as follows.

Chapter 2 at first summarizes the requirements for a platform-consistent
architecture development we want to address in this thesis and then reviews
related work against these requirements revealing existent achievements and
shortcomings.

Chapter 3 provides an informal overview of the style-based approach we
propose for platform-consistent architecture development, before the subse-
quent chapters describe the technique in more detail and with formal under-
pinning.

Chapter 4 contains a general introduction to the theory of graphs, graph
transformation models, and graph transition systems as the formal method
we use to underpin our approach.

Chapter 5 explains how to formally define architectural styles as graph
transformation systems. In our approach, architectural styles are used as plat-
form models describing the reconfiguration and communication capabilities
of a certain (middleware) platform. The idea is illustrated along two exam-
ples: a platform-independent, component-based style and a platform-specific,
service- oriented style.

Chapter 6 supplements the formal representation of architectural models
as instance graphs of a certain architectural style by a more user-friendly
modeling layer based on UML profiles.

Chapter 7 extends the style-based modeling approach by formal criteria
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for checking whether a platform-specific architecture is a valid refinement of
an abstract, business-level architecture. We provide an algorithm for auto-
mated refinement checks in terms of both behavior preservation and obser-
vational substitutability. This enables a stepwise and consistent development
of dynamic software architectures from business requirements to platform-
specific models.

Chapter 8 discusses tool support for our modeling and refinement ap-
proach and evaluates the suitability of existing graph transformation tools.
Eventually, Chapter 9 concludes the thesis with a evaluation of the results
against the requirements we started with and an outlook on future work.

Bibliographical note. Preliminary results of this work have already been
published in [11, 12, 13, 14, 61, 63, 64].



Chapter 2

Survey of related work

After some brief notes about the history of software architecture research in
general, we will now survey existing proposals from the software architecture
community which also address (some of) the problems stated in the previous
chapter. For this purpose, we will at first recollect the requirements from
Chapter 1 and then evaluate to what extend the current state of the art
satisfies these requirements and what deficiencies demand further research.

2.1 Some historical notes

In the late 1960s, software developers started to realize the increasing need
for an engineering basis of their discipline. The term “software engineering”
was first introduced at the famous Garmisch NATO conference in 1968 [116].
From then on, the term has been achieving popularity for describing pro-
cesses, design activities, and tooling for software development.

During the 1970s and 1980s, software engineers mainly concentrated on
the code level and structured programming. Their main design issues were
the development and choice of suitable algorithms and data structures. At
the same time, first languages and methodologies for data and software mod-
eling were proposed, e. g., entity-relationship diagrams [24], structured anal-
ysis [102], state-charts [57], etc. However, at least in the beginning, this pio-
neer work was too separated from the programming world, and, besides, the
two fields of database engineering and application programming did not find
together.

Over the intervening years, the increasing complexity of software sys-
tems pushed the evolution of object-oriented modeling and programming
languages which support better modularization and reuse of program code.
Also, software engineers learned that an integrated view helps to reconcile

21
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conflicting requirements. This led to a growing interest in integrated, multi-
purpose modeling languages in the 1990s, with the UML being the most
prominent example. In the second half of the last decade, model-driven de-
velopment initiatives like MDA together with code generation techniques
gained growing attention for bridging the gap between models at high levels
of abstraction and those at a lower level down to program code.

During this time, software architecture as a new discipline “has emerged
as a natural evolution of design abstractions, as engineers have searched for
better ways to understand their software and new ways to build larger, more
complex software systems” [144].

In the second half of the 1990s, the field of software architecture research
matured as a software engineering discipline of its own [143], indicated by a
significant number of publications and books, starting with the one by Shaw
and Garlan [144], as well as by dedicated software architecture tracks at all
important software engineering conferences and a special series of “Working
IEEE/IFIP Conferences on Software Architecture (WICSA)” [101].

While the area of static architecture descriptions was relatively well re-
searched at that time, the need for flexible and adaptive systems drew more
and more attention to the specification of dynamic architectures.

This new research direction was heavily influenced by earlier work about
configuration programming [84] for distributed systems. In configuration pro-
gramming, formal configuration languages like, e. g., Gerel [40], are developed
to specify the configuration and reconfiguration of a distributed system. Such
configuration languages are then used in conjunction with ordinary program-
ming languages which define the component behavior. In fact, some of the
approaches for configuration programming have later evolved to be used for
the specification of dynamic software architectures [20].

2.2 Requirements

In the following paragraphs we will recollect the requirements motivated in
Chapter 1 (note the corresponding page references). These requirements have
to be satisfied in order to provide a formal but user-friendly technique for
a model-driven, platform-consistent development of dynamic software archi-
tectures. In subsequent sections, the resulting requirements list will serve us
as an evaluation framework for existing related work and, later on, also for
our own proposal.

Although there are, without doubt, many interesting and challenging
problems that go beyond our objectives, we deliberately decided to limit
the scope of this thesis to the requirements listed below. For instance, we
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do not investigate the modeling of transactional behavior, which is required
in order to group operations into atomic sets [123], and the definition of ex-
ceptional behavior, which is required to handle exceptions that occur during
communication or reconfiguration operations.

2.2.1 Requirements for architecture descriptions

At first, we recollect features an ADL should provide for the design of dy-
namic software architectures. According to the objective of the thesis, we
put a special focus on the description of dynamic reconfigurations. A broader
classification framework and survey of ADLs can be found, e. g., in [107].

(1) Type definitions:
The ADL should allow to define types of architectural elements like
components and connectors in order to encapsulate functionality, inter-
face information, and behavior definitions into reusable building blocks
which can be instantiated multiple times. This includes the definition
of provided and required interfaces or ports which are assigned to the
individual component and connector types. (p. 4)

(2) Communication behavior:
In the frame of the type definitions, the ADL should allow to describe
how instances of these types communicate with each other. Such com-
munication behavior should either be directly associated to component
and connector types or indirectly using interfaces or ports with asso-
ciated behavior definitions. The behavior descriptions have to define
which communication is taking place between which elements and at
which time. As a basic requirement, the description language has to
provide appropriate constructs to define the order of actions such as
structured programming constructs (sequence, branching, loop, etc.) or
transition rules. (p. 4)

(3) Runtime configurations:
As we are interested in the runtime architecture of a system, the ADL
should allow to describe architectural configurations consisting of var-
ious component and connector instances and additional resources like
data elements. As we consider components and connectors changing
their state due to communication behavior and configurations being
altered due to reconfiguration operations, a configuration represents
the system state at a particular point in time only. (p. 5)
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(4) Reconfiguration operations:
For the description of dynamic architectures, the ADL should allow to
specify reconfiguration operations of various degrees of complexity from
simple component/connector creation/removals up to more complex
reconfigurations. (p. 9)

(5) Programmed reconfigurations:
Besides the definition of ad-hoc reconfigurations, the ADL should also
support programmed reconfigurations. For this purpose, it should allow
to define the invocation of reconfiguration operations by components
and connectors and to integrate such invocations into their behavior
definitions. (p. 9)

(6) Reconciliation of communication and reconfiguration:
In order to avoid inconsistent behavior definitions, the ADL should sup-
port the reconciliation of communication and reconfiguration behavior.
For this purpose, appropriate language constructs should prevent errors
like, e. g., the removal of a connector which is still used for an ongoing
communication. (p. 9)

(7) Asynchronous behavior with synchronization points:
Besides a concurrent, asynchronous component behavior within a dis-
tributed architectural configuration, the ADL should allow to define
synchronization points which are required for communication or recon-
figuration steps involving several participants at once. (p. 9)

(8) Operational semantics:
The ADL should be equipped with operational semantics to allow the
execution and simulation of the concurrent behavior of all component
instances in a certain configuration. As we want to deal with dynamic
architectures, such execution semantics should not be limited to the
communication happening in a fixed configuration, but should also sim-
ulate changing configurations according to reconfiguration operations.
(p. 6)

(9) Analysis capabilities:
In order to analyze a dynamic architecture, the formalism should be
open to sophisticated analysis based on its operational semantics. For
instance, we want to decide if a state with certain desired or undesired
properties is reachable during system execution or not. (p. 9)

(10) Uniform formalism:
In order to apply sophisticated, technically mature analysis tools, it is
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advantageous to base the ADL and its semantics on a uniform formal
method which covers both communication and reconfiguration behav-
ior. (p. 9)

(11) Usability:
Since formal methods are often difficult to use by practitioners, the
ADL should be equipped with a user-friendly and well-known notation
like, e. g., UML. This notation should serve as a front-end hiding the
underlying formalism from the user. (p. 7)

2.2.2 Requirements for platform descriptions

In order to create platform-consistent architecture models, we require a plat-
form description language which allows to describe platform types by cor-
responding platform models. Moreover, such platform models have to be
respected by architecture descriptions. This leads to additional requirements
for the ADL, too (cf. Section 1.3.1).

(12) Vocabulary:
The platform description language should allow to define a platform-
specific vocabulary with classifiers like entity types and relationships
between them. The elements of the vocabulary should be distinguished
from the component and connector types of architecture descrip-
tions and rather comprise application-independent platform constructs.
(p. 12)

(13) Topological constraints:
The platform description language should also allow to add topolog-
ical configuration constraints to a platform model. These constraints
restrict the way elements classified by the vocabulary can be assembled
to architectural configurations. (p. 12)

(14) Communication mechanisms:
We require a formalism to define communication mechanisms as generic
operations over the platform vocabulary. The mechanisms should de-
scribe how components can communicate on the respective platform,
e. g., by direct messages or through a special mediator. The specifi-
cation should also include preconditions, e. g., in order to ensure that
involved entities are ready to perform the respective operation. As with
the other parts of a platform model, the mechanisms should be kept
application-independent and reusable. (p. 11)
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(15) Reconfiguration mechanisms:
The platform description language should enable to specify the recon-
figuration operations a platform supports. In order to allow for many
different platform types with diverse reconfiguration policies, its expres-
siveness should cover arbitrary reconfigurations. Similar to the commu-
nication mechanisms, the reconfiguration mechanisms should be defined
as generic operations over the platform vocabulary and kept indepen-
dent of a concrete application. (p. 11)

(16) Extensibility:
All parts of a platform model should be easily extensible in case that
new constructs, constraints or mechanisms have to be integrated. This
feature is especially important for augmenting a platform model with
further details in order to derive a more specific model at a lower plat-
form hierarchy level. (p. 15)

(17) Structural instantiation:
The ADL should provide a possibility to instantiate the structural con-
structs of a platform model. For this purpose, the elements of an ar-
chitecture description should be mapped to the platform-specific vo-
cabulary. Then, one can, e. g., check if the architecture satisfies the
topological constraints of the platform model. (p. 13)

(18) Behavioral instantiation:
The ADL should also instantiate and respect the behavioral constructs
of a platform model. In order to express architectural behavior in terms
of platform services, the individual communication and reconfiguration
actions should refer to corresponding mechanisms defined in the plat-
form model. Moreover, the execution semantics of the ADL should be
flexible enough to interpret the behavior definitions according to the
specified platform mechanisms. (p. 13)

2.2.3 Requirements for architecture refinements

In order to realize a stepwise refinement approach for dynamic architectures
across different levels of platform abstraction, the formal framework has to be
extended by suitable notions of architectural refinement (cf. Section 1.3.3).
For this purpose, we want to address the following requirements related to
refinement checks.

(19) Structural refinement:
We require a structural refinement criterion in order to check if all
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business-relevant and functional entities of an abstract configuration
are preserved at the concrete level. (p. 17)

(20) Behavior preservation:
We require a behavioral refinement criterion which guarantees that the
abstract behavior is preserved at the more platform-specific level and
that all abstract communication and reconfiguration scenarios can also
be realized in the refined architecture. (p. 17)

(21) Observational substitutability:
Moreover, the behavioral refinement criterion should guarantee obser-
vational substitutability, which means that every behavior possible in
the concrete architecture belongs to a correspondent behavior in the
abstract architecture. (p. 17)

(22) Semantic refinement:
The refinement criterion should also be checkable if the communication
and reconfiguration mechanisms applied at the two levels of abstraction
differ to a very large extent. For this reason, the behavior definitions of
the two architectures should be compared at a semantic level consider-
ing the actual effects of the invoked operations rather than based on a
syntactic matching of abstract and platform-specific operations. (p. 18)

(23) Context dependency:
If a certain communication or reconfiguration operation occurs several
times in the abstract architecture’s behavior definitions, the behavioral
refinement should allow for different, context-dependent refinements of
these occurrences, because the right refinement can depend on both the
current configuration and the history of past actions. (p. 18)

(24) Reusability:
A refinement relationship should be defined in terms of the two involved
platform models rather than in terms of individual architectures so
that it can be applied to any two architectures conforming with these
platform models, respectively. (p. 18)

(25) Checking algorithm and tool support:
In order to automatically decide whether a platform-specific architec-
ture is a valid refinement of an abstract architecture or not, we seek for
an algorithm and tool support which implements the formal refinement
criteria. (p. 18)
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2.3 Existing approaches and open problems

From the research history sketched at the beginning of this chapter, a number
of description techniques, languages, and formal methods has emerged which
are relevant for our work. In this section, we will evaluate related approaches
against our requirements1 in order to provide an overview of the current ’state
of the art’ and to uncover remaining challenges. Analog to the requirements
list from Section 2.2, the survey is subdivided into three parts, namely

1. the modeling of dynamic architectures with formal methods,

2. the consideration of platform-specific aspects in architecture descrip-
tions, and

3. architecture refinement techniques which could be employed for step-
wise development across multiple levels of platform abstraction.

All of the three parts end with a table summarizing the evaluation results.

2.3.1 Formal methods for dynamic architectures

Comparing the three fields we want to survey, the largest amount of con-
tributions has already been produced for modeling dynamic architectures.
Consequently, a number of various description languages has been proposed,
together with a bunch of formalisms for their operational semantics.

The following summary of formalisms for dynamic architectures, grouped
by the underlying formal method, is partially based on a more extensive sur-
vey which has recently been published by Bradbury et al. [20, 21]. However,
at this point, we are especially concerned with the requirements listed in
Section 2.2.1.

Partially ordered event sets. Rapide, one of the first ADLs, has been
developed by Luckham et al. [94, 95] in the first half of the 1990s. Rapide con-
siders component types as reusable entities, but not connectors (1). Instead,
a configuration (3) links component instances by in-line connections.

Rapide is an event-based language, i. e., the execution semantics of a de-
scribed system is expressed by a history of events. For this purpose, every
component in a Rapide architecture is equipped with a rule-based behav-
ior specification defining which events a component generates in reaction to
certain incoming events (2).

1The respective cross-references printed in italics refer to the enumeration in Section 2.2.
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Due to its operational semantics, a Rapide model can be simulated by a
poset browser yielding a partially ordered set (poset) of events generated and
received by the modeled components. The partial ordering reveals causal de-
pendencies among these events. Luckham et al. argue that these partial orders
are better suited to represent concurrent behavior than event traces (8)(9).

In contrast to most other ADLs in the early 1990s, Rapide already shows
first moves towards dynamic architectures. It does not allow arbitrary recon-
figurations of the topology but, at least, accounts for runtime creation of new
components and for dynamic connections which can flexibly handle changing
numbers of participants (4).

Only in a later extension [155], the explicit creation and removal of both
components and connectors is considered under the notion of execution ar-
chitecture. The authors introduce special purpose events for each of the basic
reconfiguration operations. However, we miss an explanation of how these ex-
ecution architectures are combined with their previous event-based approach
for communication behavior (5)(6).

Process algebras. Starting in the late 1970s, process algebras have been
developed as a formal description technique for complex computer systems
with communicating, concurrently executing components [16]. Their main
advantages are twofold: First, they enable compositional modeling which al-
lows to compose large models out of multiple concurrent processes including
necessary synchronizations (7). Second, they are equipped with formal, de-
notational semantics (8) translating process models into labeled transition
systems that are open to further analysis (9) based on model checking [25, 27].

Due to these charming features, a number of well-known ADLs apply cer-
tain variants of process algebras as formal method to specify the behavior
of architectural components. For instance, Allen and Garlan propose their
ADL Wright [3, 5, 6] which is based on Hoare’s process algebra CSP (Com-
municating Sequential Processes [72]). Wright uses CSP processes in order to
formalize communication behavior (2) which is associated to the interfaces
of component and connector types (1). Based on model checking with the
FDR toolset2, one can then prove that all connected interfaces of a certain
configuration (3) are compatible and, e. g., do not deadlock.

Later, Allen and Garlan extend Wright by constructs for dynamic re-
configuration, called Dynamic Wright [4]. For this purpose, they introduce
operators for the creation and removal of components and connectors which
can be composed into more complex reconfiguration operations. Since the
semantics of the reconfiguration operators are expressed by translations into

2www.fsel.com

www.fsel.com
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plain CSP, Dynamic Wright is a uniform approach (10).
Despite the reconfiguration operators, the required support for arbitrary

reconfigurations (4) is only partially solved. The problem is that CSP is
inherently limited to a static configuration of processes. As a workaround,
the authors had to restrict the architectural dynamism to a finite set of
configurations which have all to be known in advance. Thus, the actual effect
of a reconfiguration action is to select the proper part out of the predefined
CSP expressions so that the interactions conform to the new configuration [4].

The reconfiguration operators are not directly inserted into the compo-
nents’ CSP processes but are executed by a special “configuror” component.
By communicating with the configuror, the other components can trigger
desired reconfigurations (5).

Dynamic Wright does not provide any feature for the reconciliation with
component behavior; the architect has to ensure manually that no inconsis-
tent reconfiguration behavior is defined (6).

The restriction of CSP to static configurations does not hold for another
process algebra, namely Milner’s π-calculus [111]. The π-calculus is a mo-
bile calculus specifically developed for communicating systems with changing
structure. It describes a system as a set of independent processes which com-
municate via named channels. Processes are not directly named but can be
accessed by channel names. Processes can be replicated, and channel names
can be transmitted to other processes representing the creation of a new link.

A well-known ADL using the π-calculus as semantics is Darwin developed
by Kramer, Magee, et al. [97, 99]. Since Darwin was originally designed as
a configuration language for a distributed programming environment called
Regis [98], it focuses on the correct configuration of component instances
and the bindings between provided and required services. As with other con-
figuration languages, the authors deliberately excluded the incorporation of
component behavior specifications, although expressible with the π-calculus.

Darwin’s denotational semantics into the π-calculus represents compo-
nents as processes and connections as channel names. As a consequence, con-
nectors are not treated as first-class entities (1). Due to the expressiveness of
the underlying π-calculus (process replication and channel name transfers),
the language supports the replication of component instances and changes
of the current bindings. However, it is still not possible to express arbitrary
reconfiguration operations like, e. g., component removal (4) [21].

Only later, Kramer and Magee extended their approach by behavior spec-
ifications for the individual components of an architecture [86, 87]. For this
purpose, they specify components and their behavior by finite state pro-
cesses (FSP [100]), a simple compositional process algebra whose semantics
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is expressed in terms of labeled transition systems. While, in contrast to
the π-calculus, FSP is much easier to understand, the combination of two
different process algebras affects the uniformness of the approach (10).

Unfortunately, the authors do not elaborate how the two approaches are
integrated concerning dynamic reconfigurations: Darwin’s reconfiguration op-
erators cannot be used in FSP. Instead, FSP can only simulate reconfigura-
tion operations. For instance, component removal is simulated by switching
its behavior to an idle state and component creation by reactivating such de-
activated processes. As a consequence, the number of possible configurations
is a priori bounded, similar to Wright. However, the direct insertion of recon-
figuration operations into FSP processes facilitates programmed reconfigura-
tions, at least for the restricted number of reconfiguration operations (5).

For reconciling the FSP reconfiguration operations with the general com-
ponent behavior (6), Kramer and Magee follow an earlier paradigm intro-
duced in [85] which states that a component has to be in a quiescent state
before it can participate in a reconfiguration. Thus, the behavior specifica-
tions of the individual component types have to distinguish between active
and quiescent states of the component’s computation. Only under this restric-
tion, communication and reconfiguration behavior can be combined, and the
resulting overall behavior can be animated and analyzed by their Labelled
Transition System Analyzer (LTSA)3.

In a related approach, Canal et al. propose LEDA [22], an ADL which
makes use of the π-calculus, too. In this case, also behavior specifications of
components are expressed by π-calculus processes, which makes the approach
more uniform (10). On the other hand, since the bare π-calculus is not only
used as underlying semantics but even for the concrete notation, the usability
of the language is very limited (11).

LEDA defines reusable types for components which can be instantiated
and composed to form architectural configurations (3). However, connec-
tions are not typed as connectors but defined within configurations, similar
to Rapide and Darwin (1). With the help of a π-calculus interpreter, a LEDA
model can be simulated and checked for local behavior compatibility of con-
nected components (9).

LEDA’s support for reconfiguration (4) is bounded by the same limita-
tions mentioned above for Darwin. The direct insertion of reconfiguration
operations into the π-calculus processes makes programmed reconfigurations
possible within the given bounds (5). However, there is no support for a
reconciliation of reconfigurations with the remaining behavior (6).

3www-dse.doc.ic.ac.uk/concurrency/

www-dse.doc.ic.ac.uk/concurrency/
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From the above observations, we can conclude that process algebras are
a proper formal method for the definition of component behavior in terms
of communicating processes. On the other hand, they show clear limitations
when it comes to the specification of structure and structural change as
it is required for dynamic architectures. Besides, their syntax is very low-
level and comparable to a programming language. For these reasons, another
formal method has gained more and more attention, namely graphs and
graph transformations.

Graph transformations. A quite natural way to specify the structure of a
software architecture is to use graphs. Changes to the graph can be described
by graph transformation rules. Each rule consists of a left-hand side and a
right-hand side graph. The application of a rule changes a graph by replacing
an occurrence of the rule’s left-hand side by a copy of the rule’s right-hand
side (see also Chapter 4).

Le Métayer [91] describes architectural configurations by graphs where
nodes represent computational entities (components) and edges represent
communication links (connectors). Node and edge labels, formally defined
as unary and binary relations, are used to assign component and connector
types (1). The set of allowed graphs is constrained by a context-free graph
grammar. The problem with context-free graph grammars is that they cannot
express all possible topologies (3). For instance, they exclude cyclic structures
like rings of arbitrary size.

The approach considers only components, but no connectors (1), as active
elements with a description of their behavior using a CSP-like notation. As an
extension to CSP, the behavior descriptions contain generic communication
commands which inherently respect the topology of the current configura-
tion (2). Le Métayer [91] provides a denotational semantics for this language
in terms of labeled transition systems.

Reconfiguration operations are defined by conditional graph transforma-
tion rules. By applying such a transformation rule, the graph representing
the current configuration is partially rewritten. Unlike the graph grammar,
the transformation rules are not context-free and, thus, allow the description
of arbitrary reconfiguration operations (4).

The rules are applied non-deterministically simulating ad-hoc reconfigu-
rations. Additional preconditions concerning the current topology and com-
ponent states can be used to restrict reconfigurations to certain phases of the
component behavior only (6). However, the explicit invocation of reconfigu-
ration operations by components as required for programmed reconfiguration
is not possible (5).
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Due to the combination of two different formal methods, namely process
algebra for communication behavior and graph transformation for reconfig-
uration behavior, the approach is not uniform (10), its semantics is com-
plicated by additional constructs to integrate the two worlds (8), and the
inability to apply standard analysis tools limits its analysis capabilities (9).

A different kind of graphs, namely hypergraphs, are used by Hirsch et
al. [68, 69]. In hypergraphs, edges represent components while nodes represent
connectors. The reason is that hyperedges can connect more than two nodes.
Similar to the Le Métayer approach, labels are used to represent component
and connector types (1), but also the different states of a component at
runtime. Again, conditional graph transformation rules are used to describe
dynamic changes of the current configuration.

Different to the Le Métayer approach, Hirsch et al. do not use any pro-
cess algebra to specify the component behavior but, instead, define additional
graph transformation rules for modeling the communication patterns of the
architecture. For this purpose, they insert additional information about in-
coming or outgoing signals or messages into the graph which can be modified
by communication rules (2).

We consider this uniform approach to both communication and recon-
figuration a promising direction because the semantics of the model can
completely be defined by graph transformation theory (8). This way, “by
analyzing the derivation tree it is possible to have all the computations of
the system allowing the verification of properties of the architecture, like for
example, deadlock” [69] (9).

The graph transformation rules for reconfiguration operations can be con-
strained over the current state of involved hyperedges as given by their cur-
rent label. The labels of hyperedges are in turn changed by transformation
rules for communication operations. This way, the application of communi-
cation and reconfiguration operations can be coordinated through this state
information (6).

However, the satisfaction of a rule’s preconditions does only enable
but not enforce its application. The actual rule application happens non-
deterministically. As a consequence, we cannot model programmed reconfigu-
rations with components invoking reconfiguration operations themselves (5).

An earlier weakness of Hirsch et al.’s approach was its restriction to
context-free transformation rules for both communication and reconfigura-
tion rules. “With this type of rules, two separate edges cannot be bound
later, so for example, an architecture instance that has a pipeline style can-
not be converted, after its creation, into a ring” [69]. In the meantime, how-
ever, they invented concepts for synchronized rule applications [70, 67]. This
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way, they are now able to compose arbitrarily complex configurations and
reconfigurations out of several decentralized transformations (3)(4)(7). On
the other hand, the extension by so-called synchronization algebras affects
the uniformness and the usability of the formal method (10).

Another approach to model both communication and reconfiguration be-
havior using graph transformations are distributed graphs and distributed
graph transformations proposed by Taentzer et al. [150]. Distributed graphs
consist of two types of graphs, namely network graphs and local graphs.

A network graph represents the architecture of the system with nodes for
components and edges for connections (3). Component can be typed using
edge labels, but connectors are not modeled as first-class elements (1).

Every node in the network graph has a corresponding local graph rep-
resenting the current state of the component. The nodes of the local graph
typically represent data and interface elements such as objects in an object-
oriented system. However, we fear that the usage of local graphs describing
the internal structure of a component could break the encapsulation required
for the architectural level of abstraction.

Distributed graph transformation rules span both the network and the
local level: For every network node in a distributed rule, the rule contains its
local graph, too. This way, distributed transformation rules can be used to
model internal computations, communication between components (2), and
changes at the network level (4).

The inclusion of local graphs allows to constraint the application of net-
work level reconfigurations by conditions on the current local component
state. For instance, one can ensure that components to be disconnected or
removed are in a quiescent state (6). However, similar to the Hirsch ap-
proach, the explicit invocation of reconfiguration operations, programmed
into the component behavior, is not possible (5).

In contrast to the Hirsch et al. approach, Taentzer’s distributed graph
transformations are not restricted to context-free transformations. Thus, a
rule can simultaneously affect several nodes of the network graph, which also
allows to realize synchronized behavior (7).

In [149], Taentzer provides operational semantics for distributed graph
transformation rules based on a well-established algebraic approach in Cat-
egory theory (8). Graph transformation rules with this semantics can be
simulated and analyzed using the AGG tool4. However, AGG does only sup-
port “flat” transformation rules; the support for distributed transformation
rules is under development (9).

4tfs.cs.tu-berlin.de/agg/

tfs.cs.tu-berlin.de/agg/
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Another graph transformation-based approach, formalized as an alge-
braic framework in Category theory, is proposed by Wermelinger and Fi-
adeiro [156, 157]. They represent architectures as graphs and components as
nodes, too (3). However, different to Taentzer et al., they also model connec-
tors as nodes of the graph, and they define the behavior of components and
connectors by abstract programs in the algebraic program design language
CommUnity [44].

A CommUnity program defines input and output variables as well as
private and shared actions for interactions with other components (2). The
concept of actions being shared with other components allows for synchro-
nizations of different components (7). The behavior definitions are associated
to reusable type definitions for both components and connectors (1).

Connectors are special programs that glue various roles. Each role is de-
fined by its own CommUnity program. Components must refine one of the
roles to be accepted for that connector. Such a refinement relationship be-
tween CommUnity programs is formally given by a so-called superposition
morphism, an algebraic relationship which defines a mapping between the
variables and shared actions of two programs. Consequently, the edges of
a configuration graph correspond to such superposition morphisms linking
components and connectors.

The main advantage of the algebraic representation of a configuration is
the possibility to automatically compute a composite program, in Category
theory terminology called colimit, which represents the global behavior of a
given configuration and allows its simulation [157]. A suitable analysis tool
called CommUnity Workbench is currently under development [122] (9).

Dynamic reconfiguration operations are specified as graph transformation
rules (4). Similar to Le Métayer’s approach, the reconfiguration rules are
constrained over the current state of the component instances as indicated
by their variable values. This way, it can be ensured that components are in
a consistent state when being involved in a reconfiguration (6).

Since an architectural configuration is given as a graph of algebraic pro-
grams and morphisms between them, an algebraic graph transformation ap-
proach – similar to the one used by Taentzer et al. – can be applied to define
operational semantics for reconfiguration operations [156]. However, a joint
operational semantics for communication and reconfiguration is missing (8).

In [158], the approach is extended by a script language which expresses
composite reconfiguration operations using high-level constructs like sequenc-
ing, choice, and iteration (11). Ad-hoc reconfigurations correspond to user
invocations of such scripts, whereas programmed reconfigurations are auto-
matically invoked whenever certain preconditions are satisfied. But, compo-
nents can still not control the programmed reconfigurations themselves (5).
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Table 2.1: Comparison of approaches to dynamic architecture description
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Approach (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
Rapide ◦ + + ◦ ? ? ? + + + –
Dyn. Wright + + + ◦ + – + + + + –
Darwin ◦ + + ◦ ◦ + + + + – ◦
LEDA ◦ + + ◦ + – + + + + –
Le Métayer ◦ + ◦ + – + + + ◦ – ◦
Hirsch et al. + + + + – + + + + - -
Taentzer et al. ◦ + + + – + + + ◦ + ◦
Wermelinger et al. + + + + ◦ + + ◦ + ◦ ◦

– = not satisfied; ◦ =partially satisfied; + =completely satisfied

Summary. The results of our evaluation are summarized in Table 2.1.
Obviously, process algebras and graph transformation are the two dominating
formal methods for the specification of dynamic architectures.

The strength of process algebras in composing concurrent behavior of
several architectural components and connectors is traded off against their
weakness when it comes to the specification of arbitrary reconfiguration op-
erations (4) and the reconciliation of these operations with the general be-
havior (6). Even the π-calculus provides only limited support for such recon-
figurations.

On the contrary, graph transformations have proved their strength for the
specification of structural aspects, i. e., architectural configurations (3) and
arbitrary reconfigurations (4). Moreover, with the help of additional appli-
cation conditions, it is relatively easy to reconcile the graph transformation
rules for reconfigurations with the remaining communication behavior (6).

Le Métayer and Fiadeiro et al. combine graph transformations with pro-
cess algebra-related languages for specifying the component behavior, what
affects the uniformness of their approaches (10). On the contrary, Hirsch and
Taentzer show how graph transformation rules can be used to also express
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communication behavior. Their assumption that the expressiveness of graph
transformations is sufficient for a complete specification of dynamic archi-
tectures is reinforced by existing work using graph transformation rules to
define the semantics of process algebras like the π-calculus [83].

Another shortcoming observed for all considered graph transformation-
based approaches, however, is the fact that all enabled rules are applied
non-deterministically without guarantee for their actual application. This
contradicts the intention of programmed reconfigurations where components
should be able to explicitly invoke and control reconfiguration operations
themselves (5). Thus, more research effort has to be put into this issue in
order to increase the suitability of graph transformation theory for the spec-
ification of dynamic architectures.

A remaining weakness of the existing proposals is their limited usabil-
ity (11). Due to their inherent visualization, the graph-based description
languages are better to read and understand than bare process algebras.
However, so far, none of them provides high-level front-end notations like,
e. g., UML which could further raise their acceptance by practitioners.

2.3.2 Platform awareness in architecture descriptions

As outlined in Section 1.3.1, architecture descriptions have to conform to the
capabilities and restrictions of the target middleware platform. This insight
has only been sparsely recognized within the software architecture community
so far. Consequently, there are only very few proposals for explicit platform
description languages.

Even in the context of the MDA initiative, the formulation of appropriate
platform models guiding transformations from PIM to PSM is still an open
question. Nevertheless, we will now outline the existing ideas and evaluate
them against our requirements from Section 2.2.2.

Platform-specific ADLs. As a trivial solution, special-purpose ADLs
have been proposed to describe architectures for specific target platforms.
For instance, the languages C2SADEL [105] and the above mentioned ADL
Darwin [97] fall into this category because they have been specifically devel-
oped for the middlewares C2 [151] and Regis [98], respectively.

However, platform-specific ADLs can only be used if the platform they
have been designed for is chosen as target platform. Therefore, the architect
would have to translate his model into a completely different ADL whenever
he wants to evaluate the suitability of a different platform or whenever he
wants to port the model to another level of platform abstraction.
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Platform-specific connector implementations. A more general strat-
egy to incorporate middleware-related aspects into architectural design is
pursued by Medvidovic et al. [31, 103, 104]. They focus on connectors that en-
capsulate the communication between components. As communication is usu-
ally based on the underlying middleware platform, connectors are considered
as abstractions for the platform-specific communication mechanisms (14).

Medvidovic et al. propose to design an application’s architecture at first
in an abstract way. After all components and their topology are known,
one or more middleware platforms are chosen to implement the connectors.
Previously developed middleware-based connectors can be reused if they own
the desired properties. This way, at least concerning connector types, a kind
of platform-specific vocabulary is created (12). And, extensibility is given
because new connector types can simply be added to the collection (16).

However, Medvidovic et al. provide a partial solution to platform consis-
tency only because they restrict the role of middleware to the implementa-
tion of connectors; they neither consider any platform-induced classifiers for
components and other elements (12), nor topological constraints (13), nor
available reconfiguration mechanisms (15).

Platform-specific architectural styles. Another approach which leads
to the possibility to use a single ADL for architectures on various platform
types or at different levels of platform abstraction has been proposed by
Di Nitto and Rosenblum [118]. They recommend to capture the assumptions
and constraints imposed by a middleware platform as a middleware-induced
architectural style. Similar to our objective, they intend to “guide designers
in the definition of an architecture compliant with a pre-selected middleware
infrastructure” or “support designers in the identification of the most suitable
middleware infrastructure for a specific architecture” [118].

The notion of architectural style is a general software architecture concept
which is used to define families of related architectures and their common
properties [2, 49]. Prominent examples of architectural styles are, among
others, layered style, pipe-filer style, client-server style, blackboard style,
etc. [144].

A style is related to the concept of patterns which is employed in soft-
ware engineering whenever reusable solutions can be provided for recurring
problems. For instance, in object-oriented modeling and programming, so
called design patterns [47] are used to capture approved design experience
for recurring problems and to help engineers solving similar cases. The two
terms can be distinguished as follows: “Styles generally provide guidance
and analysis for building a broad class of architectures in a specific domain
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whereas patterns focus on solving smaller, more specific problems within a
given style” [112].

In the classical understanding, an architectural style prescribes a fixed
vocabulary of architectural elements and configuration constraints formulated
over this vocabulary [49]. The vocabulary defines logical concepts like, e. g.,
layers in layered architectures, as well as categories or roles for architectural
elements like, e. g., client and server roles for client-server architectures. The
vocabulary also defines relationships among its elements, possible property
assertions, and some semantic interpretation. The configuration constraints
restrict the topology of possible architectural configurations. An architecture
description which adheres to a style by using its vocabulary and satisfying
its configuration constraints is also called member or instance of the style.

Although this classical notion of architectural style does not take any
patterns of communication or reconfiguration behavior into account, we can
observe parallels between an architectural style capturing platform-specific
assumptions and what we require as a platform model (see Section 2.2.2).
Thus, when claiming that an architecture which shall be implemented on a
certain middleware platform should adhere to the style induced by that plat-
form, Di Nitto and Rosenblum anticipate our notion of platform consistency.

The usage of architectural styles as platform models does not contra-
dict their original purpose to define families of related architectures, because
establishing platform consistency for different applications deployed on the
same platform type requires very similar tasks: the same vocabulary is used,
the same topological constraints have to be satisfied, and the same plat-
form mechanisms can be used only. Therefore, concerning platform-specific
aspects, the resulting architectures are very similar as well, what suggests to
subsume them under a single architectural style.

In their work, Di Nitto and Rosenblum do not propose a new language
for defining middleware-induced architectural styles, but they survey the ca-
pabilities of some existing ADLs to allow the definition of such styles. From
their case study they derive a collection of additional requirements for ADLs
including the possibility to define

• architectural styles with component and connector types and a mech-
anism for instantiating a style in the definition of an architecture,

• topological constraints that must be respected by any instantiation of
the style,

• connectors, and

• the behavior of components and connectors.
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From our point of view, the shortcoming of this requirements list is the
confusion of architecture level and style level concepts. For instance, Di Nitto
and Rosenblum do not require that a style comprises application-independent
classifiers like, e. g., Client and Server which are used at the architecture level
to categorize application-specific component and connector types like, e. g.,
R5/Banking or XBank (12)(17).

Analogously, the behavioral aspects of style and architecture are not sep-
arated, either: At the style level, we expect the definition of general com-
munication mechanisms (14), while the description of the concrete commu-
nication behavior instantiating these mechanisms should be reserved for the
architecture model (as in Fig. 1.4) (18).

Neither do Di Nitto and Rosenblum consider dynamic architectures nor
does the classical notion of architectural style comprise reconfiguration mech-
anisms (15). Thus, their proposal can up to now only be applied to static
architectures, and further research is required in order to capture also the
reconfiguration mechanisms provided by a platform.

Summary. As shown in Table 2.2, existing work on platform-consistent
architecture descriptions is still rare and incomplete. Platform-specific ADLs
cannot cope with different platform types, and the work by Medvidovic et
al. does not lead to an independent platform description language which can
be combined with ADLs.

Table 2.2: Comparison of approaches to platform-aware description
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Approach (12) (13) (14) (15) (16) (17) (18)
Medvidovic ◦ – + – + ◦ ◦
Di Nitto/Rosenblum ◦ + ◦ – – ◦ –

– = not satisfied; ◦ =partially satisfied; + =completely satisfied
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Only the strategy of Di Nitto and Rosenblum using architectural styles as
platform models is promising, but it has to be extended to better integrate
platform-specific communication and reconfiguration mechanism, in partic-
ular for dynamic architectures. Moreover, their strategy has so far not been
realized with concrete platform and architecture description languages.

2.3.3 Architecture refinement techniques

As expounded in Section 1.3.2, it is not enough to describe platform-
consistent architectures, e. g., in a middleware-induced architectural style,
but we also require a refinement technique which allows us to check if
a platform-specific architecture still conforms to its underlying business-
oriented architecture.

Although many different ADLs have been developed to specify software
architectures, only very few of them support architecture refinement [107]. In
particular, there is – to our knowledge – no approach to refining architectures
across different levels of platform abstraction (according to the requirements
in Section 2.2.3). Nevertheless, we can learn from existing work about archi-
tecture refinement as follows.

Diverse purposes of refinement. Refinement is a well-known design
principle in software engineering. First ideas in the context of program devel-
opment go back to Dijkstra [33] and Wirth [160]. In the sense of a systematic
top-down methodology, Wirth, for instance, argued for the expansion of high-
level program instructions to lower-level macros and procedures.

In the meantime, the notion of refinement has been employed for various
purposes. Consequently, when surveying modern approaches to refinement
for software architecture development, we encounter several proposals which
do not suit our purpose of bridging different levels of platform abstraction.
In the following, we briefly summarize three examples in order to distinguish
them from the more relevant approaches which will be discusses afterwards.

As a first example, remember the LEDA approach [22] mentioned in Sec-
tion 2.3.1. Its authors also investigate architectures at different levels of ab-
stractions and check for valid refinement relationships. However, in doing
so, they follow a very restrictive understanding of refinement dealing only
with the specialization and decomposition of individual component types.
They check if the communication behavior of a refined component is still
compatible to its parent component type, so that the specialized component
can substitute the original one. Thus, in a LEDA refinement, the overall ar-
rangement of component instances is not changed as it might be required in
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our understanding of refinement with architecture models being ported to a
different level of platform abstraction.

Another, completely different purpose of refinement has been pursued by
Batory et al. [15]. They consider feature refinement, which means extending
models, code, and other artifacts in order to integrate additional features
within every refinement step.

The third example of refinement aims at the facilitation of code gen-
eration. Bolusset and Oquendo [18] propose to use rewriting logic in order
to translate architecture models from an abstract ADL to an implementa-
tion language which can be used to generate code. However, the authors
only sketch their ideas and do not present any example for their rewriting
rules. Moreover, the conversion between different languages is not the same
as bridging different levels of platform abstraction. In particular, the authors
do not discuss how, e. g., architectural behavior can in general be preserved
at the lower level.

We do not further discuss the above approaches because we neither want
to look into the inside of components nor add any extra-functionality to an
architecture nor generate code, but we rather want to port a business-level
architecture to a more platform-specific level considering all the restrictions
and mechanisms of the chosen target platform.

Refinement of single architectures. A first contribution to refinement
in our sense has been provided in the frame of the Rapide project [94],
already mentioned in Section 2.3.1. Remember that system executions are
represented as partially ordered event sets in Rapide (posets). In order to
compare architectures at different levels of abstraction and to enable corre-
sponding refinement checks, Rapide provides so-called event pattern map-
pings which can be used for translating posets of a concrete architecture
execution to the abstract level. Then, one can check if the abstracted events
of the concrete architecture also satisfy the constraints specified for the ab-
stract architecture.

Although these pattern mappings are a powerful and flexible concept
for validating executions of the concrete architecture against abstract con-
straints, they do not ensure that every concrete execution has an abstract
equivalent, as required for complete observational substitutability (21). “This
kind of architectural refinement rather looks like a conformance test” [18].

Moreover, the validation of the concrete behavior against abstract con-
straints does not provide concrete equivalents for every abstract execution as
required for behavior preservation (20).

Moreover, the proposed notion of refinement completely neglects struc-
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tural correspondences between the two architectures to be compared. Al-
though this allows for more flexibility, we believe that at least some struc-
tural relationships between abstract and concrete architectures are required
in order to preserve the structural integrity of the business level model (19).

Style-based approaches. In the previous section, we have already elabo-
rated on Di Nitto’s and Rosenblum’s idea to use architectural styles as plat-
form models and to describe platform-consistent architectures as instances of
platform-specific styles. Consequently, when pursuing this strategy, architec-
tural refinement means the transformation of an architecture in an abstract
style into an instance of a more concrete style.

Di Nitto and Rosenblum already propose to define a generic style for
a family of related middleware platforms, e. g., event-based systems, and a
variation of that style for specific members of that family [118]. However,
they do not further discuss or formalize any refinement relationship between
such a generic style and its specializations.

Refinement of software architectures based on styles has first been in-
troduced by Moriconi et al. in 1994/95 [113, 114], but not using styles as
platform models. Building on a formalization in first-order logic, they pro-
pose a rule-based approach of refinement replacing a structural pattern in an
abstract style by its realization in the concrete style. The resulting transla-
tion may involve changing the representation of components, interfaces, and
connectors as well as aggregating, decomposing, or eliminating these abstract
objects in the concrete architecture (19).

A refinement rule consists of a pair of architecture schemas, one in the
abstract and one in the concrete style. A schema is a partial architecture
description with variables instead of architectural objects. Whenever the ab-
stract schema can be instantiated by substituting its variables by objects
of a given architecture, then the concrete schema is used to generate the
corresponding part of the refined architecture.

The local refinements are combined to form the composite concrete ar-
chitecture. In order to ensure the correctness of the resulting concrete archi-
tecture by construction, the individual refinement rules have to be proved
correct and compositional first. The correctness proof is based on a mapping
between the concepts of the two styles involved. Given such a style mapping,
one has to show that every refinement rule conforms to this mapping. The
proof technique applied by Moriconi et al. is based on Hoare’s approach [71]
to reasoning about the correctness of implementations.

In order to formally reason about architectural styles, architectures, and
refinement patterns, Moriconi and his coauthors represent them as theories in
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first-order logic and claim that, by translation from a given textual language,
their approach becomes independent of the concrete choice of language.

Following the classical understanding of architectural styles, they only
include structural aspects in their style definitions, i. e., classifiers, relation-
ships, and configuration constraints. As a consequence, their approach is
restricted to static configurations and does not consider any communication
or reconfiguration behavior. Obviously, this makes the checking of both be-
havior preservation (20) and observational substitutability (21) useless.

Even though it is restricted to structural refinement, the work of Moriconi
et al. is a first, valuable contribution to architectural refinement because the
rule-based solution allows for an automated construction and validation of
the refined architecture (25). However, the announced software tool has –
to our knowledge – not been realized so far. Besides, the approach does
not yet consider user interactions usually required for complex refinement
constructions (see p. r̃efuser interaction for construction).

Another advantage of their strategy to use architectural styles as source
and target domains of refinement rules is the high reusability, as the rules can
be applied to any two instances of the underlying styles (24). In this context,
their work makes clear that we have to understand the semantic correlations
between the involved architectural styles in order to check the correctness of
such refinement rules.

In [48], Garlan generalizes the idea of style-based refinement and stresses
the fact that, due to the reusability (24), it is more powerful to have refine-
ment rules defined at the style level rather than for individual style instances.
“For example, we might determine that any event-based system can be im-
plemented as an object-oriented system if we transform each component so
that it calls an event dispatcher, and we transform the event connectors to a
dispatcher-mediated, broadcast connector” [48] (see Fig. 2.1).

While style-based refinement is more powerful and generally useful, it
sometimes cannot take advantage of special cases and contexts of use and
can thus be applied less effectively. In order to allow refinement rules which
are only applicable to some but not all instances of a certain style, Garlan
proposes to define a substyle which restricts the set of architectures to those
amenable to the special refinement rules.

Furthermore, Garlan suggests to characterize refinement relationships by
an abstraction function which maps every instance of the concrete style to an
instance of the abstract style. In contrast to the approach of Moriconi et al.,
the use of an abstraction function allows for several concrete architectures
all refining the same abstract architecture (23).

The work by Garlan can be considered as a generic study of the problem.
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Figure 2.1: Style-based refinement relationships

His methodological suggestions remain abstract and leave room to different
implementation techniques and formal methods.

Summary. As we can learn from the above observations, summarized in
Table 2.3, a meaningful refinement of architectural models cannot go without
some semantic refinement relationship between the concepts at the abstract
and the concrete level. By lifting this relationship to the underlying architec-
tural styles, the style-based approaches of Moriconi et al. and Garlan achieve
the required reusability and, thereby, reduce the effort required for defining
these relationships.

Moreover, the style-based approaches attract our sympathy because they
smoothly fit to the previously elaborated idea to use architectural styles as
platform models. Under these circumstances, style-based architecture refine-
ment could be employed for bridging different levels of platform abstraction.

However, the shortcomings of the existing architectural refinement ap-
proaches are obvious: They are all lacking sufficient support for the refine-
ment of architectural behavior in terms of behavior preservation (20) and
observational substitutability (21). Although a number of refinement theo-
ries has been proposed for different formal methods like process algebras [53]
or graph transformations [55], none of them has been seriously applied to the
domain of software architecture so far. Hence, further research is required to
enhance the idea of style-based refinement and to incorporate appropriate
refinement concepts for both communication and reconfiguration behavior.
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Table 2.3: Comparison of approaches to architecture refinement
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Approach (19) (20) (21) (22) (23) (24) (25)
Rapide – – ◦ + – – +
Moriconi et al. + – – – – + ◦
Garlan + – – – ◦ + –

– = not satisfied; ◦ =partially satisfied; + =completely satisfied

2.4 Summary

From the preceding survey of related work, we can conclude that there is no
complete approach to a platform-consistent development of dynamic software
architectures. Especially for the two subproblems of combining architecture
descriptions with platform models and of refining architectures across differ-
ent levels of platform abstraction, we are still missing convincing solutions
that go beyond abstract strategies.

Moreover, if we found solutions to the individual subproblems, the chal-
lenge would remain to integrate them into a homogeneous, uniform approach
for the platform-consistent development of dynamic software architectures.
This is difficult because the required formal method has to encompass both
structure and behavior in three different contexts, namely architecture mod-
els, platform models, and architectural refinement.



Chapter 3

The style-based approach – an
overview

After the evaluation of existing proposals, we will try to close the apparent
gaps by a new approach to platform-consistent architecture development.
This chapter provides a first informal introduction into the approach and
shall help to understand the interrelations between subsequent chapters.

Since architectural styles have turned out to be useful both as platform
models (see Section 2.3.2) and as source/target domains for architectural
refinement (see Section 2.3.3), we propose a style-based approach and, similar
to Di Nitto and Rosenblum, employ middleware-induced architectural styles
as platform models. However, in contrast to the classical understanding of
architectural styles they have (see p. 39), we claim that a style should not only
comprise structural patterns with vocabulary and configuration constraints
but also behavioral aspects which can be used to represent communication
and reconfiguration mechanisms of a certain middleware platform.

We will show that graph transformation theory is an appropriate formal
method to capture such an extended notion of architectural style. Thus, our
work continues the line of software architecture research using graph transfor-
mation systems reviewed in Section 2.3.1. To the existing contributions, we
will add the new role of graph transformation systems as platform-specific
architectural styles. Based on such styles, we will then investigate appro-
priate refinement conditions for a stepwise, platform-consistent architecture
development technique.

The first section of this chapter covers the style-based modeling of
platform-consistent, dynamic architectures; the second section then turns
to style-based architectural refinement.

47
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3.1 Style-based modeling

A style-based modeling process involves two different tasks and correspond-
ing expert roles: While a style architect has to provide architectural styles
capturing characteristics and mechanisms of available target platforms, the
application architect has to provide platform-consistent architecture descrip-
tions conforming to one of these styles.

Concerning the representations these experts shall use for architectural
styles and architecture models, we are facing a natural trade-off between
formality and usability: While formal representations often benefit from pre-
cise, mathematical semantics supporting model simulation and analysis, they
are usually more complex and difficult to handle for end users. Due to this
trade-off, purely formal representations would probably decrease the accep-
tance rate of the approach by practitioners.

For this reason, we propose a two-layered, hybrid approach combining
graph transformation theory with a well-known, user-friendly modeling lan-
guage like UML. As depicted in Fig. 3.1, UML serves as a “front-end” archi-
tecture description language whose operational semantics is formally defined
by graph transformation systems. To be more precise, UML provides the
basis for various style-specific ADL variants, and each of these variants is
semantically backed up by its own graph transformation system.

For defining architectural styles, style architects need expertise in both
areas: they assemble syntactical style constructs in a UML profile, setting up
a new UML variant, and define a graph transformation system as the underly-
ing operational semantics. By a formal relation, they fix the correspondences
between style syntax and semantics.

Thanks to this syntax-semantics relation, application architects can con-
fine themselves to the UML layer only: After they have modeled an architec-
ture as instance of the style with UML, they can use CASE tools to translate
these models into the corresponding graph-based representation. Beyond this
translation, CASE tools can also exploit the style semantics in order to com-
pute a graph transition system which is open to further analysis, simulation,
and – as we will see later – behavioral refinement checks.

In the following subsections, we will explain the two (vertical) layers
shown in Fig. 3.1 in more detail.

3.1.1 Formal, graph-based descriptions

The formal description of dynamic architectures is sketched in the right part
of Fig. 3.1. We advocate graphs to represent architecture models and graph
transformation systems, consisting of a graph schema and a set of graph
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Figure 3.1: Style-based modeling – an overview

transformation rules, to represent architectural styles. Based on the opera-
tional semantics of graph transformation rules, we will be able to express an
architecture’s behavior in form of a graph transition system, which is derived
from a dedicated start graph representing the initial configuration.

Our decision for graph transformation theory is in the tradition of exist-
ing graph transformation-based ADLs (as reviewed in Section 2.3.1), which
have already documented the expressiveness and suitability of graph trans-
formation for formal descriptions of dynamic architectures. But, while they
use graph transformation rules to describe the behavior of a particular ap-
plication, we conceptually separate styles from individual architectures by
lifting the transformation rules to the application-independent style level.

We will show that graph transformation systems smoothly fit to repre-
sent architectural styles: the graph schema defines the style vocabulary (12)
plus topological constraints (13), and the graph transformation rules de-
scribe available communication (14) and reconfiguration mechanisms (15).
This way, we provide better style definition capabilities than the existing
ADLs surveyed by Di Nitto and Rosenblum [118] which reflect the structural
part of architectural styles only, without communication or reconfiguration
mechanisms.
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Graph schema and instance graphs. As the name suggests, a graph
schema characterizes a certain class of graphs. For this purpose, it defines a
type graph with node and edge types and how instances thereof can be com-
posed to legal graphs. Additional constraints can be used to further restrict
the class of legal graphs. Members of the schema, which are typed over the
type graph and satisfy the relevant constraints, are called instance graphs.
Using a familiar notation, we can think of a graph schema as UML class
diagram and of instance graphs as UML object diagrams [121].

Since we use a graph schema as part of a platform-specific architectural
style, its type graph establishes a platform-specific vocabulary and the addi-
tional constraints reflect platform-specific, topological constraints on instance
graphs. Examples of type graphs and constraints can be found for an abstract
component-based style and a service-oriented style in Chapter 5.

Valid instance graphs of such a graph schema represent architectures con-
forming to that style. The correctness of an instance graph with respect to the
type graph can easily be checked by the existence of a graph homomorphism
as explained in Section 4.1. This way, we can realize the required structural
instantiation of platform models by architectures through a straight-forward
type checking algorithm (17).

Graphs are an abstract and generic means of representation which is
frequently used for both structural and behavioral modeling in software
engineering. Thus, provided that the graph schema defines a comprehen-
sive vocabulary, the corresponding instance graphs can be used to capture
all aspects of architecture descriptions including component and connector
types (1), their communication (2) and reconfiguration behavior (5), as well
as individual runtime configurations with the current state of interaction (3).

Graph transformation rules. The dynamic part of a architectural style,
defining the available communication and reconfiguration mechanisms of a
platform, is captured by the graph transformation rules. Each rule defines
a certain modification of instance graphs. As our instance graphs represent
architectural configurations and current interaction states, such transforma-
tions smoothly fit to represent reconfigurations or communication steps.

Note that, in contrast to the approaches of Le Métayer [91] and Hirsch
et al. [68, 69], we do not use graph transformation rules as production rules
of a graph grammar restricting the set of legal graphs for architecture de-
scriptions; this issue is already handled by the declarative graph schema.
Similar to Taentzer’s approach [150], the transformation rules rather specify
what actually happens when communication or reconfiguration operations
are invoked.
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A graph transformation rule defines the preconditions and effects of a
single operation in terms of two graph patterns: The left-hand side pattern is
required to occur in an instance graph before the rule can be applied, and the
right-hand side pattern specifies the appearance of this occurrence after a rule
application. Thus, the differences between left- and right-hand side determine
the actual changes of the identified occurrence. As both graph patterns are
typed over the style’s type graph, the rules conform to the platform-specific
vocabulary.

As a first example, consider the two symmetric rules for component con-
nection and disconnection in Fig. 3.2.1 From left to right, the rule connect
requires that there are two components, one requiring an interface which is
provided by the other. By applying the rule, the two components connect
their ports. The disconnect rule works the other way round. More complex
examples can be found in Chapter 5.

1

«component»
c2

«component»
c1

«component»
c2

«component»
c1

connect

disconnect

Int Int Int

Figure 3.2: Transformation rule examples for component (dis-)connection

Besides transformation rules expressing reconfiguration operations like
connect and disconnect, there are also transformation rules expressing commu-
nication operations. This is possible because we will also equip the instance
graphs with nodes and edges for the current communication status, e. g., for
the signals and messages which are currently on the way. Any progress of
ongoing communication can then be captured by suitable graph transforma-
tions, too.

This way, we can describe both communication and reconfiguration mech-
anisms with graph transformation rules. In contrast to most existing graph
transformation-based ADLs (cf. Table 2.1), we achieve a uniform formal un-
derpinning for both kinds of architectural behavior, as desired in Req. (10).
For brevity, we also call communication-related transformation rules commu-
nication rules, and reconfiguration-related ones reconfiguration rules.

1As the formal rule notation follows in Chapter 4 only, we represent the two rule sides
using an intuitive UML syntax.



52 CHAPTER 3. OVERVIEW OF THE APPROACH

Simulation of architectural behavior. Due to the operational semantics
of graph transformation rules (formally defined in Section 4.2), the commu-
nication and reconfiguration operations can be simulated by applying the
transformation rules to instance graphs. As our instance graphs represent
architectural runtime states, any application of a graph transformation rule
yields a new runtime state simulating the effect of the corresponding oper-
ation. From the new state, another rule application leads to another state,
and so on.

When simulating an architecture model in this way, we have to ensure
that the communication and reconfiguration rules are only applied according
to the respective component behavior specifications. In Chapter 5, we will
show how to couple the rule applications with the behavior specifications
of the current architecture model so that a simulation exactly reflects how
components and connectors invoke the available platform services.

Since a distributed architecture contains many components running in
parallel, usually several components want to invoke a communication or re-
configuration operation simultaneously. However, since simultaneous rule ap-
plications easily lead to conflicts if the individual applications are not inde-
pendent from each other, we will approximate the required parallelism by a
concurrent execution semantics.

For this purpose, we will exploit another important property of graph
transformation systems, namely its inherent non-determinism: In the absence
of additional control constructs and other means like priorities, an interpreter
of the graph transformation system can arbitrarily choose one of the currently
applicable rules and one of the valid left-hand side occurrences. Thus, in
each step, the progressing component is selected non-deterministically. This
way, we achieve an interleaving semantics which approximates parallelism by
concurrent behavior.

Graph transition systems and model analysis. Based on the simu-
lation of single communication and reconfiguration steps, we will derive a
graph transition system as a complete representation of all possible runtime
evolutions of an architecture. A graph transition system has instance graphs
as states and rule applications as state transitions. From a given start graph,
it is constructed by recursively applying all enables rules to previously de-
rived instance graphs. This way, the transition system reflects all possible
execution traces of the concurrent architectural behavior.

A simplified2 example of a graph transition system is shown in Fig. 3.3. Its

2As instance graphs are formally introduced in Chapter 4 only, the runtime states are
sketched using UML component diagrams.
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start graph, depicted at the left, represents a possible initial configuration of
the travel system with all participating components still being unconnected.
The other states and their incoming and outgoing transitions represent all
possible applications of the two reconfiguration rules connect and disconnect
known from Fig. 3.2.
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Figure 3.3: Transition system as operational architecture model

Such a graph transition system representing the complete architectural
behavior is an important prerequisite for various analysis and model checking
tools which can verify a wide bunch of properties. For instance, we will be able
to check if a certain desired or undesired state or sequence of states can occur
during system execution (9). Model checking based on graph transformation
systems is a young field of ongoing research. In Chapter 8, we will present
two promising tools and discuss their capabilities as well as limitations.

Beyond analysis in general, graph transition systems also play an impor-
tant role in our approach for checking behavioral refinement at a semantic
level, as explained in Section 3.2.
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3.1.2 UML as concrete syntax

The flexibility of graphs as generic means for architecture descriptions is
traded off against a decreasing usability when it comes to models of larger
size. Especially when including various aspects like type and behavior defini-
tions as well as runtime configurations in a single instance graph, these graphs
will quickly become intricate and contradict our usability requirement (11).

For this reason, we add a UML layer on top of the graph-based represen-
tation, as depicted in the left column of Fig. 3.1. Instead of using intricate in-
stance graphs, application architects can then design software architectures –
modularized into different views – using various UML diagram types. Inter-
nally, CASE tools will translate these models into the corresponding formal
graph representation so that the above mentioned graph transition system
can still be derived and used for further analysis and refinement checks.

UML diagrams. UML’s visual representations borrow from various well-
known notations for both software structure and behavior, e. g., use cases [78],
class diagrams [135], state charts [57], and message-sequence charts [77].
Meanwhile, UML has become a de-facto standard in practical software mod-
eling. And, a reasonable subset of UML is suited to represent different views
on software architectures [106].

For example, UML component diagrams represent the structure of an
architecture in terms of components, their interfaces, and their connections.
Component diagrams can be used at two levels: at the type level to define
component types and at the instance level to define runtime configurations
of component instances. Revisiting our travel application, the component
diagram in Fig. 3.4 shows some of the component types, associated ports,
and provided (circle) or required (half-circle) interfaces. The corresponding
instance-level diagram depicting a possible runtime configuration has already
been shown in Fig. 1.1.
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Figure 3.4: UML component diagram

Other diagram types supporting architecture modeling are, among others,
UML class diagrams for interface definitions and state charts or activity
diagrams for behavior of components and connectors.
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UML profiles. Unfortunately, UML does not provide any first-class con-
struct for defining and incorporating architectural styles. However, as archi-
tectural styles restrict the set of legal architecture models concerning vocab-
ulary, constraints, and allowed operations, they can be considered part of the
language definition rather than part of the model. Accordingly, we propose to
define architectural styles at the UML meta-level, namely by UML profiles.

In order to understand UML profiles, one has to know that UML’s ab-
stract syntax is fixed by a MOF meta-model [121]. A profile extends this
meta-model by stereotypes and additional constraints. Stereotypes special-
ize existing meta-model elements and can be used by a style architect to
adapt UML to the style vocabulary. Constraints restrict the rules for com-
posing modeling constructs and can be used by a style architect to impose
topological constraints of the style.

This way, a style architect derives a style-specific UML variant. Appli-
cation architects can then use the new, style-specific UML variant for their
architecture models. According to the UML principles, these models are in-
stances of the extended meta-model and have to adhere to the profile defi-
nitions and restrictions. Consequently, they automatically comply with the
underlying style and platform model, respectively.

For example, consider a style architect defining a UML profile for service-
oriented architectures. In SOA, software components providing their func-
tionality to other components are called services. In order to distinguish
them from ordinary components, the style architect could introduce a new
stereotype �service�. An application architect who wants to describe a SOA
variant of our travel application could then assign this stereotype, e. g., to
the service components TravelAgency and Airline, as shown in Fig. 3.5.
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Figure 3.5: UML component diagram in a service-oriented style
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The functionality and interfaces of a service are published using suitable
description documents. As these descriptions play a central role for dynamic
service discovery and binding by service requesters, they are included as
stereotyped artifact symbols in the architecture model, too. Moreover, the
special dependency stereotypes �describe� and �know� reveal which service
a description refers to and who else knows this description, respectively.

A service-oriented architecture also contains a discovery service mediating
between service providers and requesters. It is modeled like a service but
with the special stereotype �discovery�. If the other components �know� its
description, they can initiate service publication and discovery activities.

Modeling platform-specific behavior. As mentioned at the beginning
of this chapter, architectural styles also comprise available communication
and reconfiguration mechanisms for the behavioral part of architecture mod-
els. With the UML profiling mechanism, such platform mechanisms can be
expressed by stereotypes specializing generic UML action types to be used
for behavior descriptions, e. g., in activity diagrams.

This way, the stereotyped actions of an activity diagram represent compo-
nents or connectors invoking style-specific communication and reconfigura-
tion operations. In this work, we prefer UML activity diagrams to state charts
because their action-centered notation better allows to insert the stereotypes
for style-specific operations.

Figure 3.6 shows two activity diagram examples, one for the TravelA-
gency and one for the Client component type. Both diagrams are given in an
business-oriented style which provides mechanisms for connecting and discon-
necting components, for sending and receiving remote interface calls, and for
sending and receiving response messages. The stereotypes like �connect� or
�disconnect� indicate which platform mechanism an action refers to, and the
lower labels indicate which element of the architecture the action refers to.

In the example, the TravelAgency component awaits connections to its
JourneyProvider port and incoming calls to a provided bookJourney operation.
Assuming that booking a journey includes booking a suitable flight, the next
action connects the FlightRequester port to an airline component where the
bookFlight operation can be called. After possible further actions, which we
omit in the example, the TravelAgency sends a response message to the client,
closes the opened connections again, and waits for new requests from other
clients. The behavior of the Client component is complementary to that of
the TravelAgency: The client sends the call and receives the response of the
travel agency.

The service-oriented style includes additional mechanisms, e. g., for ser-
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1

TravelAgency

«connect»
(JourneyProvider)

«receiveCall»
bookJourney

«connect»
(FlightRequester)

«callOperation»
bookFlight

«sendResponse»
bookJourney

«receiveResponse»
bookFlight

«disconnect»
(JourneyProvider)

«disconnect»
(FlightRequester)

…

«connect»
(JourneyRequester)

«callOperation»
bookJourney

«receiveResponse»
bookJourney

«disconnect»
(JourneyRequester)

Client

Figure 3.6: UML activity diagrams

vice publication and discovery. The complete definition of the corresponding
UML profile can be found in Chapter 6.

Semantic domain for UML models. Although the new action (stereo-)
types refer to available platform operations, they do not at all explain what
happens to a configuration when such an operation is executed. This is due
to the fact that stereotypes are syntactic constructs only, and there is no
means in the profiling mechanism to formally define their execution seman-
tics. However such semantics is required for computations like simulation or
behavioral refinement checks (8).

The solution to this problem lies in a relation between the UML layer
and the graph transformation layer: If style architects relate the syntactical
constructs of the UML profile with the transformation rules they have de-
fined in the graph transformation layer, then these rules provide the required
semantics definitions. For instance, the transformation rules of Fig. 3.2 can
reveal the effects of the �connect� and �disconnect� actions used in Fig. 3.6.
Now it becomes obvious why we have called the UML profile in Fig. 3.1 style
syntax, whereas the graph transformation system is referred to as the style
semantics.

If simulation or analysis tools want to execute a UML architecture model
according to the graph transformation-based semantics, they have to trans-
late the model into an equivalent instance graph which they can apply the
graph transformation rules to. In order to facilitate such translations between
the UML- and the corresponding graph-based representation of an architec-
ture, the style architect has to formally define the syntax-semantics relation
between the extended UML meta-model and the graph schema of the graph
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transformation system (cf. Fig. 3.1).
The idea to use graph transformation systems as semantic domain for

UML models is inspired by the approach of Engels et al. [42], called dynamic
meta-modeling. They apply graph transformations to specify operational se-
mantics of modeling languages like UML, too.

Besides the necessity to define the meaning of new, style-specific language
extensions, there are two more reasons for a separate semantic domain: First,
the standard UML semantics definition is an informal, general-purpose de-
scription only which does not allow any serious analysis or simulation, either.
Second, we consider the choice of UML as one possible option for the syntax
of architecture models only; with the separate semantic domain, our approach
can also be combined with different notations if desired.

We agree that the usage of style-specific UML profiles and graph schemas,
respectively, can be considered as defining platform-specific ADLs. However,
different to the platform-specific ADLs criticized in Section 2.3.2, our ADL
variants are defined in a systematic and uniform way, share a large part of
the syntax (UML), and have the same semantic underpinning (graph trans-
formations). Moreover, the approach can be applied to arbitrary platform
types.

3.2 Style-based refinement

For a stepwise platform-consistent development as motivated in Chapter 1,
the modeling of architectural styles and dynamic architectures is not enough.
On top, we will introduce a refinement approach which allows to confirm
whether a concrete architecture (given, e. g., in a platform-specific style) com-
plies with an abstract one (given, e. g., in a business-oriented style).

The survey in Section 2.3.3 has exhibited that most existing solutions for
architectural refinement concentrate on refinement of structure but do not
sufficiently support refinement of behavior. In particular, the requirements
behavior preservation (20), observational substitutability (21), semantic re-
finement (22), and context dependency (23) are not satisfied. Our intention
is to complement the existing work by especially focusing on these aspects
of behavioral refinements.

Of course, we also aim at a smooth integration with the style-based mod-
eling approach sketched in the previous subsection. In this context, it is
important to note that we can use architectural styles to describe platform
models at various levels of abstraction (cf. Fig. 1.5). This way, styles repre-
sent the source and target domain of a refinement step, respectively. Actual
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refinement checks for a given pair of abstract and concrete architectures
will be based on a predefined relationship between the involved architectural
styles. This principle of style-based refinement has already been advocated
by Moriconi et al. [114] and Garlan [48] (see Section 2.3.3).

The relationship between abstract and concrete styles shall help to bring
instances of these styles to the same level of abstraction. This is a prerequi-
site for comparing the structural and behavioral parts of two models which
undergo a refinement check. Basically, there are two options to overcome the
gap between the two levels of abstraction: One could either refine the abstract
architecture by adding all necessary details about the underlying middleware
and how to use its capabilities, or project the concrete architecture to the
abstract level by removing all these details. Both alternatives, refinement and
abstraction, are sketched in Fig. 3.7.

1

abstract architecture

business-oriented architectural style

concrete architecture

platform-specific architectural style

refinement abstraction

Figure 3.7: Refinement vs. abstraction

For a given pair of abstract and concrete architectural styles, it is easier to
define an abstraction function removing platform-specific details rather than
a refinement function. This is because refinement functions adding such de-
tails usually depend on a number of application-specific design decisions and,
thus, cannot hold for all instances of the two styles. On a service-oriented
middleware, for example, it depends on the individual application which busi-
ness component is refined into a service and which not.

Consequently, we will base our refinement checks on abstraction functions
for every pair of related abstract and concrete architectural styles. We define
the abstraction functions at the style level so that they apply to any instance
of the concrete style (24).
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Figure 3.8 illustrates the effect of an abstraction function for service-
oriented architectures, applied to the SOA-specific configuration of our travel
application (Fig. 3.5). The abstraction function removes platform-specific
elements (e.g., descriptions and discovery services) and translates remaining
elements into the abstract vocabulary (e.g., �service� into �component�).
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«component»
Client

«component»
TravelAgency

«component»
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Flight-
Booking

Journey-
Booking
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Provider
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abstraction
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«service»
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:Journey-
Provider
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Provider:Journey-
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«describe» «describe»
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Requester
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DiscoveryEngineP

«describe»

«know»
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«know»

Travel-
Descr.
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Discovery-
Descr.

D

Airline-
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D

:Publication-
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:QueryPort F

Figure 3.8: Effect of an abstraction function

Though Fig. 3.8 shows the effect of an abstraction function in the UML
syntax, we formally define these functions in our semantic domain, i. e., for
graphs being instances of the corresponding graph schemas. In doing so, we
benefit from the clarity of the semantic domain, do not have to cope with
syntax-specific constructs, and retain the independence of a specific notation.

Hence, an abstraction function translates instances of the concrete graph
schema into instances of the abstract graph schema. There is a range of
possibilities to express this relationship between the two graph schemas, from
simple mappings between node and edge types up to more complex ones
defined by special graph transformation rules (see Section 7.2.1).

After a concrete architecture has been projected to the abstract level
using an abstraction function, one can easily compare it with the abstract
model and check if both contain the same business-relevant components and
functional entities.
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So far, we have outlined a rough strategy for structural refinement checks
only; more details will be given in Section 7.2. An analogous method for
behavioral refinement checks would require a fixed relationship between the
communication and reconfiguration operations of the platform-specific and
the platform-independent architectural style. Using graph transformation
systems as semantic domain, this relationship would amount to a mapping
between the corresponding graph transformation rules.

However, a solution based on such a fixed mapping would not satisfy our
requirements of semantic interpretation (22) and context dependency (23):
Semantic interpretation demands a solution which is capable to deal with
divergent platform mechanisms which cannot simply be matched because of,
e. g., different side effects. And, context dependency prohibits fixed mappings
because it requires alternative refinements in different contexts.

For these reasons, we propose another approach which allows to decide
behavior preservation and observational substitutability without a fixed map-
ping between abstract and concrete operations. Instead, our solution is based
on a comparison of the two graph transition systems representing the com-
plete behavior of the concrete and the abstract architecture (see Section 7.3).

Each path in one of the two transition systems stands for a possible
scenario of communication and reconfiguration steps caused by the archi-
tecture’s constituents. Roughly speaking, we can decide behavior preserva-
tion (20) by checking if every such path in the abstract transition system
has a correspondent path in the concrete transition system, and observa-
tional substitutability (21) is decided the other way round.

As we do not assume a fixed relationship between abstract and concrete
operations, the comparison of paths cannot simply be based on a comparison
of individual transitions, which represent rule applications. Instead, we will
present a refinement relation which compares the states reached on those
paths. In order to identify compatible states, we can reuse the above sketched
strategy for structural refinement with abstraction functions.

Figure 3.9 illustrates a state-based refinement check of two transition
system paths. Given an abstraction function mapping concrete states sc to
abstract states sa, we will check whether every concrete state has an abstract
counterpart and vice versa. Moreover, the order of states must be preserved.

The example reveals that several consecutive states of the concrete path
may be mapped to the same abstract state (but not vice versa). The rationale
behind is that platform-specific behavior is more fine-grained and usually in-
cludes middleware-related operations which do not alter the business-relevant
parts reflected in the abstract runtime state. Consequently, as the refinement
of a transition is determined by the refinement of its source and target states,
a single abstract transition may be refined into multiple transitions at the
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1

sa
1

state
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Figure 3.9: State-based refinement check of transition system paths

platform-specific level.
Remember that every transition in a graph transition system represents

the application of a certain graph transformation rule. Since the refinement
of a transition is not determined by a predefined mapping between these
transformation rules but by a mapping between actual runtime states which
subsume the effects of previous operations, different occurrences of a certain
abstract operation can be refined differently. This way, we will be able to
satisfy the context dependency requirement (23).

The relationship between the states of two transition systems will be for-
malized by suitable simulation relations. Their existence entails the desired
behavioral refinement properties. In Section 7.3, we will present efficient al-
gorithms which can compute whether such simulation relations exist or not.

However, we have to admit that both behavior preservation and substi-
tutability are only decidable if the number of states in the two transition
systems at hand is finite. In the unrealistic case that an architecture allows
to create an unbounded number of new component instances at runtime, the
number of reachable states would be infinite, too, and our refinement check-
ing algorithms would never terminate. The only thing we can do in such a
case is a refinement test, taking a finite subset of finite paths as test cases
(see Section 7.4). Testing is also a good compromise if the size of the archi-
tectural models grows too large for complete refinement checks, e. g., caused
by the state explosion problem.

After this informal overview of our style-based modeling and refinement
approach for dynamic architectures, the next chapter provides the graph
transformation theory we will employ as formal foundation. Readers already
familiar with graph transformation theory can safely skim through Chapter 4
and confine themselves to those aspects which are new to them. In the sub-
sequent chapters, we will then apply the theory in order to realize the above
introduced approach.



Chapter 4

Graph transformation theory –
the formal background

This chapter provides an introduction to the theory of graph transformation
systems used as formal method for modeling architectural styles and software
architectures in subsequent chapters. Note that we cannot cover all aspects of
graph transformation theory here, but we rather select those aspects relevant
for the remainder of the thesis.

Graph transformation systems in general provide an intuitive description
for the manipulation of graphs and graph-based structures as they occur
in representations of programming language semantics, data bases, object-
oriented systems, and various kinds of software and distributed systems. Due
to their formal, operational semantics, these descriptions can be analyzed
and executed using suitable graph transformation tools.

The theory of graph transformation originated from the idea to generalize
Chomsky grammars from strings to graphs. In analogy to string grammars,
graph grammars consist of a set of node- or edge-replacing production rules
that are used to define a certain graph-based language by the set of possible
derivations from a dedicated start graph.

Alternatively, formal graph-based languages can also be defined in a
declarative way using a so-called graph schema that consists of a type graph
and further constraints. By definition, all graphs that conform to the graph
schema belong to the corresponding language. Since the graph schema is used
at the meta level for the definition of a language, it is also referred to as the
meta-model of the language.

Since the declarative meta-modeling approach becomes more and more
popular, especially in the area of modeling languages with UML being the
best-known example, we apply the meta-modeling approach in this thesis,
too. Hence, for defining the set of graphs representing valid architectures of
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a certain architectural style, we do not provide graph production rules but a
declarative graph schema. We rather use graph transformation rules, which
can describe any local transformations of instance graphs of the schema, in
order to specify possible changes of system states, i. e., the effects of architec-
tural operations. Together, the graph schema and the transformation rules
constitute a graph transformation system.

In Section 4.1, we will formally define graphs and graph schemas. In Sec-
tion 4.2, we define graph transformation rules and their operational semantics
with the help of algebraic constructions. Then, in Section 4.3, we explain how
graph transformation systems can in general be applied to model and analyze
both structure and behavior of dynamic systems.

4.1 Graphs and graph schemas

When formally defining graphs and graph schemas, we already have to con-
sider the kind of graph transformation systems we want to use them for.
The reason is that the literature on how to define graph transformations and
their semantics is split into two different mathematical techniques: the set
theoretic approach and the algebraic approach. They basically differ in the
way how the local effect of a graph transformation rule is embedded into the
original host graph.

For this work, we deliberately decided to apply the algebraic approach
invented by Ehrig, Pfender, and Schneider in the early seventies [39]. The
approach builds on Category Theory, an abstract theory in mathematics, and
defines the gluing of graphs as a categorical construction. In Category Theory,
a category contains objects and arrows (called morphisms) that represent
relations between objects. Categories are abstract in the sense that they
represent anything with complex structure or even no structure at all. For
more information on Category Theory, the interested reader is referred to [90].

A basic example of a category is Set, whose objects are sets and whose
morphisms are total functions between sets. Similarly, we define the category
Graph with directed, unlabeled graphs as objects and total graph morphisms
as arrows:

Definition 4.1 (Graph and Graph Morphism). A directed, unlabeled
graph is a tupel G = (GN , GE, srcG, tarG) with disjoint sets GN of nodes and
GE of edges, and two functions srcG, tarG : GE → GN assigning source and
target nodes to each edge.

A graph morphism f : G → H of two graphs G and H is a pair of total
functions f = (fN : GN → HN , fE : GE → HE) preserving source and target,
i. e., satisfying srcH ◦ fE = fN ◦ srcG and tarH ◦ fE = fN ◦ tarG.
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A graph morphism is injective or surjective if these properties apply to
both functions respectively. If fN , fE are bijective, the graph morphism is
also called isomorphism. If there is an isomorphism i : G→ G′, then G and
G′ are called to be isomorphic (G ∼= G′).

In statements about both nodes and edges, we simply write x ∈ G (instead
of x ∈ GN ∪GE) and subsume the two morphism functions as f(x).

4.1.1 Type graphs and typing morphisms

Similar to class diagrams in object-oriented models or entity relationship
diagrams in data models, we want to use schemas to restrict the set of allowed
graphs in a declarative way. One common means to restrict the shape of an
object is to prescribe a certain type for the object. Thus, in the following
paragraphs, we will introduce the notion of typed graphs.

A first step towards typed graphs is to introduce node edge labels, re-
sulting in labeled graphs. But, one major disadvantage of labels is that edge
labels do not prescribe the types of source and target nodes. This additional
information can only be given by a type graph as introduced in [29].

A type graph TG is a graph whose nodes represent node types and whose
edges represent edge types. A graph that is typed over a type graph TG, also
called instance graph over TG, is a graph G equipped with a graph morphism
typeG : G→ TG that assigns a type to every node and edge in G.

An edge type in TG represents a structural relationship among nodes of
TG-typed graphs. This is because, due to the typing morphism, edges of an
edge type may only connect nodes of the node types that are incident to the
edge type in TG. A node type can be compared to a class and an edge type
can be compared to an association in a UML class diagram (except that we
always use directed edges). Hence, we can depict type graphs by “directed”
UML class diagrams, as shown in Fig. 4.1.

1

A contains B
next

a1:A

contains

b1:B
next b2:B b3:B

next

a2:A a3:A

contains contains

A 0..*
contains B1

next0..1

0..1

Figure 4.1: Exemplary type graph as UML class diagram

As type graphs can be represented by UML class diagrams, instance
graphs can be represented by corresponding “directed” UML object diagrams
as shown in Fig. 4.2. According to the UML syntax, each node is labeled by
an identifier (optional) followed by a reference to its type. Both identifier and
type reference are underlined. Edge labels do not contain an identifier but
refer to the edge type only.
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1

A contains B
next

a1:A

contains

b1:B next b2:B b3:Bnext

a2:A a3:A

contains contains

Figure 4.2: Instance graph as UML object diagram

Node type inheritance. A useful typing concept is the derivation of new,
specialized subtypes from existing types. For example, one can specialize
classes in class diagrams or entities in entity relationship diagrams. Such
subtyping allows to reuse the definition of the existing type because a sub-
type inherits all the type restrictions of its supertype. Due to this inheritance,
an instance of the subtype can be used whenever an instance of the supertype
is expected.

Moreover, subtyping can be used as a means of abstraction: Whenever
there is a number of similar types that have to be treated similarly in a certain
situation, we can generalize the different cases by introducing a common
supertype and treating this supertype only once.

For these reasons, we want to extend the flat type graphs introduced above
by a node type hierarchy reflecting the inheritance relationships between in-
dividual node types. The following definitions of type graphs with node type
inheritance are based on recent work by Bardohl et al. [9, 10]. They insert a
special kind of directed edges, called hierarchy edges, into type graphs. The
source node of a hierarchy edge represents a subtype of the target node. In
order to avoid cyclic inheritance relationships, the subgraph spanned by the
hierarchy edges has to be acyclic.

As a second extension to standard type graphs, they incorporate the no-
tion of abstract node types, also known as abstract classes in object-oriented
systems. An abstract node type is used as a generalization for a set of sim-
ilar node types which become subtypes of the abstract type. However, only
instances of the subtypes can represent real logical or physical objects while
instances of the abstract supertype are merely used as placeholders for in-
stances of its subtypes.

The below given definition of type graphs with inheritance edges and ab-
stract nodes differs from that in [9, 10] because we prefer defining inheritance
edges as a subset of all edges to introducing a separate inheritance graph. Af-
terward, we define special typing morphisms in order to type instance graphs
over type graphs with inheritance. As a special kind of instance graphs, we
distinguish concrete instance graphs which must not contain instances of
abstract node types and are thus suitable to represent real system states.
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Definition 4.2 (Type Graph with Inheritance). A type graph with in-
heritance is a triple T̂G = (TG, I, A) consisting of a type graph TG =
(TGN , TGE, src, tar), a set I ⊆ TGE of inheritance edges, and a set
A ⊆ TGN of abstract nodes.

The subgraph TG|I = (TGN , I, src|I , tar|I) is called inheritance graph.
TG|I has to be acyclic.

For each node type n ∈ TGN , the set of its subtypes, also called inheri-
tance clan, is defined by clan(n) = {n′ ∈ TGN | ∃ path n′

∗−→ n in TG|I}
where paths of length 0 are included, i. e., n ∈ clan(n).

Note that this definition also allows multiple inheritance, i. e., node types
having more than one supertype!

Figure 4.3 shows an example of a type graph with inheritance, again de-
picted as UML class diagram. Abstract node types are printed in italics, and
hierarchy edges are represented as a line with an hollow triangle as arrow-
head. The arrowhead always points to the node representing the supertype.
In the example, B1 and B2 are subtypes of abstractB.

1

A contains abstractB
next

B1

A 0..*
contains B1

next0..1

0..1

C

B2

Figure 4.3: Type graph with inheritance as UML class diagram

When defining instance graphs for type graphs with inheritance, we have
to allow instances of a subtype to have incoming or outgoing edges that are
specified for one of its supertypes. Since such an inheritance-enabled typing
cannot be expressed by graph morphisms as done for flat type graphs, the
authors of [9, 10] introduce a new kind of mapping, called clan morphism:

Definition 4.3 (Clan Morphism). Given a type graph with inheritance
T̂G = (TG, I, A) with TG = (TGN , TGE, srcTG, tarTG) and a graph G =
(GN , GE, srcG, tarG); a clan morphism typeG : G→ TG is a pair of functions
typeG = (typeN : GN → TGN , typeE : GE → TGE \ I) with:

• ∀e ∈ GE : typeN ◦ srcG(e) ∈ clan(srcTG ◦ typeE(e)) and

• ∀e ∈ GE : typeN ◦ tarG(e) ∈ clan(tarTG ◦ typeE(e)).

typeG is called concrete, if ∀n ∈ GN : typeN(n) /∈ A.
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Note that a clan morphism maps edges in GE only to non-inheritance
edges (TGE \ I). Inheritance edges are responsible for the clan constructions
allowing to connect edges also to subtype instances. For a clan morphism to
be called concrete, it must not map any node to an abstract node type.

If f : H → G is a graph morphism, then typeG ◦ f : H → TG is a clan
morphism, too [9]. With the help of clan morphisms, we can now provide a
more general definition of instance graphs also respecting inheritance:

Definition 4.4 (Instance Graph). Given a type graph with inheritance
T̂G, a T̂G-typed instance graph 〈G, typeG〉 is a graph G equipped with a clan
morphism typeG : G → TG. It is called a concrete instance graph, if typeG

is a concrete clan morphism.
For the sake of better readability, we will write G instead of 〈G, typeG〉 if

the context reveals that we are considering instance graphs.

In analogy to clan morphisms, we call instance graphs without abstract
nodes concrete. While all instance graphs, also those containing abstract
nodes, can be used like patterns subsuming certain conditions on system
states, e. g., preconditions of a graph transformation rule (see Section 4.2),
only concrete instance graphs can be used to represent concrete system states.

The two object diagrams in Fig. 4.4 provide examples of instance graphs
over the type graph of Fig. 4.3. The left one (a) is not concrete as some nodes
have the abstract type abstractB. Usually, such instance graphs are used as
graph patterns which is indicated by not underlining the node identifiers in
the object diagram. On the contrary, the instance graph at the right (b) is a
concrete one. Due to the clan morphism construction, its nodes of type B1
and B2 may have edges of type next and contains as they are inherited from
their common supertype abstractB.

1

a1:Acontains

b1:abstractB

next

b2:abstractB

b3:abstractB

next
a2:A

a3:A

contains

contains

a1:Acontains

b1:B1

next

b2:B1

b3:B2

next
a2:A

a3:A

contains

contains

A contains abstractB
next

B1 B2

(a) instance graph as pattern (b) concrete instance graph

Figure 4.4: Instance graphs typed by clan morphisms
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The different typings of the two instance graphs in Fig. 4.4 are related
because every node of the right graph (b) has a type which is equal or a
subtype of the corresponding type used in the left graph (a). As a conse-
quence, the system states covered by (b) are a subset of the states covered
by (a). This relation is formally defined in [10] as a half order relation over
clan morphisms: A clan morphism is said to be a type refinement of another
one, if it assigns more concrete node types to the same instance graph.

Definition 4.5 (Type Refinement). For a given graph G and type graph
TG, a clan morphism type′G : G→ TG is a type refinement of another clan
morphism typeG : G→ TG, denoted by type′G ≤ typeG, if

• ∀n ∈ GN : type′N(n) ∈ clan(typeN(n)) and

• type′E = typeE.

Under this type refinement relation, a concrete instance graph 〈G, typecon
G 〉

conforms to a given pattern graph 〈G, typeG〉, if typecon
G ≤ typeG.

4.1.2 Attributes and typed attributed graphs

Node attributes can be used to store additional information in a node. As
known from object-oriented languages, an attribute consists of a name and a
data value. In the context of typed graphs, we have to declare the attributes
belonging to a certain node type by their name and data type in the type
graph. In a corresponding instance graph, every instance of the node type
can the carry its own values for these attributes.

In connection with graph transformations, attributes can be used, e. g., as
special labels that identify certain nodes along a sequence of transformation
steps. They are also useful to restrict the applicability of transformation
rules to situations in which involved nodes have specific attribute values.
For these reasons, we will allow graph transformation rules to query current
values of attributes and to assign new values during a transformation step
(cf. Section 4.2).

Typed, attributed graphs and attributed graph transformations have been
formally defined by Heckel et al. in [60]. They use abstract data types defined
as algebras which also comprise operations performing computations on at-
tribute values. Since we do not consider such computations on attributes, we
simplify their approach concerning this aspect but, at the same time, extend
it towards type graphs with node type inheritance. Node type inheritance
implies that a descendant node type inherits all the attributes of its super-
types. Besides, it should be possible to supplement the inherited attributes
with new ones.
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In contrast to earlier approaches like [93], Heckel et al. [60] regard at-
tributed graphs as a special case of ordinary graphs. They introduce special
data nodes that represent attribute values. Additional edges leading from or-
dinary nodes, now called object nodes, to data nodes represent the attributes.

Definition 4.6 (Attributed Graph). A graph G = (GN , GE, srcG, tarG)
is attributed over a data node set A, if A ⊆ GN and ∀e ∈ GE : srcG(e) /∈ A.

Attributed graphs can occur at both levels, as type graphs and as instance
graphs. In type graphs, the attributes are in fact attribute declarations, and
their values are in fact sort names that determine possible values to be as-
signed to the attributes in an instance graph.

Similarly to the terminology for database systems, we call the set of all
possible values that can be assigned to attributes a domain. The values be-
longing to the domain are partitioned into disjoint sorts representing differ-
ent basic data types. A subset of the value domain consists of variable names
which can be assigned to attributes instead of concrete values.

Definition 4.7 (Domain). A domain Dom = (SN, V, X, sort) is a tuple
with a set SN of sort names, a set V of attribute values including a subset
X ⊆ V of variable names, and a function sort : V → SN associating every
value and variable with a sort.

Since we want to declare node attributes in a type graph by using sort
names as attribute values, type graphs are attributed over the set of sort
names SN . This leads to the following extension of type graphs:

Definition 4.8 (Attributed Type Graph). For a given domain Dom =
(SN, V, X, sort), a Dom-attributed type graph is a type graph with node in-
heritance T̂G = (TG, I, A) where TG is attributed over SN .

1

A contains abstractB
next

B1 B2

name : Stringnew : Bool
A contains abstractB

next

B1 B2Bool String

new name

(a) formal syntax (b) UML-like syntax

Figure 4.5: Attributed type graph

As an example, we supplement the known type graph with two attribute
declarations over a domain with String and Bool as sorts. Figure 4.5(a) illus-
trates the formal understanding of attributes as edges leading to special data
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nodes, whereas Fig. 4.5(b) uses the UML syntax printing attributes within
an extra compartment of the owning class symbol. For the sake of clarity
and conformance with UML, we will stick to this short-hand notation for
attributes and attribute declarations in the rest of the thesis.

Instance graphs of attributed type graphs are attributed over concrete
values and variables. The attribute declarations of the type graph including
inherited attributes are implicitly respected by the clan morphism construc-
tion. We only have to ensure that the clan morphism maps data nodes to the
right sort nodes of the type graph:

Definition 4.9 (Attributed Instance Graph). Given a domain Dom =
(SN, V, X, sort) and an Dom-attributed type graph T̂G, an attributed in-
stance graph is a T̂G-typed instance graph 〈G, typeG〉 with G attributed over
V and typeN(v) = sort(v) for all v ∈ V .
〈G, typeG〉 is a concrete attributed instance graph, if it is a concrete T̂G-

typed instance graph according to Def. 4.4 and tarG(e) /∈ X for all e ∈ GE.

Note that this definition excludes variables x ∈ X as attribute values
in concrete instance graphs. This exclusion is necessary because concrete
instance graphs shall describe concrete system states, whereas variables are
used as placeholders for arbitrary attribute values in graph patterns, e. g., in
graph transformation rules (see Section 4.2).

Attributed instance graphs are usually infinite; e. g., for the sort IN of
natural numbers there is a separate data node for every n ∈ IN. However,
since data nodes are always kept unchanged, there is no need to explicitly
represent this infinite set of data nodes. We rather represent only those data
nodes that are linked to at least one object node by an attribute edge. Fig-
ure 4.6 illustrates this for an attributed version of the already known instance
graph, again using the formal representation (a) and the equivalent UML syn-
tax (b). UML object diagrams do not show the types of attributes, but they
can easily be derived from the underlying class diagram.

Eventually, we extend the notion of graph morphism to attributed in-
stance graphs as follows:

Definition 4.10 (Morphism of Attributed Instance Graphs). A mor-
phism f : 〈G, typeG〉 → 〈H, typeH〉 of two instance graphs 〈G, typeG〉 and
〈H, typeH〉, both attributed over V , is a graph morphism of G and H which

• is the identity on V ,

• does not map object nodes to data nodes, i. e., ∀n ∈ GN\V : fN(n) /∈ V ,

• preserves the typing, i. e., typeH ◦ f = typeG.
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contains
next

next

contains

contains

a1:A
new = true

a2:A
new = false

a3:A
new = true

b1:B1
name=‘xyz’

b2:B1
name=‘abc’

b3:B2
name=‘rst’

containsnext

next

contains

contains

a1:A

a2:A

a3:A

b1:B1

b2:B1

b3:B2

‘xyz’:String
name

true:Bool

false:Bool

‘abc’:String
name

‘rst’:String
name

new

new

new

(a) formal syntax (b) UML-like syntax

Figure 4.6: Attributed instance graph in formal and UML-like syntax

4.1.3 Cardinalities and other constraints

For a graph schema, a type graph is complemented with a set C of con-
straints which further restrict the set of valid instance graphs. In order to
decide whether a given graph conforms to a schema or not, each kind of con-
straint has to be accompanied by a suitable notion of constraint satisfaction.
Provided this notion, one can in principle use any constraint language or
formalism; in our work, we use cardinalities and OCL expressions.

Cardinalities. In many cases, it is important to restrict the number of
nodes which may be connected through an instance of a certain edge type. In
UML class diagrams, this restriction, specified by a range of values, is called
the cardinality of an association end. A cardinality at the target end of an
edge type specifies lower and upper bounds for the number of nodes which
may be connected to one source node across edges of the given edge type. A
cardinality at the source end of an edge type is interpreted analogously.

Figure 4.7 revisits our type graph example and adds cardinalities to all
edge types. In the UML syntax, the symbol ”∗“ means ”unbounded“.1 Thus,
any instance of abstractB or its subtypes may contain an unbounded num-
ber of A-nodes. However, each A-node may only be linked to at most one
abstractB-, B1-, or B2-node. The next-edges can connect nodes of the ab-
stractB clan to linear lists only. For better readability, we will omit unre-
stricted cardinalities [0..∗] in future class diagrams.

Note that cardinalities can also be used to define the multiplicities of
attributes, because attributes are formally defined as special edges. In the

1formally, we define ∀n ∈ IN : n < ∗.
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1

0..* 0..1

0..1

0..1
A contains abstractB

next

B1 B2

name : Stringnew : Bool [0..1]

Figure 4.7: Type graph with cardinalities

example, the cardinality [0..1] for the attribute new in node type A states
that it is an optional attribute. The default cardinalities for attributes are
[0..∗] at the source end and [0..1] at the target end of an attribute edge. This
means that all instances of the object node, regardless of their number, may
have at most one value for that attribute.

Given a type graph T̂G = (TG, I, A), we formally define cardinality
constraints for all non-inheritance edges TGE \ I by two pairs of functions
minSrc, minTar : TGE\I → IN0 and maxSrc, maxTar : TGE\I → IN∪{∗}
with ∀e ∈ TGE \ I : minSrc(e) ≤ maxSrc(e) and minTar(e) ≤ maxTar(e).

In order to satisfy such cardinality constraints, we have to ensure for every
node in an instance graph that the number of incoming or outgoing edges of
a certain edge type remains within the given bounds:

Definition 4.11 (Satisfaction of Cardinality Constraints). Given a
type graph T̂G = (TG, I, A) with cardinalities minSrc, minTar : TGE \ I →
IN0 and maxSrc, maxTar : TGE \I → IN∪{∗}, an instance graph 〈G, typeG〉
with G = (GN , GE, srcG, tarG) and typeG = (typeN , typeE) satisfies these
cardinalities, if

• ∀n ∈ GN ∀e ∈ TGE \I : minSrc(e) ≤ ‖incoming(n, e)‖ ≤ maxSrc(e)
with incoming(n, e) = {e ∈ GE | typeE(e) = e ∧ tarG(e) = n} and

• ∀n ∈ GN ∀e ∈ TGE \ I : minTar(e) ≤ ‖outgoing(n, e)‖ ≤ maxTar(e)
with outgoing(n, e) = {e ∈ GE | typeE(e) = e ∧ srcG(e) = n}.

OCL constraints. More complex restrictions can be defined using the
Object Constraint Language (OCL [120]), which is part of the UML. OCL is
a formal language for expressions and constraints, e. g., invariant conditions,
on UML models. While the expressiveness of OCL also allows to describe
operations that, when executed, alter the system state, we apply only that
part of the language which is used to add details to UML class diagrams or,
in our terminology, type graphs.
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For example, the following OCL expression for the type graph in Fig. 4.7
adds the restriction that an instance of node type A must always be linked
to an instance of abstractB if the value of new is false.

context A inv:

if self.new = false

then self.abstractB->notEmpty()

Concerning the satisfaction of OCL constraints by an instance graph, we
refer to the semantics part of the OCL language specification [120]. There it
is explained how an OCL expression is evaluated in the context of a given
model or, in our case, instance graph.

4.1.4 Graph schemas

The combination of a type graph and constraints is called graph schema. A
graph schema is comparable to a class diagram or ER-diagram with con-
straints expressing, e. g., cardinalities.

Definition 4.12 (Graph Schema). A graph schema GS = 〈Dom, T̂G, C〉
consists of a domain Dom, a Dom-attributed type graph T̂G = (TG, I, A)
and a set C of constraints over T̂G. The set of instance graphs over GS,
denoted by Inst(GS), is the set of all attributed instance graphs over T̂G
which satisfy the constraints C.

As mentioned at the beginning of this chapter, graph schemas can be
used as an alternative to graph grammars for defining formal, graph-based
languages. The set of allowed graphs of a language is not generated by produc-
tion rules but determined by the set of valid instance graphs. This approach
has recently become popular in the context of meta-modeling; for example,
the UML meta-model [121] can be regarded as a graph schema that defines
the set of all valid UML models, and every UML model can formally be
expressed as an instance of the UML meta-model.

4.2 Graph transformations

While a graph schema determines the set of valid instance graphs, graph
transformation rules are used to define local transformations of graphs. In
this thesis, we follow the algebraic double pushout approach (DPO) to graph
transformation as first introduced by Ehrig et al. for untyped graphs in [39].
In [30] from the Handbook of Graph Grammars [134], the interested reader
can find further insights into the basic mechanisms of the DPO approach.
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The DPO version for typed graphs was first introduced by Corradini et al.
in [29]. In this section, we propose another DPO variant for typed, attributed
graphs with inheritance. It is based on two separate extensions of Corradini’s
typed DPO approach: At first, Heckel et al. extended it to attributed graphs
but without node type inheritance [60], and, recently, Bardohl et al. proposed
an extension for node type inheritance but without attributes [9, 10]. By
combining these two extensions, we achieve graph transformation systems
which smoothly fit to the notion of graph schema defined in the previous
section.

4.2.1 Informal introduction and example

Graph transformation systems are defined by a set of rules which consist of a
left-hand side and a right-hand side each. Like other rule-based specification
languages, they adhere to the following recognize-select-execute paradigm:

1. Recognize: Determine the set of currently enabled rules by computing
all or some occurrences of their left-hand sides in the current state.

2. Select : If recognize returns more than one applicable rule or more than
one occurrence, select one rule and one occurrence of this rule for exe-
cution (following a predefined strategy).

3. Execute: Replace the selected occurrence of the left-hand side of the
selected rule by a copy of its right-hand side.

In the case of graph transformation rules, the left-hand side and the right-
hand side are instance graphs L and R. The left-hand side represents the
pre-conditions of the rule while the right-hand side describes its effects and
post-conditions. Both graphs do not have to be concrete, i. e., their nodes
may be typed by abstract types and their attributes may have variables as
values.

According to the aforementioned paradigm, such a rule can be applied
to a concrete instance graph G, also called host graph, whenever there is an
occurrence of the left-hand side L in G. In this context, occurrence means a
subgraph of G which has the same structure as L and whose elements conform
to the typing and attribute values of L. Sometimes, such an occurrence is
also called a match of L in G.

If an occurrence of L has been found in G, the rule can be applied as
follows: At first, we remove those elements from the occurrence that do not
appear in the right-hand side R of the rule. Then, we use a certain embedding
mechanism to merge the remaining graph D with an isomorphic copy of R.
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Note that – in the presence of node type inheritance – we have to allow
nodes in the occurrence of L to be typed by subtypes of their preimage types
in L. In particular, if L contains nodes with abstract types while the host
graph G is concrete, then these abstract nodes can only be matched with
nodes of concrete subtypes in G.

Furthermore, in the presence of attributed graphs we require that if at-
tributes with concrete values are specified in L, the corresponding attributes
in the occurrence of L must have the same values. If variables are used as
attribute values in L, they can be matched to arbitrary values of the same
sort the variable belongs to. However, if a variable is used several times in L
or R, we require that all its matchings in G have the same value.

Example. At the top, Fig. 4.8 depicts an example of a graph transforma-
tion rule. According to its left-hand side L, it requires as pre-condition the
existence of a node of type abstractB and two nodes of type A. One of them
has to be contained in the abstractB-node, and its attribute new has to be
set to false, whereas the attribute value of the second A-node has to be true.
According to the right-hand side R, applying this rule deletes the first A-node
and connects the second one to the abstractB-node instead.

1

n1:abstractB

contains
n2:A

new = false

n3:A
new = true

contains
next

next

contains

contains

a1:A
new = true

a2:A
new = false

a3:A
new = true

b1:B1
name=‘xyz’

b2:B1
name=‘abc’

b3:B2
name=‘rst’

L: R:

G:

next

next

contains

contains

a1:A
new = true

a3:A
new = true

b1:B1
name=‘xyz’

b2:B1
name=‘abc’

b3:B2
name=‘rst’

containsnext

next

contains

contains

a1:A
new = true

a3:A
new = true

b1:B1
name=‘xyz’

b2:B1
name=‘abc’

b3:B2
name=‘rst’

D: H:

n1:abstractB
contains n3:A

new = true

Figure 4.8: Graph transformation rule and its application
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As depicted at the bottom of Fig. 4.8, the exemplary transformation rule
can be applied to the instance graph of Fig. 4.6, here called G. One of the
possible occurrences of the left-hand side L in G is marked by the dashed
line. The occurrence has the same structure as L and, due to inheritance (cf.
type graph in Fig. 4.5), compatible types and attribute values.

Note that the node identifiers of L and its occurrence in G do not have to
be equal, because the rule represents a reusable pattern which is applicable
to any proper match, regardless of node identifiers. Instead, node identifiers
play an important role for identifying corresponding nodes of the left- and
right-hand side of a rule.

The graph D at the bottom of Fig. 4.8 shows the intermediate stage of the
transformation where node a2, the match of node n2 in G, has already been
removed. Eventually, graph H shows the final result of the transformation
with node a3, the match of node n3, being connected to node b1.

Negative application conditions. So far, the left-hand side L of a trans-
formation rule specifies which pattern has to be present in a host graph before
the rule can be applied. On the contrary, we sometimes require that certain
elements are not present when a rule is applied. In such a case, we add
negative application conditions (NAC) to a transformation rule [56].

For example, remember the above illustrated transformation rule and its
application to graph G. The rule creates a new contains-edge to node n3.
Since n3 is matched to node a3 which already has an incoming contains-edge
in G, a3 eventually owns two incoming contains-edges in the result graph H.
Obviously, this outcome is not desired because, as shown in the graph schema
of Fig. 4.7, we want A-nodes to be contained in at most one B-node only.

In order to avoid such undesired matchings, we specify negative applica-
tion conditions by so-called forbidden graphs. A transformation rule can only
be applied to an occurrence of its left-hand side, if the occurrence cannot be
extended to the forbidden graph.

In our example, we have to prevent a matching of node n3 to an A-node
that is already linked with a B-node. The corresponding forbidden graph is
shown in Fig. 4.9(a). An alternative representation directly embedding the
NAC into the left-hand side of the transformation rule is shown in Fig. 4.9(b).
Under this NAC, the rule matching in Fig. 4.8 would not be valid any more,
since the forbidden node n2 could be matched with b3.

Sometimes, one also encounters explicitly given positive application con-
ditions [56]. However, as one can simply add elements whose existence is
required before a rule can be applied to the left- and right-hand sides of the
rule, such positive application conditions do not need any special treatment.



78 CHAPTER 4. FORMAL BACKGROUND

1

n1:abstractB

contains
n2:A

new = false

n3:A
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(a) alone (b) embedded into the transformation rule

Figure 4.9: Negative application condition

4.2.2 Operational semantics

In order to formally reason about graph transformations and to make the
transformation rules executable, we have to provide formal, operational se-
mantics. In particular, the embedding mechanism by which the right-hand
side R of a rule is incorporated into the intermediate graph D has to be
precisely defined.

The algebraic approach we apply in this thesis realizes the embedding by
identifying, or gluing, corresponding parts of R and D. The glued elements
in D are exactly those from the occurrence of L which have not been deleted.
They can be determined by another gluing of corresponding parts of L and D.
The approach is called Double Pushout Approach (DPO) [39], because each
of the two gluings is realized by an algebraic construction called pushout.

Formally, a DPO graph transformation rule consists of three instance
graphs 〈L, typeL〉, 〈K, typeK〉, and 〈R, typeR〉, all typed over a fixed at-
tributed type graph T̂G. The gluing graph K specifies the gluing elements
which are read during a rule application but not modified. The items of L
which are not in K have to be deleted, and the items in R which are not in
K have to be created. The graphs are connected by a pair of injective graph

morphisms (L
l←− K

r−→ R), called rule span.

Definition 4.13 (Graph Transformation Rule). For a fixed domain
Dom = (SN, V, X, sort), a graph transformation rule over a Dom-attributed

type graph T̂G is given by p = (L
l←− K

r−→ R, type, NAC), where

• L
l←− K

r−→ R is a rule span with injective graph morphisms l, r and
graphs L, K, R attributed over V ,

• type = (typeL : L → TG, typeK : K → TG, typeR : R → TG) is a
triple of clan morphisms, and
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• NAC is a set of triples nac = (N, n, typeN) with N being a graph,
n : L→ N a graph morphism, and typeN : N → TG a clan morphism,

such that the following conditions hold:

1. typeL ◦ l = typeK = typeR ◦ r

2. typeR,N(R′
N) ∩ A = ∅, where R′

N := RN \ rN(KN)

3. typeN ◦ n ≤ typeL for all (N, n, typeN) ∈ NAC

4. l,r, and all n are identities on the data nodes V .

The diagram in Fig. 4.10 visualizes the definition with arrows depicting
graph morphisms and dashed arrows depicting clan morphisms. N is the
forbidden graph of a negative application condition where N \ L represents
the forbidden structure.

N

typeN

''P
PPPPPPPPPPPPP L

typeL

  A
A

A
A

A
A

A
A

noo K

typeK

���
�
�
�
�
�

loo r // R

typeR

~~}
}

}
}

}
}

}
}

TG

Figure 4.10: Algebraic constituents of a graph transformation rule

The first condition in Definition 4.13 states that those elements in L and
R that have a preimage in K under l, r have to have the same type as their
preimage in K. The second condition states that new nodes in the right-hand
side R which are to be created by a rule application must not have abstract
types. This is due to the fact that rules must not create instances of abstract
types since they operate on concrete graphs. The third condition requires
that the typing of a forbidden graph has to be compatible with the typing
of the left-hand side (cf. Definition 4.5). Eventually, the fourth condition
requires the rule span to keep data nodes unchanged.

If the intersection L ∩ R of left- and right-hand sides is well-defined,
meaning that edges which appear on both sides are connected to the same
nodes and that nodes with the same identifier on both sides have the same
type, etc., then K is implicitly given by L ∩ R, and we can visualize a rule
without K as shown in Fig. 4.9.

A graph transformation rule can be applied to a concrete instance graph
G if there is an occurrence of the left-hand side as follows:
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Definition 4.14 (Occurrence of a Rule’s Left-Hand Side). Let p =

(L
l←− K

r−→ R, type, NAC) be a graph transformation rule typed over
T̂G = (TG, I, A) and attributed over Dom = (SN, V, X, sort). Let 〈G, typeG〉
be a concrete, attributed instance graph over T̂G. A graph morphism oL : L→
G is an occurrence of L with respect to p and 〈G, typeG〉, if

1. for all x1, x2 ∈ L with x1 6= x2 and oL(x1) = oL(x2) there are y1, y2 ∈ K
such that l(y1) = x1 ∧ l(y2) = x2 (identification condition),

2. ∀e ∈ GE : (srcG(e) ∈ DelN ∨ tarG(e) ∈ DelN) =⇒ e ∈ DelE
with DelN := oL(LN \ lN(KN))) and DelE := oL(LE \ lE(KE)))
(dangling condition),

3. typeG ◦ oL ≤ typeL,

4. oL is the identity on V \X, and

5. oL satisfies NAC, i. e., for each nac = (N, n, typeN) ∈ NAC there is no
graph morphism f : N → G such that f ◦n = oL and typeG◦f ≤ typeN .

The first two conditions of this definition form the so-called gluing condi-
tion of the DPO approach. They ensure the existence of the double pushout
construction which is required for computing a transformation step according
to Definition 4.15. The identification condition states that any two objects
from the left-hand side L may only be identified with each other in the oc-
currence oL(L), if they also belong to the gluing graph K ( i. e., if they are
preserved). The dangling condition requires that the intermediate graph ob-
tained by removing all elements from G which have to be deleted is indeed
a graph, i. e., no edges are left “dangling” without source or target node.

The third condition states that the typing of the occurrence of L has to
be a refinement of the typing of L (cf. Definition 4.5). The fourth condition
states that all data nodes with concrete values remain unchanged. Altogether,
we achieve equality of attribute values in the occurrence to those specified in
the rule. Besides, variables will be mapped to concrete values, since variables
do not occur in the concrete host graph.

The last condition ensures that a rule is not applied to an occurrence
which violates a negative application condition. It requires to check if a for-
bidden graph can be mapped to the host graph in such a way that the
mapping also includes the occurrence.

For valid occurrences of the left-hand side, the application of a rule is
defined by two steps: At first, we compute a categorical double pushout
diagram [30] in the category Graph of plain graphs and graph morphisms
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as defined in Def. 4.1. Since attributes are represented by special nodes and
edges, attributed graphs are implicitly covered [60].

In a second step, we construct the typing morphisms for the resulting
instance graphs [9]. This way, we can save the introduction of a separate cat-
egory for typed graphs as done in [29] for typed graphs without inheritance.

Definition 4.15 (DPO Graph Transformation). Let p be a graph trans-

formation rule p = (L
l←− K

r−→ R, type, NAC) typed over T̂G =
(TG, I, A) and attributed over Dom = (SN, V, X, sort), and let 〈G, typeG〉
be a concrete, attributed instance graph of T̂G.

Given an occurrence oL : L → G, the rule p can be applied, yielding a

direct (DPO) transformation step 〈G, typeG〉
p(o)
=⇒ 〈H, typeH〉 to a concrete

instance graph 〈H, typeH〉, as follows:

1. Construct the double pushout as given by the categorical diagram o in
Fig. 4.11, where top and bottom are rule spans and (1), (2) are pushouts
in the category Graph of graphs and graph morphisms. Similarly to l, r,
we require that g, h are identities on all data nodes v ∈ V .

2. Construct concrete clan morphisms typeD and typeH as follows

• typeD = typeG ◦ g

• typeH(x) =

{
typeD(x′) if ∃x′ ∈ D : x = h(x′)
typeR(x′′) else, with x′′ ∈ R ∧ x = oR(x′′)

for all x ∈ HN ∪HE.
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Figure 4.11: Double Pushout Diagram o

Note that typeH is a well-defined clan morphism with typeH ◦ h = typeD

and typeH ◦ oR ≤ typeR [9].
The DPO diagram o is a categorical way of representing the occurrence

of a rule in a bigger context. Operationally, it formalizes the replacement of
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a subgraph in a graph by two pushouts. The left-hand side pushout (1) is
responsible for removing the occurrence of L\l(K) in G, resulting in graph D.
The right-hand side pushout (2) adds a copy of R \ r(K) to D leading to the
derived graph H. If the occurrence oL satisfies the gluing conditions stated
in Def. 4.14, then the two pushouts exist and can be uniquely computed up
to isomorphism [30].

Pushout construction in the category Graph. In order to complete
the operational semantics of transformation rules, we will now briefly ex-
plain how the double pushout construction presented above can in fact be
computed. Based on the general definition of a pushout in Category Theory,
a pushout for the category Graph of graphs and graph morphisms can be
defined as follows (cf. [30, 90]):

Definition 4.16 (Pushout in the Category Graph). Given graphs
A, B, C and graph morphisms b : A → B and c : A → C, a pushout of
〈b, c〉 is a triple (D, g : B → D, f : C → D) of pushout graph D and graph
morphisms f, g as in diagram 4.12, with

1. g ◦ b = f ◦ c (commutativity),

2. for all graphs D′ and graph morphisms g′ : B → D′ and f ′ : C → D′

with g′ ◦ b = f ′ ◦ c there exists a unique graph morphism h : D → D′

such that h ◦ g = g′ and h ◦ f = f ′ (universal property).
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Figure 4.12: Pushout in the category Graph

Intuitively, a pushout is a generalized union that specifies how to merge
two graphs B and C along a common subgraph A. In a first step, we compute
the disjoint union of B and C and then we start to glue those nodes and edges
that have common preimages under b and c. For this purpose, we compute
the least equivalence relation ≈ such that for all a ∈ A : b(a) ≈ c(a). Based
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on this relation, we merge those items in the union graph that belong to the
same equivalence class respectively.

The construction of a pushout is illustrated in Fig. 4.13. The graph mor-
phisms b, c are partially indicated by dotted arrows for their node mappings.
The equivalence classes of ≈ can be computed by iterating over all nodes of
the gluing graph A. We use the equivalence classes as node identifiers in the
pushout graph D in order to highlight which nodes have been merged. The
edges are merged similarly. Eventually, the graph morphisms f, g map each
node and edge to its equivalence class.

1

8 9 10

1

b

2 3

4 5 6

7

(8) (4,9) (5,6,10)

(7)

f

gc

C

A

B

D

Figure 4.13: Construction of a pushout

This way, the pushout can uniquely be computed up to isomorphism for
any two graph morphisms with common gluing graph (a proof is beyond the
scope of this thesis). In particular, we can apply this technique to compute
pushout (2) of the DPO diagram in Fig. 4.11.

However, the situation is different for pushout (1) of that diagram because
its pushout graph G is already given; instead, the missing graph D is called
pushout complement.

Definition 4.17 (Pushout Complement in the Category Graph).
Given graphs A, B, D and graph morphisms b : A → B and g : B → D,
a pushout complement of 〈b, g〉 is a triple (C, c : A → C, f : C → D)
with pushout complement graph C and graph morphisms c, f such that
(D, g : B → D, f : C → D) is a pushout as in the diagram of Fig. 4.12.

The pushout complement graph is constructed by copying all nodes and
edges from D except for those that are in B but not in A under the respective
graph morphism. Thus, we receive

• CN = DN \ gN (BN \ bN (AN))



84 CHAPTER 4. FORMAL BACKGROUND

• CE = DE \ gE (BE \ bE (AE))

• srcC = srcD|CE

• tarC = tarD|CE

The graph morphism f has to map every node and edge in C to its origin
in D, and the graph morphism c maps every node and edge in A to its image
under f−1 ◦ g ◦ b (cf. pushout diagram in Fig. 4.12).

According to [30], the existence of a pushout complement is not always
guaranteed. However, the gluing condition stated in Definition 4.14 charac-
terizes a sufficient condition for its existence. Since an occurrence of a rule has
to satisfy this condition, we can always compute the desired pushout com-
plement for pushout (1) in Definition 4.15 in the above way. Moreover, since
the graph morphism l shown in the same diagram is injective, the resulting
pushout complement graph D of l and oL is unique [30].

In summary, the application of a transformation rule p : L ; R is per-
formed in three steps:

1. Find an occurrence of the left-hand side L in the current graph G,
formally a graph morphism oL : L → G, respecting the conditions
stated in Definition 4.14.

2. Construct the intermediate graph D as pushout complement by remov-
ing all nodes and edges from G which are matched by L \R. Since the
occurrence chosen in the first step has to satisfy the dangling condi-
tion [39], we can be sure that the remaining structure D := G\oL(L\R)
is still a legal graph, i. e., that no edges are left dangling because of the
deletion of their source or target nodes. All elements in D preserve their
types from G.

3. Construct the result graph H by gluing D with a copy of R \L. Nodes
and edges which are already existent in D preserve their types in H.
Newly created elements receive their types according to R. Note that
these types are not abstract due to Definition 4.13. Thus, the resulting
graph H is in fact a concrete instance graph. Moreover, we assume that
all newly created nodes and edges get fresh identities, so that G∩H is
well-defined and equal to the intermediate graph D.
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4.2.3 Graph transformation systems

Combining a graph schema and a set of graph transformation rules that
operate on instance graphs of the schema results in a graph transformation
system as follows:

Definition 4.18 (Graph Transformation System). A graph transfor-
mation system G = (GS, P ) consists of a graph schema GS = (Dom, T̂G, C)
and a set P of T̂G-typed, attributed graph transformation rules.

G is called consistent, if for all possible transformation steps G
p(o)
=⇒ H

with p ∈ P and G ∈ Inst(GS) it is also H ∈ Inst(GS).

A transformation sequence s = (G0
p1(o1)
=⇒ · · · pn(on)

=⇒ Gn) in G, also denoted
by G0

∗
=⇒G Gn, is a sequence of consecutive transformation steps such that

∀i = 0 . . . n : Gi ∈ Inst(GS) and ∀i = 1 . . . n : pi ∈ P .

If we assume that fresh identifiers are given to newly created elements,
i. e., ones that have not been used before in a transformation sequence, then
for any i < j ≤ n the intersection Gi ∩Gj is well-defined and represents that
part of the structure which has been preserved in the transformation from
Gi to Gj. Formally, if x ∈ Gi ∩ Gj for 0 ≤ i < j ≤ n then x ∈ Gk for all
i ≤ k ≤ j.

Note that the graphs a transformation rule consists of have to be typed
over T̂G but do not necessarily have to be an instance of the graph schema
GS. In other words, the transformation rules are not required to satisfy the
constraints C!

Nevertheless, the transformation system can still be consistent in the
sense that valid schema instances are always transformed into valid schema
instances. However, a formal proof if a given transformation system is con-
sistent or not is beyond the scope of this thesis. Again, the difficulty is not
caused by the typing – all transformation results are valid instance graphs
over T̂G by definition – but by the additional constraints, which can be
given in any suitable formalism. For the rest of this thesis, we assume that
the designer of a graph transformation system takes care of its consistency.

4.3 Transformation-based system models

After this introduction of DPO graph transformations for typed, attributed
graphs with inheritance, we will now look at the possibility to use such trans-
formation systems for modeling and analyzing dynamic software systems.

In software engineering, graph transformation systems can be used for
various specification and modeling purposes. Applications range from speci-
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fying visual languages to abstract data types, object-oriented programs, and
software architectures (for instance, see [37]). In our case, we will use them
to describe models of architectural styles, as detailed in Chapter 5.

Many of these applications have in common that graphs represent indi-
vidual system states, and a transformation step represents the evolution from
one state to a new state. In order to model the behavior of a software system
in this way, we have to provide a dedicated start graph as follows:

Definition 4.19 (Graph Transformation Model). A graph transforma-
tion model M = (G, G0) consists of a graph transformation system G =
(GS, P ) and a fixed start graph G0 ∈ Inst(GS). The operational semantics
of a model M is given by the set Op(M) of all transformation sequences
G0

∗
=⇒G Gn in G that start with G0.

This definition looks similar to that of a graph grammar. However, we do
not distinguish between terminal and non-terminal elements here. Moreover,
we do not define the semantics only in terms of a language consisting of all
derivable terminal graphs, but we are also interested in the derivation paths
of all reachable graphs, i. e., the transformation sequences.

4.3.1 Reachability properties and parsing problems

System models in general and graph transformation models in particular shall
allow the engineer to reason about properties of the system at an early stage
of the development. Since graph transformation models specify an initial
system state and rules according to which the system may evolve, an obvious
question to be analyzed is: Can the system evolve into a certain predefined
target state? In the context of a graph transformation model M = (G, G0),
the same question would read: Is a certain target state GT reachable from
the start graph G0 by a transformation sequence in G? In the following, we
call this kind of property reachability property.

In the case of graph grammars, the analogous problem is called the mem-
bership problem: Given a graph grammar and a graph G, the question is
whether G is a member of the language generated by the grammar or not.
In many cases, we also wish to parse the graph, i. e., to find a derivation tree
with the start graph as its root.

If we had an algorithm solving the membership problem, it could certainly
be adopted to analyze reachability properties of transformation models, too.
However, according to [136], the membership problem is already undecidable
for unrestricted forms of string grammars (so-called type-0 grammars). As
a consequence, it is not decidable for unrestricted graph grammars, either,
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because otherwise we could express strings as simple graphs and solve the
membership problem for type-0 languages this way.

As the membership problem is only decidable for restricted forms of graph
grammars, many existing approaches aim at efficient parsing algorithms for
grammars that are as unrestricted as possible. One promising example is the
proposal of layered graph grammars by Rekers and Schürr [128]. They apply
a certain layering function to associate a certain numbering to all nodes and
edges, and they formulate certain restrictions over graph production rules
with respect to this numbering. Despite these restrictions, the expressive-
ness of layered graph grammars goes beyond context-free graph grammars
and later extensions also allow complex constructs like negative application
conditions [19].

However, the imposed layering restrictions still require a production-like
rule character which fits more to graph grammars generating a graph-based
language than to graph transformation models specifying system behavior.
For instance, it is required that every rule creates at least one new element.
Therefore, it becomes hard to model operations which just delete a certain
link or object from the current system state. Consequently, layered graph
grammars are inappropriate for modeling, e. g., object-oriented systems or
dynamic software architectures.

A parsing algorithm for layered graph grammars would invert the produc-
tion rules of the grammar and try to reduce a given graph to the predefined
start graph by applying the inverted rules. Whenever there is no rule ap-
plicable any more but the start graph is not yet reached, back-tracking is
used to find an alternative reduction. The rationale behind the layering is
to achieve a certain order in which a parser applies the inverted rules. This
order prevents cyclic transformations and guarantees termination.

In the unrestricted case without constraints such as the layering, a parser
could run into an infinite loop, e. g., when two converse rules alternately cre-
ate and delete the same element. This problem could be avoided if the parser
stored information about all already generated intermediate graphs. When-
ever it reaches an already known graph, it can trigger a back-tracking step
and try another derivation. This way, the membership problem becomes de-
cidable for the unrestricted case, but only if the graph language is finite! The
information about already visited graphs can be stored in a graph transition
system as discussed in the next subsection.

4.3.2 Graph transition systems

Transition systems are frequently used to represent the behavior semantics
of software systems. They divide the runtime evolution of a system into
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discrete states and use a binary transition relation to define possible state
changes. In the case of graph transition systems [131], one considers graphs
as representations of system states. If used as operational model of a graph
transformation model, its state space contains all reachable graphs of the
transformation model. Such a transition system can be generated by recur-
sively applying all enabled graph transformation rules to the start graph. If
the resulting state space of the graph transition system is finite, we can easily
solve the aforementioned reachability properties, even for unrestricted forms
of graph transformation systems, by searching the state space.

When deriving a graph transition system from a graph transformation
model, we have to be aware that the algebraic formalization of graph transfor-
mations by the double pushout construction characterizes the derived graph
of a transformation step only up to isomorphism (see [30]). Indeed, for a
given rule and occurrence there may exist an infinite number of results, all
isomorphic copies of each other. This is, of course, a disaster for state space
analysis.

Moreover, most analysis techniques based on state transition systems suf-
fer from computational complexity and the state explosion problem. There-
fore, it is desired to keep the state space as small as possible. A general
approach is to look for suitable abstraction techniques that allow to reduce
the state space while preserving the same behavior with respect to certain
properties. In the context of graph transformations, the behavior is deter-
mined by the applicability of graph transformation rules in a certain state,
and the set of applicable rules remains the same for isomorphic graphs. Thus,
we can exploit the symmetry of isomorphic graphs to reduce the state space.

For these reasons, we build the state space of a graph transition system
not from concrete graphs but from isomorphism classes of graphs:

Definition 4.20 (Isomorphism Class of Typed, Attributed Graphs).
Given a graph schema GS, two instance graphs 〈G, typeG〉, 〈H, typeH〉, both
attributed over data nodes V , are isomorphic, 〈G, typeG〉 ∼= 〈H, typeH〉, if
there is an isomorphism i : 〈G, typeG〉 → 〈H, typeH〉 according to Defini-
tions 4.1 and 4.10.

An isomorphism class [〈G, typeG〉] is the set of all isomorphic instance
graphs: [〈G, typeG〉] = {〈H, typeH〉 | 〈G, typeG〉 ∼= 〈H, typeH〉}

For the sake of better readability, we use the abbreviation [G] instead of
[〈G, typeG〉] if the typing morphism is not relevant.

Using isomorphism classes as states and transformation steps as transi-
tions, a graph transformation model induces the following graph transition
system:
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Definition 4.21 (Graph Transition System). For a given graph trans-
formation model M = (G, G0) with G = (GS, P ), a graph transition system
GTS(M) = (L, S,⇒, s0) is a labeled transition system with

• L = P the set of labels (with the rules in P represented by their names),

• S =
{
[G] | G0

∗
=⇒G G

}
the set of states, each representing the isomor-

phism class of a graph G which is reachable in G from G0,

• ⇒ ⊆ S × L × S the transition relation, which is defined by lifting the
transformation relation on graphs to isomorphism classes: [G]

p
=⇒ [H]

iff G
p(o)
=⇒ H is a transformation step in G,

• s0 = [G0] ∈ S the initial state.

The graph transition system GTS(M) can be generated from a model
M = (G, G0) by recursively applying all enabled graph transformation rules of
G at each state and by matching the resulting graphs with already generated
isomorphic graphs. GTS(M) can be considered as an operational model of
M , because the paths in GTS(M) exactly correspond to the transformation
sequences in Op(M) up to isomorphism.

Example. Consider a graph transformation system consisting of the type
graph of Fig.4.7 and the two transformation rules depicted in Fig. 4.14. The
first rule p1, already known from Fig. 4.9, removes an old A-node (new= false)
which is attached to a B-node and connects another A-node to the B-node
instead. The second rule p2 sets the new attribute of a contained A-node to
false and creates a new A-node (new= true).

Based on this transformation system, consider a model with an initial
system state G0 having just two B-nodes and one A node as shown at the
left of Fig. 4.15. In this simple example, the only possibility to transform
the initial graph results in an alternating sequence of p2 and p1 applications
as indicated by Fig. 4.15. Rule p2 creates a new A-node (G1), and rule p1

replaces the old A-node by the new one (G2). Then, rule p2 could be applied
again, and so forth.

However, if we want to generate the graph transition system induced by
this model, we have to note that G0 and G2 are isomorphic graphs and, thus,
belong to the same isomorphism class. Analogously, a potential successor of
G2 in the sequence would fall into the same isomorphism class as G1. Hence,
we can conclude that any transformation sequence of the model consists of
alternating switches between the two isomorphism classes [G0] and [G1]. As



90 CHAPTER 4. FORMAL BACKGROUND

1

n1:abstractB

contains
n2:A

new = false

n3:A
new = true

n1:abstractB
contains n3:A

new = true
n4:abstractB

contains

n1:abstractB

contains
n2:A

new = true
n3:A

new = true

n1:abstractB

contains
n2:A

new := false

p1:

p2:

Figure 4.14: Two exemplary graph transformation rules
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Figure 4.16: Induced graph transition system
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we use isomorphism classes as states of graph transition system, the transition
system induced by this model looks like Fig. 4.16.

As in the above example, we can derive graph transition systems from
any graph transformation model. Besides deciding simple reachability ques-
tions, the transition systems are also open to further analysis as done, e. g.,
in the work by A. Rensink [131]. He intends to apply model checking tech-
niques for the verification of certain system properties. In contrast to current
model checking approaches which are based on propositional logic with a
fixed number of propositions, he proposes an extended temporal logic which
also covers allocation and deallocation (with Distefano and Katoen [34]).
This is required to handle, e. g., models of object-oriented software systems
with unbounded dynamic object creation and garbage collection.

In [131], Rensink proposes a further extension of the logic studied in [34]
that also includes navigation expressions over graphs. This reflects the fact
that, in contrast to labeled transition systems with simple states, the states
of a graph transition system are complex structures which require additional
means for expressing desired properties.

In this thesis, we specify dynamic software systems by graph transforma-
tion models and reason about them based on graph transition systems, too.
But, instead of analyzing a single transition system, we mainly focus on rela-
tionships between different transition systems representing the same behavior
but at different levels of abstraction. The intention is to allow for computer-
aided checks whether one system refines the behavior semantics of the other
one in terms of behavior preservation and observational substitutability.
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Chapter 5

Architectural styles as graph
transformation systems

After having summarized the relevant graph transformation theory, we now
want to move to its practical application, i. e., to platform-specific architec-
tural styles defined as graph transformation systems [11, 12].

Sections 5.1 and 5.2 reveal how a graph transformation system should be
defined in order to capture structural and behavioral aspects of an architec-
tural style, respectively. They also demonstrate how graph-based architecture
descriptions can instantiate these style definitions and their operational se-
mantics.

The concepts in the first two sections are illustrated using a simple archi-
tectural style. It represents a platform model for loosely coupled, component-
based architectures. Loose coupling means that components can easily con-
nect with and disconnect from each other. The instantiation of the style
in architecture descriptions is demonstrated for architecture models of our
online travel agency.

Section 5.3 completes the chapter with the introduction of a more complex
style example, namely one for service-oriented architectures (SOA). While the
first style enables component coupling regardless of how involved components
know each other, this assumption is abandoned for the SOA style: it allows
to connect to a component only after a description of its services has been
published by the provider and discovered by the requester.

Later on in Chapter 7, the two styles will serve to demonstrate our step-
wise development approach for dynamic architectures. The first style will
function as an abstract platform model which allows to focus on business-
relevant aspects, while the SOA-specific style will function as a concrete
platform model also incorporating platform-specific aspects.

93
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5.1 Structural parts and their instantiation

In this section, we demonstrate how to define the vocabulary and topological
constraints, i. e., the structural parts of an architectural style, using the graph
schema of a graph transformation system.

The style we want to define shall capture the following platform char-
acteristics: The platform supports distributed architectural configurations
consisting of components and connectors. The internal structure of a com-
ponent is hidden except for the ports they own as interaction points with
their environment. A connector connects exactly two ports enabling bilateral
communication between the corresponding components.

Besides architectural runtime configurations, the style should also pro-
vide concepts for describing the type level of an architecture. In particular,
we assume that every port has a certain port type which determines the set
of interfaces a component provides or requires at a port of that type. An
interface, which represents a collection of operations, can also be assigned to
several port types. The set of port types which are supported by a compo-
nent is determined by an explicit component type. Similarly, a connector type
determines which port types are allowed as end points of a connector. All of
these type definitions can be reused by multiple instances in an architectural
runtime configuration.

These are the structural assumptions about the (abstract) platform model
our architectural style should reflect. The terms printed in italics already sug-
gest potential candidates for the style vocabulary. The relationships between
these elements make up the topological constraints.

Figure 5.1 shows how we formally represent the structural part of the style
as a graph schema. The left part contains the elements for type specifications,
whereas the right part contains the elements for runtime configurations.

While node types capture the vocabulary elements, edge types together
with cardinalities capture the topological constraints and determine how node
instances can be composed in an architecture description [11, 12]. For in-
stance, a Connector has to connect exactly two Ports.

More complex constraints can also be fixed by OCL expressions; for in-
stance, the constraint that a Connector may only connect Ports whose Port-
Types are allowed by the corresponding ConnectorType reads as follows:

context Connector inv:

self.port.portType->forAll(pt |

self.connectorType.portType->includes(pt))

An architecture instantiating the style constructs is formally represented
as an instance graph over the graph schema. Figure 5.2 illustrates this for
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Figure 5.1: Graph schema of the component-based style

the travel agency example. The component types are taken from Fig. 3.4;
we only added operations to the interfaces and connector types for potential
connections between the three components.
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Figure 5.2: Instance graph for the travel system architecture

The example reveals how the graph-based approach allows to capture
two orthogonal instantiation relationships: The structural instantiation (17)
of a style by an architecture is captured by the typing morphism between
graph schema and instance graph. The relationship between architectural
types such as component types and their instances within an architectural
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configuration (1) can be directly encoded into the instance graph provided
appropriate node and edge types in the graph schema. Experts in meta-
modeling will recognize the parallel to the UML meta-model [121].

The attentive reader will certainly notice that we use special name at-
tributes in order to name the individual node instances. This is necessary
for tracking these nodes during a runtime simulation. Remember that the
instance graph represents a single runtime state only, and we later want to
consider its evolution caused by communication and reconfiguration opera-
tions. However, future system states will only be explored up to isomorphism
classes of their graph representations (see Definition 4.21)!

If we did not use the name attributes, we could not distinguish symmetric
parts of the graph any more. For instance, imagine the left and right parts of
Fig. 5.2 were completely symmetric except for names – as it is almost the case!
Then, it would not make any difference if a connector were placed between
components c and t or between c and BritishWings: Due to the symmetry,
both graphs would fall into the same isomorphism class. For the analysis of
the architecture, however, it does matter which components are connected
and communicate with each other and which not.

For this reason, we have to provide an attribute like name for node types
whose instances must not be matched with other instances by isomorphism.
Assigning unique values to these attributes will prevent isomorphic matchings
because attributes are formally defined as edges leading to special data nodes
(see Definition 4.6). Note that we cannot achieve the same effect by just
using distinct node identifiers, because node identifiers do not play any role
in detecting graph isomorphisms (see Definition 4.1).

There are also node types which do not require such identifying attributes,
especially those for transient runtime instances like Connector and Port (see
Fig. 5.1). For example, connectors can be created and deleted according to
the planned reconfiguration behavior (as will be explained in the following
section). However, two successive occurrences of a connector between the
same components do not make any functional difference and can safely be
considered as isomorphic runtime states.

So far, the graph schema subsumes structural aspects of an architectural
style only, i. e., the style vocabulary and topological constraints. As we will see
in the next section, the consideration of behavioral aspects requires further
extensions of the graph schema.



5.2. BEHAVIORAL PARTS AND THEIR INSTANTIATION 97

5.2 Behavioral parts and their instantiation

The behavioral part of an architectural style should capture platform-specific
communication and reconfiguration mechanisms. In the following two Sub-
sections 5.2.1 and 5.2.2, we show how both kinds of behavior can conceptually
be treated in a uniform way using graph transformation rules.

The third Subsection 5.2.3 is important because it illustrates the instan-
tiation of these mechanisms. We will extend the graph schema, its instance
graphs, and also the graph transformation rules in order to describe how
components take advantage of the platform mechanisms and how the in-
terpretation of this component behavior can be covered by the operational
graph transformation semantics.

5.2.1 Reconfiguration mechanisms

As already pointed out in Chapter 1, an essential characteristic of a dynamic
architecture is the ability to reconfigure itself. Since we represent architec-
tural configurations as instances of a graph schema, it is obvious to express
reconfigurations as transformations of these instance graphs. Due to our as-
sumption that the underlying middleware platform determines the possible
reconfiguration operations, we want to incorporate a set of predefined opera-
tions, formally defined as graph transformation rules, into the corresponding
platform model.

For the platform model described by our component-based style example,
we assume the following basic reconfiguration capabilities and restrictions:

1. Components can be created as instances of a certain component type
and removed again at runtime.

2. A component can open a new port, if the component type supports the
port type and the component does not own any other free instance of
that port type ( i. e., one that is not attached to a connector).

3. A new connector can be created and placed between two free ports, if
there is a connector type which allows for the corresponding port types
and if the two ports have not been used in a previous connection yet.

4. A connector can be removed again, if the connected components have
finished their communication.

5. A port can be closed again, if it is not longer in use by a connector.
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Each of the above reconfiguration capabilities is captured by a graph
transformation rule. The rules are typed over the graph schema in Fig. 5.1.
For example, consider the rule openPort shown in Fig. 5.3. At the left-hand
side, a negative application condition ensures that component c has no other
free port of the supported port type pt when the rule is applied. According
to the rule’s right-hand side, its application will result in the creation of such
a Port node.

1

openPort

c:Component

pt:PortTypesupportsct:Component-
Type

isInstanceOf

owns p:Port
used=false

isInstanceOf

c:Component

pt:PortTypesupportsct:Component-
Type

isInstanceOf

owns p:Port
used:=false

isInstanceOf

Figure 5.3: Reconfiguration rule openPort

The used attribute in nodes of type Port requires a minor extension of
the graph schema. The attribute is necessary in order to distinguish ports
which have already been used for a connection from newly created ones.
Accordingly, the attribute is initially set to false in the openPort rule.

Later, when two ports are connected by a connector, their used attributes
are changed to true. This is carried out by the reconfiguration rule connect
shown in Fig. 5.4. It creates a new connector, provided that there are two
components owning free ports (used=false) which are allowed by the connec-
tor’s type.
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Figure 5.4: Reconfiguration rule connect

As a direct consequence of Definition 4.14, transformation rules are also
applicable to nodes which have more attributes than those mentioned in the
rule definitions. For this reason, we can simplify the rule definitions and safely
omit all attributes which are not relevant for the considered transformation;
e. g., the many name attributes.
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The remaining reconfiguration rules – disconnect for removing a connec-
tor, closePort for closing a port, createComponent for creating a new com-
ponent instance, and removeComponent for deleting such instance again –
have partially been published in [14] and can also be found in Appendix A.
Although we have deliberately chosen simple and self-explanatory examples,
the expressiveness of graph transformation rules allows us to express all kinds
of reconfiguration operations.

By applying the reconfiguration rules to a given instance graph, we can
simulate an architecture’s runtime evolution. Figure 5.5, for example, shows
how the above introduced reconfiguration mechanisms could be applied to
the configuration of Fig. 5.2 in order to place a connection between the travel
agency and the client component.
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Figure 5.5: Reconfiguration scenario as transformation sequence
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5.2.2 Communication mechanisms

Equally important as dynamic reconfigurations is the ability of components
to communicate and interact with each other in an architectural configu-
ration. Again, we believe that the chosen target platform determines the
available communication mechanisms. For our component platform example,
the platform model should capture the following assumptions:

1. Only bilateral communication is supported between two components
using a connector.

2. A component can send a request message to a connected component in
order to call an operation provided by the other component.

3. A component can receive requests for operations it provides.

4. Afterwards, the receiver can send an appropriate response message back
to the sender.

Aiming at a uniform formalism, we would like to describe such platform-
specific communication mechanisms by graph transformation rules, too. How-
ever, in order to do so, we somehow have to encode the state of a communica-
tion into our instance graphs. The solution we propose is to insert additional
nodes and edges which represent communication-related concepts like mes-
sages, information about sender and receiver, and so forth.
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Port
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0..1

0..1
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1

receives
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Request Response1 calls
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Figure 5.6: Graph schema extensions for component communication

The necessary extensions of the graph schema of the component style are
shown in Fig. 5.6. The left side repeats the relevant elements of the existing
graph schema (Fig. 5.1), whereas the right side introduces new node types.
Request and Response nodes represent the two different kinds of messages.
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A Request node may have an edge referring to the called operation, and a
Response node is linked to the preceding Request. The common properties of
the two message types are generalized into the abstract supertype Message:
A Message is sent and received by a port and transmitted via a connector.

With the help of the new node and edge types, we can include information
about the current communication state in instance graphs. Analogously, we
can formulate graph transformation rules over these elements in order to
model platform-specific communication mechanisms.

For example, the transformation rule callOperation in Fig. 5.7 models how
a Request message is sent from a sender port (from) to a receiver port (to).
Note that the rule can be defined without mentioning the components owning
these ports; the underlying graph schema guarantees that such components
will always exist in a valid instance graph. However, it is necessary to pre-
scribe that the two ports are connected by a connector and the operation to
be called belongs to an interface provided by the target port.
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Figure 5.7: Communication rule callOperation

Figure 5.8 shows another example of a communication rule. It can be
applied after sending a Request and represents the receipt of the message by
inserting a receives edge. The negative application condition on the left-hand
side ensures that the rule is not applied when such an edge already exists.

There are similar communication rules for sending and receiving Response
messages [14]. Together with the reconfiguration rules from Section 5.2.1,
the communication rules can be applied to instances of the architectural
style. The resulting transformation sequences represent the possible runtime
behavior of the architectural configuration.
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Figure 5.8: Communication rule receiveCall

5.2.3 Instantiating platform mechanisms in architec-
tural behavior

After having modeled the reconfiguration and communication mechanisms of
a platform as graph transformation rules, the question remains how to de-
scribe architectural behavior that takes advantage of these mechanisms (18).

So far, the transformation rules for communication and reconfiguration
mechanism can be applied whenever possible. For every transformation step,
there are basically two degrees of freedom: one can at first choose from the
applicable rules and then from the valid occurrences of the rule’s left-hand
side in the graph. The result of a transformation step depends on these choices
which are completely non-deterministic so far.

This kind of rule application is only suitable for representing ad-hoc re-
configurations which are not anticipated but triggered in certain situations
or by the occurrence of certain events. For this purpose, we only need to
encode the events as additional preconditions into the rules’ left-hand sides.

However, we also require a possibility to model programmed reconfigura-
tions (5) and to prescribe a certain order of component communication (2).
For example, we want to prescribe in which moment a rule such as callOper-
ation shall actually be applied and which operation it shall actually call. For
modeling this kind of behavior, we need to restrict the non-determinism in
graph transformation systems and to control the way our rules are applied.

This can be achieved in different ways. Using priorities is not appropriate
because they determine preferences between conflicting rules but cannot cap-
ture component-specific orders in which rules have to be applied. Imperative
control structures like sequential composition, iteration, conditional branch-
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ing, and so forth are better means. This leads to the definition of programmed
graph replacement systems [139] two important implementations of which are
PAGG (Programmed Attributed Graph Grammars [54]) and PROGRES
(PROgrammed Graph REplacement Systems [141], see Section 8.1.2).

However, introducing control structures on top of transformation rules
requires additional means to define the operational semantics, and it also
destroys the locality of actions that arises from the rule-based character of
graph transformation systems. If we leave the standard graph transformation
theory, we loose the uniformness of the employed formal method (10) and
encounter new difficulties in deriving graph transition systems as runtime
models (see Section 4.3.2).

For this reason, we propose an alternative way to restrict the non-
determinism, namely by inserting additional application conditions into the
transformation rules. In the following paragraphs, we show how to use pos-
itive and negative application conditions together with additional state in-
formation stored in the graphs in order to mimic explicit control structures
as defined in programmed graph replacement systems. This way, we obtain
meaningful models within the standard transformation semantics and with-
out loosing the locality property of transformation rules.

Based on a previous paper [63], we explain how to formally describe a
component’s communication and reconfiguration behavior in terms of the
available platform mechanisms. Control flows prescribe the order in which
platform mechanisms are invoked, including concurrent and branching be-
havior, and action parameters define their application context. We incorpo-
rate these aspects into the instance graphs and augment the transformation
rules so that their execution semantics respects the behavior descriptions.
Eventually, we show how a synchronization of different control flows can be
realized.

Control flow. To insert control flow definitions into our architecture mod-
els, we equip the instance graphs with processes consisting of a linked chain of
action nodes. Each action corresponds to the invocation of a certain platform
mechanism. Processes are assigned to component types, and every compo-
nent instance runs its own process instance, called thread. Every such thread
maintains a pointer to the previously performed action and increments this
action counter after completion of a subsequent action (see Fig. 5.9).

Obviously, we have to extend the graph schema of the architectural style
in order to include such process definitions in our instance graphs. For this
purpose, we supplement the underlying type graph TG by new node types
TGbeh

N and new edge types TGbeh
E whose instances can be used to describe
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Figure 5.9: Control flow realized by processes and action counter

component behavior.

Figure 5.10 shows the necessary extensions for the graph schema of the
component-based style. The central member of TGbeh

N is the new node type
Action. Its instances can be linked with each other by next edges in order
to form a control flow. If we attach more than one outgoing next edge to an
action node, then the control flow splits after this action into two or more
alternative branches. As there are no branching conditions, it is decided non-
deterministically which branch a thread follows.
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1

1 next

1
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Figure 5.10: Graph schema extensions concerning control flow

Action is an abstract node type whose subtypes represent the available
platform mechanisms. Only the special subtype StartAction does not refer to
a particular operation but indicates the entry point of the Process.

The action counter is realized by a previous edge outgoing from every
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Thread node. As the edge type leads to the abstract node type Action, its
instances can in fact iterate over all action nodes of a process.

As the cardinalities in Fig. 5.10 reveal, component types may follow sev-
eral processes, and every component instance may run several threads thereof.
This way, we achieve a multitude of possibilities for concurrent behavior as
it is required for distributed architectures.

But how can we ensure that our communication and reconfiguration rules
are actually applied according to the specified control flow? To solve this
problem, the graph transformation rules have to be adapted, too. On their
left-hand sides, we insert additional application conditions over instances of
the new types TGbeh

N and TGbeh
E . They have to ensure that an active element

is running a thread whose next action requires the application of this rule. On
the right-hand side, we extend the original rule effect by an incrementation
of the action counter.

Figure 5.11 illustrates these modifications for the known reconfiguration
rule openPort. In contrast to the previous version in Fig. 5.3, its left-hand
side requires that the Component runs a Thread whose previously performed
action is succeeded by an OpenPortAction. In other words, the component
has to be in a state in which it wants – or at least agrees – to invoke the
openPort reconfiguration mechanism. The right-hand side shows how such a
rule – in addition to its original effect – increments the action counter.

In order to improve the readability of such control flow-enabled rules, a
gray background delimits their original parts from the control flow-related
extensions over TGbeh

N and TGbeh
E .
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Figure 5.11: Control flow-enabled reconfiguration rule openPort
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If all other rules of the architectural style are adapted accordingly, we do
not need any further construct for interpreting the specified control flows; the
execution semantics of graph transformation rules takes care of the right rule
selection. And, if there are several concurrent threads in an architecture, the
non-deterministic choice from the set of applicable rules ensures interleaving
progress of the individual threads.

By incorporating both communication and reconfiguration actions into
the same control flow, we satisfy the two requirements programmed reconfig-
uration (5) and reconciliation of communication and reconfiguration behav-
ior (6): The engineer can program in which state a certain reconfiguration
shall be performed, and he can decide how the reconfiguration operations are
safely combined with the remaining communication behavior. As reviewed
in Table 2.1, other graph transformation-based ADLs do not support pro-
grammed reconfigurations so far.

Parametrization of actions. Besides their order, we also need to specify
the individual application context of actions. This includes, for instance, the
operation which shall be addressed by a CallOperationAction or the type of
port which shall be created by an OpenPortAction. Such additional informa-
tion is usually assigned to an action using parameters. We distinguish two
different kinds of parameters:

1. Constant parameters: The value of a constant parameter is shared
by all instances of a process and not changed at runtime.

2. Variable parameters: Variable parameters refer to variables which
are declared once for a process but have different values per thread.
Moreover, their value can be changed at runtime.

We express constant parameters as special edges in an instance graph
pointing from the concerned action nodes to those nodes which function as
parameter values. Variable parameters are more complex because their value
might be different for each thread instantiating the process. Hence, a variable
parameter edge cannot directly point to a fixed value node any more. Instead,
we introduce the new node type Variable and express variable parameters by
an edge pointing from the concerned action node to a Variable node. Moreover,
in order to represent the ternary relationship between variable, its value, and
the owning thread, we also have to introduce so-called Reference nodes which
own edges to the involved Variable, Thread, and value nodes.

The new node and edge types are added to the behavior-related type
graph parts TGbeh

N and TGbeh
E , respectively. The resulting extension of the
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style’s graph schema is summarized in Fig. 5.12. As the types of the value
nodes vary from variable to variable, we introduce the abstract type RefEle-
ment as target node for the refersTo edge type. It generalizes all node types
whose instances might be referenced as variable values.
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Figure 5.12: Graph schema extensions concerning variable action parameters

Of course, the parameter edges outgoing from action nodes have to be
defined in the graph schema, too. In the case of constant parameters, the
target node of the edge type determines the type of nodes which can be used
as values of the parameter in an instance graph. By convention, we label such
constant parameter edges with a leading hash (#).

In contrast to constant parameters, variable parameter edges are labeled
with a leading underscore. As their value can be changed, they fulfill two
different purposes: On the one hand, they can be used as output parameters
if the underlying action creates a new reference as value for the variable. On
the other hand, they can be used as input parameters if the underlying action
reads the previously assigned value from the variable.

Taking the CallOperationAction example, Fig. 5.13 illustrates how to de-
fine the parameter edges for a certain action node type. The constant pa-
rameter #operation determines which operation shall be called. The variable
parameter port determines the port which shall issue the call. It is a variable
parameter because each thread is run by a separate component and, conse-
quently, applies this action to a different Port node. The second variable
parameter call is an output parameter. It can be used to fill another variable
with the Request object created during the CallOperationAction. From then
on, parameters of subsequent actions can access the newly created Request
object if they refer to the same variable.
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Figure 5.13: Parameter definitions for the CallOperationAction

Needless to say, the incorporation of action parameters requires adapta-
tions of the corresponding transformation rules, too. Continuing the above
example, Fig. 5.14 shows how the three parameters affect the transformation
rule callOperation (cf. Fig. 5.7).
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Figure 5.14: Parameter-enabled transformation rule callOperation

The constant parameter #operation and the input parameter port rep-
resent additional application conditions in the rule’s left-hand side: The rule
can now only be applied to that Operation and Port node, respectively, which
the current parameter values refer to.

The output parameter call is reflected in an additional effect of the rule’s
right-hand side: The rule does not only create a new Request node but also a
new Reference node. The thread holds this Reference in order to “remember”
the assignment of the just created Request node to the second variable.
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Synchronization. Due to the locality of rule applications, the default be-
havior modeled by graph transformations is asynchronous. However, accord-
ing to Req. (7), we also want to allow concurrent components to synchronize
their threads in order to participate in a common communication or recon-
figuration operation. For instance, we assume that the creation or removal of
a connector between two components requires “agreement” from both par-
ties. This agreement can be expressed by a synchronized invocation of the
corresponding connect or disconnect operations.

We realize such synchronizations by further extensions of the relevant
transformation rules: The control flow-relevant part of a rule is duplicated for
each component participating in the synchronization. Figure 5.15 illustrates
this for reconfiguration rule connect from Fig. 5.4.
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Figure 5.15: Rule connect enforcing thread synchronization

The rule’s left-hand side (at the top) explicitly demands two threads
which both invoke the connect operation for a certain Port. Hence, if we want a
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component to connect to another component, we must insert a ConnectAction
into the process definitions of both component types. At execution time,
the rule application is deferred until both corresponding threads reach the
ConnectAction. In this sense, the action functions as a synchronization point.

The rule’s right-hand side (at the bottom) shows that the action counters
of both threads are incremented after the operation. This way, the operation
leads to a synchronized progress of both threads.

Thread management. The introduction of processes and threads being
instances thereof requires the introduction of dedicated operations for thread
management. By thread management we mean the initiation of new threads
and the garbage collection of finished threads.

A thread can trigger the initiation of a new thread if it contains a special
action of type NewThreadAction. This action has a single parameter #process.
Its value determines the process to be started: the new thread can either
become an instance of the current process or of any other process defined
for the component type. Figure 5.16 shows the corresponding transformation
rule. The action counter of the new Thread is initially set to the StartAction
node of the selected process.
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Figure 5.16: Thread management rule newThread

The garbage collection of finished threads is done by two other thread
management rules. In contrast to the newThread rule, they do not require
an invocation by a special action node but can be applied in the background
without any progress of a thread. The only precondition is that there is a
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Thread whose previous action has no more successor. Then, the thread is
finished, and the corresponding nodes are due to clearance.

Given this precondition, rule clearReference (Fig. 5.17) is applied – pos-
sibly several times – in order to remove the Reference nodes of the finished
thread. Afterwards, rule clearThread (Fig. 5.18) can be applied in order to re-
move the Thread node itself. Due to the dangling condition of Definition 4.14,
the rule is not applied unless all Reference nodes have been cleared before.
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Figure 5.17: Thread management rule clearReference
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Structure projection. Sometimes. it is desirable to consider only those
elements of an instance graph which describe the structure of an architecture.
For this purpose, we define the projection function structTG which removes
all behavior-related elements typed over TGbeh

N or TGbeh
E [63].
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Definition 5.1 (Structure Projection). Let 〈G, typeG〉 be an instance
graph over the type graph of an architectural style with behavior-
related elements TGbeh

N and TGbeh
E . Then, the structure projection

structTG

(
〈G, typeG〉

)
is a subgraph 〈G̃, type

G̃
〉 with

• nodes G̃N =
{
n ∈ GN

∣∣∣ typeG(n) /∈ TGbeh
N

}
• edges G̃E =

{
e ∈ GE

∣∣∣ typeG(e) /∈ TGbeh
E

}
, and

• typing type
G̃

= typeG

∣∣∣
G̃

As isomorphic graphs have equal typing, structG is closed under isomorphism.

For the component-based style, the structure projection removes all ele-
ments whose types have been introduced in this section (collected into the
packages Processes and Actions in Appendix A). In Section 7.2, we will apply
the structure projection when defining a criterion for structural refinement
between two architecture models.

5.3 A style for service-oriented architectures

After the concepts for graph transformation-based architectural styles have
been illustrated using a simple component-based style, this section presents
a more complex style example, namely one for service-oriented architec-
tures (SOA). Previous versions have been published in [11, 12, 14, 63].

In a service-oriented architecture, business components expose their func-
tionality as services over a network to other components. A service is
equipped with a description of the provided functionality including informa-
tion about the interface and how to access it. Recently, the service-oriented
paradigm has become very popular under the label of Web Services [23, 124].

As shown in Fig. 5.19, SOA involves three different roles: service providers,
service requesters and discovery agencies. The service provider runs the ser-
vice and publishes the service description in order to enable dynamic service
discovery and to allow requesters to access the service.

Since providers and requesters usually do not know each other in ad-
vance, the service descriptions are published via third-party discovery agen-
cies. They categorize the descriptions and deliver them in response to queries
issued by service requesters. As soon as the service requester retrieves a ser-
vice description that meets its requirements, it can use it to interact with
the service [126].
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Figure 5.19: Roles in a service-oriented architecture, cf. [23]

Service-oriented architectures are very dynamic and flexible: Components
and services are loosely coupled and use standardized communication proto-
cols. As the service descriptions are exchanged at runtime, service requesters
can dynamically switch from unsatisfactory services to those providing better
functionality or quality. Dynamic service discovery might also be required in
self-healing systems, e. g., when a service is not reachable any longer due to
network problems. Similarly, our online travel agency could takes advantage
of this SOA feature when looking for business partners that meet the client’s
traveling requirements.

To consider SOA-specific features like service discovery in our architec-
ture models, we are going to define an architectural style which formally
describes the concepts of service-oriented computing. Following the idea of
a platform hierarchy (cf. Section 1.3.2), the SOA-specific style extends the
more generic, component-based style. This means that service-oriented ar-
chitectures contain components and connectors, too, and they support the
same message-based communication mechanisms.

Only the reconfiguration mechanisms are partially different: While we
have the same loose coupling with ports being opened, closed, connected, and
disconnected, the retrieval of a service description now becomes mandatory
before connecting to a service. For this purpose, the architectural style has
to incorporate the following additional platform mechanisms:

1. A service provider can publish service descriptions to third-party dis-
covery agencies.

2. A discovery agency receives publication requests and stores the at-
tached service descriptions.

3. A component requiring a certain service can send a service query to
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the discovery service.

4. The discovery agency can receive such queries, search for an appropriate
service description, and send the query result back to the requester.

5. The service requester receives and safes the description before it con-
nects to the service.

Before we start to describe these mechanisms as graph transformation
rules, we have to adapt the underlying graph schema. Services and discovery
agencies can be modeled as special components using appropriate subtypes of
Component and ComponentType. To distinguish the ports involved in service
publication and discovery, we introduce new subtypes of PortType: instances
of ProviderPT and RequesterPT belong to components providing and request-
ing a service, respectively, and instances of PublishPT and FindPT belong to
discovery services. The extended graph schema is shown in Fig. 5.20.
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Figure 5.20: Graph schema of the service-oriented style

Another extension of the graph schema, shown in Fig. 5.21, concerns ser-
vice descriptions and various new message types. Besides the already known
Request and Response messages, there are three special SOA message types for
interactions with discovery services, namely ServicePublication, ServiceQuery,
and QueryResult. The first one submits a service description to a discovery
service for publication, the second one refers to a port type which the service
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requester requires a suitable service for, and the third one is returned by the
discovery service containing a description that satisfies the query.
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Figure 5.21: Graph schema part for communication in SOA

A ServiceDescription describes a specific Service because, in SOA, descrip-
tions refer to deployed, addressable services rather than to service types. The
knows relationship indicates which components have access to a description.
The existence of such a knows relationship becomes a new precondition for
connecting to a service. The accordingly extended reconfiguration rule con-
nect can be found in Appendix B.

Except for the connect rule, the service-oriented style inherits all recon-
figuration and communication rules from the component-based style. Only
the SOA-specific reconfiguration mechanisms have to be modeled by new
transformation rules. The complete rule specifications can be found in Ap-
pendix B. At this point, we confine ourselves to some examples.

For instance, the rule sendServicePublication in Fig. 5.22 shows how a ser-
vice description is made public to a discovery agency. For this purpose, the
Service requires a port of kind ProviderPT, which is determined by the in-
put paramter port. Through this port, it sends a ServicePublication message
which refers to the ServiceDescription node. Although the rule does not pre-
scribe a DiscoveryService node as addressee of the message, this is indirectly
ensured by requiring a PublishPT port as opposite endpoint of the connector.
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Figure 5.22: SOA-specific reconfiguration rule sendServicePublication

The receipt of such a ServicePublication message is modeled by rule re-
ceiveServicePublication. Rule publishServiceDescription models the storing of
the description by a new knows link from the DiscoveryService (see Ap-
pendix B).

The second half of SOA-specific rules deals with the retrieval of a service
description from a discovery service. The initiation and receipt of a query is
handled by rule sendServiceQuery and receiveServiceQuery, respectively.

In order to answer the query, the discovery service has to select an appro-
priate service description which satisfies the requester’s requirements. As the
underlying algorithms are not relevant for the architectural view, we model
this selection by a simple check whether the service supports a port type
which can be connected to the port type the service requester requires a
service for. The corresponding transformation rule is shown in Fig. 5.23.

After a satisfactory service description has been selected, the response
from the discovery service is handled by rule sendQueryResult and receive-
QueryResult, respectively. Eventually, rule saveQueryResult finishes the query
communication and saves the result by creating a new knows edge as shown
in Fig. 5.24.
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Figure 5.23: SOA-specific reconfiguration rule findService
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5.4 Summary

In this chapter, we have seen how platform-specific reconfiguration as well
as communication mechanisms can be described using graph transformation
rules. Together with the structural parts, the resulting graph transformation
systems provide platform-specific architectural styles for component-based
and service-oriented architectures, respectively.

Moreover, we have shown how to extend the graph transformation systems
in order to achieve meaningful behavior models including control flow defi-
nitions and action parametrization. The complete specifications of all rules
and their underlying graph schemas can be found in Appendix A and B.

Since we cover everything with standard graph transformation theory
and do not require additional control semantics as in programmed graph
transformation systems, we are able to retain the uniformness of the employed
formal method (10).

In the next chapter, we will show how to apply the formal architectural
styles – in conjunction with appropriate UML profiles for the concrete syn-
tax – in order to create platform-consistent architecture models.



Chapter 6

Style-based modeling of
dynamic software architectures

According to the previous chapters, we model dynamic architectures using
platform-specific architectural styles. These models are formally expressed
by instance graphs over the corresponding graph transformation system.

Graph transformations are a powerful formalism. However, as already
discussed in Chapter 3, instance graphs can easily grow very large and become
difficult to overlook. Besides, they neither provide any visual differentiation
between node types nor any modularization concepts. Hence, in continuation
of previous work [61, 14], we propose to describe architecture models using
UML as front-end modeling language.

Unfortunately, UML does not provide any first-class construct for defin-
ing and incorporating architectural styles. However, as architectural styles re-
strict the set of legal architecture models concerning vocabulary, constraints,
and allowed operations, they can be considered part of the language definition
rather than part of the model. Accordingly, we propose to define architectural
styles at the UML meta-level, namely by UML profiles.

Section 6.1 illustrates how style architects can define UML profiles for
platform-specific architectural styles. As the design of UML profiles is a topic
of its own and beyond the scope of this thesis, we do not provide a general
methodology here but discuss the main ideas along an exemplary UML pro-
file for the service-oriented architectural style. The resulting profile is applied
to some diagrams modeling a SOA-specific variant of the travel system ar-
chitecture. The complete UML model of the architecture can be found in
Appendix D.

However, the use of UML does not mean that we throw the graph-based
representation overboard. In Section 6.2, we will rather define a relation be-
tween the extended UML meta-model and the graph schema which enables

119
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automated translations of UML models into their graph-based representa-
tions and back again. This way, the architect is still able to apply analysis
and refinement techniques that take advantage of the formal semantics of the
graph transformation-based style definitions.

6.1 Profile for service-oriented architectures

The principal constituents of a UML profile are stereotypes. In Chapter 3, we
have already used a number of style-specific stereotypes when modeling the
online travel agency with UML. The intention behind is to transfer our style-
based approach to the UML world by exploiting UML’s built-in extension
mechanisms and defining a UML profile for each architectural style. In this
section, we will illustrate the definition of such a profile for the SOA-specific
style introduced in the previous chapter.

According to the UML specification [121], a stereotype extends and
adapts classes of the UML meta-model by refining its semantics, adding new
attributes, constraints, and, optionally, a new distinguished notation. When
defining a profile for a platform-specific style, the style architect has to look
through the style vocabulary and check which elements are not covered by the
standard UML. For every such element, he chooses a semantically close UML
meta-class and derives a new stereotype in order to include the style-specific
element in future UML architecture models [133, 106].

6.1.1 Stereotypes concerning structure

When carrying out this procedure for our service-oriented style, we start
with the structure-related parts of the graph schema in Section 5.3. Those
elements inherited from the generic, component-based style can mostly be
modeled with ordinary UML constructs. For example, UML provides two
meta-classes Component and InstanceSpecification which can be used to rep-
resent component types and components, respectively.

Nevertheless, we have to define special stereotypes for SOA-specific style
elements. Figure 6.1 shows how they are formally derived from existing UML
meta-classes, which are depicted in the upper part of the diagram. The exten-
sion relationships are denoted as arrows with small, filled arrowheads. Some
stereotypes are specializations of others, indicated as subtypes.

We introduce the stereotype PortType as extension of the UML meta-
class Class because port types can be modeled with class diagrams as shown
in Fig. 6.2. Its sub-stereotypes are used in connection with ports for discov-
ery services – analogously to the graph schema in Fig. 5.20. Associations
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Figure 6.1: Stereotype definitions for the SOA-specific UML profile
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between �portType� classes represent connector types; they are extended by
the stereotype Connector and labeled with �connector�. In the same class di-
agram, we can also specify the interfaces and operations a port type provides
(dashed arrow with triangular arrowhead) or requires (�use� arrow).

As already shown in Section 3.1.2, component types are defined in UML
component diagrams. In the UML abstract syntax, a component type is
represented as an instance of the meta-class Component. For the sake of
service-oriented architectures, we add the two stereotypes Service and Dis-
coveryService. If component diagrams describe architectural configurations
at the instance level, they apply the meta-class InstanceSpecification. Hence,
the service stereotypes have to extend this meta-class, too.

As UML 2.0 knows the notion of Port as interaction point of a component
instance, we do not need a separate stereotype for ports in general. But,
in order to highlight those ports that are used in connection with service
publication and query, we introduce the stereotypes PublishPort and FindPort.

The stereotype for service descriptions extends the meta-class Artifact.
Relationships to service descriptions are modeled by the stereotypes Knows-
Dependency and DescribesDependency, which extend UML’s meta-class De-
pendency.

Note that Figure 6.1 defines the abstract syntax of the UML profile only.
Although we have already applied the stereotypes in some UML diagrams, we
actually had to define their concrete notation first. The default convention is
to attach the stereotype name, enclosed between a pair of guillemets (��), to
the predefined symbol of the meta-class. Nevertheless, we can also define more
customized notations. The concrete notation we propose for the structural
SOA stereotypes is summarized in Table 6.1.

6.1.2 Stereotypes concerning behavior

In Section 5.2.3, we have learned how to include behavior descriptions into the
graph-based architectural models. Needless to say, we prefer to carry out such
behavior descriptions with UML, too. As already sketched in Section 3.1.2,
we choose UML activity diagrams for this purpose because they can easily
be adapted to platform mechanisms using stereotyped actions. Readers who
are unfamiliar with UML activity diagrams are referred to [41] for some
background information.

Before we start to define the necessary stereotypes, we have to point our
that, different to our graph-based semantic domain, UML supports design-
time behavior specifications only and provides no means to represent runtime
information like different process instances (threads), action counters, or vari-
able values. Nevertheless, this is no real deficiency because such information is
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Table 6.1: Notation guide for SOA-specific stereotypes

1
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«describe»

«know»

ServiceName
«service»

Name
«discovery»

only needed for model execution in the semantic domain and can be omitted
when specifying the behavior. Thus, we can safely skip the runtime-related
elements of the formal style definition when defining stereotypes for behavior
diagrams.

Actions. A UML activity diagram consists of a set of actions that are con-
nected by control and data flow edges. Unfortunately, its flow semantics is
only informally defined as a token flow [41], and the available action types
are lacking formal semantics at all. We deal with this problem by allowing
platform-specific actions only, whose semantics has already been well defined
by our graph transformation rules. The control flow parts of our graph trans-
formation rules even conform to the UML token flow semantics (always a
single control token per activity diagram execution).

To assign the UML actions to the operations of the architectural style,
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we supplement the UML profile with an abstract stereotype PlatformAction
which is marked as required for every action used in an activity diagram.
From this abstract stereotype, we derive a concrete stereotypes for every
single platform mechanisms defined in the SOA style (see Fig. 6.3). The
related action node types (and corresponding transformation rule) of the
original style definition can be found in package Actions in Appendix B.

Parameters. In graph-based behavior descriptions as per Section 5.2.3, ac-
tions are parameterized by constant and variable parameters. We incorporate
such parameters into our UML models in the following two ways:

1. For constant parameters, we propose to add attributes to the stereotype
definitions. Whenever the attributed stereotype is applied to model an
action, the value assigned to the attribute represents the value of the
constant parameter. For example, the newThread action stereotype in
Fig. 6.3 gets the attribute process, which determines one of the available
activity diagrams to be instantiated when the action is performed.

2. Variable parameters need to be treated differently because their values
are shared by several actions. For this reason, we propose to model
variables as UML data store nodes extended by the special stereo-
type Variable. A data store node in a UML activity diagram repre-
sents a container in which actions can place an output value and from
which several subsequent actions can consume this value as input [41].
The stereotype Variable is required to allow a distinguished notation
(�var� instead of �datastore�). Output parameters can now be mod-
eled by a data flow edge outgoing from an action node to a variable
node, and input variables by an incoming data flow edge.

Diagram examples. Figure 6.4 presents an example of a SOA-specific
activity diagram with the above introduced stereotypes. All actions carry
the corresponding stereotype label. If required, attribute values are printed
in parentheses below the stereotype label.

The activity diagram describes the behavior of Client components which
want to book a journey for their owner. Right after its instantiation, a new
thread starts with opening a port of type JourneyRequester. A reference to
this port is assigned to a variable which is read by five subsequent actions.
For better readability, UML allows to interrupt the corresponding data flow
edges and to relate the two ends by labeled circles [41].

After the new JourneyRequester port has been opened, the Client com-
ponent wants to connect this port to an appropriate journey booking ser-
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Figure 6.3: Behavior-related stereotype definitions
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vice. However, as the service-oriented style enables connections only if the
requester knows the description of the required service, the control flow pro-
vides an additional branch for retrieving this service description first. The
branch is optional because the client might already know suitable descrip-
tions from previous lookups.

The service discovery branch starts with opening another port, this time
of type ServiceRequester. According to the class diagram in Fig. 6.2, this port
type can only be connected to a �findPT� port of a discovery agency. If the
Client component knows the description of such a discovery service (as it is
the case in Fig. 3.5), the subsequent actions will succeed in connecting to the
discovery service, sending a service query for the JourneyRequester port, and
receiving a suitable service description.

As soon as the requested service accepts a new connection (synchronized
action!), the following �connect� action is enabled and creates a connector
between service requester and requested service. Afterwards, the client calls
the service’s requestJourney operation and waits for a response with suitable
journey offers. It can then either book the journey by sending another request
or finish the communication without booking the offered journey.

The complementary behavior of the TravelAgency service is shown in
Fig. 6.5. The process starts with opening a new JourneyProvider port at which
the service accepts incoming journey requests.

According to the semantics of the SOA style, the following �connect� ac-
tion is a synchronization point with a client who want to address the
new port (see transformation rule connect in Appendix B). Hence, the two
�connect� actions in ClientBehavior and TravelAgencyBehavior will be per-
formed simultaneously.

By completing the �connect� action, the JourneyProvider port is occupied
by the new connector. The next action, �receiveCall�, can only be performed
after the service requester has called the requestJourney operation at the
JourneyProvider port. It stores the incoming request in a variable and trig-
gers the organization of a journey according to the customers demands. For
this purpose, the travel agency opens a FlightRequester port and connects
to an appropriate flight booking service. However, if it does not know the
corresponding service description yet, it has to perform the optional service
query branch first.

For simplicity reasons, we restrict the example to searching a suitable
flight and leave out the hotel booking. After the travel agency has received
the flight information, it can prepare and send a response message back to
the client. The client evaluates this response and decides afterwards, whether
to book the offered journey or not (cf. Fig. 6.4). If the decision is positive, the
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Figure 6.5: Activitiy diagram for TravelAgency in the SOA-specific style
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client will not agree in a �disconnect� action but send another request. This
triggers the lower right branch of the TravelAgencyBehavior which actually
books the proposed flight at the airline service.

After a confirmation has been sent back to the client, the travel agency
behavior returns to its main path where now both parties agree in the �dis-
connect� action. Finally, the connection to the flight booking service and the
two ports are closed again. Then, the request is completely processed.

The loop back to the start action indicates that the travel agency can
serve multiple incoming requests in sequential order. If we wanted to model
a travel agency which is able to serve multiple requests at the same time, we
could have inserted a �newThread� action after the first �connect� action
which recursively creates a new, parallel instance of the TravelAgencyBehavior
process as soon as the JourneyProvider port has been occupied. The new
thread would open another JourneyProvider port and could then establish a
connection to another client.

As we want to use the graph transformation system of the architectural
style as semantic domain, another purpose of the profile is to restrict the
UML activity diagrams to those constructs only which have been selected
as counterparts for the graph-based behavior descriptions. The examples in
Figure 6.4 and 6.5 already reveal which constructs the SOA profile allows;
others are excluded. For example, the activity diagrams must not contain
guarded edges because decisions are always made non-deterministically, and
they must not contain join and fork nodes because concurrency is expressed
by starting a new thread rather than by splitting one (see Chapter 5).

A translation between UML models and their corresponding graph-based
representation in the semantic domain is discussed in the following section.

6.2 Translation into the semantic domain

Figure 6.6 provides an overview of a translation chain from UML diagrams
to runtime models in the semantic domain and back again. The translations
at the left-hand side consider the conversion of UML models from concrete
to abstract syntax and vice versa. They are not part of further consideration
because they can be performed by suitable UML tools: A UML editor stores
a given set of diagrams internally as instance of the (profile-extended) UML
meta-model. For the opposite direction, the editor provides some layout al-
gorithm which renders a given instance of the meta-model as UML diagrams
in the concrete syntax.

The translations at the right-hand side consider the step from instance
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Figure 6.6: Translation chain from UML diagrams to graph transition systems

graphs to graph transition systems, i. e., from single runtime states to com-
plete runtime models. The exploration of a graph transition system from a
given start graph has already been dealt with in Section 4.3.2. The reverse
“translation” is trivial because we simply select single runtime states of the
transition system, which shall be translated into the UML representation.

What remains are the translations of the UML abstract syntax graph
into the semantic domain, i. e., into an instance graph of the architectural
style, and back again. However, before we can consider translations between
these two representations, we have to recall the above mentioned difference
to the semantic domain concerning runtime information: UML models show
architectural behavior from a design time point of view and do not contain
runtime information required during model interpretation. On the contrary,
the instance graphs are also intended to capture individual runtime states
including, e. g., current variable values, action counters pointing to the pre-
vious or next action, and the current “location” of signals, messages, and
so forth. This information makes the instance graphs directly interpretable
using graph transformation rules.

Although UML models do not include such runtime information, they
can at least be used to derive a graph-based representation of the initial
runtime state. This start graph is constructed out of the UML type and
process definitions in conjunction with an initial configuration in which all
active architecture elements are set to their initial state by default. As a
direct consequence, the forward translation in Fig. 6.6 is not surjective with
respect to the set of all possible instance graphs.

In the opposite direction, the translation of instance graphs back to UML
models can only be partial, leaving out the runtime-related information.
Hence, this reverse translation is not injective, because instance graphs dif-
fering in runtime aspects only will be translated to the same UML model.

As claimed in Fig. 3.1 and the related discussion in Section 3.1, the trans-
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lations between syntax and semantic domain shall be defined once at the style
level and reused for every given instance of the architectural style. For this
purpose, we have to relate the relevant elements of the UML meta-model (in-
cluding the style-specific UML profile) with the elements of the style’s graph
schema. Table 6.2 summarizes the resulting mapping for the SOA style.

For an automated translation, however, the mapping shown in Table 6.2
is not sufficient, because a translator cannot simply replace nodes and edges
one by one in a complex graph structure. As both source and target of the
translation process are represented as graphs, we rather have to derive a
suitable graph translator from the given correspondence relation. One exist-
ing approach for specifying such graph translators is based on triple graph
grammars (TGG).

Triple graph grammars are an extension of pair grammars [127]. They
specify the simultaneous construction of two graphs. In addition, they build
up a third graph which shows the correspondences of elements of the first
graph to elements of the second one. Besides the synchronous construction
of the three graphs, a triple graph grammar can also be used to translate
graphs in either direction, or to check the consistency between two given
graphs according to the correspondence graph [138].

This way, triple graph grammars are ideally suited to specify bidirec-
tional translations between instances of two different graph schemas – in
our case, the UML meta-model and the graph schema of the architectural
style. In the past, they have also been used to build tightly-integrated soft-
ware environments (IPSEN, [92]) or to specify the migration of relational to
object-oriented database schemas [79].

While pair grammars are restricted to context-free productions and one-
to-one correspondences between graph elements only, triple graph grammars
allow for context-sensitive productions with rather complex left- and right-
hand sides and m-to-n correspondence relationships.

For example, the triple graph production in Fig. 6.7 inserts a new in-
stance of a given service type and an accompanying service description into
a SOA model. The left production extends the UML abstract syntax graph
by stereotyped InstanceSpecification, Artifact, and Dependency nodes, while
the right production extends the semantic instance graph by new Service and
ServiceDescription nodes. The production in the middle extends the corre-
spondence graph.

The correspondence graph fixes the relationships between both sides by
two graph morphisms, denoted as dashed arrows. In triple graph productions,
the correspondence morphisms enable useful application conditions which
ensure that the production is applied to already related elements only.
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Table 6.2: Mapping between SOA style and UML meta-model

SOA type graph UML meta-model and profile elements
elements (package name::class name)

ComponentType BasicComponents::Component
Component Kernel::InstanceSpecification
ServiceType BasicComponents::Component extended by SOA::Service
Service Kernel::InstanceSpecification extended by SOA::Service
DiscoveryServiceType BasicComponents::Component

extended by SOA::DiscoveryService
DiscoveryService Kernel::InstanceSpecification

extended by SOA::DiscoveryService
PortType Kernel::Class extended by SOA::PortType
ProviderPT Kernel::Class extended by SOA::ProviderPT
PublishPT Kernel::Class extended by SOA::PublishPT
FindPT Kernel::Class extended by SOA::FindPT
RequesterPT Kernel::Class extended by SOA::RequesterPT
Port [If self.portType.oclIsTypeOf(PortType)]

Ports::Port
[If self.portType.oclIsTypeOf(PublishPT)
or self.portType.oclIsTypeOf(ProviderPT)]
Ports::Port extended by SOA::PublishPT
[If self.portType.oclIsTypeOf(FindPT) or
self.portType.oclIsTypeOf(RequesterPT)]
Ports::Port extended by SOA::FindPT

ConnectorType Kernel::Assocication extended by SOA::Connector
Connector Kernel::InstanceSpecification
Interface Interfaces::Interface
Operation Kernel::Operation
ServiceDescription Artifacts::Artifact extended by SOA::ServiceDescription
knows Dependencies::Dependency extended by SOA::KnowsDependency
describes Dependencies::Dependency extended by SOA::DescribesDependency
Process FundamentalActivities::Activity
Variable CompleteActivities::DataStoreNode extended by SOA::Variable
next BasicActivities::ControlFlow
OpenPortAction FundamentalActivities::Action extended by SOA::openPort
ClosePortAction FundamentalActivities::Action extended by SOA::closePort
ConnectAction FundamentalActivities::Action extended by SOA::connect
DisconnectAction FundamentalActivities::Action extended by SOA::disconnect
CallOperationAction FundamentalActivities::Action extended by SOA::callOperation
. . . . . .
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Figure 6.7: Triple graph production

Using graph morphisms entails that one can relate nodes to nodes and
edges to edges, but not nodes to edges (cf. Definition 4.1). In Fig. 6.7 for
example, the natural correspondence between the DescribesDependency node
in the left production and the describes edge in the right production cannot be
expressed. However, in most of such cases it is sufficient to relate the source
and target nodes of the particular edge. If this does not suffice, a possible
workaround is a more abstract representation of edges as edge-node-edge
combinations.

Having defined triple graph productions which generate the complete
graph languages – UML abstract syntax graphs on the one hand and in-
stance graphs of the architectural style on the other hand, the triple graph
grammar can be used to construct two graph translators. We confine the fol-
lowing explanations to left-right translations (LR) – in our case from UML
into the semantic domain. The opposite direction works analogously.

In order to obtain an LR-translator, every triple production is split into
two graph productions, a left-to-right translating production and a left-local
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production. The left-to-right translating production is the original triple
graph production, but the left-hand side of its left production being replaced
by a copy of the right-hand side. This way, the left-to-right translating pro-
ductions do not change the already given left graph any more but construct
the right graph only. The original left production, however, is copied into the
left-local production.

Given a left graph GL to be translated into a right graph GR, at first
a graph parser has to determine a sequence of left-local productions which
construct exactly GL. Then, applying the corresponding sequence of left-to-
right productions to GL will produce the desired translation GR [138].

To enable efficient parsing of the source graph, triple graph productions
are required to be monotonic, i. e., they must not delete any node or edge.
Moreover, to ensure termination of the parsing process, the source graph
has to be finite and the left productions (for right-left translations: the right
productions) have to be strictly monotonic, i. e., they have to create at least
one new node or edge.

Due to the divergent expressiveness of our two graph languages, the last
restriction requires further consideration: As the semantic instance graph
contains runtime information not included in the UML syntax graph, the
corresponding triple graph productions can create these elements on the right
side but no equivalent elements on the left side. An example is shown in
Fig. 6.8. It produces a new Thread node in the right graph but nothing
equivalent in the UML abstract syntax graph on the left.

1
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Figure 6.8: Unidirectional triple graph production
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As the left production in Fig. 6.8 breaks the strict monotonicity condition,
it is forbidden for LR-translations. However, the triple graph production is
still required for a complete parsing of the source graph in RL-translations.
In other words, we handle the divergent expressiveness by “unidirectional”
triple graph productions which are enable for translations in one direction
only.

The above discussion and examples reveal the suitability of triple graph
grammars for both forward and reverse translations as required in the trans-
lation chain of Fig. 6.6. However, a complete specification of a triple graph
grammar for our service-oriented style and the relevant parts of the UML
meta-model is a major task which goes beyond the scope of this thesis.

6.3 Summary

This chapter completes the presented approach for modeling platform-
consistent, dynamic software architectures. We have shown how to incor-
porate style-specific constructs into the UML in order to allow for more user-
friendly notations of platform-consistent architecture models. The approach
has been illustrated by a UML profile for our service-oriented architectural
style and its application to the online travel agency system.

In the second section, we have proposed triple graph grammars as an ap-
propriate technique for specifying machine-executable translations between
the extended UML models and their equivalent representation in our seman-
tic domain. This way, application architects can design their architectures
using a style-specific UML variant, while CASE tools exploit the operational
semantics of graph transformation systems in the background (cf. Fig. 3.1).

However, the problem of describing dynamic software architectures in
a platform-consistent way is not just a matter of language with syntax and
semantics, but also a matter of engineering in the sense of bringing functional
requirements together with platform restrictions and capabilities. For this
reason, the next chapter goes another step further and details our stepwise
development approach, which is based on systematically refining abstract
models to more platform-specific ones.
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Chapter 7

Style-based refinement of
dynamic software architectures

In the proposed MDA-like development approach, application architects
model system architectures at different levels of platform abstraction – from
abstract, business-oriented architectures to concrete, platform-specific ones.
However, as already stated at the beginning of the thesis, they have to ensure
the mutual consistency of these models in terms of structural and behavioral
refinement.

In this chapter, we will discuss suitable refinement criteria for this pur-
pose. According to the requirements outlined in Section 2.2.3, such criteria
should enable the application architect to check whether a concrete archi-
tecture contains equivalent functional elements as the abstract architecture
(structural refinement (19)), whether it preserves the abstract behavior (be-
havior preservation (20)), and whether it can always be observed as a sub-
stitution of the abstract architecture (observational substitutability (21)).

The discussion in Section 2.3.3 has shown that existing work about archi-
tectural refinement is rare, and the few available proposals mainly focus on
structural refinement only. Hence, we will especially concentrate on criteria
for behavioral refinement.

Continuing our style-based strategy, we propose to define suitable rela-
tionships between the involved architectural styles and their vocabularies.
Then, we can parameterize our refinement criteria by such a style relation-
ship so that they become applicable to any two instances of the architectural
styles [13, 48].

The chapter is organized as follows. In Section 7.1, we consider related
work and compare two fundamental strategies for model refinement, namely
syntactical versus semantical approaches. Favoring the latter ones, we will
continue in Section 7.2 with representing correspondences between an ab-
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stract and a concrete architectural style using abstraction relationships. These
abstractions allow to map concrete states to the abstract level, which will
become the basis of structural refinement as defined in Section 7.2.2. The
structural refinement relationship can then be used to compare individual
runtime states of the system.

In Section 7.3, we show how behavioral refinement can be reduced to
structural refinement by comparing the reachable states of the induced graph
transition systems. We will define formal criteria for both behavior preser-
vation and observational substitutability and provide efficiently computable
algorithms which check these properties for a given pair of abstract and con-
crete architectures. Section 7.4 contains some notes on how to test the two
properties in cases where the size of our models exceed the practical limit for
complete refinement analysis. Eventually, Section 7.5 summarizes the results.

As Chapter 6 has already shown how architectural UML models can be
converted into their corresponding graph-based representation, it is sufficient
to confine the following discussion about refinement to the graph-based se-
mantic domain only.

7.1 Syntactical versus semantical approaches

As we formally define architectures as graph transformation models, related
work on refining graph transformation models becomes of special interest at
this point. Two important proposals on this topic can be found in Heckel et
al. [58] and Große-Rhode et al. [55]. Both approaches base the refinement
of a graph transformation system on a mapping between the involved type
graphs and graph transformation rules. As one can check the existence of such
mappings by looking at the two specifications only, we call their approaches
syntactical.

Große-Rhode et al. [55], for instance, propose a refinement relationship
between abstract and concrete rules that can be checked syntactically. One
of the conditions requires that, e.g., the abstract rule and its refinement must
have the same pre- and post-conditions except for retyping. Based on this
very restrictive definition they can prove that the application of the concrete
rule expression yields the same behavior as the corresponding abstract rule.
The drawback of this approach is that it cannot handle those cases where
the refining rule expression should have additional effects on platform-specific
elements that do not occur in the abstract rule. And, due to the fixed rule
mapping, the approach does not allow different, context-dependent refine-
ments of the same abstract rule (23).

Similarly, the work by Heckel et al. [58] is based on a syntactical rela-
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tionship between two graph transformation systems. This approach is less
restrictive and allows additional (platform-specific) elements at the concrete
level. However, it still requires some intuitive correspondences between ab-
stract and concrete rules in order to establish a meaningful relationship. This
makes its application difficult when the communication and reconfiguration
rules defined at the two levels of abstraction differ to a very large extent (22).

Heckel et al. [58] prove that their refinement relationship guarantees con-
sistency and completeness, which are similar properties as observational sub-
stitutability and behavior preservation, respectively.

Consistency means that, whenever the abstract system respects a certain
consistency restriction in the sense that no invalid state is reachable, so does
the concrete system. However, this property is not as powerful as observa-
tional substitutability because the consistency restrictions refer to individual
states only and do not allow statements about execution traces. For instance,
it is not possible to express a temporal safety property such as “every state
with user access to a file requires a preceding log in state”. For observational
substitutability, however, we also require the preservation of all such safety
properties which hold for the abstract system (21).

Completeness means that all transformation sequences at the abstract
level have a corresponding transformation sequence at the concrete level. At
first glance, this property sounds similar to behavior preservation. However,
we have to point at another drawback of the two syntactical approaches [55]
and [58], namely that they compare graph transformation systems without
start graph only but not graph transformation models according to Defini-
tion 4.19. Neglecting the start graph reduces the completeness property to a
general statement about the existence of a corresponding concrete transfor-
mation sequence; one cannot conclude that this transformation sequence is
still possible in a specific model, whose set of possible sequences is crucially
restricted by the given start graph [58].

This observation reveals that we have to take both the transformation
rules and the start graph of our graph transformation models into account
when checking behavioral refinement. The combination of both aspects leads
us to a comparison of the possible transformation sequences of the abstract
and the concrete model. As these sequences can only be computed by exe-
cuting the two models according to their operational semantics, we call such
an approach semantical.

A suitable semantic domain for model executions are graph transition
systems as introduced in Section 4.3.2. For this reason, we now turn to re-
lated work on the refinement of transition systems which have been well
researched in the area of concurrent system verification. In this field, systems
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and programs are usually modeled by some kind of state transition system
(sometimes also called automaton). And, a number of refinement and simula-
tion relations such as the well-known bisimulation have been defined in order
to compare the runtime behavior of two models [1, 35, 152, 66, 96, 109].

Typical purposes are proving the correctness of an implementation with
respect to its specification [1] and reducing the size of a model while preserv-
ing its behavioral properties. Besides, similar concepts have successfully been
applied to other domains such as object-oriented modeling, e. g., in order to
compare the behavior of an abstract superclass with that of its subclasses [36].

The general strategy is to define a simulation relation or homomorphism
between the individual states and transitions of two systems, and to prove
that the existence of such a relation entails a certain refinement property
over their execution traces (e.g., trace inclusion). The existing proposals can
be subdivided into relations building on a fixed mapping between state la-
bels [1, 35, 66] and those between transition types [96]. As a transition usually
represents some action of the system, the latter is also known under terms
like action refinement [53].

In the case of graph transition systems, where states represent instance
graphs and transitions represent possible transformation rule applications,
it is not meaningful to build a refinement relation on a mapping between
transition types: A fixed mapping between the atomic names of abstract and
concrete rules could not capture information about the part of the graph
to which a rule has been applied. If a rule became applicable to several
subgraphs of a certain state, we would also get several outgoing transitions.
Then, a simple matching of rule names could not reveal any more which of
the transitions actually corresponds to the current counterpart in the other
system.

Moreover, a fixed mapping between abstract and concrete graph transfor-
mation rules would prevent the necessary variability we require for context-
dependent refinements (23). Our intention rather is to allow different re-
finements of the same abstract operation depending on the current state
and previous operations. Another disadvantage of fixed rule mappings is the
difficulty to establish them in cases where the transformation rules of the
involved architectural styles completely diverge.

For these reasons, we will have to compare the graph transition systems
on the basis of their states, taking the operational semantics and the current
application context of the transformation rules into account. The challenge
here is that the states are not just characterized by a finite set of atomic labels
but consist of complete configuration in terms of instance graphs. Therefore,
we will at first introduce a strategy to compare instance graphs of differ-
ent architectural styles, called structural refinement. Then, we will continue
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with proposing suitable simulation relations that make use of the structural
refinement criterion in order to match corresponding abstract and concrete
states.

As the existence of an appropriate simulation relation shall be used as
sufficient condition for behavioral refinement properties, our intention is to
tie this condition as lax as possible. For this reason, we do not want to require
one-to-one or one-to-many mappings (also expressed by functions or homo-
morphisms) between the transition systems as proposed in [1, 36], but try to
allow many-to-many relations between states which still entail the intended
refinement properties. This way, we reduce the number of cases which fail in
satisfying the sufficient condition although being a valid refinement.

When checking behavioral refinement semantically, we have to analyze
the entire state space. Unfortunately, this will reduce the applicability of
our approach to systems with finite state space only. However, since graph
transition systems consider isomorphic states, an infinite state space can only
be caused by an unbounded growth in the number of architectural elements.
While this appears to be out of practical relevance, we are confronted with
another problem: the state explosion caused by combinatorial combinations
of concurrent actions [26]. This problem will affect the performance of any
refinement checking algorithm, even if it is efficient in the size of the transition
systems.

An alternative approach proposed by Ebert and Engels [36] circumvents
the state explosion problem. They do not compute their refinement homo-
morphism but give guidelines for constructing the concrete transition system
from the abstract one. And, they show that following these guidelines entails
the existence of the desired homomorphism. Unfortunately, their approach
does not fit to our application domain because it is made for object-oriented
behavior specifications with the transition system describing an object’s life
cycle. As our transition systems are not manually constructed but automat-
ically derived as semantic representation of concurrent architectural behav-
ior, there is no chance of following any guidelines for manual construction.
Thus, it appears that we have to live with the state explosion problem at
the moment and leave this point open for future work building on innovative
approaches such as compositional analysis [52] (see Section 9.2).

7.2 Structural refinement

The objective of structural refinement (19) is to compare the structure-
related parts of two architectures and to check if all business-relevant and
functional entities of the abstract configuration are preserved at the con-
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crete level. Our solution to this problem is based on a reusable abstraction
relationship between the involved architectural styles which translates the
structure-related part of concrete style instances to the abstract level. The
resulting structural refinement criterion can also be used to compare indi-
vidual runtime states of a graph transition system as required for semantical
behavioral refinement checks.

7.2.1 Abstraction relationship between styles

In order to compare a given pair of abstract and concrete architecture mod-
els, we have to relate the modeling elements of the underlying architectural
styles. Such a relationship has to overcome the different vocabularies and the
different levels of detail.

In Section 3.2, we have already discussed two possible directions of
the relationship and emphasized the advantages of abstractions over refine-
ments (cf. Fig. 3.7). Essentially, removing platform-specific details is eas-
ier than adding these details. Moreover, adding details amounts to refine-
ment construction, and this implies many degrees of freedom leading to non-
determinism or requiring user interactions.

For this reason, we now define an abstraction function which translates
instances of the concrete architectural style1 into instances of the abstract
architectural style [13, 63, 64].

Definition 7.1 (Abstraction Function). Given an abstract architectural
style G with graph schema GS and a concrete architectural style G ′ with graph
schema GS ′, an abstraction function abs : Inst(GS ′)→ Inst(GS) translates
instance graphs of the concrete style into instance graphs of the abstract style.

abs has to be closed under isomorphism, i. e.,

∀G′, H ′ ∈ Inst(GS ′) : G′ ∼= H ′ =⇒ abs(G′) ∼= abs(H ′)

The effect of an abstraction function is twofold: Firstly, it has to remove
all platform-specific elements which are not considered at the abstract level.
Secondly, it has to map the remaining elements of the concrete vocabulary
to elements of the abstract vocabulary, i. e., change the typing with respect
to the underlying type graphs.

Note that it is sufficient to restrict abstraction functions to structure-
related model parts only. This is because our strategy for behavioral refine-
ment checks is not based on comparing the behavior-related model parts
syntactically but on a runtime simulation (see Section 7.3).

1As a general rule, we denote variables referring to the concrete level by primed letters.
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The realization of an abstraction function can range from simple type
mappings to complex transformations, depending on the characteristics of
the respective architectural styles. While the following paragraphs sketch two
examples, the subsequent definitions of refinement criteria in Sections 7.2.2
and 7.3 are intentionally kept independent of the way the abstraction function
is defined.

Example 7.2 (Abstraction function based on type graph mappings). If the ab-
straction of a concrete instance graph simply consists of omitting platform-
specific elements and adapting the types of business-relevant elements, then
the abstraction function abs can be deduced from a type graph mapping
between the abstract type graph T̂G = (TG, I, A) and the concrete type
graph T̂G′ = (TG′, I ′, A′). Formally, such a type graph mapping is a partial
graph morphism t : TG′ → TG which maps elements of TG′ to elements of
TG [13, 14, 58, 63].

Figure 7.1 illustrates some part of a type graph mapping between the
concrete type graph TG′ taken from the service-oriented style (Fig. 5.20) and
the abstract type graph TG taken from the component-based style (Fig. 5.1).
The complete mapping for all nodes of TG′ is given in Table 7.1.
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1 isInstanceOf

ServiceType

Abstraction mapping:

DiscoveryServiceType

ComponentType ComponentisInstanceOfTG
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Figure 7.1: Some part of a type graph mapping [14]

The actual definition of t is driven by semantic correspondences between
the elements of the two type graphs. For instance, both Component and Ser-
vice nodes in a service-oriented architecture represent what we call a Com-
ponent in the component-based style. Since there is no distinction between
private and published components at the abstract level, t maps both types
to Component.

Those elements that represent purely platform-specific concepts not oc-
curring at the abstract level like, e.g., DiscoveryService, ServiceDescription, or
the SOA-specific port and message types are not mapped to the abstract type
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Table 7.1: Type graph mapping for all nodes of TG′

ComponentType 7−→ ComponentType
Component 7−→ Component
ServiceType 7−→ ComponentType
Service 7−→ Component
DiscoveryServiceType 7−→ –
DiscoveryService 7−→ –
ConnectorType 7−→ ConnectorTpye
Connector 7−→ Connector
PortType 7−→ PortType
FindPT 7−→ –
PublishPT 7−→ –
RequesterPT 7−→ –
ProviderPT 7−→ –
Port 7−→ Port
Interface 7−→ Interface
Operation 7−→ Operation
Message 7−→ Message
Request 7−→ Request
Response 7−→ Response
ServiceQuery 7−→ –
QueryResult 7−→ –
ServicePublication 7−→ –
ServiceDescription 7−→ –

graph. For behavior-related elements like, e.g., Process and Action nodes, the
type graph mapping is undefined, too, because the abstraction function only
needs to lift structural elements to the abstract level.

The type graph mapping t induces the desired abstraction function abst

which abstracts instance graphs typed over TG′ to those typed over TG.
This abstraction informally consists of (1) renaming the types of all elements
whose type has an image in TG according to the definition of t, (2) deleting
all nodes and edges which, due to the partiality of t, have a type in TG′

but not in TG, and (3) deleting all dangling edges and those adjacent nodes
whose number of connected neighbor nodes falls below the lower bound of
the relevant cardinality constraint. Formally, abst can be defined as a functor
of the graph morphism t [58].

Figure 7.2 illustrates the effect of the abstraction function abst for an
instance graph fragment defining the Airline service in the SOA style. First, we
apply the type mapping t and rename the types of the ServiceType and Service
nodes into ComponentType and Component, respectively (1). Then, we delete
the ProviderPT and ServiceDescription nodes and the describes edge because
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Figure 7.2: Abstraction of an instance graph

they have no mapping to TG under t (2). The deletion of the ProviderPT
node leads to the deletion of the adjacent Port node in the third step, because
otherwise the cardinality constraint would be violated which says that every
Port requires a PortType. Eventually, all dangling edges are removed (3).

Example 7.3 (Abstraction function based on triple graph transformations).
Other architectural styles might require more complex transformations which
map entire patterns of concrete elements to abstract elements. For instance,
an abstract bidirectional channel could be realized by a combination of two
unidirectional channels at the platform-specific level. Such complex mappings
have to be defined by more sophisticated methods.

One option is to use the triple graph grammars already introduced in
Section 6.2. Figure 7.3 demonstrates how such a triple transformation rule
could look like for the channel example. However, as all subsequent refinement
concepts are independent of the actual realization of the abstraction function,
we do not want to continue this example in more detail.

7.2.2 Structural refinement criterion

When speaking about structural refinement, we are concerned with the com-
parison of two architectural configurations, formally represented by two in-
stance graphs. Obviously, the main ingredient for such a comparison is an
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Figure 7.3: Triple graph production as part of an abstraction function

abstraction function in the sense of the previous section. However, as the
behavior-related model parts do not matter for structural refinement, we
first have to remove all elements which are irrelevant in terms of structure.
This has formally been defined as a projection function in Definition 5.1.

Altogether, we can combine abstraction function and structure projec-
tion in order to compare the structural characteristics of two architectural
configurations. This leads to the following definition of structural refinement
as a relation on instance graphs:

Definition 7.4 (Structural Refinement). Given an abstract architectural
style G with graph schema GS, a concrete architectural style G ′ with graph
schema GS ′, an abstraction function abs : Inst(GS ′) → Inst(GS), and two
structure projections structTG and structTG′; then, structural refinement is
defined as a relation refines ⊆ Inst(GS ′)× Inst(GS) with

G′ refines G ⇐⇒ abs(structTG′(G
′)) ∼= structTG(G)

Obviously, it is only possible to compute this refinement criterion for finite
graphs. This, however, is no real restriction because software architectures
and, hence, models thereof are always of limited size.

The computational complexity of deciding whether a concrete architec-
ture structurally refines an abstract architecture or not, depends on the size
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of the graphs and the complexity of the chosen abstraction and projection
functions. If we realize these functions by simple type mappings as sketched
in Example 7.2, then we can approximately assume linear time for their com-
putation, i. e., O(k) with k = ‖G′

N‖+‖G′
E‖ denoting the size of the concrete

graph (which we assume is greater than the size of the abstract one).

However, what counts more in this context is the isomorphism check be-
tween the left- and right-hand sides of the criterion. The underlying graph
isomorphism problem is one of the few problems which is in NP but is
not known to be in either P or NP -complete. Hence, there is currently no
polynomial-time algorithm for solving the problem in its most general fash-
ion; but, polynomial-time algorithms do exist for special cases of the graph
isomorphism problem [82].

Practical experience with the even worse since definitely NP -complete
subgraph isomorphism problem in connection with graph transformation rule
matchings has shown that there are suitable heuristics for detecting isomor-
phisms within tolerable running times [162]. According to [162], the following
circumstances (among others) support an efficient solution:

• using singleton entry nodes which occur exactly ones in each graph and
are specially marked, e. g., by a certain type,

• using a lot of different node and edge types which reduce the number
of possible isomorphism candidates,

• using nodes with key attributes and unique values which predetermine
some part of the isomorphism already.

As these properties hold in most cases for our instance graphs, too, there
is a high probability that structural refinement can efficiently been checked
in terms of the graph size.

Before we come to behavioral refinement, we want to point out that the
structural refinement relation can easily be lifted to the level of isomorphism
classes:

Lemma 7.5 (Structural Refinement under Isomorphism).

G′ refines G =⇒ ∀I ′ ∈ [G′] ,∀I ∈ [G] : I ′ refines I

Proof. We exploit the fact that abs and struct are closed under isomorphism
per definition and state for all I ′ ∈ [G′] and all I ∈ [G]:
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G′ refines G
7.4
=⇒ abs(structTG′(G

′)) ∼= structTG(G)
7.1,5.1
=⇒ abs(structTG′(I

′)) ∼= structTG(I)
7.4
=⇒ I ′ refines I

ut

Hence, the refinement relation on graphs induces a refinement relation
on isomorphism classes with [G′] refines [G] ⇐⇒ G′ refines G. We will
return to this property when checking behavioral refinement with the help
of graph transition systems.

7.3 Behavioral refinement

Besides the refinement of structure, we also require criteria to check behav-
ioral refinement in terms of behavior preservation and observational substi-
tutability. However, in contrast to structural refinement, we are not going
to translate and compare the behavior-related parts of two given instance
graphs, but investigate the behavior at a semantic level using the induced
graph transition systems as operational runtime models (see Section 7.1).

7.3.1 Behavior preservation

The criterion for behavior preservation (20) has to ensure that every behav-
ior of the abstract architecture is still possible in the concrete architecture.
The motivation behind is that the business processes incorporated into the
business-oriented model shall be preserved when porting the model to the
platform-specific level. Consequently, every abstract scenario of communica-
tion and reconfiguration operations requires a corresponding scenario in the
concrete architecture, and every state, i. e., instance graph, reachable in the
abstract system requires the reachability of a corresponding2 state in the
platform-specific architecture.

In our semantic domain, the execution of a communication or reconfig-
uration operation is modeled by the application of the corresponding graph
transformation rule. Hence, every transformation step G =⇒G H in the ab-
stract style G has to be preserved by suitable concrete transformation steps
G′ ∗

=⇒G′ H ′ in the concrete style G ′. We allow for several steps at the concrete
level because it might require a number of intermediate, platform-specific
steps in order to realize the abstract step.

2By correspondence we mean structural refinement in this context.
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Example 7.6. Consider an application of the abstract reconfiguration rule
connect presented in Fig. 5.4. In a behavior-preserving, service-oriented ar-
chitecture, it is not always enough to apply the corresponding SOA-specific
connect rule, because the service description has to be known first. If the
description is not known yet, further SOA-specific rules for service publi-
cation and discovery have to be applied, as illustrated at the bottom of
Fig. 7.4 [14, 63].

1

G’ H’send
service
query

find
service

connect

connect

refines refines

G H

send
query
result

receive
service-

publication

send
service

publication

Figure 7.4: Preservation of an abstract transformation step

Extending the above sketched principle to all transformation steps and
states reachable in an architecture’s behavior results in the following formal
definition of behavior preservation:

Definition 7.7 (Behavior Preservation). Let M = (G, G0) be a graph
transformation model representing an architecture in an abstract architectural
style G = (GS, P ) with transformation sequences Op(M). Let M ′ = (G ′, G′

0)
be a graph transformation model representing an architecture in a concrete
architectural style G ′ = (GS ′, P ′) with transformation sequences Op(M ′).
Given a structural refinement relation refines ⊆ Inst(GS ′)× Inst(GS) ac-
cording to Definition 7.4, then M ′ preserves the behavior of M (M ′ preserves
M , for short), iff

∀p ∈ Op(M) with p = (G0 =⇒G G1 =⇒G . . . =⇒G Gn)

∃p′ ∈ Op(M ′) with p′ = (G′
0

∗
=⇒G′ G′

1
∗

=⇒G′ . . .
∗

=⇒G′ G′
n)

such that ∀i = 0 . . . n : G′
i refines Gi

Unfortunately, the definition above cannot directly be put into an algo-
rithm which checks behavior preservation for a given pair of architecture
models, because the algorithm would usually have to investigate an infinite
number of possible transformation sequences. The problem can only be tack-
led by skipping recurring states or, in other words, isomorphic graphs.

In Section 4.3.2, we have already pointed out how the reachable states
of an architecture model are collected into isomorphism classes which then



150 CHAPTER 7. REFINEMENT OF DYNAMIC ARCHITECTURES

induce a graph transition system. We will now demonstrate how such graph
transition systems can be used to realize an algorithm for checking behavior
preservation.

Directly transferring the above definition to graph transition systems
would require to prove that all paths in an abstract transition system are
also contained in the concrete transition system. However, this problem,
also known as trace inclusion problem, is difficult to compute because it is
PSPACE-complete [147]. Instead, we will check a slightly stronger condition
on graph transition systems which entails trace inclusion. It is based on the
following, co-inductively defined simulation relation between the states of
two graph transition systems [63, 64]:

Definition 7.8 (Simulation Relation simR∗). Given a structural refine-
ment relation refines and two graph transition systems GTS = (L, S,⇒, s0)
and GTS ′ = (L′, S ′,⇒, s′0). Then, a relation simR∗ ⊆ S ′×S is a simulation
relation between GTS ′ and GTS, if (s′, s) ∈ simR∗ implies

• s′ refines s

• ∀ŝ ∈S with s⇒ ŝ ∃ŝ′ ∈S ′ with s′
∗

=⇒ ŝ′ such that (ŝ′, ŝ) ∈ simR∗

Example 7.9. To illustrate this definition, consider the two graph transition
systems in Fig. 7.5. The various patterns of the state nodes symbolize the
architectural structure of each state from a business-oriented point of view.
If a concrete state has the same pattern as an abstract state, then the con-
crete state structurally refines the abstract one, e. g., s′6 refines s3. Valid
simulation relations for these two transition systems are:

simR∗
1 =

{
(s′7, s4)

}
simR∗

2 =
{
(s′6, s3), (s

′
7, s4)

}
simR∗

3 =
{
(s′0, s0), (s

′
1, s1), (s

′
4, s2), (s

′
6, s3), (s

′
7, s4)

}
simR∗

4 =
{
(s′0, s0), (s

′
1, s1), (s

′
3, s2), (s

′
6, s3), (s

′
7, s4)

}
simR∗

5 =
{
(s′0, s0), (s

′
2, s1), (s

′
4, s2), (s

′
6, s3), (s

′
7, s4)

}
simR∗

6 =
{
(s′0, s0), (s

′
2, s1), (s

′
3, s2), (s

′
6, s3), (s

′
7, s4)

}
and all possible combinations of unions thereof, in particular:

simR∗
∪ =

{
(s′0, s0), (s

′
1, s1), (s

′
2, s1), (s

′
3, s2), (s

′
4, s2), (s

′
6, s3), (s

′
7, s4)

}
Note that none of the simulation relations contains the (s′5, s1), although

s′5 refines s1 satisfying the first condition of Definition 7.8. The reason is
the second, co-inductive condition which this tupel cannot satisfy because
none of the (transitive) successors of s′5 refines s2, the successor of s1.
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Figure 7.5: Example of abstract and concrete graph transition systems

Nevertheless, this particular tupel does not matter for behavior preser-
vation as long as there is a simulation relation simR∗ containing the two
start states (s′0, s0). The following proposition shows how the existence
of such a simulation relation directly entails behavior preservation, i. e.,
M ′ preserves M :

Proposition 7.10 (Behavior Preservation in Graph Transition Sys-
tems). Let M = (G, G0) be a model over an abstract architectural style
G = (GS, P ) and M ′ = (G ′, G′

0) be a model over a concrete architectural style
G ′ = (GS ′, P ′). Moreover, let GTS(M ′) and GTS(M) be the graph transi-
tion systems they induce and refines ⊆ Inst(GS ′)× Inst(GS) a structural
refinement relation.

Then, M ′ preserves M , if there exists a simulation relation simR∗ between
GTS(M ′) and GTS(M) such that

(
[G′

0], [G0]
)
∈ simR∗.

Proof. Let simR∗ be the simulation relation between GTS(M ′) and GTS(M)

such that
(
[G′

0], [G0]
)
∈ simR∗. We show by induction over the path length

n ∈ IlN0 that this entails:

∀p ∈ Op(M) with p = (G0 =⇒G G1 . . . =⇒G Gn)

∃p′ ∈ Op(M ′) with p′ = (G′
0

∗
=⇒G′ G′

1 . . .
∗

=⇒G′ G′
n)

such that ∀i = 0 . . . n :
(
[G′

i], [Gi]
)
∈ simR∗
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• n = 0:

p0 = (G0) and p′0 = (G′
0) and

(
[G′

0], [G0]
)
∈ simR∗

• n→ n + 1:

Let pn+1 = (G0 =⇒G G1 . . . =⇒G Gn =⇒G Gn+1)
Ind.
=⇒ ∃p′n = (G′

0
∗

=⇒G′ G′
1 . . .

∗
=⇒G′ G′

n)

such that ∀i = 0 . . . n :
(
[G′

i], [Gi]
)
∈ simR∗

7.8
=⇒ ∃[G′

n+1] with [G′
n]

∗
=⇒ [G′

n+1] such that ([G′
n+1], [Gn+1]) ∈ simR∗

4.21
=⇒ ∃p′n+1 = (G′

0
∗

=⇒G′ G′
1 . . .

∗
=⇒G′ G′

n
∗

=⇒G′ G′
n+1)

such that ∀i = 0 . . . n + 1 :
(
[G′

i], [Gi]
)
∈ simR∗

Altogether, we obtain:

∀p ∈ Op(M) with p = (G0 =⇒G G1 . . . =⇒G Gn)

∃p′ ∈ Op(M ′) with p′ = (G′
0

∗
=⇒G′ G′

1 . . .
∗

=⇒G′ G′
n)

such that ∀i = 0 . . . n :
(
[G′

i], [Gi]
)
∈ simR∗

7.8
=⇒ ∀i = 0 . . . n : [G′

i] refines [Gi]
7.5

=⇒ ∀i = 0 . . . n : G′
i refines Gi

7.7
=⇒ M ′ preserves M

ut

Computing behavior preservation. There is a number of similar, co-
inductively defined simulation relations in the area of concurrent system ver-
ification. For instance, strong and weak bisimulation relations are used to
show that an implementation fits to its specification [110]. Independent of
the chosen kind of relation, the way of deciding if there is a relation con-
taining the initial system states looks similar in most cases: One computes
the greatest relation, which is the union of all possible relations, through a
greatest fixpoint and checks the membership of the initial states [35, 66].

For computing our behavior preservation relation, we will adopt a fixpoint
algorithm presented by Henzinger et al. in [66]. For a given state-labeled tran-
sition system, their algorithm computes the greatest fixpoint of a simulation
in O(mn) time, where m is the number of transitions and n is the number
of states. Adopting a definition by Milner [109], they consider a simulation
to be a binary relation ≤ ⊆ S × S on the state set S with s′ ≤ s implying:3

label(s′) = label(s) (7.1)

3label(s) returns the label of a state s, and post(s) contains all direct successors of s.
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∀ŝ ∈ post(s) ∃ŝ′∈ post(s′) such that ŝ′ ≤ ŝ (7.2)

Henzinger et al.’s algorithm [66] takes a state-labeled transition system as
input and computes for each state s ∈ S the simulator set sim(s) containing
all states s′ for which there is a simulation relation ≤ such that s′ ≤ s.
Although the simulator sets are computed for a single transition system only,
the algorithm can also be used to compare two transition systems: We just
have to construct a joint transition system as the disjoint union of the two
single ones.

There are two differences between Henzinger et al.’s definition of a sim-
ulation relation and our Definition 7.8, which do not allow to apply their
algorithm as it is: (1) we do not compare state labels but check for structural
refinement between states; (2) we allow to simulate an abstract step by a se-
quence of concrete steps while equation (7.2) requires a one-to-one correspon-
dence between transitions. Nevertheless, we will show how their algorithm
can be adapted to our definition of the behavior preservation problem.

To overcome the first difference, we change the initialization part of their
algorithm so that it considers structural refinement instead of state labels.
Figure 7.6 shows the modified pseudo code. The only difference to the original
version in [66] is line 2 which initializes the simulator sets sim(s) with all
potential candidates for simulating states. Instead of checking if two states s
and s′ have equal labels, we now call a function Refines which checks if s′

is a structural refinement of s.

Preserves (TS) : Boolean
1 for all s ∈ S

2 sim(s) :=
{
s′ ∈ S

∣∣∣ Refines(s′, s) = true
}

3
4 while there are three states s, ŝ, s′ ∈ S such that
5 ŝ ∈ post(s), s′ ∈ sim(s), and post(s′) ∩ sim(ŝ) = ∅ do
6 sim(s) := sim(s) \ {s′}
7 end while
8
9 if s′0 ∈ sim(s0) then

10 return true
11 else
12 return false

Figure 7.6: Algorithm for behavior preservation based on [66]
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In the second part of the algorithm, the initialized simulator sets are
“sharpened” by removing those candidates which do not satisfy equation
(7.2). Since the number of candidates is finite, the algorithm certainly termi-
nates. And, as pointed out by Henzinger et al., the algorithm can be efficiently
implemented such that it computes the fixpoint in O(mn) time. For details,
please refer to their original paper in [66].

To overcome the second difference to Henzinger et al.’s definition of sim-
ulation – single steps vs. sequences at the concrete level – we compute the
transitive closure of the concrete transition system before it is fed into the al-
gorithm. The transitive closure of a transition system TS is a new transition
system TS∗ which contains the same set of states and a transition between
any two states s1 and s2 whenever there is a path s1

∗
=⇒ s2 in TS.

The transitive closure of a directed graph can be computed in O(mn)
time, too [28]. If we do so for the concrete graph transition system GTS(M ′)
and run our algorithm for the disjoint union of the transitive closure
GTS(M ′)∗ and the abstract transition system GTS(M) afterwards, then
an outcome s′0 ∈ sim(s0) means that M ′ preserves M according to Proposi-
tion 7.10.

Instead of a formal proof, we argue that starting from s′0 one can only
traverse transitions which belong to the transitive closure GTS(M ′)∗. Each
of these transitions represents a path in the underlying transition system
GTS(M ′). Thus, if the outcome of the algorithm satisfies equation (7.2)
with respect to GTS(M ′)∗, then it satisfies the corresponding equation of
Definition 7.8 with respect to GTS(M ′).

Example 7.11. Recall the two transition systems GTS(M) and GTS(M ′) in
Fig. 7.5. In order to compute the greatest simulation relation simR∗ be-
tween them, the algorithm is fed with the joint transition system consisting
of GTS(M) and the transitive closure GTS(M ′)∗ as denoted by the adjacent
lists in the left column below. The right column denotes how the algorithm
initializes the simulator sets according to the structural refinement relation-
ship (cf. Fig. 7.6 ll. 1-2).

In this example, the while loop of the algorithm (Fig. 7.6 ll. 4-7) can
only be entered once, namely with s = s1, ŝ = s2, and s′ = s′5. After s′5 has
been removed from the simulator set sim(s1), the loop terminates. Then,
the simulator sets represent the greatest simulation relation which we had
already constructed as simR∗

∪ in Example 7.9. With s′0 ∈ sim(s0), we have
shown that M ′ preserves M .
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post(s0) = {s1} sim(s0) = {s′0}
post(s1) = {s2, s3} sim(s1) = {s′1, s′2, s′5}
post(s2) = {s0, s4} sim(s2) = {s′3, s′4}
post(s3) = {s4} sim(s3) = {s′6}
post(s4) = ∅ sim(s4) = {s′7}
post(s′0) = {s′0, s′1, s′2, s′3, s′4, s′5, s′6, s′7} sim(s′0) = ∅
post(s′1) = {s′0, s′1, s′2, s′3, s′4, s′5, s′6, s′7} sim(s′1) = ∅
post(s′2) = {s′0, s′1, s′2, s′3, s′4, s′5, s′6, s′7} sim(s′2) = ∅
post(s′3) = {s′0, s′1, s′2, s′3, s′4, s′5, s′6, s′7} sim(s′3) = ∅
post(s′4) = {s′0, s′1, s′2, s′3, s′4, s′5, s′6, s′7} sim(s′4) = ∅
post(s′5) = {s′6, s′7} sim(s′5) = ∅
post(s′6) = {s′7} sim(s′6) = ∅
post(s′7) = ∅ sim(s′7) = ∅

Running time analysis. The running time of the algorithm depends on
the size of the input graph transition system TS. Let n be its number of states
and m be its number of transitions. Then, the efficient implementation of the
algorithm presented in [66] computes the greatest fixpoint in O(mn) time.
We only have to consider the time of the modified initialization part.

Obviously, the running time of the modified initialization part (Fig. 7.6
ll. 1-2) depends on the time TRefines of the Refines function. As this function
is computed for every pair of states, the initialization consumes O(n2·Trefines)
time in total. A precise statement about Trefines is not possible, because we
have deliberately left open how the underlying structural refinement relation
is defined (see Section 7.2). We can only say that TRefines will depend on the
size of the individual instance graphs associated with the states. If this size
can be limited by a constant upper bound, say K, then this factor vanishes
from the O-calculus expression and we obtain O(n2), or O(mn) assuming
that n ≤ m. The upper bound K could be ensured, e.g., by stopping the
exploration of the graph transition system where states are reached with
size > K. The same way, an infinite transition system can be approximated
by a finite one.

Eventually, we have to consider the preparation time of the joint input
transition system. As the input transition system is naturally greater than
either constituent transition system, we can state O(mn) as an upper bound
for the construction time of the transitive closure of GTS(M ′) in terms of m
and n, too [28].

Altogether, we achieve an O(mn) algorithm for checking behavior preser-
vation. As we can assume that n ≤ m ≤ n2, we obtain O(n3) as an upper
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bound in terms of the number of abstract and concrete states. Although this
means that the algorithm is efficient from a theoretical point of view, we have
to be aware of the state explosion problem [26]: As combinatorial combina-
tions of local states of all concurrent threads have to be considered, the state
space grows exponentially with the introduction of new threads.

Needless to say, the state explosion problem also affects the time required
to check behavior preservation. Thus, we might run into performance prob-
lems when architecture models become too large. Some concrete figures about
practical experience are given in Section 8.3.

7.3.2 Observational substitutability

Observational substitutability (21) is dual to behavior preservation, because
we have to check if every behavior of the concrete architecture can also oc-
cur in the abstract model. In other words, nothing shall be allowed at the
concrete level which is not contained in abstract behavior, except for solely
platform-specific operations which do not affect business-relevant entities.
This condition ensures that all safety properties satisfied at the abstract
level are preserved during the refinement process. Hence, somebody observ-
ing the system from outside will not recognize that the abstract architecture
is substituted by the concrete one.

Conversely to behavior preservation, every concrete scenario of commu-
nication and reconfiguration operations requires an equivalent scenario in
the abstract architecture, and every state reachable in the concrete system
requires the reachability of an equivalent state (in terms of structural refine-
ment) in the business-oriented architecture.

In our semantic domain, this means that every transformation step
G′ ⇒G′ H ′ in the concrete style G ′ has to be mapped to a suitable trans-
formation step G ⇒G H in the abstract style G. However, in order to allow
to refine abstract operations by multiple steps at the platform-specific level,
we have to relax the above condition and include sequences of platform-
specific steps as substitutions for single abstract steps. The first state and
all intermediate states of the concrete sequence have to be structural refine-
ments of the abstract source state, and only the last state of the sequence
refines the abstract target state.

Example 7.12. Reconsider the creation of a new connection as sketched in
Fig. 7.7. The service discovery actions at the lower level are solely platform-
specific and have no effect on business-relevant aspects. Thus, all the interme-
diate states refine the abstract source state G, until the connector is actually
created by the last action.
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Figure 7.7: Substitution of an abstract transformation step

Extending the above sketched principle to all transformation steps and
states reachable in the concrete architecture results in the following definition
of observational substitutability:

Definition 7.13 (Observational Substitutability). Let M = (G, G0) be
a graph transformation model representing an architecture in an abstract ar-
chitectural style G = (GS, P ) with transformation sequences Op(M). Let
M ′ = (G ′, G′

0) be a graph transformation model representing an archi-
tecture in a concrete architectural style G ′ = (GS ′, P ′) with transforma-
tion sequences Op(M ′). Given a structural refinement relation refines ⊆
Inst(GS ′) × Inst(GS) according to Definition 7.4, then M ′ observationally
substitutes M (M ′ substitutes M for short), iff

∀p′ ∈ Op(M ′) with p′ = (G′
0 ⇒G′ G′

1 . . .⇒G′ G′
n)

∃p ∈ Op(M) with p = (G0 ⇒G G1 . . .⇒G Gm), m ≤ n
and a surjective, monotonic function f : {0 . . . n} → {0 . . . m}
such that ∀i = 0 . . . n : G′

i refines Gf(i)

The function f assigns concrete states to the abstract states they refine.
As m ≤ n, the function is in general not injective, i. e., several concrete
states may refine the same abstract state. On the opposite, f has to be
surjective because the concrete scenario must not skip any business-relevant
state of the abstract scenario it substitutes. Eventually, the assignment has
to preserve the order of states, which is guaranteed by the monotonicity of f ,
i. e., f(i) ≤ f(i + 1) ∀i ∈ {0 . . . n− 1}.

Similar to behavior preservation in Section 7.3.1, the above definition of
observational substitutability can only be computed if it is transferred to
finite graph transition systems. The corresponding trace inclusion problem
can again be approximated by a co-inductively defined simulation relation
between the states of two graph transition systems. This time, however, the
direction of the relation is inverted as follows:
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Definition 7.14 (Simulation Relation simR). Given a structural refine-
ment relation refines and two graph transition systems GTS = (L, S,⇒, s0)
and GTS ′ = (L′, S ′,⇒, s′0). Then, a relation simR ⊆ S × S ′ is a simulation
relation between GTS and GTS ′, if (s, s′) ∈ simR implies

• s′ refines s

• ∀ŝ′ ∈ S ′ with s′ ⇒ ŝ′ : (s, ŝ′) ∈ simR ∨
∃ŝ ∈ S with s⇒ ŝ such that (ŝ, ŝ′) ∈ simR

Example 7.15. To illustrate this definition, remember the two graph transi-
tion systems in Fig. 7.5. Valid simulation relations in the sense of the pre-
ceding definition for these two transition systems are:

simR1 =
{
(s′7, s4)

}
simR2 =

{
(s′6, s3), (s

′
7, s4)

}
simR3 =

{
(s′5, s1), (s

′
6, s3), (s

′
7, s4)

}
simR4 =

{
(s′0, s0), (s

′
1, s1), (s

′
5, s1), (s

′
2, s1), (s

′
3, s2), (s

′
4, s2), (s

′
6, s3), (s

′
7, s4)

}
The following proposition shows how the existence of such a simulation

relation simR entails observational substitutability.

Proposition 7.16 (Observational Substitutability in Graph Transi-
tion Systems). Let M = (G, G0) be a model over an abstract architectural
style G = (GS, P ) and M ′ = (G ′, G′

0) be a model over a concrete architectural
style G ′ = (GS ′, P ′). Moreover, let GTS(M ′) and GTS(M) be the graph tran-
sition systems they induce and refines ⊆ Inst(GS ′)×Inst(GS) a structural
refinement relation. Then, M ′ substitutes M , if there exists a simulation re-
lation simR between GTS(M) and GTS(M ′) such that

(
[G0], [G

′
0]

)
∈ simR.

Proof. The proof works analogously to that of Proposition 7.10. Let simR
be the simulation relation between GTS(M) and GTS(M ′) such that(
[G0], [G

′
0]

)
∈ simR. We show by induction over the path length n ∈ IlN0

that this entails:

∀p′ ∈ Op(M ′) with p′ = (G′
0 ⇒G′ G′

1 ⇒G′ . . .⇒G′ G′
n)

∃p ∈ Op(M) with p = (G0 ⇒G G1 ⇒G . . .⇒G Gm), m ≤ n
and a surjective, monotonic function f : {0 . . . n} → {0 . . . m}
such that ∀i = 0 . . . n :

(
[Gf(i)], [G

′
i]
)
∈ simR

• n = 0:

p′0 = (G′
0) and p0 = (G0) and f0 : 0 7→ 0 and

(
[G0], [G

′
0]

)
∈ simR
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• n→ n + 1:

Let p′n+1 = (G′
0 ⇒G′ G′

1 ⇒ . . .⇒G′ G′
n ⇒G′ G′

n+1)
Ind.
=⇒ ∃pm = (G0 ⇒G G1 ⇒ . . .⇒G Gm), m ≤ n

and a surjective, monotonic function fn : {0 . . . n} → {0 . . . m}
such that ∀i = 0 . . . n :

(
[Gfn(i)], [G

′
i]
)
∈ simR

As f is surjective and monotonic, we achieve fn : n 7→ m and, thus,(
[Gm], [G′

n]
)
∈ simR. According to Definition 7.14, the transition

[G′
n]⇒ [G′

n+1] entails one of the following two cases:

1.
(
[Gm], [G′

n+1]
)
∈ simR

Then we set fn+1(i) :=

{
fn(i) if i ≤ n
m if i = n + 1

fn+1 : {0 . . . n+1} → {0 . . . m} remains surjective and monotonic,
and m ≤ n + 1 holds.

2. ∃[Gm+1] with [Gm]⇒ [Gm+1] such that ([Gm+1], [Gn+1]) ∈ simR

4.21
=⇒ ∃pm+1 = (G0 ⇒G G1 ⇒ . . .⇒G Gm ⇒G Gm+1

and we set fn+1(i) :=

{
fn(i) if i ≤ n
m + 1 if i = n + 1

fn+1 : {0 . . . n + 1} → {0 . . . m + 1} remains surjective and mono-
tonic, and m + 1 ≤ n + 1 holds.

In both cases, it follows: ∀i = 0 . . . n + 1 :
(
[Gfn+1(i)], [G

′
i]
)
∈ simR.

Altogether, we obtain:

∀p′ ∈ Op(M ′) with p′ = (G′
0 ⇒G′ G′

1 ⇒G′ . . .⇒G′ G′
n)

∃p ∈ Op(M) with p = (G0 ⇒G G1 ⇒G . . .⇒G Gm), m ≤ n
∃ a surjective, monotonic function f : {0 . . . n} → {0 . . . m}
such that ∀i = 0 . . . n :

(
[Gf(i)], [G

′
i]
)
∈ simR

7.14
=⇒ ∀i = 0 . . . n : [G′

i] refines [Gf(i)]
7.5

=⇒ ∀i = 0 . . . n : G′
i refines Gf(i)

7.7
=⇒ M ′ substitutes M

ut
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Computing observational substitutability. For computing the great-
est substitutability relation simR, we will again adopt Henzinger et al.’s
algorithm [66]. However, in terms of the original notion of simulation the al-
gorithm is based on, we now have to decide whether the abstract start state
s0 simulates the concrete start state s′0. For this purpose, we have to check
if s0 is in the simulator set of s′0, i. e., s0 ∈ sim(s′0).

Due to the inverted simulation direction, we also have to change the
initialization part of the algorithm because the underlying check for struc-
tural refinement is not symmetric. Otherwise, the simulator sets of concrete
states s′ ∈ S ′ would never contain any abstract state s ∈ S. But, if we re-
place Refines(s′, s) by Refines(s, s′) in line 2 of algorithm Preserves in
Fig. 7.6, then we can derive from equations (7.1) and (7.2) that the algorithm
now computes the greatest simulation relation ≤ such that s ≤ s′ implies

s′ refines s (7.3)

∀ŝ′ ∈ post(s′) ∃ŝ∈ post(s) such that ŝ ≤ ŝ′ (7.4)

The modified algorithm is shown in Fig. 7.8. If we directly applied it
to the disjoint union of the abstract and concrete transition systems, then
the outcome true (s0 ∈ sim(s′0)) would mean that for every concrete path
starting in s′0 there is a corresponding abstract path starting in s0 of exactly
the same length! However, our intention was to also allow for shorter abstract
paths which subsume the additional platform-specific actions.

Substitutes (TS) : Boolean
1 for all s ∈ S

2 sim(s) :=
{
s′ ∈ S

∣∣∣ Refines(s, s′) = true
}

3
4 while there are three states s, ŝ, s′ ∈ S such that
5 ŝ ∈ post(s), s′ ∈ sim(s), and post(s′) ∩ sim(ŝ) = ∅ do
6 sim(s) := sim(s) \ {s′}
7 end while
8
9 if s0 ∈ sim(s′0) then

10 return true
11 else
12 return false

Figure 7.8: Algorithm for observational substitutability based on [66]
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Similar to the transitive closure trick applied in Section 7.3.1, we solve
this discrepancy without modifying the algorithm but by a modification of
the input transition system. In this case, we take the abstract transition
system GTS(M) and insert a loop transition s ⇒ s for all states s ∈ S. It
obviously holds that for every transition s1 ⇒ s2 in the extended transition
system GTS(M)∝ there is either the same transition in GTS(M) or s1 = s2.

If we apply the modified algorithm to the disjoint union of the concrete
transition system GTS(M ′) and the extended abstract transition system
GTS(M)∝, then an outcome s0 ∈ sim(s′0) means that M ′ substitutes M
according to Proposition 7.16. We can argue that, starting from s0, one can
only traverse transitions which belong to GTS(M)∝. Each of these transitions
represents a transition or loop in the original transition system GTS(M).
Thus, if the outcome of the algorithm satisfies equation (7.4) with respect
to GTS(M)∝, then it satisfies the corresponding equation of Definition 7.14
with respect to GTS(M).

Example 7.17. Recall the two transition systems GTS(M) and GTS(M ′) in
Fig. 7.5. In order to compute the greatest simulation relation simR between
them, the algorithm is fed with the joint transition system consisting of
GTS(M ′) and the extended transition system GTS(M)∝ as denoted by the
adjacent lists in the left column below. The right column denotes how the
algorithm initializes the simulator sets according to the inverted structural
refinement relationship.

post(s0) = {s0, s1} sim(s0) = ∅
post(s1) = {s1, s2, s3} sim(s1) = ∅
post(s2) = {s0, s2, s4} sim(s2) = ∅
post(s3) = {s3, s4} sim(s3) = ∅
post(s4) = {s4} sim(s4) = ∅
post(s′0) = {s′1} sim(s′0) = {s0}
post(s′1) = {s′2, s′5} sim(s′1) = {s1}
post(s′2) = {s′3, s′4} sim(s′2) = {s1}
post(s′3) = {s′4, s′7} sim(s′3) = {s2}
post(s′4) = {s′0, s′7} sim(s′4) = {s2}
post(s′5) = {s′6} sim(s′5) = {s1}
post(s′6) = {s′7} sim(s′6) = {s3}
post(s′7) = ∅ sim(s′7) = {s4}

In this example, the initial simulation relation does not have to be sharp-
ened any more, the while loop of the algorithm (Fig. 7.8 ll. 4-7) is not entered,
and the simulator sets represent the greatest simulation relation which we
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had already constructed as simR4 in Example 7.15. With s0 ∈ sim(s′0), we
have shown that M ′ substitutes M according to Proposition 7.16.

Note that this example also reveals the necessity of the loop transitions. If
we had not inserted them, post(s1) would not contain s1 and the algorithm
would enter the while loop with s = s′1, ŝ = s′5, and s′ = s1 because of
post(s1) ∩ sim(s′5) = ∅. Then, s1 would be removed from sim(s′1) and, in a
second iteration, also s0 from sim(s′0). Thus, the algorithm would return a
wrong result.

The computational complexity of the algorithm remains the same as for
behavior preservation. Altogether, we achieve an O(mn) algorithm for check-
ing observational substitutability.

7.4 Testing behavioral refinement

In this section, we show how behavioral refinement can also be tested in cases
where complete refinement checks become too time-consuming due to the
state explosion problem. As usual, such tests can only show the correctness
for the test cases but never substitute a formal verification like that described
in the previous section.

In principle, both testing behavior preservation and observational substi-
tutability means to test trace inclusion between an abstract and a concrete
transition system, apart from different directions. For this purpose, we have to
select a limited number of traces from one transition system as test cases [62]
and check if these traces are also contained in the other transition system.
The following part explains how to automate these checks with the help of
suitable analysis tools like model checkers.

7.4.1 Testing behavior preservation

The rationale behind behavior preservation was to guarantee that no business
scenario or other possible behavior of an abstract architecture is lost during
the refinement to a more platform-specific level. Let GTS be the graph tran-
sition system induced by the abstract architecture model, and GTS ′ be the
concrete, platform-specific graph transition system. Then, a behavior preser-
vation test has to check if for a given path p = (G0 ⇒ G1 . . .⇒ Gn) in GTS,
there is a corresponding path p′ = (G′

0
∗

=⇒ G′
1 . . .

∗
=⇒ G′

n) in GTS ′ such
that G′

i refines Gi for all i = 0 . . . n (cf. Definition 7.7).
The difficulty of such a test is that we cannot simply explore the concrete

transition system and look for a path p′ containing all G′
i, because we do

not know in advance how the G′
i actually look like. However, if we were able
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to formulate predicates PGi
such that G′

i satisfying PGi
(G′

i |= PGi
) entails

G′
i refines Gi, then we could perform the test by searching the concrete

transition system for a path which satisfies all PGi
.

Definition 7.18 (Refinement Predicate). Given an abstract architec-
tural style G with graph schema GS, a concrete architectural style G ′
with graph schema GS ′, and a structural refinement relation refines ⊆
Inst(GS ′) × Inst(GS), then a predicate PG is called refinement predicate
of G ∈ Inst(GS) if for all G′ ∈ Inst(GS ′):

G′ |= PG =⇒ G′ refines G

In some sense, refinement predicates invert the underlying abstraction
function of the structural refinement relation, because they describe under
which conditions a concrete graph structurally refines a given abstract graph.
In the definition above, we have deliberately left open in which language
the predicates are expressed and by which reasoning logic the satisfaction
relation |= is decided. Both issues depend on the way the abstraction function
is defined and on the analysis tool which has to perform the tests and to
interpret the predicates.

For example, if the abstraction function is based on a straight-forward
type graph mapping as proposed in Section 7.2.1, then the refinement pred-
icate has to invert that mapping, enumerate all valid refinements under the
concrete typing, and demand that the concrete graph comprises one of these
refinements.

In the following paragraphs, we suggest two different ways in which the
concrete transition system can be searched for a trace which satisfies the
refinement predicates PG0 . . . PGn .

Model checking with LTL formulae. If the concrete graph transition
system can be encoded into the format of an off-the-shelf model checker like
SPIN [74], then we can describe the desired path refinement of p with the
help of temporal logics and employ the model checker for searching p′. For
instance, let p = (G0 ⇒ G1 . . . ⇒ Gn) be expressed by a sequence of refine-
ment predicates PG0 , PG1 , . . . PGn . Then we can formulate the refinement of
p by a formula in linear-time temporal logic (LTL), which reads as follows:4

PG0 ∧ ♦(PG1 ∧ ♦(PG2 ∧ . . .♦(PGn) . . .))

Since we require only one path to satisfy the above formula, while an LTL
formula always refers to all paths of the transition system, we have to negate

4The LTL operator ♦ means “at some time in the future”
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the above formula and let the model checker look for a counter example. A
counter example that violates the negated formula serves as a witness for the
original formula [63].

The advantage of this proposal is that we do not have to change anything
of the graph transition system and can directly apply standard model check-
ing tools which incorporate several sophisticated strategies and heuristics
to optimize the evaluation of temporal logic formulae. On the other hand,
it is difficult to find a model checker which can operate on graph transi-
tion systems with graphs as states and evaluate the refinement predicates
PG0 , PG1 , . . . PGn over these graphs.

Varró et al. [137] work on filling this gap by their translation tool Check-
VML. It takes a graph transformation model and translates it, together
with the LTL property to be verified, into the input language of the model
checker SPIN, which is Promela. More about this approach is revealed in
Section 8.1.5.

Reachability analysis. Testing trace inclusion can also be realized with-
out full support of a temporal logic like LTL: Our second testing strategy only
requires a tool which supports a simple kind of reachability analysis, namely
the generation and exploration of a graph transition system until a state is
reached in which a certain graph transformation rule becomes applicable.

Such a feature can be exploited in order to find some state G′ in the
platform-specific architecture model which satisfies a given refinement pred-
icate PG. For this purpose, we rewrite the refinement predicate as a graph
transformation rule r(PG) whose left-hand side contains positive and negative
application conditions which represent the requirements that G′ must satisfy
in order to structurally refine G. The right-hand side of r(PG) is identical to
its left-hand side, i. e., the rule does not modify the host graph.

If we add the new predicate rule to the graph transformation system
and restart the generation of the corresponding transition system, then the
required state G′ is reached as soon as r(PG) becomes applicable.

Extending this idea from single states to paths, we can also check if there
is a path p′ = (G′

0
∗

=⇒ G′
1 . . .

∗
=⇒ G′

n) containing states G′
i which satisfy PGi

for all i = 0 . . . n as follows:

• For i = 0, we can explicitly check whether the concrete start state G′
0

satisfies predicate PG0 , i. e., whether G′
0 refines G0.

• For every other PGi
, we create a new predicate rule r(PGi

) which is
added to the graph transformation system. Thus, when generating the
graph transition system, the application of these rules are mixed with



7.4. TESTING BEHAVIORAL REFINEMENT 165

ordinary rule applications. If we can enforce that the predicate rules are
applied in ascending order only, i. e., r(PGi

) some time after r(PGi−1
),

then a path p′ exists iff r(PGn) can be applied at least once (see the
bold path in Fig. 7.9).

1

G’0

G’1

G’n
G’2

…

r(PG1)

r(PG1)

r(PG2)
r(PGn)

…

…

Figure 7.9: Reachability analysis with special predicate rules

In order to enforce an ascending application order of the predicate rules,
we insert a separate counter node into the initial instance graph G′

0 which
represents the history of already applied predicate rules. For this purpose,
the counter node gets a numerical attribute with is initially set to 1. While
the counter is completely ignored by ordinary graph transformation rules, the
predicate rules get an additional application condition such that rule r(PGi

)
can only be applied if the value of the counter attribute equals i. Moreover,
the right-hand side of a predicate rule r(PGi

) is extended such that it increases
the value of the counter from i to i+1. This effect enables the application of
the next predicate rule r(PGi+1

) as soon as its other application conditions
related to the refinement predicate are fulfilled, too.

In comparison to the first testing strategy, this reachability analysis re-
quires less capabilities of the applied analysis tool. In Section 8.1.6, we will in-
troduce Rensink’s graph transformation tool GROOVE [130] which supports
state space generation and such a reachability analysis for graph transition
systems.

And, although some extra rules have to be added to the graph transfor-
mation system, these extensions remain local and do not affect the existing
transformation rules. However, due to the newly introduced counter node
and its different values representing the history of already applied predicate
rules, the growing size of the state space to be explored might neutralize the
advantages of this testing strategy. Fortunately, this disadvantage does not
occur when testing observational substitutability as described in the next
section.
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7.4.2 Testing observational substitutability

Testing observational substitutability works almost symmetrically to test-
ing behavior preservation, because we now have to check whether a given
platform-specific path p′ = (G′

0 ⇒ G′
1 . . .⇒ G′

n) is included – under the nec-
essary abstractions – in the potential behavior of the more abstract, business-
oriented architecture model. However, there are three important differences:

1. On the one hand, preparing test cases for observational substitutabil-
ity is easier because, when expressing the concrete path in terms of
abstraction predicates over the abstract architectural style, we can di-
rectly apply the available abstraction function abs (cf. Section 7.2.1).

2. On the other hand, our definition of observational substitutability (cf.
Definition 7.13) restricts the allowed trace inclusions in such a way
that a suitable abstraction p = (G0 ⇒ G1 . . .⇒ Gm) must not contain
any intermediate state which does not correspond to one of the con-
crete states (the function f assigning concrete to abstract states has
to be surjective). For this reason, we cannot simply apply the reacha-
bility analysis proposed for behavior preservation tests in the previous
section, but we have to adapt that proposal to the characteristics of
observational substitutability first.

3. Due to the requirement that the desired abstract sequence p = (G0 ⇒
G1 . . . ⇒ Gm) has to be dense, i. e., without any intermediate states
and m ≤ n, we can restrict a reachability analysis starting in G0 to
paths of length n.

Dual to refinement predicates, we define abstraction predicate as follows:

Definition 7.19 (Abstraction Predicate). Given an abstract architec-
tural style G with graph schema GS, a concrete architectural style G ′
with graph schema GS ′, and a structural refinement relation refines ⊆
Inst(GS ′) × Inst(GS), then a predicate PG′ is called abstraction predicate
of G′ ∈ Inst(GS ′) if for all G ∈ Inst(GS):

G |= PG′ =⇒ G′ refines G

According to the first issue mentioned above, we can state as abstraction
predicate PG′ that an abstract graph G satisfies the predicate if its structural
part equals to abs(G′) and, consequently, G′ refines G (cf. Definition 7.4). As
all G′

i of the concrete path p′ are given, we can again create special predicate
rules r(PG′i

). This time, their positive and negative application conditions



7.5. SUMMARY 167

require that the host graph contains abs(G′
i) and no other structure-related

elements. Then, an abstract state Gi in which r(PG′i
) becomes applicable is

structurally refined by G′
i.

Analogously to behavior preservation tests, we have to enforce that the
new predicate rules can only be applied in the predefined order. Thus, we
apply the “counter trick” from the previous section again. Accordingly, a
path p containing abstractions of all G′

i is reached as soon as r(PG′n) becomes
applicable.

However, the counter does not prevent that the resulting path p con-
tains any intermediate states which are not related to the states of the given
concrete path p′ (see the second issue mentioned above). To satisfy this re-
quirement of observational substitutability, we have to ensure that at least
one of the predicate rules is applied after every “ordinary” rule application.
In other words, not more than one ordinary transition rule must be applied
between two predicate rules.

We can guarantee this condition by adding a new boolean attribute ordi-
naryEnabled to the counter node. Predicate rules always set the value of this
flag to true, and ordinary transformation rules of the architectural style
are extended such that they require a positive value before application and
change the value to false after completion. This way, a subsequent trans-
formation rule can only be applied after another predicate rule has set the
value to true again.

In comparison to behavior preservation tests, the reachability analysis for
observational substitutability requires some more rule extensions for handling
the ordinaryEnabled flag. On the other hand, using this flag as described above
dramatically reduces the state space to be explored during the reachability
analysis.

7.5 Summary

In this chapter, we have introduced a new, semantical notion of refinement for
graph transformation models. Graph transition systems with instance graphs
as states have been used as semantic domain. Since the approach does not
require any fixed mapping between the transformation rules, it remains ap-
plicable even if abstract and concrete transformation rules are very different.
Instead, we rather base the refinement criteria for behavior preservation and
observational substitutability on a comparison of the different states. This
way, the approach becomes context-dependent and supports changing refine-
ments of the same abstract operation.

We have borrowed concepts from the domain of concurrent system verifi-
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cation, which provides a broad range of different refinement and simulation
relations for comparing state transition systems. The existent approaches
mostly define state-based simulation relations by simple mappings between
available state labels. However, as our states reflect complete instance graphs,
we apply a more complex matching of abstract and concrete states based on
structural refinement.

Simulation relations differ in whether they distinguish internal, invisible
actions from externally observable ones or not (weak versus strong simu-
lations). In state-based approaches, the equivalent to internal actions are
stuttering steps whose source and target states are equal from an external
point of view. In [1] for instance, a stuttering step means a state change of an
internal component only. The research literature contains a number of differ-
ent proposals on how to handle such stuttering steps. In our case, stuttering
steps correspond to purely platform-specific steps at the concrete level. They
do not change the business-relevant parts of the system and are, thus, stut-
tering steps from the business level point of view. Our simulation relations
reflect this fact by relating several consecutive platform-specific states to a
single abstract state if necessary (cf. Fig. 7.7).

Due to the semantical state space analysis, we can check behavioral re-
finement entirely without syntactically matching the graph transformation
rules of the underlying abstract and concrete architectural styles. This is dif-
ferent to existing syntactical refinement proposals for graph transformation
systems which all require such a rule matching [58, 55].

On the other hand, the semantical refinement criteria cause additional
complexity because they cannot simply be decided by looking at the model
specification but require a simulation of the system in terms of exploring
the corresponding graph transition system. Though we have introduced an
O(mn) time algorithm for checking behavior preservation and observational
substitutability, i. e., one that is efficient at least from a theoretical point of
view, the state explosion problem might hinder a full analysis in practice.
For this reason, we also spent a section on testing the refinement properties.

Another weakness of the proposed algorithms is their restriction to a
yes/no answer. In the case of a positive outcome everything is all right and
the mutual consistency of the two models has been verified. But, in the neg-
ative case, the application architect does not get any information about the
cause of the failure. Provided that the two architectural styles and the cor-
responding transformation rules have been correctly specified, then there are
two potential obstacles to a valid refinement: It could either be that the capa-
bilities of the two architectural styles are so different that the abstract model
cannot be realized on the chosen target platform, or the platform-specific
architecture encoded into the concrete start graph is not consistent with the
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abstract one. Future work should aim at an extension of the approach which
helps the architect to detect the actual cause for a failed refinement check.

While the presented refinement concepts are intended to support the de-
velopment of dynamic software architectures, they can very likely be gener-
alized to many other application domains of graph transformation models,
too.

So far, we have shown how to model dynamic software architectures in
platform-specific architectural styles and how to check if a model at a lower
level of platform abstraction is a valid refinement of one in a more abstract
style. We consider these to be the two main ingredients for a platform-
consistent and step-wise development of dynamic architectures. Next, we
will complete the proposal by discussing suitable tool support.
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Chapter 8

Existing tool support for
modeling and refinement

In order to enable the practical application of the concepts presented so
far, software architects need support by adequate CASE tools (short for
“Computer-Aided Software Engineering”). In this chapter, we will discuss
to which extent this can be accomplished by existing tools and how these
tools have to be integrated.

Figure 8.1 summarizes the various activities of style and application ar-
chitects in a UML activity diagram and identifies the kind of tool which is
required for each of the tasks. Note that the depicted process does not de-
scribe a complete software development process but only the activities which
belong to the platform-consistent architecture development as proposed in
the preceding chapters.

The left swim lane of the activity diagram comprises the tasks the style
architect is responsible for. At first, he requires appropriate tools to define the
graph transformation system and the UML profile of a platform-independent
architectural style, as well as a translation relation for conversions between
the two model representations (cf. Chapters 5 and 6). Then he repeats the
same procedure for the platform-specific architecture. Finally, he defines an
abstraction function which forms the basis of future refinement checks be-
tween instances of the two styles (cf. Section 7.2.1).

After the style architect has provided the style definitions, the application
architect can design the business-level and platform-specific architectures
as instances of the styles using some graphical UML editor. Before he can
check the mutual consistency of these models, they need to be translated
into instance graphs of our semantic domain, which should at best be done
by some automatic translator in the background.

Having translated the two architecture models into the graph-based se-
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Figure 8.1: Activities of style and application architects and required tools

mantic domain, the application architect requires a state space generator in
order to derive the transition systems induced by the two graph transforma-
tion models (cf. Section 4.3). Based on these transition systems, he can then
either check or test the mutual consistency of the two models according to
the refinement criteria defined in Chapter 7. If the outcome is negative, then
the architect might apply a reverse translator to translate some crucial states
of the transition system back into their UML representation before he starts
to redesign the architectures.

Due to the high effort required to develop a new, comprehensive CASE
tool for all these tasks, we rather favor to survey available specialized tools
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and how they could be extended and combined to an integrated tool environ-
ment for our approach. In this context, graph transformation tools play a key
role because graphs and graph transformation systems form the conceptual
foundation of our modeling and refinement approach. Thus, Section 8.1 is es-
pecially dedicated to existent graph transformation tools, the requirements
we have, and the features they provide so far.

Section 8.2 briefly touches on UML tools and basic concepts for tool in-
tegration. Section 8.3 presents a practical example using one of the most
promising tools for a refinement test of our travel agency architecture. Even-
tually, Section 8.4 concludes the chapter.

8.1 Graph transformation tools

There is a limited number of CASE tools for graph transformation-based
modeling. In order to judge their suitability for the formal architecture mod-
eling and refinement method presented in this thesis, we at first want to
collect a list of required features.

8.1.1 Required features

1. Most basic of all, every graph transformation tool should allow to enter
and edit graphs, e. g., the start graph of a graph transformation model.
Due to the notion of graph schema and instance graphs we have intro-
duced in Section 4.1, we are particularly interested in support for

(a) typed graphs whose conformance is checked against an underlying
type graph as discussed in Section 4.1.1,

(b) attributed graphs with attributes declared in the type graph as
discussed in Section 4.1.2,

(c) node type inheritance including the correct resolution of inherited
edge types and attributes,

(d) specifying cardinalities for edge types as discussed in Section 4.1.3.

2. In order to specify platform mechanism by graph transformation rules,
the tool should provide a rule editor which allows a style architect

(a) to enter graph transformation rules by their left- and right-hand
sides including a correspondence mapping between the elements
of the two sides so that their intersection is well-defined and we
can omit the gluing graph as discussed in Section 4.2,
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(b) to extend transformation rules by negative application conditions
as discussed in the same section.

3. Based on their operational semantics, graph transformation models can
be simulated according to the recognize-select-execute paradigm (see
Section 4.2.1). In order to support these three simulation steps, the
tool should

(a) determine the set of enabled transformation rules and recognize
all occurrences of their left-hand sides in the current host graph,

(b) respect the DPO gluing condition stated in Definition 4.14 and
exclude those occurrences which do not satisfy the dangling or
identification condition,

(c) perform cardinality checks and exclude those occurrences where
a rule application would lead to a violation of cardinality restric-
tions,

(d) allow the architect to test certain transformation sequences by
user-specific rule selections for every transformation step,

(e) be able to automatically simulate arbitrary transformation se-
quences based on random rule selections,

(f) execute selected rules by modifying the current host graph.

4. In order to enable refinement checks between two transformation mod-
els as described in Chapter 7, we require a tool which

(a) allows to specify an abstraction function between two graph
schemas by some means or other as discussed in Section 7.2.1,

(b) enables structural refinement checks for a given pair of instance
graphs based on the abstraction function as discussed in Sec-
tion 7.2,

(c) is able to generate a graph transition system as runtime model of
a given graph transformation model (see Section 4.3.2),

(d) has a built-in technique for isomorphism detection in order to
minimize the state space of the transition system and to exploit
the symmetries of isomorphic states,

(e) implements the algorithm for behavior preservation checks intro-
duced in Section 7.3.1,

(f) implements the algorithm for observational substitutability checks
introduced in Section 7.3.2.
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5. In order to support the refinement tests proposed in Section 7.4, we
require a tool which provides a mechanism to check

(a) reachability properties over the induced graph transition system,

(b) more complex temporal logic properties formulated over the in-
duced graph transition system.

6. Eventually, we prefer a graphical user interface for user-friendly editing
of graphs and graph transformation rules.

The above list covers only those features we require for our particular
purposes; other important aspects of graph transformation theory such as
graph parsing etc. are not considered. For this reason, the following survey of
available tools does only reflect their suitability for our specific requirements
and is not a general ranking. We rather acknowledge that all the tools are
well-done implementations usually emphasizing different aspects of graph
transformation theory by a number of useful and sophisticated features.

8.1.2 PROGRES

The PROgrammed Graph REplacement System PROGRES1 is a graph
transformation tool which emerged from the IPSEN project in the 1980s.
The main goal of this project was to mechanize the development of Integrated
Programming Support ENvironments by graph transformation systems. Such
an environment provides tools for various phases of a software life cycle from
analysis over design to programming together with accompanying task like
configuration and project management [43].

While in the beginning of the IPSEN project pure graph transformation
systems with rather simple forms of rules were used [115], the transformation
systems were soon extended by additional means to control the application
of transformation rules. This led to the development of PROGRES [141,
140], a very powerful example of programmed graph replacement systems as
introduced in Section 5.2.3.

The graphical user interface of PROGRES combines visual specification
of transformation rules with textual programming of control flows. Its data
model is based on typed, attributed graphs, also with node type inheritance
and abstract node types, but not with cardinality restrictions for edge types.

In PROGRES, graph transformations are based on the set-theoretic ap-
proach mentioned at the beginning of Section 4.1. In principle, this does not
affect the specification of transformation rules with left-hand side, right-hand

1www-i3.informatik.rwth-aachen.de/research/projects/progres/

www-i3.informatik.rwth-aachen.de/research/projects/progres/
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side, and negative application conditions. However, due to the set theoretic
foundation, PROGRES does not respect the DPO dangling condition (see
Definition 4.14) when applying a transformation rule to an instance graph.
Thus, a rule which removes a certain node can be applied even if this causes
dangling edges. In such cases, the dangling edges are simply removed together
with the node.

This derivation from the DPO semantics can be managed by equipping
transformation rules with additional negative application conditions [56]: For
each node n of a rule to be removed, consider all node types T which are
connected to the type of n in the graph schema. Moreover, consider an oc-
currence oL of the left-hand side in the current host graph. If a T -node nT is
linked to oL(n) but there is no pre-image of nT in the rule’s left-hand side,
then the DPO dangling condition excludes the application of the rule. In
PROGRES, we have to ensure this exclusion manually by a negative appli-
cation condition stating that there must not be such a node nT of type T
linked to n.

For example, consider the reconfiguration rule disconnect in Fig. 8.2 which
is typed over the known graph schema of Fig. 5.1 and Fig. 5.6. Its purpose
is to remove a Connector node con (= n) between two ports. Naturally, this
should only happen when the connector is currently not used for sending
messages. According to the DPO semantics, the upper variant (a) of the rule
perfectly fulfills this purpose because it cannot be applied as long as some
node of type Message (= T ) is still linked to the connector. This statement
does not hold for the SPO semantics, because a dangling edge between the
removed Connector node and the Message node would simply be deleted in
SPO, too. Thus, we have to add a negative application condition to the
disconnect rule as shown in the lower variant (b) of Fig. 8.2.

1

a) conT:ConnectorType

con:Connector
connects connects

isInstanceOf

port1:Port port2:Port

conT:ConnectorType

port1:Port port2:Port

conT:ConnectorType

con:Connector
connects connects

isInstanceOf

port1:Port port2:Port

m:Message

sentVia

conT:ConnectorType

port1:Port port2:Port

b)

Figure 8.2: Rule extension to ensure DPO dangling condition in SPO tools
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The PROGRES language provides explicit control flow constructs to
define a user-specific order in which transformation rules are executed
by the built-in program interpreter. These constructs also include a non-
deterministic choice operator which can be used to realize random rule selec-
tions. When the program execution runs into a dead end where none of the
rules can be applied any more, the interpreter initiates a back-tracking mech-
anism which undoes previous rule applications until an alternative execution
path has been found.

Unfortunately, PROGRES does not support the generation, exploration
and analysis of graph transition systems induced by graph transformation
models.

8.1.3 AGG

The Attributed Graph Grammar system AGG2 is being developed at the
TU Berlin. Similar to PROGRES, it aims at the specification and prototypi-
cal implementation of applications with complex graph-structured data. For
this purpose, graph transformations are combined with the object-oriented
programming language Java such that AGG may be used as a general purpose
graph transformation engine in high-level Java applications.

Besides an AGG version with a Java API for embedding the tool into
other software systems, there is a second, stand-alone version without API for
using AGG via its own graphical user interface. This environment supports
the visual administration of graphs and rules, and it integrates tools for
editing, interpreting, and debugging graph transformation systems.

AGG operates on directed, labeled, attributed graphs. Since release 1.2.0,
AGG’s data model is extended by type graphs. The type graph does not allow
inheritance of node types, but one can prescribe cardinalities for edge types.
A built-in type checker ensures that all instance graphs satisfy the typing
and multiplicity constraints of the type graph.

Although the name of the tool hints at graph grammars only, in fact, ar-
bitrary graph transformation systems can be specified. Transformation rules
consist of left-hand side, right-hand side, and forbidden graphs as negative
application conditions. Having a graph transformation system at hand, it
may be simulated and validated using AGG’s analysis techniques, namely
critical pair analysis [60] and consistency checking [65].

The execution semantics of transformation rules in AGG is based on the
algebraic formalization, but it follows the single pushout approach (SPO [38])
which is more general than the double pushout approach we apply. In par-

2tfs.cs.tu-berlin.de/agg/

tfs.cs.tu-berlin.de/agg/
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ticular, the SPO approach does not require an occurrence of a left-hand side
to satisfy the DPO gluing conditions. However, AGG turns out to be very
flexible with respect to these semantical differences, because the user can
adapt the setting of the tool in such a way that it respects the dangling and
identification conditions when interpreting the transformation rules.

Graph transformations can be executed by the rule interpreter in three
different modes. The interactive transformation mode allows the user to se-
lect a certain rule and to determine a certain matching of its left-hand side.
Before the selected rule is executed, the interpreter checks if the matching is
a valid occurrence of the left-hand side, if it does not violate a negative ap-
plication condition, and if the resulting graph does not break any cardinality
constraint. In the automatic transformation mode, the interpreter computes
possible matchings and randomly applies transformation rules to the current
host graph until the user stops the interpretation or no rule is applicable any
more. Different to this, the parsing mode initiates back-tracking when the
interpreter runs into a dead end as it tries to find a transformation sequence
to a certain stop graph. To ensure termination of the parsing process, AGG
requires layered graph grammars as discussed in Section 4.3.1.

Like PROGRES, AGG does not support the generation of graph transi-
tion systems and related refinement analysis.

8.1.4 FUJABA

FUJABA (“From UML to Java And Back Again”)3 is a software develop-
ment tool originating from the University of Paderborn which, since its first
release in 1998, has been equipped with an increasing number of useful mod-
ules for, e. g., software design, code generation, reverse engineering, real-time
support, etc. The original core of the tool is based on story diagrams [46], a
behavior modeling language which is intended to combine the advantages of
both UML and graph transformations.

Story diagrams adopt main features from PROGRES (see Section 8.1.2),
e. g., directed, attributed, typed graphs with explicit graph schemas, pro-
grammed graph transformations with parameterized rules, and negative ap-
plication conditions. However, story diagrams extend the PROGRES graph
model by direct support for ordered, sorted, and qualified associations and
aggregations. The underlying graph schema is modeled as an UML class
diagram. Cardinalities can be used to specify restrictions on association mul-
tiplicities. Thus, the data model of story diagrams corresponds to the object-
oriented data model [46].

3www.fujaba.de

www.fujaba.de
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In FUJABA, the control flow aspect of programmed graph transforma-
tions is specified using UML activity diagrams. The individual activities con-
tain either small pieces of program code (like in UML) or a graph transfor-
mation rule. The graph transformation rules are denoted in a UML collabo-
ration diagram-like notation. This way, the paradigm of visual programming
is realized to a greater extend than in PROGRES.

Since story diagrams are intended to be used in object-oriented software
design, they usually model the body of an operation that belongs to a cer-
tain class. Due to the precise semantics of story diagrams which is based
on a mapping to the PROGRES language, FUJABA allows to generate Java
code implementing the specified operations. For simulation purposes, the FU-
JABA environment also provides a dynamic object browser which visualizes
the current object graph of the designed application and the manipulation
of this object graph due to the graph transformation-based operations.

Since the execution semantics for transformation rules is borrowed from
PROGRES, dangling edges are not prohibited as required by the DPO ap-
proach, but they are implicitly deleted as done by PROGRES. Thus, addi-
tional negative application conditions should be used as described in Sec-
tion 8.1.2, in order to achieve the required DPO semantics.

The transformation rules are executed according to the control flow the
user has specified in the underlying story diagram. Since the rules are pa-
rameterized, the user can also use parameter values to determine a specific
matching for the rule. If, in spite of the parameters, there are several possible
matchings, the interpreter selects one of them non-deterministically.

Although cardinalities can be specified in the graph schema, they are not
necessarily respected during rule applications. In detail, the interpreter can
only distinguish to-one from to-many associations but does not respect other
upper bounds. And, if a cardinality allows a single link to a certain node
type only, one can link a new object of that type even if there already exists
another link. In this case, the creation of the new link simply overwrites the
existing link.

Similar to PROGRES and AGG, FUJABA does not support the concept
of explicit graph transition systems and related refinement analysis. First
attempts to fill this gap have been made with the following two tools, Check-
VML and GROOVE.

8.1.5 CheckVML

CheckVML is a tool by Varró et al. [137] that targets at the verification
of graph transformation models. In an ideal case, verification means to en-
sure that a model fulfills all its requirements. For this purpose, CheckVML
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combines graph transformation with recent model checking approaches.
Model checking is a verification technique that has shown practical rel-

evance for hardware verification. It operates on so-called Kripke structures
which are state transition systems where a state consists of a subset of a
finite universe of logical propositions. A model checker evaluates temporal
logic formulas over such transition systems in order to check liveness and
safety properties.

Recently, model checking has gained increasing attention in the area of
software verification although the dynamic and concurrent nature of software
systems makes the problem inherently harder. The main difficulty comes with
the state explosion problem which arises when modeling concurrent processes.
Since the efficiency of model checking algorithms depends on the size of
the state space, sophisticated means of abstraction and state reduction are
required in order to keep the state space reasonably small.

Existing model checkers like SPIN [74] already incorporate a large number
of research results on efficiently tackling model checking problems. For this
reason, the authors of CheckVML decided to build their approach on top of
these solutions and to provide a translation of graph transformation models
into the input domain of existing model checkers like SPIN.

CheckVML accepts graph transformation models with attributed graphs
that are typed over a certain type graph. The type graph concept supports
inheritance but no edge cardinalities. Each transformation rule is specified
by graphs for the left-hand side, the right-hand side, and optional negative
application conditions. The tool has no graphical user interface but imports
the specifications from XML files provided by the user.

The imported graph transformation model is translated into Promela
which is the input language of the SPIN model checker. Since Promela uses
propositional logic to define system states and transitions, CheckVML ex-
presses all reachable graphs in terms of propositions and generates the tran-
sitions by recursively applying the transformation rules. Concerning its rule
application strategy, CheckVML removes all dangling edges when deleting a
node. Since this contradicts the DPO dangling condition, we have to modify
our rules the same way as described for PROGRES in Section 8.1.2.

The logical propositions are represented by boolean variables as described
by Varró in [154]. The truth value of such a variable indicates the existence or
non-existence of a certain node or edge. Thus, the conjunction of all variables
represents a specific graph. In order to minimize the required memory space,
CheckVML distinguishes between static and dynamic node and edge types.
Static types are those that are never changed by a transformation rule. Since
their instances remain the same in all states of the transition system, it is
sufficient to represent only the dynamic elements by boolean variables.
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For every dynamic node and edge type, CheckVML generates the decla-
ration of an array of booleans in Promela. The individual fields of the array
can be “switched” on or off to indicate the presence of an instance of that
type. If a rule application deletes one instance and another rule application
creates a new instance of the same type, the corresponding field of the array
can be reused for the new instance. As a result, certain but not all isomor-
phic graphs are aggregated into a single state. This incomplete isomorphism
detection might let the state space grow unnecessarily large.

Model checkers like SPIN can only tackle finite state transition systems.
Due to this fact, the CheckVML user has to fix an upper bound in advance,
which limits the number of instances of a dynamic type that can be present
in each state. Technically, this upper bound determines the length of the
instance arrays. If in a state all fields of a certain array are already occupied,
CheckVML does not consider rule applications creating further instance of
that type in this state. These “cuts” implicitly restrict the size of the state
space to the combinatorial product of all array sizes. On the other hand,
they lead to a Promela specification which does not represent the complete
behavior of the original transformation model.

Despite this limitation, the advantage of the CheckVML approach lies
in the ability to check transformation models against arbitrary temporal
logic properties with optimized off-the-shelf model checkers like SPIN. The
CheckVML tool itself is used as a preprocessor which translates both the
model and the property into a specification for the model checker. After this
preprocessing, we can feed the Promela code into SPIN and let it check the
LTL formula.

8.1.6 GROOVE

GROOVE (“GRaphs for Object-Oriented VErification”)4 is a toolset for
graph transformation-based software verification recently developed by A.
Rensink from the University of Twente [130]. Similar to our approach, he
uses graphs to represent a system’s runtime states and graph transformation
rules to model transitions between these states during a system execution.
Concerning verification, his aims are close to those of CheckVML; but in-
stead of applying off-the-shelf model checkers like SPIN, he plans to develop
a new model checker which is especially suited for checking temporal prop-
erties of graph transition systems with a dynamic number of propositions
(see Section 4.3.2) [131]. A more detailed comparison between GROOVE
and CheckVML is provided by their authors in [132].

4groove.sourceforge.net

groove.sourceforge.net
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At the current stage, the GROOVE project has yielded an editor for
graphs and graph transformation rules, as well as a simulator which allows
to generate a partial or full transition system from a graph transformation
model. The graph model Rensink applies is very simple: it only knows edge
labels, but no higher level concepts such as type graphs, attributes or cardi-
nalities. Node labels can be simulated by adding a loop edge to a node which
carries the intended label. With such node and edge labels, one can restrict
the applicability of graph transformation rules, but they are not as powerful
as real types (cf. Section 4.1.1). As a node might own several loop edges
with different labels, these node labels can also be used as a workaround for
representing node attributes.

The rule editor supports graph transformation rules, also with negative
application conditions. The simulation component allows to execute these
rules in various modes either manually or automatically. During each simu-
lation, the reached graphs are stored and a graph transition system is gener-
ated. Thus, a full exploration of the state space results in a complete graph
transition system. One of the most valuable features of this simulator is its
capability to identify isomorphic states during the state space generation.
This way, the size of the transition system is not unnecessarily blown up.

Although GROOVE does not support any similarity analysis between
two transition systems as required for our behavioral refinement checks, the
explicit generation of graph transition systems is a necessary prerequisite
for an efficient implementation of the algorithms introduced in Section 7.3.
Moreover, the exploration of the transition system can be terminated with
the application of a dedicated transformation rule as required for refinement
tests based on reachability analysis (see Section 7.4).

8.1.7 Summary

Table 8.1 summarizes the results of the preceding survey. All tools allow to
enter and edit – in the bounds of their respective data model – meaningful
graph transformation rules, even with negative application conditions. FU-
JABA, PROGRES, AGG, and CheckVML support typed, attributed graphs.
In the case of GROOVE, we can only approximate typing concepts and at-
tributes by special edge labels. Full support of cardinality constraints, in-
cluding automatic constraint checking, is only provided by AGG.

Except for CheckVML, which is intended to translate graph transforma-
tion models into the input language of model checkers, all tools allow the
execution of transformation rules, i. e., the simulation of graph transforma-
tion models. As only AGG supports the DPO gluing condition, a user of
the other tools has to ensure this condition himself using the workaround
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Table 8.1: Comparison of graph transformation tools

Requirement P
R

O
G

R
E

S

A
G

G

F
U

J
A

B
A

C
h
ec

k
V

M
L

G
R

O
O

V
E

1. graphs and graph schema
(a) typed graphs x x x x -
(b) attributed graphs x x x x -
(c) inheritance x - x x -
(d) cardinalities - x x - -

2. graph transformation rules
(a) left- and right-hand sides x x x x x
(b) negative application conditions x x x x x

3. simulation of transformation models
(a) recognize LHS occurrences x x x - x
(b) DPO gluing condition - x - - -
(c) cardinality checks - x - - -
(d) user-specific rule selections x x x - x
(e) random rule selections x x - - x
(f) execute selected rules x x x - x

4. refinement checks
(a) abstraction function - - - - -
(b) structural refinement checks - - - - -
(c) transition system generation - - - x x
(d) isomorphism detection - - - - x
(e) behavior preservation checking - - - - -
(f) observational substitutability checking - - - - -

5. refinement tests
(a) reachability properties - - - x x
(b) temporal logic properties - - - x -

6. graphical user interface x x x - x
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described in Section 8.1.2.

According to expectations, none of the available tools support the new
refinement concepts for graph transformation models presented in this the-
sis. Neither the definition of abstraction functions and structural refinement
checks nor behavioral refinement checks can be found. Only the two young
approaches GROOVE and CheckVML come closer to our refinement-related
requirements because they aim at analyzing induced graph transition sys-
tems. While both tools generate the space of reachable states, only GROOVE
provides complete isomorphism detection. For this reason, GROOVE would
be our favorite candidate for implementing the refinement checking algo-
rithm of Section 7.3 on top. This way, we could do automated refinement
checks between abstract and concrete architectural models. However, such
implementation is beyond the scope of this thesis.

Although neither GROOVE nor CheckVML enable complete refinement
checks so far, we can at least do refinement tests exploiting their capability
to search the state space for a state with certain properties or a transition
with a certain transformation rule. Thanks to the connection with the model
checker SPIN, CheckVML also allows to check more complex LTL formulas
like those we have used for behavior preservation tests in Section 7.4.1.

8.2 UML tools and tool integration

As outlined in Chapter 6, the application architect should be able to design
software architectures in a high-level modeling language such as UML. The
creation of UML models is a standard task, and there are many commercial
UML tools with varying degree of language support. Almost all of them
provide a graphical editor for the diagram types relevant to architectural
modeling, i. e., class diagrams, component diagrams, and activity diagrams
or state charts.

As a consequence of our style-based modeling approach for dynamic ar-
chitectures, we also require support for style-specific UML profiles: The style
architect needs to create new UML profiles with stereotypes and other ex-
tensions of the UML meta-model; and the application architect requires an
editor which allows to select one of the profiles for describing an architecture
in a certain architectural style.

A detailed survey of existing off-the-shelf UML CASE tools is beyond the
scope of this thesis. One example that supports the application and definition
of new UML profiles is Poseideon by Gentleware5.

5www.gentleware.com

www.gentleware.com
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Continuing our argument from the beginning of this chapter, we propose
to assemble a development environment for platform-consistent architectures
out of several specialized modeling and graph transformation tools. In con-
trast to a single, monolithic software, such an environment allows to apply the
best-fitting CASE tool for each of the tasks defined in Fig. 8.1 (best-of-breed
approach). For this purpose, the tools need to exchange their intermediate
results. Hence, data flow becomes a crucial issue for tool integration.

1
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Figure 8.3: Data flow in an integrated tool environment

In order to illustrate the necessary data flow for our approach, Figure 8.3
supplements the activity diagram from the beginning of the chapter with ob-
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ject flow states (rectangular boxes) representing data objects and adjacent
object flow edges indicating source and target of each data flow. As every
data flow also implies a control flow constraint, the two processes of style
and application architect can now be synchronized by the data flow depen-
dencies. For instance, the application architect can only start designing his
architectures after the style architect has delivered the profile definitions for
the corresponding architectural styles.6

In order to exchange the various intermediate results, dependent tools
require appropriate import and export interfaces as well as common exchange
formats which capture, e. g., models, graphs, or transformation systems. In
recent years, the eXtensible Markup Language (XML)7 has become a de facto
standard for the definition of such exchange formats, and there is already a
number of XML-based languages which can be used in our domain:

• The XML Metadata Interchange (XMI) format [119] is a vendor-
independent standard which allows to store and exchange UML models.
Nowadays, nearly all UML tools support the import and export of XMI
files. As the definition of profiles is a built-in feature of UML, one can
save and exchange UML profile definitions using the XMI format, too.

• The Graph eXchange Language (GXL)8 allows to describe typed, at-
tributed graphs which can be extended to represent hypergraphs and
hierarchical graphs. An advantage of GXL is that it can be used to ex-
change instance graphs together with their corresponding graph schema
in a uniform format [159]. AGG, CheckVML, and GROOVE support
GXL and use it, e. g., for the start graph of a transformation model.

• The Graph Transformation eXchange Language (GTXL)9 is being de-
veloped as an extension of GXL in order to share entire graph transfor-
mation rules between tools. GTXL is already supported by AGG and
CheckVML, and this number will certainly grow in the near future.

Another advantage of XML is the existence of a related standard, called
XSL Transformations (XSLT)10, which allows to describe transformations
of XML documents from one format into another format. So-called XSLT
processors are available which execute these format transformations and,

6Readers not familiar with the UML constructs in Fig. 8.3 and the underlying token
flow semantics are referred to [41] for further explanations of UML activity diagrams.

7www.w3.org/XML/
8www.gupro.de/GXL
9tfs.cs.tu-berlin.de/projekte/gxl-gtxl.html

10www.w3.org/TR/xslt

www.w3.org/XML/
www.gupro.de/GXL
tfs.cs.tu-berlin.de/projekte/gxl-gtxl.html
www.w3.org/TR/xslt
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thus, help to overcome the gap between different input and output formats.
For instance, the style architect could specify translations for his architectural
styles as XSLT documents which enable the application architect to apply
an XSLT processor for translating UML models from XMI into GXL graphs
and back again (see Fig. 8.3). More on XML-based integration of software
components in general can be found in [32].

In Fig. 8.3, we have already assigned a selection of possible data formats
to the object flow states (printed in brackets at the end of each label). More-
over, the UML note elements attached to the various tasks show potential
candidates out of the above considered CASE tools which support the se-
lected import and export formats. Naturally, the tasks belonging to the new
refinement technique introduced in Chapter 7, i. e., the definition of an ab-
straction function and the refinement checking, are not supported by existent
tools yet. While this part remains future work, the next section shows that
at least refinement tests can already be done today using, e. g., GROOVE.

8.3 Practical example with GROOVE

We complete this chapter by a practical example using the GROOVE tool.
Our intention is not only to show how the tool works, but also to provide
some practical impression on the size of the induced graph transition systems
and how GROOVE supports refinement tests.

The electronic travel agency serves us as application example again: We
entered two different variants of its architecture into GROOVE, the first one
in the component-based architectural style (see Sections 5.1 and 5.2) and the
second one in the service-oriented style (see Section 5.3).

As GROOVE does not support the concept of graph schemas, we can
represent the architectural styles by their graph transformation rules only.
The two models of the travel agency architecture are represented by suitable
start graphs, respectively, which the transformation rules can be applied to.
In order to achieve approximate effects as through type graphs, we use node
and edge labels in both the transformation rules and the start graphs as
explained in Section 8.1.6.

Figure 8.4 shows a screenshot of the GROOVE simulator after having
loaded the graph transformation rules of the component-based style (see left
area). The transformation rule callOperation, earlier introduced in Fig. 5.14,
has been selected and is displayed in the central area. GROOVE depicts
transformation rules as a single graph; elements printed with bold, green lines
represent nodes and edges to be added, and elements printed with dashed,
blue lines are to be deleted. The other elements are kept unchanged.
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Figure 8.4: Screenshot of a transformation rule in the GROOVE simulator

After loading the transformation rules of the architectural style, the
GROOVE simulator requires the start graph modeling the architecture in
its initial configuration. Table 8.2 gives some basic figures about the size of
the two start graphs. Although the concrete model in the service-oriented
style contains only one more component than the abstract model, namely
the discovery service for retrieving service descriptions, the total number of
nodes and edges grows from 206 to 381. This is caused by platform-specific
details which are also added to the business-relevant components.

Due to their sizes, we do not want to depict the start graphs of the

Table 8.2: Start graph sizes of the two travel agency models

abstract model in the concrete model in the
component-based style service-oriented style

Component nodes 3 4
all start graph elements 206 381
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two model variants here. Instead, complete UML models of the architecture
both in the component-based and the service-oriented style (based on the
corresponding UML profile) can be found in Appendices C and D.

A loaded start graph together with the style’s graph transformation rules
forms a valid graph transformation model from which the GROOVE simula-
tor generates the corresponding graph transition system. The screenshot in
Fig. 8.5 shows some part of the transition system of the abstract model. The
nodes represent states, and the edges represent transitions. Final states are
colored in red. By selecting one of the states, one can zoom into the state
and watch the underlying instance graph.

Figure 8.5: Screenshot of a graph transition system generated by GROOVE

Table 8.3 gives some basic figures about the two transition systems gener-
ated by GROOVE. Although both transition systems have in common that
they converge into a single final state, the difference in the number of states
and transitions is even far greater than the above reported difference be-
tween the two start graph sizes. This is an effect of the already mentioned
state explosion problem, as the concrete model embodies a larger number of
and more fine-grained concurrent threads. Nevertheless, the generation time
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Table 8.3: Graph transition systems of the two travel agency models

abstract model in the concrete model in the
component-based style service-oriented style

states 62 3248
final states 1 1
transitions 100 10316
generation time 2s 112s
on a 1 GHz PC

of the concrete transition system is still less than 2 minutes on a low-end PC,
which is acceptable and leaves room for even larger models.

Refinement test. With GROOVE, we are not able to do complete refine-
ment checks. However, the tool is applicable for refinement tests as introduced
in Section 7.4. For example, we can test observational substitutability using
GROOVE in the following way: (1) select a certain path from the concrete
graph transition system, (2) derive an abstraction proposition rule from each
state of this path, (3) add these proposition rules to the abstract graph trans-
formation model, (4) let GROOVE generate the resulting graph transition
system, and (5) check, whether the transition system contains at least one
application of the last proposition rule. In the following paragraphs, we will
detail these steps.

At first, we generate the graph transition system for the concrete archi-
tecture model and select a path from the start state to the final state as test
case. For this path, we then intend to find a corresponding abstract path
in the abstract transition system. As we select the test case randomly, we
could also use GROOVE’s linear exploration mode. In this mode, GROOVE
follows only a single outgoing transition from every state, i. e., it produces a
random path instead of a complete transition system.

The actual test case we have selected from the concrete transition system
(characterized in the right column of Table 8.3) consisted of 70 states includ-
ing the initial and the final ones. According to Section 7.4.2, we then had to
derive a suitable proposition rule for each of these states. In a first step, we
saved the 70 involved instance graphs in the GXL format using GROOVE’s
export function. Then, we converted the GLX files into GROOVE XML files
containing a proposition rule each. For this purpose, we defined an XSLT
specification which removes all behavior-related and platform-specific ele-
ments from the instance graph, declares the remaining elements as parts of
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both the left-hand and right-hand sides, and adds a counter node whose
value is increased by the rule application. This way, an XSLT processor can
automatically create all proposition rule files.

The proposition rules have to be added to the abstract graph transforma-
tion model. Besides, the existing abstract graph transformation rules have
to be extended by the counter node (see Section 7.4.2). Figure 8.6 shows a
screenshot of GROOVE after loading the so-modified abstract graph trans-
formation model. One of the 70 proposition rules has been selected and is
displayed in GROOVE’s characteristic single-graph representation. We can
see that all platform-specific elements belonging to the service-oriented style
and all behavior-related elements have been removed.

Figure 8.6: Screenshot of a proposition rule in GROOVE

Now, we can start the GROOVE simulator with the modified abstract
transformation rules, the added proposition rules, and the start graph for the
business-level travel agency architecture. The full exploration of the induced
graph transition system by the GROOVE simulator generates 453 different
states. If the last proposition rule s70 becomes applicable in one of these
states, then this implies the existence of a path which starts in the start
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state and contains applications of all 70 proposition rules in increasing order
(see Section 7.4.2).

The screenshot in Fig. 8.7, which shows some part of the generated tran-
sition system, contains even several states in which the simulator could apply
s70. A corresponding path containing all abstraction propositions can easily
be found by tracing back a path from one of these states to the start state.
This path represents a valid abstraction of the concrete path we have selected
as test case. Hence, this observational substitutability test is passed.

Figure 8.7: Screenshot of the test transition system in GROOVE

Doing an analogous test for behavior preservation would require the fol-
lowing steps: (1) select a certain path from the abstract graph transition
system, (2) derive a refinement proposition rule from each state of this
path, (3) add these proposition rules to the concrete graph transformation
model, (4) let GROOVE generate the resulting graph transition system, and
(5) check, whether the transition system contains at least one application of
the last proposition rule.

However, when trying out this procedure for our travel agency example,
the fourth step failed on our low-end test PC. The failure is caused by the
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state explosion effect of the counter node, which we have already predicted
for such behavior preservation tests in Section 7.4.1. Hence, instead of the
reachability analysis, we should better apply the CheckVML tool in con-
junction with a model checker, as also proposed in Section 7.4.1. CheckVML
does not encode any refinement propositions like the counter node into the
model blowing up the state space, but it generates a separate temporal logic
formula which is then evaluated by the model checker.

8.4 Summary

The discussion in this chapter has shown that the existent tools are useful
but not completely satisfactory for practical work with our approach. Future
efforts are required to build up an integrated tool environment and, especially,
to implement the necessary modules for automated refinement checks.

The practical example in Section 8.3 has recalled to our mind the risk
of state explosion we have to cope with due to the semantically defined
refinement criteria. On the other hand, the example also shows the feasibility
of state space generation – even on relatively slow machines – for smaller
models, which we usually encounter at the architectural level of design.
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Chapter 9

Conclusion

The research goal of this work was to develop a modeling and refinement tech-
nique for dynamic software architectures which enables the software architect
to consider functional and business requirements separate from platform-
specific requirements. The separation of these two kinds of requirements
promises

• less design errors because a stepwise approach subdivides the overall
complexity into several pieces,

• more flexibility because the decision for a certain target platform can
be postponed to a later phase of the development process, and

• better reusability because platform-independent models can be reused
when porting an architecture to another platform.

Altogether, we believe that the expected productivity gain justifies the higher
effort caused by the creation and consistency management of several archi-
tecture models. Moreover, the technique proposed in this thesis reduces the
required effort substantially: The style-based modeling approach with its sys-
tematic platform descriptions ensures the consistency of architecture models
to platform capabilities, and the refinement approach on top ensures the mu-
tual consistency between models at different levels of platform abstraction.

In this final chapter, we will at first revisit the requirements we started
with in Chapter 2 and discuss how they are satisfied by our approach. Then,
we will draw our conclusions and point out some of the issues which remain
open for future work.

195
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9.1 Evaluation against the requirements

In Section 2.2, we identified 25 requirements – subdivided into the three
categories architecture description, platform description, and architecture re-
finement – whose satisfaction we consider necessary and desirable for a step-
wise, platform-consistent development technique of dynamic software archi-
tectures. As these requirements characterized the objectives of our work, it is
now time to review our results and to evaluate them against these objectives1.

Architecture and platform description. The requirements of the first
two categories are satisfied by our style-based modeling approach: Every ar-
chitecture is designed as an instance of a certain architectural style. The style
functions as platform model representing the capabilities and restrictions of
a certain target platform. This way, conformance to the architectural style
entails platform consistency of the architectural model.

Formally, architectural styles are specified as graph transformation sys-
tems consisting of a graph schema and a set of graph transformation rules,
and instances of an architectural style are specified as instance graphs over
the graph schema to which the transformation rules can be applied (cf. Chap-
ter 5).

Graphs as formal architecture descriptions are very variable and allow to
represent all required modeling constructs using different kinds of nodes. As
demonstrated in Section 5.1, this includes component and connector types (1)
as well as instances of these types building a certain runtime configura-
tion (3). The required node and edge types for these modeling elements
are defined in the style’s graph schema which captures the platform vocab-
ulary (12). Hence, we can distinguish two different typing relations: one be-
tween model (graph) and style (graph schema), and the other one within
models, e. g., between component types and components.

As a graph schema consists of a type graph, cardinalities, and other con-
straints, it can easily be used to reflect the topological constraints imposed
by the underlying middleware platform (13). The formal typing morphisms
from instance graphs to their graph schema relate model elements to the
platform vocabulary, which was required as structural instantiation (17).

Besides structural aspects, we also required the incorporation of platform-
specific communication (14) and reconfiguration mechanisms (15) into the
platform model. As we use graphs to describe architectural configurations,
graph transformation rules are ideally suited to describe reconfiguration

1Like in previous chapters, references to the corresponding requirement in Section 2.2
are put in parentheses.
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mechanisms from simple up to more complex operations (4) (Section 5.2.1).

By also including communication objects such as messages, events, and so
forth in the graph models, we are able to describe communication mechanisms
by graph transformation rules, too (Section 5.2.2). As required for a platform
model, all transformation rules are defined over the style vocabulary and kept
independent of a concrete application (14)(15).

In Section 5.2.3, we have shown how to also encode the communication
behavior of components into our graph models (2). For the sake of reconcil-
iation between communication and reconfiguration actions (6), our process
definitions combine both kinds of operations and determine their mutual con-
trol flow dependencies. Every action refers to one of the mechanisms of the
architectural style (18). For this reason, we extended the graph transforma-
tion rules so that their application order conforms to the defined processes.
This way, our approach also supports programmed reconfigurations (5).

The operational semantics of graph transformation systems explained in
Chapter 4 allows us to simulate the concurrent communication and reconfig-
uration processes of the involved components (8). Based on this operational
semantics, one can apply various analysis techniques (9), e. g., the derivation
of a graph transition system which can then be analyzed or model-checked
(cf. Section 4.3).

By their nature, graph transformation rules support modeling asyn-
chronous behavior. However, by capturing the state of two or more com-
ponents in the precondition of a rule, we are also able to define synchronized
actions (7).

Both the graph schema and the set of transformation rules can easily be
augmented by new elements, which satisfies our extensibility requirement for
architectural styles (16).

Since we managed to capture all modeling constructs by typed graphs and
graph transformation rules, the overall formal underpinning of the approach
remains homogeneous and quite simple (10). On the other hand, the graph
models can grow very large in size. For this reason, we proposed to add a
high-level modeling language like UML on top of the formal representation
in order to make the approach more user-friendly (11). In Chapter 6, we
explained how to adapt UML to specific architectural styles using profiles
and how to automatically convert UML models into the formal semantic
domain.

Architecture refinement. The third category of requirements in Sec-
tion 2.2 dealt with architectural refinement. Again, we proposed a style-based
solution, building on an abstraction function which maps the vocabulary of
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a concrete to that of an abstract architectural style (Section 7.2.1). This
abstraction relationship can be reused for any two instances of the architec-
tural styles in order to check whether a concrete architecture preserves the
structure of an abstract architecture (19)(24)(Section 7.2).

Applying the structural refinement criterion to runtime configurations al-
lows us to compare the behavior of two architectures at a semantic level (22):
By a comparison of all states reachable in the induced graph transition sys-
tems, we can check behavioral refinement without any fixed mapping between
the available operations or platform mechanisms (Section 7.3). Doing with-
out this mapping, the approach allows for different refinements of a certain
operation depending on the current context (23).

Similar to refinement concepts in the concurrent systems domain, we de-
fined suitable simulation relations between the states of transition systems
whose existence entails behavior preservation (20) and observational substi-
tutability (21). The former proves that every abstract behavior is preserved
at the platform-specific level, and the latter proves that every concrete be-
havior is also allowed at the business-oriented level.

Eventually, we aimed at appropriate tool support for automating the re-
finement checks (25). Although we did not realize a new CASE tool, we
provided an efficient algorithm for checking behavior preservation and obser-
vational substitutability (Section 7.3) and surveyed existent tools for mod-
eling and analysis (Chapter 8). Some of these tools can, e. g., be used to
generate the transition systems required for refinement checks.

Since the resulting state space is subject to the state explosion problem,
which affects the performance of a subsequent refinement check, we also
introduced strategies for testing refinement (Section 7.4). In contrast to the
refinement algorithm, refinement tests can also be applied to infinite state
spaces.

In summary, the presented approach satisfies all requirements we con-
sidered objectives of our work. Nevertheless, there is still a number of open
issues for future work as discussed in the following section.

9.2 Conclusions and future work

In this thesis, we have proposed the first comprehensive approach to platform-
consistent development of dynamic software architectures. It is founded on
a stepwise refinement of architecture descriptions from business-level models
to platform-specific ones. In this sense, it fits into the conceptual modeling
framework of the MDA initiative. However, while MDA’s long-term vision
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stresses the need for automated model transformations, the focus of this work
has been put on ensuring consistency between models at different levels of
platform abstraction.

To summarize the main contributions of this work, we elaborated the
usage of architectural styles as platform models which classify the set of
architectural models conforming to a certain target platform. We showed
how to formally define these architectural styles as graph transformation
systems yielding architecture descriptions with operational semantics for dy-
namic, reconfigurable systems. And, to evaluate and illustrate the proposal,
we specified two architectural styles, an abstract one for component-based
architectures and a concrete one for service-oriented architectures.

In the refinement part of the thesis, we introduced an abstraction relation
at the style level which allows us to check any given pair of style instances for
structural refinement. And, concerning the refinement of behavior, we trans-
ferred refinement concepts from the concurrent systems world to the graph
transformation domain. The resulting semantic refinement checks enable the
application architect to ensure that the platform-specific model still supports
all business-relevant behavior and does not violate any safety condition hold
by the abstract behavior.

The presented notion of refinement is not restricted to descriptions of
software architectures, but it can in principle be applied to any graph trans-
formation models. However, facing the state explosion problem, its high level
of abstraction makes software architecture a well-suited application domain
for such semantic approaches.

In spite of the above summarized achievements, one can easily identify
a number of issues left open for future work. For instance, the discussion
about tool support has revealed that current tools cannot completely realize
the proposed development technique. In particular, we need an implementa-
tion of the new refinement algorithms for better experiments and a future
application of the approach in practice.

Another extension of the presented approach could be a component for
tracing uncovered inconsistencies. At the moment, the refinement checks can
only verify whether a valid refinement relation exists or not; they cannot tell
the reason when the outcome of a check is negative. Hence, future research
should work on identifying the model parts which prevent the existence of a
valid refinement and suggesting corrections which remove these obstacles.

Concerning the computational complexity of the semantic refinement cri-
teria, future work should try to circumvent the state explosion problem. In
this context, a promising research direction could be the combination with
syntactic criteria which impose certain restrictions on the model but then
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allow to decide refinement without generating the entire state space [55, 58].
Besides, there are promising approaches in the domain of model checking,
from exploiting symmetries up to compositional model checking [52].

The modeling part of this thesis leaves room for future improvements, too.
For instance, one could consider the application of hierarchical graphs and
hierarchical transformation rules in order to represent architectures as a hi-
erarchy of components, splitting one component into several subcomponents
(also called horizontal refinement). Moreover, one could consider extending
the component behavior descriptions by additional concepts such as branch-
ing conditions, transactions, or exceptional behavior. The challenge here is
to stick to a formalization which allows to preserve the related refinement
concepts.

The long-term continuation of this kind of research will try to further
approach the vision of completely automated refinement constructions. There
is still a long way to go, and – in our opinion – it will not be possible to entirely
eliminate the need for human experience and intervention. However, we dare
to regard this thesis as a substantial contribution to the computer-aided
development of dynamic software architectures.
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Appendix A

Architectural style for
component-based architectures

A.1 Graph schema

Due to its size, the graph schema of the style is subdivided into three pack-
ages, similar to the UML packaging concept.

1

Package Core:

connects
2

allows
1

1

1

1
ownssupports

isInstanceOf

isInstanceOf

isInstanceOf

defines
2

ComponentType
name:String

Component
name:String

ConnectorConnectorType
name:String

PortType
name:String

provides
requires

1

Interface
name:String

Operation
name:String

0..1

0..1

sentVia0..1

respondsTo
1

receives
sends

Request Response

1

calls
0..1

Message

RefElement

Port
used:Boolean

package: Core
description: This package contains the essential constructs for de-

scribing architectural configurations.
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1

Process Thread
1

isInstanceOf

runsfollows
1

Action

Variable Reference

first

holds
declares

previous

1

111 next

valueFor

RefElement
(from Core)

refersTo

1

1

ComponentType
(from Core)

Component
(from Core)

StartAction1

Package Processes:

package: Processes
description: This package contains constructs for describing compo-

nent behavior.

1

Action
(from Processes)

_port

PortDepen-
dentAction

Variable
(from Processes)

ClosePortAction

ConnectAction

DisconnectAction

OpenPortActionPortType
(from Core)

#portType

1

NewThread-
Action

Request-
Dependent-

Action

_request

1

ReceiveResponseAction

FinishRequestAction

FinishRequestResponseAction

SendResponseAction

#process

Process
(from Processes)

1

Operation
(from Core)

#operation

ReceiveCallAction

OperationDependentAction
1

CallOperationAction

ComponentDe-
pendentAction

RemoveComponentAction

CreateComponentAction

ComponentType
(from Core)

#componentType1
1

1

_component

package: Actions
description: This package contains all action node types and their

parameters. A detailed description is provided with the
corresponding graph transformation rules.
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A.2 Graph transformation rules

1

comp
:Component

t1:Thread

runs

p:Process

a1:Action next

previous

a2:NewThread-
Action

Component.newThread(in #process:Process)

a0:StartAction

first

isInstanceOf

#process

ct:Component-
Type

follows

isInstanceOf comp
:Component

t1:Thread

runs

p:Process

a1:Action next

previous

a2:NewThread-
Action

a0:StartAction

first

#process

ct:Component-
Type

follows

isInstanceOf

t2:Thread

runs

previous

rule: newThread
description: Starts a new execution of a process by creating a new

thread.
parameters: in #process (the process to be started)
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1

t:Thread

a1:Action next

previous

a2:Action

clearThread()

ref:Reference

v:Variable

e:RefElement

holds

refersTo

valueFor

comp
:Component

t:Thread

runs

p:Process

a1:Action next

previous

a2:Action

isInstanceOf

t:Thread

a1:Action

previous
v:Variable

e:RefElement

comp
:Component

p:Process

a1:Action

rule: clearReference
description: Removes references (variable values) hold by finished

threads.
parameters: none

1

t:Thread

a1:Action next

previous

a2:Action

clearThread()

ref:Reference

v:Variable

e:Element

holds

refersTo

valueFor

comp
:Component

t:Thread

runs

p:Process

a1:Action next

previous

a2:Action

isInstanceOf

t:Thread

a1:Action

previous
v:Variable

e:Element

comp
:Component

p:Process

a1:Action

rule: clearThread
description: Removes remaining nodes of a finished thread.
parameters: none
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1

Component.createComponent(in #componentType:ComponentType, out _component:Component)

isInstanceOf

comp1
:Component

t1:Thread

runs

p:Process

a1:Action next

previous

a2:Create-
ComponentAction

a0:StartAction

first

#componentType

ct:Component-
Type

follows

isInstanceOf

t2:Thread

previous

comp2
:Component

runs

ref:Referenceholds valueFor

_component

v:Variable

refersTo

comp1
:Component

t1:Thread

runs

p:Process

a1:Action next

previous

a2:Create-
ComponentAction

a0:StartAction

#componentType

ct:Component-
Type

follows

previous

_component

v:Variable

rule: createComponent
description: Creates a new instance of a certain component type.
parameters: in #componentType (the desired type of the new com-

ponent)
out component (the newly created component)

1

Component.removeComponent(in _component:Component)

comp1
:Component

t1:Thread

runs

a1:Action next

previous

a2:Remove-
ComponentAction

ct:Component-
Type

isInstanceOf

comp2
:Component

ref:Referenceholds
valueFor

_component

v:Variable

refersTo

comp1
:Component

t1:Thread

runs

a1:Action next

previous

a2:Remove-
ComponentAction

ct:Component-
Type

_component

v:Variable

rule: removeComponent
description: Removes a certain component instance from the current

configuration. The DPO dangling condition ensures that
the rule is applied only after all ports of the component
have been closed and all its threads have been finished.

parameters: in component (the component to be removed)
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1

c:Component owns

pt:PortType

isinstanceof

t:Thread

runs

ref:Referenceholds

refersTo

a1:Action next

previous

valueFor

_port

a2:OpenPort-
Action

#portType

v:Variable

Component.openPort (in #portType:PortType, out _port: Port)

supportsct:Component-
Type

isinstanceof
port:Port

used:=falsec:Component owns

pt:PortType

isinstanceof

t:Thread

runs

a1:Action next

previous

_port

a2:OpenPort-
Action

#portType

v:Variable

supportsct:Component-
Type

isinstanceof
port:Port

used=false

rule: openPort
description: Opens a new port if there is no other free port left.
parameters: in #portType (the desired type of the new port)

out port (the newly created port)

1

Component.closePort (in _port: Port)

c:Component owns

t:Thread

runs

ref:Referenceholds

refersTo

a1:Action next

previous

valueFor

_porta2:ClosePort-
Action

v:Variable

c:Component

t:Thread

runs

a1:Action next

previous

_porta2:ClosePort-
Action

v:Variable

port:Port

isinstanceof

pt:PortType

con:Connectorconnects

pt:PortType

rule: closePort
description: Closes a port that is not in use any more.
parameters: in port (the port to be closed)
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1

c1:Component owns

pt1:PortType

isInstanceOf

t1:Thread

runs

ref1:Referenceholds
refersTo

a1:Action next

previous

valueFor

_port
a2:ConnectAction

v1:Variable

connect (in _port: Port)

supportsct1:Component-
Type

isInstanceOf

c2:Componentowns

pt2:PortType

isInstanceOf

t2:Thread

runs

ref2:Reference holds
refersTo

a3:Actionnext

previous

valueFor

_port
a4:Connect-Action

v2:Variable

supports ct2:Component-
Type

isInstanceOf

conT:ConnectorTypeallows allows

con:Connectorconnects connects

isInstanceOf

port1:Port
used:=true

port2:Port
used:=true

c1:Component owns

pt1:PortType

isInstanceOf

t1:Thread

runs

ref1:Referenceholds
refersTo

a1:Action next

previous

valueFor

_port
a2:ConnectAction

v1:Variable

supportsct1:Component-
Type

isInstanceOf

c2:Componentowns

pt2:PortType

isInstanceOf

t2:Thread

runs

ref2:Reference holds
refersTo

a3:Actionnext

previous

valueFor

_port
a4:Connect-Action

v2:Variable

supports ct2:Component-
Type

isInstanceOf

conT:ConnectorTypeallows allows

port1:Port
used=false

port2:Port
used=false

rule: connect
description: Places a connector between a port and the port of an-

other component.
parameters: in port (the port to be connected)
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1

c1:Component owns

t1:Thread

runs

ref1:Referenceholds

refersTo

a1:Action next

previous

valueFor

_port
a2:DisconnectAction

v1:Variable

disconnect (in _port: Port)

c2:Componentowns

t2:Thread

runs

ref2:Reference holds

refersTo

a3:Actionnext

previous

valueFor

_port
a4:DisconnectAction

v2:Variable

conT:ConnectorType

con:Connectorconnects connects

isInstanceOf

port1:Port port2:Port

c1:Component owns

t1:Thread

runs

ref1:Referenceholds

refersTo

a1:Action next

previous

valueFor

_port
a2:DisconnectAction

v1:Variable

c2:Componentowns

t2:Thread

runs

ref2:Reference holds

refersTo

a3:Actionnext

previous

valueFor

_port
a4:DisconnectAction

v2:Variable

conT:ConnectorType

port1:Port port2:Port

rule: disconnect
description: Removes a connector between two ports. The DPO dan-

gling condition ensures that the rule is applied when no
messages are currently sent via the connector.

parameters: in port (the port to be disconnected)
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1

c:Component

from:Port con:Connector to:Port
connects connects

owns

pt:PortType

isInstanceOf

i:Interface

provides

op:Operation

defines

t:Thread

runs

ref1:Reference

holds

refersTo

a1:Action
next

previous

valueFor

_port

a2:CallOpe-
rationAction #operation

r:Request

sends sentVia

calls

v2:Variable

_request

ref2:Reference

holds

refersTo

valueFor

Component.callOperation (in _port:Port, in #operation:Operation, out _request:Request)

v1:Variable

c:Component

from:Port con:Connector to:Port
connects connects

owns

pt:PortType

isInstanceOf

i:Interface

provides

op:Operation

defines

t:Thread

runs

ref1:Reference

holds

refersTo

a1:Action
next

previous _port

a2:CallOpe-
rationAction #operation

v2:Variable

_request

valueFor

v1:Variable

rule: callOperation
description: Sends a request to a connected port which provides a

required operation.
parameters: in port (the port which shall send the request message)

in #operation (the operation to be called)
out request (the resulting request message)
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1

Component.receiveCall (in _port:Port, in #operation:Operation, out _request:Request)

c:Component

port1:Port con:Connector port2:Port
connects connects

owns

pt:PortType

isinstanceof

i:Interface

provides

op:Operation
defines

t:Thread

runs

ref1:Reference

holds

refersTo

a1:Action
next

previous

valueFor

_port

a2:Receive-
CallAction #operation

r:Request

sendssentVia

calls

v2:Variable

_request

ref2:Reference

holds

refersTo

valueFor

v1:Variable

receives

c:Component

port1:Port con:Connector port2:Port
connects connects

owns

pt:PortType

isinstanceof

i:Interface

provides

op:Operation
defines

t:Thread

runs

ref1:Reference

refersTo

a1:Action
next

previous

_port

a2:Receive-
CallAction #operation

r:Request

sendssentVia

calls

v2:Variable

_request

holds
valueFor

v1:Variable

receives

rule: receiveCall
description: Delivers a request message to the target port.
parameters: in port (the port which expects an incoming request)

in #operation (the operation which may be called)
out request (the received request message)

1

Component.sendResponse (in _request: Request)

c:Component port:Port con:Connectorconnectsowns

t:Thread

runs

a1:Action next

previous

a2:SendRe-
sponseAction

v:Variable

_request

r:Request

receives sentVia

resp:Response

sentVia
sends

respondsToc:Component port:Port con:Connectorconnectsowns

t:Thread

runs

ref:Referenceholds refersTo

a1:Action next

previous
valueFor

a2:SendRe-
sponseAction

v:Variable

_request

r:Request

receives sentVia

resp:Response

sentVia
sends

respondsTo

rule: sendResponse
description: Sends the response message for a previous request.
parameters: in request (the previously received request message)



A.2. GRAPH TRANSFORMATION RULES 227

1

Component.receiveResponse (in _request: Request)

c:Component port:Port con:Connectorconnectsowns

t:Thread

runs

ref:Referenceholds refersTo

a1:Action next

previous
valueFor

a2:ReceiveRe-
sponseAction

v:Variable

_request

r:Request
sends

sentVia

resp:Response

sentVia
receives

respondsToc:Component port:Port con:Connectorconnectsowns

t:Thread

runs

ref:Referenceholds refersTo

a1:Action next

previous
valueFor

a2:ReceiveRe-
sponseAction

v:Variable

_request

r:Request
sends sentVia

resp:Response

sentVia
receives

respondsTo
rule: receiveResponse
description: Delivers a response message to the requesting port.
parameters: in request (the request message the response refers to)

1

Component.finishRequest (in _request: Request)

c:Component

port1:Port con:Connector
connects

owns

t:Thread

runs

ref:Referenceholds

refersTo

a1:Action
next

previous

valueFor

a2:FinishRequest-
Action

v:Variable

_request

r:Requestsends
sentVia

respondsTo

port2:Port
connects

receives

resp:Response

op:Operation
calls

c:Component

port1:Port con:Connector
connects

owns

t:Thread

runs

a1:Action
next

previous

a2:FinishRequest-
Action

v:Variable

_request

port2:Portconnects

op:Operation

rule: finishRequest
description: Removes a request message after it has been processed

without a response.
parameters: in request (the request which been processed)
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1

Component.finishRequestResponse (in _request: Request)

c:Component

port1:Port con:Connector
connects

owns

t:Thread

runs

ref:Referenceholds

refersTo

a1:Action
next

previous

valueFor

a2:FinishRequest-
ResponseAction

v:Variable

_request

r:Requestsends
sentVia

respondsTo

port2:Port
connects

receives

resp:Response

op:Operation

calls
c:Component

port1:Port con:Connector
connects

owns

t:Thread

runs

a1:Action
next

previous

a2:FinishRequest-
ResponseAction

v:Variable

_request

port2:Port
connects

op:Operation

sentVia
receives sends

rule: finishRequestResponse
description: Removes a request message and the corresponding re-

sponse after they have been processed.
parameters: in request (the request which been processed)



Appendix B

Architectural style for
service-oriented architectures

B.1 Graph schema

Due to its size, the graph schema of the style is subdivided into the following
four packages.

1

connects
2

allows

1

1

1

1

ownssupports

isInstanceOf

isInstanceOf

isInstanceOf

Type graph:

defines

2

ComponentType
name:String

Component
name:String

ConnectorConnectorType
name:String

PortType
name:String

provides
requires

1

Interface
name:String

Operation
name:String

Service

Discovery-
Service

ServiceType

Discovery-
ServiceType

FindPT
PublishPT

RequesterPT

ProviderPT

RefElement

Port
used:Boolean

package: Core
description: This package contains the essential constructs for de-

scribing SOA-based configurations.
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1

Connector

connects
2

Type graph communication:

0..1

0..1

sentVia0..1

respondsTo
1

receives
sends

Request Response

1

calls

0..1

Message

Operation
name:String

Service-
Description

Service-
Query

Service-
Publication

1

1

requires-
ServiceFor

publishes

Query-
Result

contains

1

Component knows

describes1

satisfies

resultOf
1 0..1

Service

PortType
name:String

Port
used:Boolean

package: Messages
description: This package defines SOA-specific message types and

their relationship to service descriptions.

1

Process Thread
1

isInstanceOf

runsfollows
1

Action

Variable Reference

first

holds
declares

previous

1

111 next

valueFor

RefElement
(from Core)

refersTo

1

1

ComponentType
(from Core)

Component
(from Core)

StartAction1

Package Processes:

package: Processes
description: This package contains constructs for describing compo-

nent behavior.
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1

Action
(from Processes)

_port

PortDepen-
dentAction

Variable
(from Processes)

ClosePortAction

ConnectAction

DisconnectAction

OpenPortActionPortType
(from Core)

#portType

1

NewThread-
Action

Request-
Dependent-

Action

_request

1

ReceiveResponseAction

FinishRequestAction

FinishRequestResponseAction

SendResponseAction

#process

Process
(from Processes)

1

Operation
(from Core)

#operation

ReceiveCallAction

OperationDependentAction
1

CallOperationAction

ComponentDe-
pendentAction

RemoveComponentAction

CreateComponentAction

ComponentType
(from Core)

#componentType1
1

1

_component

package: Actions (part I)
description: This package repeats the action node types and param-

eter edges inherited from the component-based style. A
detailed description is provided with the corresponding
graph transformation rules in Appendix A.
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1

Action
(from Processes)

QueryDepen-
dentAction

Variable
(from Processes)

1

_query

FindServiceAction

SendQueryResultAction

ReceiveQueryResultAction

SaveQueryResultAction

SendServiceQueryAction

ReceiveServiceQueryAction

PortType
(from Core)

#portType
1

Publication-
Dependent-

Action

1

_publication

ReceiveService-
PublicationAction

PublishService-
DescriptionAction

PortDependent-
Action

(from Actions-I)

SendService-
PublicationAction

Service-
Dependent-

Action

RemoveServiceAction

CreateServiceAction

ServiceType
(from Core)

#serviceType1
_service

1

package: Actions (part II)
description: This second part of the package defines all SOA-specific

action node types and their parameter edges. A detailed
description is provided with the corresponding graph
transformation rules in the following section.
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B.2 Graph transformation rules

The service-oriented style inherits all graph transformation rules from Ap-
pendix A, except for reconfiguration rule connect which is replaced by the
following SOA-variant. In addition, the SOA style comprises all other SOA-
specific rules presented thereafter.

1

co
nn

ec
t (

in
_p

or
t: 

Po
rt)

c1:Component owns

pt1:PortType

isInstanceOf

t1:Thread

runs

ref1:Referenceholds
refersTo

a1:Action next

previous

valueFor

_porta2:ConnectAction

v1:Variable

supportsct1:Component-
Type

isInstanceOf

s2:Serviceowns

pt2:PortType

isInstanceOf

t2:Thread

runs

ref2:Reference holds
refersTo

a3:Actionnext

previous

valueFor

_port a4:Connect-Action

v2:Variable

supports st2:Service-
Type

isInstanceOf

conT:ConnectorTypeallows allows

con:Connectorconnects connects

isInstanceOf

port1:Port
used:=true

port2:Port
used:=true

sd:ServiceDescriptionknows describes

c1:Component owns

pt1:PortType

isInstanceOf

t1:Thread

runs

ref1:Referenceholds
refersTo

a1:Action next

previous

valueFor

_porta2:ConnectAction

v1:Variable

supportsct1:Component-
Type

isInstanceOf

s2:Serviceowns

pt2:PortType

isInstanceOf

t2:Thread

runs

ref2:Reference holds
refersTo

a3:Actionnext

previous

valueFor

_port a4:Connect-Action

v2:Variable

supports st2:Service-
Type

isInstanceOf

conT:ConnectorTypeallows allows

port1:Port
used=false

port2:Port
used=false

sd:ServiceDescriptionknows describes

rule: connect
description: Places a connector between the ports of a Component

and of a Service. This enables the component to use the
service. The Component has to know the ServiceDescrip-
tion beforehand. As Service is a subtype of Component,
it is also possible that a service connects to another ser-
vice. The requested service has to agree to the connec-
tion (synchronizing operation).

parameters: in port (the port to be connected)
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1

Component.createService(in #serviceType:ServiceType, out _service:Service)

isInstanceOf

comp
:Component

t1:Thread

runs

p:Process

a1:Action next

previous

a2:Create-
ServiceAction

a0:StartAction

first

#serviceType

st:Service-
Type

follows

isInstanceOf

t2:Thread

previous

s:Service

runs

ref:Referenceholds valueFor

_service

v:Variable

refersTo

comp
:Component

t1:Thread

runs

p:Process

a1:Action next

previous

a2:Create-
ServiceAction

a0:StartAction

#serviceType

st:Service-
Type

follows

previous

_service

v:Variable

sd:Service-
Description

de
scr

ibe
s

rule: createService
description: Creates a new instance of a certain service type including

a service description.
parameters: in #serviceType (the desired type of the new service)

out service (the newly created service)

1

Component.removeService(in _service:Service)

comp
:Component

t1:Thread

runs

a1:Action next

previous

a2:Remove-
ServiceAction

st:Service-
Type

isInstanceOf

s:Service

ref:Reference
holds

valueFor

_service

v:Variable

refersTo

comp
:Component

t1:Thread

runs

a1:Action next

previous

a2:Remove-
ServiceAction

st:Service-
Type

_service

v:Variable

sd:Service-
Description

describes

rule: removeService
description: Removes a certain service instance and its service de-

scription from the current configuration. The DPO dan-
gling condition ensures that the rule is applied only af-
ter all ports of the service have been closed and all its
threads have been finished.

parameters: in service (the service to be removed)
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1

Service.sendServicePublication(in _port:Port)

s:Service

t:Thread

runs

a1:Action next

previous

a2:SendService-
PublicationAction

port1:Port

con
:Connector

owns

connects

pt1:ProviderPT

sd:Service-
Description

describes

_port

v:Variable

ref:Reference
holds

refersTo

valueFor

sp:Service-
Publication

sends

sentVia

publishes port2:Port pt2:PublishPTisInstanceOf

connects

isInstanceOf

s:Service

t:Thread

runs

a1:Action next

previous

a2:SendService-
PublicationAction

port1:Port

con
:Connector

owns

connects

pt1:ProviderPT

sd:Service-
Description

describes

_port

v:Variable

ref:Reference
holds

refersTo

valueFor

port2:Port pt2:PublishPTisInstanceOf

connects

isInstanceOf

rule: sendServicePublication
description: Sends a ServicePublication message to a discovery service

as indicated by the PublishPT port. The message node
is linked to the ServiceDescription of the responsible ser-
vice.

parameters: in port (the port which shall send the message)
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1

DiscoveryService.receiveServicePublication(in _port:Port, out _publication:ServicePublication)

d:Discovery-
Service

t:Thread

runs

a1:Action next

previous

a2:ReceiveService-
PublicationAction

port1:Port

con:Connector

owns

connects

pt:PublishPTisInstanceOf

_port

ref1:Referenceholds

refersTo

valueFor

sp:Service-
Publication

sentVia

v1:Variable v2:Variable

_publication

receives

port2:Port

connects

sends

ref2:Reference

holds valueFor

refersTo

d:Discovery-
Service

t:Thread

runs

a1:Action next

previous

a2:ReceiveService-
PublicationAction

port1:Port

con:Connector

owns
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pt:PublishPTisInstanceOf
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ref1:Referenceholds

refersTo

valueFor

sp:Service-
Publication

sentVia

v1:Variable v2:Variable

_publication

receives

port2:Port

connects

sends

rule: receiveServicePublication
description: Models the receipt of a ServicePublication message by a

discovery service.
parameters: in port (the port which expects the incoming publica-

tion message)
out publication (the received publication message)
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1
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Service

t:Thread
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a1:Action next
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a2:PublishService-
DescriptionAction

port1:Port

con:Connector

owns

connects

sp:Service-
Publication

sentVia

v:Variable

_publication

receives

port2:Port

connects

sends

ref:Reference
holds

valueFor

refersTo

sd:Service-
Description

publishes

d:Discovery-
Service

t:Thread

runs

a1:Action next

previous

a2:PublishService-
DescriptionAction

port1:Port

con:Connector

owns

connects

v:Variable

_publication

port2:Port

connects

sd:Service-
Description

knows

DiscoveryService.publishServiceDescription(in _publication:ServicePublication)

rule: publishServiceDescription
description: Safes a received service description at the discovery ser-

vice and finishes the preceding communication for pub-
lication.

parameters: in publication (the publication message which contains
the service description)
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1

Component.sendServiceQuery(in _port:Port, in #portType:PortType, out _query:ServiceQuery)

c:Component port:Port

con:Connector
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t:Thread
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ref1:Reference
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a1:Action
next

previous
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_port

a2:SendService-
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v1:Variable v2:Variable
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pt2:RequesterPTisInstanceOf

ct:ComponentType

isInstanceOf

supports

pt2:PortType

sq:Service-
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sentVia
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requiresServiceFor

ref2:Reference
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valueFor

c:Component port:Port

con:Connector

connects

owns

t:Thread

runs

ref1:Reference

refersTo

a1:Action
next

previous

valueFor

_port

a2:SendService-
QueryAction

#portType

v1:Variable v2:Variable

_query

pt1:RequesterPT
isInstanceOf

ct:ComponentType

isInstanceOf

supports

pt2:PortType

holds

rule: sendServiceQuery
description: A Component sends a ServiceQuery message from its Re-

questerPT port. The query message points to a PortType
which the component requires a suitable service for.

parameters: in port (the port which shall send the query message)
in #portType (the port type which the component re-
quires a service for)
out query (the resulting query message)
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1

DiscoveryService.receiveServiceQuery(in _port:Port, out _query:ServiceQuery)
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Service

t:Thread
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ref1:Referenceholds
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t:Thread
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ref1:Referenceholds
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sq:Service-
Query

sentVia

v2:Variable

_query

receives

port2:Port

connects
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rule: receiveServiceQuery
description: Models the receipt of a ServiceQuery message by a Dis-

coveryService through its FindPT port.
parameters: in port (the port which expects the incoming query)

out query (the received query message)
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1

DiscoveryService.findService(in _query:ServiceQuery)
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a1:Action
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s:Service
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pt2:Port-
Type
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:Connector-

Type
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rule: findService
description: Selects an appropriate ServiceDescription. A service sat-

isfies a ServiceQuery, if there is a ConnectorType which
allows to connect the port types of requester and service.

parameters: in query (the query message which is linked to the re-
quester port type)
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1

DiscoveryService.sendQueryResult(in _query:ServiceQuery)
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d:Discovery-
Service

t:Thread
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a1:Action next

previous

a2:SendQuery-
ResultAction

port:Port con:Connector
owns connects

sq:Service-
Query

sentVia

v:Variable
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receives
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knows
qr:Query-

Result
sentVia

sends

contains resultOf
satisfies satisfies

rule: sendQueryResult
description: Sends a response message of type QueryResult from the

DiscoveryService to the query originator.
parameters: in query (the previously received query message)

1

Component.receiveQueryResult (in _query: ServiceQuery)

c:Component port:Port con:Connector
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t:Thread
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ref:Referenceholds
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a1:Action next
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valueFor

a2:ReceiveQuery-
ResultAction
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sq:Service-
Query

sends sentVia

qr:Query-
Result

sentVia
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resultOf

c:Component port:Port con:Connector
connectsowns

t:Thread

runs

ref:Referenceholds
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a1:Action next
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valueFor

a2:ReceiveQuery-
ResultAction

v:Variable
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sq:Service-
Query

sends sentVia

qr:Query-
Result

sentVia
receives

resultOf

rule: receiveQueryResult
description: The service requester receives a QueryResult message.
parameters: in query (the previously sent query message the result

refers to)
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1

Component.saveQueryResult (in _query:ServiceQuery)

t:Thread

runs

ref:Referenceholds refersTo

a1:Action next

previous

valueFor

a2:SaveQuery-
ResultAction
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c:Component owns

sd:ServiceDescription

contains

port:Port con:Connector
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sq:Service-
Query

sentVia
sends

qr:Query-
Result

sentVia

receives

resultOf
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t:Thread

runs

a1:Action next
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a2:SaveQuery-
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v:Variable

_query

c:Component owns

sd:ServiceDescription

port:Port con:Connector
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rule: saveQueryResult
description: Finishes the query communication and safes the received

ServiceDescription for the requesting Component.
parameters: in query (the previously sent query message)
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Abstract model of the travel
agency architecture
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Figure C.1: Class diagram with interfaces, port types, and connector types
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Figure C.2: Component diagram with component types
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Figure C.3: Activity diagram for the client’s process
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Figure C.4: Activity diagram for the travel agency’s process
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Concrete model of the travel
agency architecture
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Figure D.5: Activity diagram for the travel agency’s publication process

1

Airline:serveFlightRequests

«openPort»
(FlightProvider)

«connect»

«var»
Port

«receivecall»
(requestFlight) «var»

Request

x1 x2

«sendResponse»

«disconnect» x1

«closePort» x2

«receiveCall»
(bookFlight) «var»

Request
«sendResponse»
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