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Abstract

Today, mobility is one of the most important market and technology trend within
information and communication technology. As the demand for rapid deployment
of dependable mobile applications increases, middleware for mobile systems is
emerging as one of the most active areas of system research in mobility. The mid-
dleware is a set of distributed software services that exists between distributed op-
erating systems and mobile applications. The key to the middleware is to provide
support across the mobile application domains, help application developers over-
come the complexity and problems brought by mobility, and enhance dependability
and usability of developed mobile applications. The criticality and pervasiveness
of middleware for mobile systems is continually growing. However, the design
and development of the middleware are difficult tasks, and it is not easy to ensure
the quality of a developed middleware. This is mainly caused by the increasing
complexity of the middleware. In addition, the great diversity of this area makes it
very difficult for the designers to reuse the already established design knowledge
or successful experience when building new systems. All these make the design
process quite inefficient and unpredictable, and therefore risking the project.

“One man’s magic is another man’s engineering”. Engineering design is much
more routine than innovative. Founding on this fundamental notion in software en-
gineering, we develop an architectural style-based approach to deal with the prob-
lems in the thesis. We build architectural styles for a class of related middleware.
The style represents a common form of design, which originates from the results
that practitioners have achieved in one area. The style is formulated to repeat suc-
cesses and avoid failures from previous projects. When building a new middleware,
the designers and developers do not need to explore all possible alternatives for its
supported architecture. Instead, they can use the architectural style that is effective
for the middleware. They can define the design as instances of the style, or they
can use the style as a reference model for further improvement and development.
By structuring the design space for a family of related middleware, the style can
drastically simplify the process of building a middleware, reduce costs of imple-
mentation through reusable infrastructure, and improve system integrity through
style-specific analysis and checks.
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iv ABSTRACT

We develop the approach based on UML-like meta modeling and graph trans-
formation techniques to support sound methodological principles, powerful mod-
eling, formal analysis and refinement. The approach consists of several main parts:
the modeling language that supports specification of the style and mobility, the re-
finement formalization that ensures that an abstract style is correctly refined to a
concrete one, as well as the consistency check framework that validates behavioral
consistency between two styles on different abstract layers. With the Fujaba simu-
lation tool support, we also develop a style-based engineering process that helps us
to efficiently develop correct and consistent styles. Besides, it allows a seamless in-
tegration of our approach into the well-known object oriented design. By providing
a concrete example of how to construct the style for a class of related middleware,
and how to use the style to help the design and development of a new middleware,
we show that the architectural style-based approach is useful and practical.
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Chapter 1

Introduction

1.1 Motivation: middleware for mobile systems

Distributed systems [142] enable us to use the best combination of hardware and
software components for an enterprise. However, it is difficult to construct a co-
herent and operational distributed system that integrates the needed components.
Middleware is originally designed to help manage the complexity and heterogene-
ity caused by the distribution characteristics of distributed systems [50, 142]. It
integrates distributed heterogenous components and makes components interop-
erable. Middleware is layered between network operating systems and applica-
tion components [19, 27]. It adds mechanisms and services that are much more
specialized than those provided by the operating system. It enables application
engineers to abstract from the implementation of error-prone and complex low-
level details, such as concurrency control, transaction management and network
communication, and allows them to focus on application requirements [50, 124].
The construction of a large class of distributed systems can be hence simplified by
leveraging middleware. In addition, middleware leads to faster and cheaper sys-
tem development and enhances the quality of systems. Besides have being rapidly
adopted in industry [32], middleware platforms are getting popular in the academy
research area [50]. Microsoft’s DCOM (Distributed Component Object Models),
Sun Microsystems’ EJB (Enterprise JavaBeans), OMG’s CORBA (Common Ob-
ject Request Broker Architecture) are the examples of most popular middleware
models.

Today, mobility is one of the most important market and technology trend
within information and communication technology. With the fast development of
high-speed wireless communication technologies and component miniaturization
technologies, new types of mobile applications and mCommerce have emerged. At
the same time, distributed systems are evolving into mobile systems, which can be
seen as a special kind of distributed system designed for mobile, wireless commu-
nication environments. Mobility represents a total meltdown [121] of the stability
assumptions (e.g. network structure, network connection, power supply, CPU, etc.)
associated with traditional distributed computing. The main difference is caused

1
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by the possibility of roaming and wireless connection. Roaming implies that, since
devices can move to different locations, their computational context (network ac-
cess, services, permissions, etc.) may change, and the mobile hosts are resource
limited. Wireless connections are generally less reliable, more expensive, and pro-
vide smaller bandwidth, and they come in a variety of different technologies and
protocols. All these result in a very dynamic software architecture, where config-
urations and interactions have to be adapted to the changing context and relative
location of applications.

Mobility poses new requirements and complexity for application developers
(Fig. 1.1) through defining a very challenging target execution environment. As
the demand for rapid deployment of dependable new mobile applications increases,
middleware is emerging as one of the most active areas of system research in mo-
bility [121]. Many middleware platforms and paradigms for mobile systems [29]
have been created. The key to middleware for mobile systems is to provide sup-
port (Fig. 1.1) across the mobile application domains, help application developers
overcome the complexity and problems brought by mobility, and enhance depend-
ability and usability of developed mobile applications.

The criticality and pervasiveness of middleware for mobile systems is continu-
ally growing. However, the design and development of the middleware is a difficult
task, and it is not easy to ensure the quality of a developed middleware. Middle-
ware designers and developers (Fig. 1.1) have some serious problems to cope with.
The middleware is becoming increasingly complex with the fast development of
wireless technologies and the increase of mobile application requirements. The
managed components are increasing in scale and in scope. The requirements for
the middleware are becoming more and more complex. Increasing system com-
plexity typically brings the following problems:

• longer design and development time;

• more complex assembly due to number of components and number of people
involved;

• increased cost and time for testing;

• increased maintenance costs.
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Overall, this results in an increased time to market for the developed system. And
development and maintenance costs are also increased in order to ensure the quality
of the system. However, the current research area of middleware for mobile sys-
tems has concentrated on developing new types and patterns of middleware, and
there is nearly no work on the design and development process of the middleware.

At the same time, to build large complex systems you must have predictability.
We can not afford to be ad hoc in design. However, there is no common agreement
or understanding of the middleware for mobile systems. The middleware platforms
present a great diversity:

• they have distinct functionalities and provide various services to applica-
tions;

• they use very different design concepts and strategies;

• the aimed wireless network could be different (e.g. nomadic network or ad-
hoc network);

• they exist because of mobility or in spite of mobility or both;

• the moving units can be logical or physical mobile or both;

• the definition of context and the level of context-awareness can be very dif-
ferent.

On one side, designers have to manage the huge diversity of design techniques,
concepts, implementation technologies of the middleware. On another side, it is
very difficult for the designers to reuse the already established design knowledge or
successful experience when building new systems. This makes the design process
quite inefficient and unpredictable, and thereforey risking the project.

1.2 Problems with architecture-centric approaches

Engineering [18] is the systematic application of scientific knowledge in creat-
ing and building cost-effective solutions to practical problems in the service of
mankind. Software engineering [18, 140, 137] is that form of engineering that
applies the principles of computer science and mathematics to achieving cost-
effective solutions to software problems. Generally speaking, software engineering
researchers seek better ways to develop and evaluate software [135]. They are mo-
tivated by practical problems, and key objectives of the research are often quality,
cost, and timeliness of software products. “One man’s magic is another man’s
engineering” (Robert Heinlein). Engineering design is much more routine than
innovative [134, 137]. It depends upon the existence of a mature discipline, such
as standard notation for recording and communicating designs, established pro-
cedures, published processes, design standards, small number of unit operations,
widely disseminated handbooks, etc [137, 88, 116].
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Software architecture has grown in importance to be a key discipline within
software engineering [137, 115, 16]. Architecture-centric development directs on
developing large, complex systems in a manner that facilitates robustness of prod-
ucts, economy of the development process and rapid time to market. It focuses
on the construction of more abstract architectural elements, or, models, but not the
program source code. A model is a reduced representation of the system, from a
given viewpoint [23]. This enables designers to abstract away unnecessary details
and concentrate on the main concerns and problems of the system. The model is
coarse-grained enough so that the design of complex systems can be represented
in an easier understandable form than the actual system. Besides helping under-
standing complex problems and solutions, the model communicates understanding
between designers and developers. It can be also used as a guide to implementa-
tion.

One of the key issues in software development, like in all other engineering
areas, is to ensure that the product delivered meets its requirements. Another key
purpose of models is to allow the reasoning about important properties of the soft-
ware before actually building it. Developers can manipulate the models in signifi-
cantly more sophisticated ways than they can code. Model-based analysis such as
model checking and simulation takes place at the early stage within the process of
software construction, thus ensuring the quality of the system already at the mod-
eling level. Besides, testing is often used in software engineering for validating
properties.

To support architecture-based development, software architecture modeling
languages [92, 36] and their accompanying toolsets have been proposed to pro-
vide notations for specifying and analyzing the architectural models of software
systems. Modeling languages (Fig. 1.2) provide abstractions that are adequate for
modeling or specifying a large system, while ensuring sufficient detail for estab-
lishing properties of interest.

Refinements (Fig. 1.2) are the basic steps in the architecture centric software
development process. Starting from an abstract description of the system, step-
wise refinements yield more and more concrete specifications that should finally
be directly implementable on a machine. For example, an abstract or a conceptual



1.2. PROBLEMS WITH ARCHITECTURE-CENTRIC APPROACHES 5

architecture is generated from user requirements, which mainly covers core func-
tionality components. Later, a more concrete architecture is created that integrates
non-functional requirements like security concepts and design specific aspects. In
general, a conceptual architecture is smaller and easier to understand, while a con-
crete architecture reflects more design or implementation concerns.

“Architecture is design, but not all design is architecture.” [36] That is, many
design decisions are left unbound by the architecture and are happily left to the
discretion and good judgement of downstream designers and implementers. The
architecture establishes constraints on downstream activities, and those activities
must produce artifacts – finer grained design and code, that are compliant with the
architecture, but architecture does not define an implementation.

Architectural style (Fig. 1.2) is an important concept in the software architec-
ture area. A critical challenge for software engineering is to capture system designs
and reuse established design knowledge when building new systems. One way to
do this is to define an architectural style for a collection of related systems. Indeed,
the use of patterns [100] and styles of design is pervasive in many engineering dis-
ciplines. An established shared understanding of the common forms of design is
one of the hallmarks of a mature engineering field [137]. The architectural style
of software engineering determines a coherent vocabulary of system design ele-
ments and rules for their composition. Styles are often developed systematically to
solve difficult architectural problems at the conceptual level. Most styles originate
when novel classes of software systems are being designed or existing systems are
being adapted to unforeseen circumstances and/or environments. They are formu-
lated and evolved to consistently repeat successes and avoid failures from previous
projects. New architectures can be defined as instances of specific styles. By struc-
turing the design space for a family of related systems a style can, in principle,
drastically simplify the process of building a system, reduce costs of implementa-
tion through reusable infrastructure, and improve system integrity through style-
specific analysis and checks.

Both software architectures and middleware technologies focus on helping the
development of large-scale, component-based system, but they address different
stages of the development lifecycle. Software architecture is an abstract model
of a system that highlights the system’s critical conceptual properties, while mid-
dleware enables the system’s realization and ensures the proper composition and
interaction of the implemented components. Some researchers are trying to cou-
pling architecture modeling and analysis approaches with middleware technolo-
gies [94, 90, 44]. For example, some architectural styles such as client-server and
event publish-subscribe style can be used as a reference on the abstract layer for
middleware development, therefore a middleware is a realization of an architecture
style.

However, mobility has created additional complexity for computation and co-
ordination. This makes the current architectural approaches and techniques hard to
use [10]. The current architectural approaches have been designed for traditional
distributed systems without consideration of mobility. They offer only a logical
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Figure 1.3: Objective of the thesis: design and development of the middleware
using the architecture - centric approach

view of change; they do not take into account the properties of the “physical” dis-
tribution topology of locations and communications. It relies on the assumption
that the computation performed by individual components is irrelative to location
of the component, and that coordination mechanisms through connectors can be al-
ways transmitted successfully by the underlying communication network. In order
to support mobility, the architectural and modeling approach needs to be adjusted.

1.3 Objectives of the thesis

The overall objective of the thesis is to develop an approach to help the design
and development of middleware for mobile systems. Following the basic idea of
the architecture centric development (Fig. 1.3), we will propose an approach that
supports style-based modeling, refinement, and formal analysis (Fig. 1.4).

The modeling languageIn order to help to understand complex problems and so-
lutions, the modeling language (Fig. 1.4) should capture the main aspects of
the middleware. It should consider and model mobility explicitly, which
includes two aspects: the architectural elements related to mobility, and
how computation and coordination are influenced by mobility. The mod-
els should be represented in an easy understandable form, at the same time
be clear and unambiguous, in order to truly help to understand the middle-
ware, and enable easy and unambiguous communication about the middle-
ware among different designers, developers and other stakeholders.

The architectural style The approach should support the modeling of architec-
tural styles (Fig. 1.4) for the middleware, in order to solve the problems
brought by diversity and unpredictability in the middleware area, enhance
reusability and quality of the software, and simplify the development pro-
cess. We will explore the specification of architectural styles, to see how we
can build a common form of design, how to capture the already established
design knowledge or successful experience for a class of related middleware.
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When building new middleware, the designers and developers can define the
middleware design as instances of a specific style, or they can use the style
as a reference model for further improvement and development. This will
make the design process quite efficient and predictable.

Model-based analysisThe approach should support model-based analysis. The
approach is intended to model large, complex software system - middleware
for mobile systems. The ability to evaluate and analyze the properties of
such systems upstream, at an architectural level, can ensure the quality of
the developed system in the specification process, and hence substantially
lessening the cost of errors. Especially, automation and tool support of the
analysis can help a lot since the specification is often complicatedly con-
structed and thus difficult to be checked manually.

Refinement The approach should support a stepwise refinement, which is gen-
erally required by a complex system in order to decrease complexity. The
designers can start from a simpler, easier design, come to a more and more
concrete, complete design through refinements. In the refinement process,
it is difficult to ensure that the concrete specification is a correct refinement
of the more abstract one. Especially, the correctness of the newly added ar-
chitectural elements is difficult to be checked since it is not easy to directly
map them to the abstract ones. Therefore, refinement correctness criteria
should be provided to guarantee the correctness of a refined concrete spec-
ification. Besides, it is very helpful to have tool support and automation of
the refinement process, since it is normally a complex task.

Consistency checkOne important issue of a model-based approach is to correctly
bridge the gap between abstract models and concrete models, or even imple-
mentations. However, to validate whether a concrete model or an implemen-
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tation is a correct refinement of an abstract model is usually difficult and
complicated. The approach should provide a method to support the vali-
dation process between different abstraction layers. This is also important
to prevent architectural decay, which is usually gradual divergence between
an abstract model and a concrete model, or an implementation. Again, tool
support and automation of the validation process are important.

1.4 Our approach

Correspondingly, we develop an approach based on UML-like meta models and
graph transformation techniques to support sound methodological principles, pow-
erful modeling, formal analysis and refinement. In detail, we can divide the ap-
proach into five main parts:

Requirements analysisThe very first step of an architecture-centric approach is
to characterize the problem domain, conclude the main characteristics and
aspects to be modeled. Understanding the problem domains and their prop-
erties is a key to better understanding the needs of software architectures,
architecture-based development, and architectural description. We develop
a conceptual framework for understanding and comparing the different ap-
proaches, which is abstracted from specific implementation details and sum-
marizes the main characteristics of the middleware. The generalization en-
ables us to compare different approaches from a same point of view, and
observe similarities and common aspects from the great diversities of the
middleware. This builds a basis for constructing the architectural style of the
middleware, which should originate from the results that practitioners have
achieved in the area.

The modeling languageThe modeling language is based on the Graph Transfor-
mation Systems (GTSs) and UML-like metamodeling technique. We exploit
the GTS for specifying the architectural style of the middleware for mo-
bile systems, which includes the specification of mobility related elements.
Visual representation and formal semantics are the main advantages of the
modeling language. It has not only a graphic, easy understandable syntax,
but also an operational semantics. It supports rich modeling techniques, such
as separation of concerns, refinement, adaptability, extensibility, etc. It can
describe complex structures and systems, and model concepts and ideas in
a direct and intuitive way. At the same time, the formal semantics allows
execution, analysis, transformation, automation and tool support.

The architectural style The great diversity of the middleware for mobile systems
makes it quite difficult to build architectural styles for the middleware. It is
difficult to explore commonalities across the middleware families. We ob-
serve that the middleware presents some commonalities among the basic as-
pects, which are summarized as the characteristics for the middleware during
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the requirements analysis process. Therefore, we develop the architectural
style through exploring the commonalities among these basic aspects, which
include not only the concrete design specific models and patterns, but also
the more abstract features brought by different definition of mobility, e.g.,
how to define the movement space and how components move. This makes
our style vary greatly from the traditional architectural style for distributed
systems. We also explore how to separate these aspects into the styles on dif-
ferent abstract layers. Such separation can decrease the complexity brought
by mobility, help the designers and developers fully understand how mobility
influences the middleware, and how to come to a complete design gradually.
We illustrate the process of developing the style through constructing the
style of the middleware for nomadic networks.

Simulation The operational semantics of the GTS allows us to execute the models
and thus analyzing and validating the system through simulation. Simulat-
ing the dynamic behavior of the system allows the designers to execute the
system and to play with specific scenarios. The designers can concentrate on
the key aspects of the architecture. It can also detect errors and improve the
confidence of the model. In such a validation process, it happens often that
the result is wrongly judged as incorrect, although the specification is proved
to be correct later on. This is normally caused by inputting an incomplete
initial state, or the reference test result is wrong itself, both of which result
in naturally wrong test result or wrong judgement. This makes the valida-
tion process itself error-prone and very inefficient. We solve this problem
by constructing the minimal initial state and the expected test result with the
help of an algorithm. Our approach can greatly enhance the correctness and
efficiency of the validation process.

Besides supporting simulation, we also focus on providing a practical and
usable process and environment to help the design and development of the
style. The tool support of style specification, style refinement and other re-
lated concept is very important too. After comparing the available simulation
tools, we choose the existing Fujaba [1] environment as our basis. Fujaba is a
CASE (Computer-Aided Software Engineering) tool that aims to push graph
transformation systems to a broader industrial usage. Fujaba allows a seam-
less integration of object-oriented software development and graph transfor-
mation systems, which facilitates greatly the designers and developers who
are not familiar with graph transformation systems. With its support, we
develop a style - based engineering process for efficient style development,
which includes style specification, style validation, refinement consistency
check, behavioral consistency check and code generation.

Refinement When developing the style, we use a stepwise refinement-based ap-
proach in order to decrease complexity and enhance reusability. We start
from a simple abstract (i.e., conceptual) style that is refined to a more con-
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crete one (platform-independent) with more design specific aspects, which
is further refined to an even more concrete style (platform-specific). We de-
velop refinement correctness criteria that check whether the concrete style is
a correct refinement of the abstract one. The correctness criteria include both
structural and behavioral ones. Especially, we formalize the refinement rela-
tionship between two abstract layers mainly based on the mapping of rules.
We derive a simplified rule for a sequence of rules through a scenario based
construction. The derived rule preserves the semantics of the sequence of
rules, thus it can be used to substitute the complicated rule sequence. By
using the derived simplified rule, we build a bi-directional mapping between
a sequence of rule and another rule sequence. We also develop an algorithm
to construct the derived rule.

The approach can check the correctness of the sequence of rules. It also en-
ables us to check the correctness of newly added structural and behavioral
elements through the scenario construction, which associates the completely
different concrete elements with the abstract ones. Besides, our formaliza-
tion can construct exactly the needed state graphs and transformation se-
quences for checking, which makes the approach efficient and practical to
large systems. It also enables us to use the existing graph transformation
simulation tool Fujaba as the basis for automating the refinement consis-
tency check.

Consistency checkWe develop a framework that supports behavioral consistency
check between models on different abstract layers. It checks whether the
specified architectures in a same hierarchy belong to the same family of
middleware, i.e., they should realize and provide the same functionalities,
although they belong to different abstraction layers and use different design
strategies. Besides, we automate the consistency check process with the sup-
port of Fujaba.

1.5 Structure of the thesis

The rest of the dissertation is organized as follows.
Chapter 2 pursues requirements analysis for the problem domain: the middle-

ware for mobile systems. After developing the conceptual framework for under-
standing and describing the middleware, we illustrate the framework with some
existing middleware examples. Afterwards, we conclude the aspects to be mod-
eled, generalize commonalities for a class of related middleware. The results will
be used to construct the architectural style of the middleware in the following chap-
ters.

Chapter 3 at first identifies the detailed requirements for the architecture centric
approach, which are classified into two groups: style specification and modeling
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languages. We then review related work against these requirements, revealing ex-
istent achievements and open problems.

Chapter 4 gives an overview of our style-based approach after introducing the
concept of the new style. We generalize the approach as a modeling and simulation
framework, which structurizes the approach into several main parts: modeling lan-
guage, style, style refinement and style simulation. We put the consistency check
under simulation since it is developed based on the support of simulation. The next
chapters follow this structure and explain each of these parts.

Chapter 5 explains the TGTS based modeling language, which includes the
related background knowledge and how to model the required aspects of the style.

Chapter 6 illustrates the process of developing the style through constructing a
concrete style as an example: the style of the middleware for nomadic networks.
The style captures the commonalities of the class of related middleware, which are
already concluded in Chapter 2 during the requirements analysis. In order to de-
crease complexity and enhance reusability, we separate the style on three different
abstract layers, i.e., the conceptual style, the platform-independent concrete style
and the platform-specific concrete style. Each of the style captures different archi-
tectural aspects or views. They are associated by refinement relationship. We take
a concrete middleware, Wireless CORBA, as the example of the platform-specific
concrete style.

Chapter 7 is about the refinement. We start with the detailed requirements
for the refinement, which contain the properties to be preserved. The existing ap-
proaches and open problems are discussed. Afterwards, we explain how to cor-
rectly refine a TGTS-based abstract architectural style to a concrete one. We also
check whether the requirements are fulfilled.

Chapter 8 clarifies the consistency check and simulation. We explain at first
the framework for behavioral consistency check. After evaluating the suitability of
existing graph transformation tools, we explain how to use Fujaba environment to
specify and simulate the style. We illustrate then three ways to use Fujaba simu-
lation for further style-based analysis and automation: to validate the model effi-
ciently, to automate the refinement consistency check, and to automate behavioral
consistency check. Finally, we summarize the style - based engineering process
that helps the design and development of the style.

Chapter 9 concludes the thesis. We evaluate the results against the requirements
listed in Chapter 3, explain the relevance to practice, summarize the contributions,
and give an outlook on future work.

Bibliographical note

Preliminary results of this work have already been published in [63, 64, 72, 65].



12



Chapter 2

The Problem Domain

2.1 Overview

This chapter focuses on the requirements analysis of the middleware for mobile
systems. The very first step of an architecture-centric approach is to characterize
the problem domain, conclude the main characteristics and aspects to be mod-
eled. Different problem domains require different software architecture descrip-
tions [36], and it is not good and not sensible to have the same view(s) of software
architecture for all the software systems. Understanding the problem domains and
their properties is a key to better understanding the needs of software architectures,
architecture-based development, and architectural description.

There exist some papers that survey the middleware for mobile systems. How-
ever, they focus mainly on technical details and design strategies of the different
middleware platforms, which present a great diversity. What is missing is to ap-
prehend the middleware at an abstract level, which should abstract from particular
product characteristics and provide a conceptual framework for understanding and
comparing the different approaches. In the chapter, we will develop a general
framework for describing the middleware, which fills in the blank. The framework
is abstracted from specific implementation details and summarizes the main char-
acteristics of the middleware. The generalization based on the framework enables
us to compare different approaches from a common point of view, and to observe
similarities and common aspects from the great diversities of the middleware. This
builds a basis for constructing the architectural style for the middleware that should
represent a common form of design for a class of related middleware.

In order to explain the middleware for mobile systems better, we will pursue
the chapter in a gradual way. We will start with characterization of the middleware
for distributed systems in Section 2.2. We will characterize the middleware for
distributed system in such a way that allows a better understanding of the middle-
ware for mobile systems, and that emphasizes the main difference between the two
kinds of middleware. Afterwards, we will explain the middleware for mobile sys-
tems in detail in Section 2.3, which includes the general framework for describing
the middleware and its definition. Section 2.4 illustrates the framework with some

13
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Figure 2.1: Left-hand side: middleware structure; right-hand side: ISO/OSI refer-
ence model

existing middleware examples. At the same time, we will compare the different
middleware, conclude the important elements that decide or influence the design
of the middleware. Besides, we will conclude commonalities of the design strat-
egy of the middleware, which will be used to construct the architectural style of the
middleware in the following chapters. Section 2.5 discusses which aspects should
be modeled for the middleware.

2.2 Middleware for distributed systems

The term middleware first appeared in the late 1980s to describe network connec-
tion management software [124]. It became popular in the mid-nineties with the
development and penetration of network technologies and distributed systems [142].
Distributed systems [142] enable us to use the best combination of hardware and
software components for an enterprise. However, distributed systems are among
the most complex artifacts human beings have ever constructed. It is difficult to
construct a coherent and operational distributed system that integrates the needed
components, due to the inherent heterogeneity, distribution problems of distributed
systems. The developers need to deal with the complexity of networks and commu-
nications, different hardware platforms, operating systems and programming lan-
guages [19, 27]. Middleware is originally designed to simplify distributed system
construction. Middleware is a set of distributed software services that exists be-
tween network operating systems and distributed applications [50, 124], as shown
in Fig. 2.1. It adds mechanisms and services that are much more specialized than
those provided by the operating system. It enables application engineers to ab-
stract from the implementation of error-prone and complex low-level details, such
as concurrency control, transaction management and network communication, and
allows them to focus on application requirements. The construction of a large class
of distributed systems can be hence simplified by leveraging middleware. The
quality of the developed systems is also enhanced through using middleware.

The implementation of the middleware can take different forms with differ-
ent design strategies. Generally, four main categories [50, 29] of middleware
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Figure 2.2: Middleware architecture

for distributed systems can be distinguished. They are transactional middleware,
message-oriented middleware, Remote Procedural Call (RPC) middleware, and
distributed object and component middleware [117, 124]. Transactional middle-
ware supports transactions involving components that run on distributed hosts. The
products in this category include BEA’s Tuxedo [67]. Message-oriented middle-
ware supports the communication between distributed system components by facil-
itating message exchange. Products in this category include IBM’s MQSeries [59]
and Sun’s Java Message Queue [68]. RPC middleware is an important early mid-
dleware model that is based on Remote Procedure Calls (RPCs). The standard DCE
(Distributed Computing Environment), specified by the Open Software Founda-
tion, is completely identified with RPC middleware. Object and Component mid-
dleware [117] evolved from RPCs, whose most popular models are Microsoft’s
Component Object Models (COM, DCOM, COM+) [133], Sun Microsystems’
Enterprise JavaBeans (EJB) [11], and OMG’s Common Object Request Broker
Architecture (CORBA) [110, 146].

In spite of the diversity of design strategies, the middleware can be still char-
acterized at an abstract level that abstracts from particular product characteristics.
For instance, some researchers [50, 29] characterize the middleware according to
the requirements for distributed system construction, i.e., the difficulties that arise
during distributed system construction. Accordingly, the middleware provides ser-
vices to deal with network communication, component coordination, reliability,
scalability and heterogeneity. This classification is quite complete and general
enough to describe the functionalities of the middleware for distributed systems.

Nevertheless, we have a different target in the thesis. We want to characterize
the middleware for distributed systems in such a way that allows a better under-
standing of the middleware for mobile systems, and that emphasizes the main dif-
ference between the two kinds of middleware. Therefore, we would like to empha-
size the very basic requirements like interoperability and distribution transparency,
but not the more advanced requirements like reliability and scalability. Conse-
quently, we depict the middleware from four aspects (Table 2.1): A1 component in-
teroperability, A2 component behavior, A3 network communication and A4 distri-
bution transparency. The classification follows a top-to-down structure (Fig. 2.2),
where the component interoperability is on the very top layer and it allows the
application components to interoperate. It is also the very basic and kernel require-
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Figure 2.3: RPC-based middleware architecture

ment. The other aspects, i.e., component behavior and network communication,
help the realization of the interoperability on the lower layers.

A1 Component interoperability Middleware [142] provides a view of a single
interoperable coherent system and is tended to handle a collection of independent
components. Middleware is sometimes called a glue technology because it is often
used to integrate heterogeneous distributed components, and make components
interoperable (Fig. 2.2), which means that a component on one system can access
a component on another system. To achieve such an integration and interoperation,
there are several main problems need to be addressed. First, components come out
of different programming languages, data representations and operating systems.
Secondly, components need to define interfaces at appropriate levels of abstraction
in order to advertise the services that they provide. Thirdly, the components are
located on different hosts, and the network and communications need to be solved.

Middleware solves these problems through providing the definition of services,
standard programming interface and standard protocols. For example, object-
oriented middleware CORBA [146] and DCOM [24] support the definition of ob-
ject(component) services. The service provided by a component is encapsulated as
an object and the interface of an object describes the provided service, which is a
set of method calls defined through an IDL (Interface Definition Language). The
interfaces defined in an IDL file serve as a contract between a server and its clients.
Clients interact with a server by invoking methods described in the IDL.

IDL is designed to be independent of a particular programming language. The
middleware can define binding to different programming languages. For exam-
ple, CORBA [146] defines bindings to C, C++, Smalltalk, Ada, Java and OO-
Cobol. These programming language bindings determine how object types with
their attributes, operations and exceptions are implemented in server objects and
how clients can make object requests and catch exceptions the server may raise.
Through such definition of services and IDL, the different types of components
have now a homogeneous definition, which allows a system construction through
integrating legacy and commercial off-the-shelf components with newly built com-
ponents.
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A2 Component behavior In order to provide a single interoperable coherent
system, one important aspect of middleware is to manage component behaviors,
facilitate component interaction, and enable the cooperation of distributed compo-
nents. More specifically, we can distinguishinter-component behaviorand intra-
component behavior. Given that components execute concurrently on distributed
hosts, the middleware could support [50] multi-threads of control, single thread of
control, or the both. The activation and deactivation of the component execution
process need to be supported too. We call such behaviors that happens in the scope
of one componentintra-component behavior. It controls the execution state of the
component.

On the contrary,inter-component behaviorhappens in the scope of a group of
components.Component interaction(Fig. 2.2) is a synonym of inter-component
behavior and we will use component-interaction in the rest of the paper. Compo-
nent interaction covers component communication, collaboration, and coordina-
tion. These different aspects are not orthogonal and there is no clear boundary.
For example, components need a method to communicate with each other through
the network. The method can be message based, transactional based, event based,
etc. The communication requires the coordination and synchronization between
different actions and components, and the components collaborate with each other
in order to perform a task.

Middleware can be distinguished through the supported component interaction
patterns and paradigms [124, 50, 29]. For example, in distributed computing, the
middleware can be distinguished in RPC (Remote Procedure Call) pattern, mes-
sage based pattern, event-based pattern, etc. For example, in both DCOM [24]
and CORBA [146], the interactions between a client process and an object server
process are implemented as object-oriented RPC-style communication. Figure 2.3
shows a typical RPC structure. To invoke a remote function, the client makes a
call to the client stub. The stub packs the call parameters into a request message,
and invokes a wire protocol to ship the message to the server. At the server side,
the wire protocol delivers the message to the server stub, which then unpacks the
request message and calls the actual function on the object. In DCOM, the client
stub is referred to as the proxy and the server stub is referred to as the stub. In con-
trast, the client stub in CORBA is called the stub and the server stub is called the
skeleton. Sometimes, the term “proxy” is also used to refer to a running instance
of the stub in CORBA.

A3 Network communication In a distributed system, components often locate
on different hosts. Network communications (Fig. 2.2) are involved when the re-
mote components interact. The interoperability of components on the networking
layer is achieved through using standard networking protocols, which are often
classified by the ISO/OSI (Fig. 2.1) model [50, 142]. Most middleware platforms
are built on top of the transport layer (TCP or UDP are examples). Transport
layer protocols generally provide services that handle the flow of data between
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systems and provides access to the network for applications via sockets. Applica-
tion engineers need to implement session, presentation, and application layer when
programming at this level of abstraction. This is costly, error prone and time-
consuming [50]. Middleware implements session and presentation layer, enables
application engineers to request parameterized services from remote components
and can execute them as atomic and isolated transactions. The transmitted param-
eters have often complex data structures. The presentation layer implementation
of the middleware provides the ability to transform these complex data structures
into a format that can be transmitted using a transport protocol, i.e., a sequence of
bytes. This transformation is referred to as marshalling and the reverse is called
unmarshalling.

A4 Distribution transparency One main functionality of middleware for dis-
tributed systems is to provide distribution transparency to the application. The dis-
tribution transparency can be further classified as interaction, network communica-
tion and location transparency. Interaction transparency means that the application
components do not notice that they are interacting with other remote components,
and the remote interaction will be performed by the middleware. Moreover, the
application components are not aware of the network communication and the lo-
cation of other components. For example, in an object-oriented middleware, if a
client wants to perform some interaction with a server object, it issues a local call
request to the middleware. The middleware locates the server-object by query-
ing a database to discover the location of the requested object and then invokes
the server-object. This processes involves the low layer network communication
mechanisms from the middleware. The client and server do not need to know
where the other is located.

From the description we can observe that the main requirements for middleware for
distributed systems is to integrate heterogeneous distributed components and make
the components a single interoperable coherent system. There are not so many
other major requirements from the application side anymore. Therefore, the main
functionality of the middleware is to provide component interoperability, which is
the very basic and kernel requirement. Accordingly, we can define the middleware
in the following as:

Def. 2.1 Middleware for distributed systems is a set of distributed software ser-
vices that exists between network operating systems and distributed applica-
tions. It adds mechanisms and services that are much more specialized than
those provided by the operating system. It integrates heterogeneous compo-
nents, and makes the components a single interoperable coherent system.
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2.3 Middleware for mobile systems

With the fast development of mobile systems and the popularity of mobile appli-
cations, a new kind of middleware: the middleware for mobile systems is created.
The middleware for mobile systems is very different from the middleware for dis-
tributed systems, and it presents new functionalities and characteristics. This is
caused by mobility that brings opportunities of new applications as well as diffi-
culties for developers. In order to understand the new requirements for the middle-
ware, we will at first introduce mobile systems and highlight the extents to which
they differ from distributed systems. We will also introduce mobile applications
and the problems with mobile application development. Afterwards, we will ex-
plain the middleware for mobile systems, give a general framework for describing
the middleware, and define the middleware.

2.3.1 Mobile systems

With the development and penetration of wireless communication technologies,
distributed systems are evolving into mobile systems, which can be seen as a spe-
cial kind of distributed system designed for mobile, wireless communication envi-
ronments. Mobility results in a total meltdown [121] of the stability assumptions
(e.g. network structure, network connection, power supply, CPU, etc.) associated
with traditional distributed systems. This is mainly caused by the possibility of
roaming1 and unstable wireless connections. Mobile systems differentiate from
distributed systems mainly in the following aspects:

Unfixed network structure The fixed network structure of distributed systems
does not hold for mobile systems anymore. Roaming nodes build an unfixed net-
work structure in mobile systems. The network topology and structure are chang-
ing correspondingly when the mobile devices move to other locations. The current
existing wireless networks can be divided as nomadic networks and Mobile Ad-
hoc NETworks (MANET), which are defined based on whether there exists fixed
infrastructure support or not. A nomadic network utilizes the infrastructure as ac-
cess points to establish connectivity. Examples of this kind of network are Telecom
networks like GPRS/GSM/UMTS with base stations, Wireless LAN (WLAN) with
access point support, etc. In contrast, an ad hoc network does not have the infras-
tructure support. It uses direct neighbors as relays to connect to other nodes. The
nomadic network has still a relative structured space where devices are allowed
to move inside the scope of areas covered by access points. While the network
structure of the MANET [114, 127] is completely unfixed, since the MANET
allows unrestricted mobility of the terminals, as long as at least one terminal is
within transmission range. Typical examples of the MANET are Wireless LAN

1Roaming means that devices can change its location.
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without access point support, wireless PAN(Personal Access Network) including
Bluetooth, IrDA, RFID.

Unstable network connection Wireless network connections are very unstable
compared to fixed network connections. The wireless connection is highly vari-
able in performance and reliability. The connection is rather intermittent. During
roaming, devices can reach an area with no coverage or where the wireless signal
is weak. The bandwidth may suddenly drop to zero and the connection may be
lost. Besides, latencies in wireless networks are generally greater than in fixed net-
works, throughput will generally be lower and may vary unpredictably, and losses
and errors are likely to be more frequent.

Resource-limited device Mobile devices vary from mobile PC, personal digi-
tal assistants, mobile phones, to smart cards, etc. For a given cost and level of
technology, tradeoffs will be made between weight, power, size and computational
resources such as processor speed, memory size, and disk capacity [123]. Although
the capability and technologies of mobile devices are always in improvement, they
will always be resource-limited relative to static devices.

Dynamic context Mobility defines a very dynamic execution environment. Con-
text [121, 126, 154] represents the peculiar and novel aspect of mobile computing,
to the point that some researchers characterize mobility as context-aware comput-
ing. There exist different definitions of context. For example, the researchers [125]
define context to be the constantly changing execution environment, which in-
cludes

• Computing environmentavailable processors, devices accessible for user in-
put and display, network capacity, connectivity, and costs of computing.

• User environmentlocation, collection of nearby people, and social situation.

• Physical environmentlighting and noise level.

While some researchers [121] think that the context of a mobile unit is deter-
mined by its current location which, in turn, defines the environment where the
computation associated with the unit is performed. The context may include re-
sources, services, as well as other components of the system.

2.3.2 Mobile applications

Mobility brings great opportunities, and new types of mobile applications [143,
150] have emerged. It is a trend and of great business value to offer mobile appli-
cations to end-users. Here we introduce some important classes of mobile applica-
tions.
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Nomadic applications In nomadic applications, mobile components make use
of wireless networks connect to a fixed network infrastructure, such as the Inter-
net, and they may suffer periods of disconnection while moving between points
of connectivity. Such applications typically employ infrastructure networks like
WLAN or GSM/GPRS networks.

Location-based services An important element of mobile computing lies in the
device’s interaction with location-based services [60]. That is, the ability to dis-
cover what services are available at a particular location and communicate with
them. One popular example is the telecom GSM/GPRS location-based services,
with which the users can get surrounding information based on the current loca-
tion, such as traffic situation, close restaurants, gas stations, hospitals, ATMs, etc.

Context-aware applications One of the most important class of applications
within mobile environments is context-aware applications[125, 126, 6], which op-
erate in fluctuating environments and adapt themselves to provide the best level of
service to the user. There exit different definitions of the context-aware applications[154,
125, 6], according to the degree of context-awareness presented to users (i.e., how
much mobility should the users perceive), and who will activate the adaption, i.e.,
the predefined behavior in the application or the input from the user.

Mobile e-commerce Mobile e-commerce [143, 150] (also called mobile com-
merce or m-commerce) is defined as all activities related to a (potential) commer-
cial transaction conducted through communications networks that interface with
wireless (or mobile) devices. Mobile e-commerce has presented a wide range of
interesting application types [60], which include reservation and ticketing systems
that allow the user to book at nearby restaurants and taxi firms, and advertising ap-
plications allowing retailers to present their latest offers to customers close by. Au-
tomated tolling is another encouraging application area. For example, the ROBIN
toll collection system uses the satellite-based GPS (Global Positioning System) to
determine when a vehicle is on a toll road and charges the on-board device.

Collaborative applications Collaborative applications [95] mean that mobile
nodes use the wireless network to interact with other mobile nodes that have come
together at some common location. Although these applications may use infras-
tructure networks, they will often use ad hoc networks to support communication
without the need of a separate infrastructure. Consequently, this collaborative style
of application allows loosely coupled components to communicate and collaborate
in a spontaneous manner. The hot-pot available in airports and meeting centers are
examples of such applications. This kind of application is also very useful in emer-
gency or in military case. For instance, in war fields, or at the scene of accident, the
people can connect and communicate each other without the infrastructure support.



22 CHAPTER 2. THE PROBLEM DOMAIN

2.3.3 Problems with mobile application development

From the preceding introduced different mobile applications we can see that the
mobile applications have much more complicated requirements than distributed
applications since they are placed in a dynamic changing environment. They need
to provide much more services to end-users. For instance, they need to provide
continuous connectivity service when the users are roaming (Nomadic Applica-
tions), they need to discover what services are available at a particular location
and communicate with them (Location-based Services), or do transactions with
them (Mobile E-commerce), they need to operate in fluctuating environments and
adapt themselves to provide the best level of service to the user (Context-aware
Applications), they need to discover the available peers and to interact with them
(Collaborative Applications), etc.

Correspondingly, it is very difficult to develop dependable mobile applications.
The application developers need to integrate the dynamic changing, heterogeneous
components together in order to perform the required tasks. They need to man-
age the movement of components, unstable wireless network connection, chang-
ing context. etc. In addition, they need to deal with different end-user requirements
and provide different services and functionalities. For instance, how to present the
context and the level of context-awareness is a problem to face. Some end-users
want to hide the mobility and have continuous service in the mobile environment.
Some users want to be aware of the context information, and the required content
of the context varies a lot, too.

2.3.4 Middleware for mobile systems

Obviously, the middleware for distributed systems can not simplify and help the
development of mobile applications so much anymore, since it does not provide
enough services to help the application developers be released from the compli-
cated mobility scenarios. Accordingly, a type of new middleware - middleware for
mobile systems has been created. The key to middleware for mobile systems is to
provide support across the mobile application domains, help application developers
overcome the complexity and problems of mobility, and enhance the dependability
and usability of developed applications.

As the demand for rapid deployment of dependable new mobile applications in-
creases, middleware is emerging as one of the most active areas of system research
in mobility [121]. Many middleware platforms for mobile systems [29, 60, 55]
have been created. This is partly because that middleware can take advantage of the
deployed software infrastructure while providing clean high-level programming
abstractions in languages already available today. And it is better than developing a
specialized language, which requires too much investment and entail unacceptable
risks. Middleware also hides the protocol layer but makes explicit the key con-
cepts involved in the development of mobile applications, e.g., the management of
location data, event notification, quality of service assessment, adaptability, etc.
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As a quite new research area, there is no common agreement or understanding
of the middleware for mobile systems. The middleware platforms [29, 60, 55]
present a great diversity:

• they have distinct functionalities and provide various services to applica-
tions;

• they use very different design concepts and strategies;

• the aimed wireless network could be different (e.g. nomadic network or ad-
hoc network);

• they exist because of mobility or in spite of mobility or both [102];

• the moving units can be logical or physical mobile or both [102];

• the definition of context and the level of context-awareness can be very dif-
ferent;

There exist some papers [29, 60, 55] that survey the middleware for mobile
systems. However, they focus mainly on technical details and design strategies of
the different middleware. What is missing is to apprehend the middleware from
an abstract layer, which should abstract from particular product characteristics and
provide a conceptual framework for understanding and comparing the different ap-
proaches. In order to fill in this blank, we will explore a framework for describing
the middleware. We will abstract from specific implementation details and focus
on the important and general aspects presented by the middleware.

We will start from exploring and comparing the aspects abstracted for the mid-
dleware for distributed systems. The four aspects (Table 2.1) given in Section 2.2:
A1 component interoperability, A2 component behavior, A3 network communi-
cation and A4 distribution transparency are adapted to A1 component interoper-
ability, A2 component interaction, A3 wireless network communication and A4
context awareness correspondingly in the mobile system (Table 2.1). Besides these
four items, we will mention other two aspects, which are specific for mobile sys-
tems. They are A5 space definition and A6 dynamic change.

A1 Component interoperability One of the main requirement for middleware
for mobile systems is still to integrate heterogeneous distributed components, and
make the components a single interoperable coherent system. However, the roam-
ing components and unstable wireless connection make the integration much more
complicated. Components may come and leave rapidly, and services that are avail-
able when we disconnect from the network may not be there anymore when we
reconnect. Location is no longer fixed and mobile nodes can roam to other places
where new services are available in a new surrounding. Depending on where we
are and if we are moving, bandwidth and quality of the network connection may
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 Middleware For Distributed Systems Middleware For Mobile Systems 
 
 
A1 

 Component Interoperability 
 Integrate heterogeneous distributed          
 components,  make components  
 interoperable 

 Component Interoperability 
1. Integrate heterogeneous mobile  
      components, make components   

   interoperable 
 2.   Provide other diverse functionalities 

 
 
A2 

 Component Behavior 
  1. Inter-component behavior is      

  important:   process management,   
  thread management 

  2. Static component Interaction     

 Component Interaction 
 1. Component collaboration and coordination 

 in the dynamic  environment are important
 

  2. Dynamic component interaction 
 
 
 
 
A3 

 Network Communication  
 Treat disconnections as exceptions 
 

 Wireless Network Communication 
 Special treatment: 
 1. Provide efficient and reliable  
     communications  
 2. Support disconnection operation 
 3. Explore asynchronous communication  

 paradigms for decoupled and  
 opportunistic wireless connections 

 
 
A4 

 Distribution Transparency 
 Interaction, network   
 communication, location   
 transparency  

 Context Awareness  
 Present diversities: 
 1. Distribution transparency 
 2. Location awareness 
 3. Network connection awareness 
 4. Context awareness 

 
 
A5 

No  Space Definition 
 1. Decide the allowed roaming style of  
     components 
 2. Influence interaction and  
     communication models of components 
 

 
 
A6 

No 
 Only important for safety- and   
 mission-critical systems 

 Dynamic Change 
 1. Changing context, location of  
     components, network connection 
 2. Dynamic configurations and  
     interactions 

 
 
 
 
 
 
 
 

Table 2.1: The framework for middleware: comparison between the middleware
for distributed systems and the middleware for mobile systems
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vary greatly as well. The middleware needs to manage the roaming components,
the unstable wireless connection, the dynamic context, etc.

Besides component interoperability, the middleware needs to provide other di-
verse functionalities to satisfy different application requirements. The middleware
for mobile systems exists because of mobility or in spite of mobility or both. Some
middleware hides the mobility completely from the application, and they provide
continuous service when components roaming. Application components do not
realize the wireless environment at all. While some middleware monitors the dy-
namic environment and reflects the context information to the applications.

A2 Component interaction Managing component behaviors is still one impor-
tant task of middleware for mobile systems. However, it focuses much more
on component interactionthan intra-component behavior. Component interaction
covers component communication, collaboration, and coordination. In a mobile
environment, component collaboration and coordination are very critical and dy-
namic. How [121] to discover who is around for interaction with other components
in the dynamic environment is an important characteristic that differentiates among
middleware that support mobility. Some researchers [120] argue that coordination
is central to understanding mobility, and the key of the middleware is to define the
coordination.

In a mobile setting, the components involved in an interaction change dynam-
ically due to their migration or connectivity patterns. This results in dynamic re-
configuration among these components. While the static assumption of network
structure, network connection and execution context in distributed systems makes
the component interaction quite static. The components involved for interactions
are generally fixed. Such fixed configurations will not change till a dynamic change
happens. And the messages for communication are always supposed to be success-
fully transmitted by the network.

A3 Wireless network communication The middleware deals with unstable wire-
less connections. Some middleware explores asynchronous communication paradigms
for wireless communication, since the characteristics of wireless communication
media (e.g., low and variable bandwidth, frequent disconnections, etc.) favor a de-
coupled and opportunistic communication paradigm: decoupled in the sense that
computation proceeds even in the presence of disconnections, and opportunistic as
it exploits connectivity whenever it becomes available. In this case, the commu-
nication happens only when network connection is available, and the component
computation proceeds even in presence of disconnections. Some middleware offers
efficient and reliable communications over the unstable wireless network connec-
tions. Some middleware explores mechanisms that allows continuous execution of
application components when disconnection happens.
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A4 Context-awareness The middleware for mobile systems presents great diver-
sity according to different application requirements. Some middleware still holds
distribution transparency, and they provide interaction, network communication
and location transparency to the application. Some middleware provide location
related and context information to the applications. The definition of context and
the level of context-awareness can be very different.

A5 Space definition The definition of space is a key factor when dealing with
mobility, since the space decides the allowed roaming style of components, influ-
ences the interaction and communication models of components. Generally, the
targeted wireless network of a middleware decides the definition of spaces. For ex-
ample, the nomadic network has a structured space, which is divided into regular
patches with a base station supporting the communication needs of the components
in that special area. Roaming among cells entails special handover protocols, i.e.,
communication behavior is tied to space structure. In the case of ad hoc networks,
the space lacks structure but the distance metric is important because communica-
tion can take place only when components are within range.

A6 Dynamic change The stability assumptions in distributed systems make the
software architecture static. Dynamic changes are generally only important for
safety- and mission-critical systems, such as air traffic control or telephone switch-
ing systems, where shutting down and restarting the system incurs unacceptable
delays and failures. On the contrary, dynamic change is a main characteristic of
mobile systems.

The stability assumptions associated with traditional distributed computing is
completely broken in mobile systems. When devices can move to different lo-
cations, their context may change, and that mobile hosts are resource limited.
Wireless connections are very unstable. All these result in a very dynamic soft-
ware architecture, where configurations and interactions have to be adapted to the
changing context, relative location of components, and the network connection.
Consequently, supporting for runtime modification is a key aspect of middleware
for mobile systems.

Based on the understanding, we now define the middleware for mobile systems as:

Def. 2.2 Middleware for mobile systems is a middleware (see Def. 2.1) designed
for mobile systems. It is a set of distributed software services that exists be-
tween network operating systems and mobile applications that use wireless
networks. It adds mechanisms and services that are much more specialized
than those provided by the operating system. It integrates heterogeneous mo-
bile components, and makes the components a single interoperable coherent
system. It has special consideration and treatment of locations, wireless net-
work connections, and possibly context-related aspects.
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Middleware is a relative concept, as it is closely related to distributed operat-
ing systems. Whether a given service is classified as middleware may change over
time. A facility that is currently regarded as part of a middleware may become
one part of operating system in the future, to simplify mobile system construc-
tion and to increase the commercial value of the operating system. For example,
some researchers [153, 126] explore the operating system to support context-aware
computing. In our context, we assume that the operating system provides simple
communication means to connect to other computers, e.g., socket programming,
and it does not provide further services to manage roaming components and wire-
less network connections.

2.4 Middleware for mobile systems: examples

After giving the general framework for describing the middleware for mobile sys-
tems in last section, we will illustrate the framework with some existing middle-
ware examples, to see whether the framework is complete and abstract enough to
depict the middleware. At the same time, we will compare the different middle-
ware, conclude the important elements that decide or influence the design of the
middleware. We will also conclude commonalities for a class of related middle-
ware, which will be used to construct the architectural style for the middleware
in the following chapters. This is the main objective of the thesis as outlined in
Section 1.3.

In order to get more abstraction, we will not review individual middleware, but
a class of middleware. We will classify the middleware according to the major
adopted design strategy, which can be in most case identified through the com-
ponent interaction model. We identify three classes of middleware here: event-
based (or publish/subscribe) middleware, tuple space-based middleware and ob-
ject component middleware. This classification is also often adopted by other re-
searchers [29, 60, 55].

2.4.1 Event-based (or publish / subscribe) middleware

Event-based (or publish/subscribe) middleware belongs to message-oriented mid-
dleware that supports the communication between distributed system components
by facilitating message exchange. Event-based [53, 157, 76, 95] or publish/subscribe
model is often used for supporting message exchange between components in the
mobile environment. Many event-based middleware for distributed systems have
been adapted to support mobility. JEDI [43], REBECA [157], Siena [28], JE-
Cho [33], STEAM [95] are the examples of this kind of middleware.

A1 Component interoperability Client components use the middleware to send
a message to a server component across the network. The message can be a notifi-
cation about an event, or a request for a service execution from a server component.
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The content of such a message includes the service parameters. The server re-
sponds to a client request with a reply-message containing the result of the service
execution.

We can distinguish two categories of the models according to how to support
mobility: nomadic roaming and ad-hoc roaming. Nomadic roaming means that
the components can roam inside the nomadic network with the infrastructure sup-
port, while ad-hoc roaming means the components do not need the infrastructure
support, and they come into contact when in proximity. Generally, the main func-
tionality of the model supporting nomadic roaming is to provide continuous no-
tification service when components are moving between points of connectivity.
The main functionality of the model supporting ad-hoc roaming is to provide ac-
cess to other components during a dynamic change of topology. REBECA [157],
JEDI [43], Siena [28] and JECho [33] are the examples that support nomadic roam-
ing. STEAM [95] supports ad-hoc roaming.

A2 Component interaction Components interact through pub/sub communica-
tion. Components can act both as producers and consumers, they are clients of
the underlying event notification service, which brokers notifications between pro-
ducers of information and subscribers of information. Consumers subscribe the
events they are interested in and are informed by the notification service when the
event occurs. The notification service is responsible for checking the event against
all current subscriptions and delivering it to all users whose subscriptions match
the event. This model supports undirected communication where the producers
do not need to explicitly define the receiver. The loose coupling of producers and
consumers is the prime advantage of this model.

The component interaction models are quite different depending the supported
mobility models. The model for nomadic roaming often introduces centralized or
intermediate components in order to handle disconnection and provide continuous
notification service while the application components move from one access point
to another. These additional components are responsible for buffering notifica-
tions when disconnected, or rerouting and delivering the notifications to different
locations where the roaming client currently locates. Therefore, the component in-
teraction behavior is tied to these components. For example, JEDI [43] includes a
dynamic tree of dispatchers (the client can reconnect to any) for ensuring publish-
subscribe information is retained as members connect and reconnect. The dis-
patching servers manage temporary storage for notifications. They coordinate that
no duplicates are received and that the notifications are causally ordered. They are
also responsible for routing the notifications to a new server, with whom the client
is currently connecting. Another example is the REBECA [157] mobility model. It
uses intermediate components as brokers that relocate and redirect the notifications
to the roaming clients.

In contrast, STEAM [95] contains neither centralized components nor interme-
diate components, since the very dynamic change of topology in ad-hoc networks
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makes such service not suitable anymore. The components maybe distributed over
a potentially large geographical area. Thus they are unlikely to be able to maintain
a permanent communication link to the servers. STEAM is based upon the con-
cepts of group communication with publishers and subscribers belonging to the
same group. Notably, STEAM exploits a proximity-based group communication,
where a group is identified by both geographical and functional aspects. To apply
for group membership, a component must firstly be located in the geographical area
corresponding to the group and secondly be interested in the group in order to join.
Therefore, the interaction is scaled by the proximity of publisher to subscriber, and
events are only need to be forwarded within the scope of their proximity.

A3 Wireless network communication Event-based model has an asynchronous
communication2 style, which allows persistent communication between compo-
nents that are not executing at the same time. That means, a message is stored
even when its sender and its receiver are not executing after the message has been
sent. It will be stored as long as necessary. This fits naturally to the intermittent
and opportunistic wireless network connection. The message or event is buffered
when the component disconnects, and it will be delivered when the component
reconnects.

Especially, the proximity-based group communication of STEAM [95] limits
the interaction between components to a certain geographical area. Subsequently,
the behavior of communication connections between components becomes more
predictable, and it allows the middleware to support reliable event delivery in a
dynamic mobile environment.

A4 Context-awareness On one side, the middleware supporting nomadic mobil-
ity generally fosters a strategy that enables the seamless integration of the legacy
distributed applications without rewriting them. Thus, hiding the mobility to the
applications is one requirement of such middleware. In this case, the middleware
still holds the network and location transparency. On another side, the middleware
provides location-awareness to the application, in order to support the location-
based applications.

At the same time, the middleware supporting ad-hoc mobility does not focus on
providing location transparency. For example, STEAM includes a location service
that uses sensor data to compute the current geographical location of its host ma-
chine and subsequently providing this location information to the middleware and
to the local event producers and consumers. The sensors are generally equipped
on some fixed points locating in specific geographical areas. To suit outdoor ap-
plications, STEAM also exploits a version of the location service that uses a GPS
satellite receiver to provide latitude and longitude coordinates.

2After issuing a request, a client component can continue to perform its operations and synchro-
nize with the server component until the server component responds.
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A5 Space definition The middleware supporting nomadic mobility has a rela-
tive structured space where devices are allowed to move inside the scope of areas
covered by access points. While the middleware supporting ad-hoc mobility does
not have a structured space. For example, STEAM has been designed for IEEE
802.11-based, wireless local area networks(WLAN). The application components
are allowed to move within the scope of a specific proximity and between proxim-
ities. Additionally, STEAM allows entities to define geographical scopes indepen-
dently of the physical transmission range of the wireless transmitters. It supports a
multi-hop event dissemination in which nodes residing within the boundaries of a
proximity forward event messages. Members of the corresponding multicast group
recognize the identifiers of these event messages and subsequently deliver them.

A6 Dynamic change The interaction and configuration between components is
rather dynamic in a nomadic roaming model. The configuration changes dynami-
cally when components move in or move out of area covered by access points, or
when the wireless connection disconnects or connects. Especially, an interaction
involves generally the central server or the intermediate components, as they pro-
vide continuous notification service. A client component can dynamically establish
connections to the intermediate component within its current vicinity. The connec-
tion is not valid anymore when the client moves to other area. The configuration
of the coordinating intermediate components changes too when the client compo-
nent moves to other area. A new configuration of the coordinating intermediate
components will be thus built.

The interaction and configuration in an ad-hoc network is much more dy-
namic, and it’s direct interaction between the moving components. For exam-
ple, STEAM supports dynamic interaction and configuration between components
with the change of proximity. The configuration changes dynamically when com-
ponents move in or move out of the proximity, or when the wireless connection
disconnects or connects. The interaction is accordingly dynamically too since the
interacting components are not fixed. A component can dynamically establish con-
nections to other components within its current vicinity. An already established
connection between two components can easily expire.

2.4.2 Tuple space-based middleware

Tuple space is an asynchronous communication model, which is effectively a shared
distributed memory spread across all participating hosts that processes can con-
currently access. As having decoupled nature that provides useful facilities for
communication in wireless settings, tuple space has been explored for the coordi-
nation of mobile components. The middleware for mobile systems based on tuple
space is created. L2imbo[45], Lime [102], TSpaces [156] and JavaSpace [141] are
examples.
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A1 Component interoperability Tuple space is a globally shared associatively
addressed memory space used by distributed processes to communicate. If two
processes need to communicate, a sender writes the data (a tuple) into the shared
data space (the tuple space), while the receiver retrieves it from the same place.
The tuple space acts as a virtual space between service providers (servers) and
requesters (clients) through which they can exchange tasks, requests and data that
they may use for future computation. We can roughly distinguish two categories
of the models regarding how to support mobility: nomadic roaming and ad-hoc
roaming. L2imbo[45], Lime [102] are designed for ad-hoc roaming. They focus
on how to provide a dynamically changing context for computation in the presence
of mobility. TSpaces [156] and JavaSpace [141] are mainly suitable for nomadic
roaming with a distinct client-server style. The client is supposed to be running on
a resource-limited device, while the server side is a resource-rich device.

A2 Component interaction The tuple space based middleware belongs to co-
ordination based model, which is specialized in describing concurrent processes
interactions, abstracting away the details of computation and formally defining
constrains and conditions on the interactions, i.e., offering facilities for controlling
synchronization, communication, creation and termination of computational activ-
ities. The tuple space model is data-oriented model that essentially concerns what
happens to the data. The model analyzes how data are shared among agents and the
state of the computation is defined in terms of both the values of the data and the
actual configuration of the coordinated components. Linda [58] is a famous tuple
space based coordination language designed for distributed systems. In Linda, the
context for computation, i,e, the tuple space is permanent and fixed. In order to
support ad-hoc mobility in the tuple-space based model, the people mainly focus
on how to provide a dynamically changing context for computation. For exam-
ple, LIME [102] breaks up the Linda central global tuple space into many separate
tuple spaces, each of it is permanently associated to a mobile unit. It introduces
rules for transient sharing of the individual tuple space based on connectivity, i,e,
the co-located mobile units share the transient data, which changes dynamically
according to connectivity and migration. Accordingly, the context for computation
changes dynamically too. The interaction between components is called location-
dependent transient interaction, which is conditional on the relative positions of
components. More precisely, interaction is limited to the situations in which the
components are in the communication range of each other. L2imbo[45] is similar
to Lime in this aspect. Multiple tuple spaces can be created and used for the mobile
unit. They are shared transiently between the co-located mobile units.

The nomadic roaming support in tuple-space based models follow normally a
client-server coordination. There exist centralized tuple spaces, accessible through
remote operations by multiple processes. The interaction behavior is tied to the
server. For example, the TSpaces [156]from IBM allows the creation of multi
tuple spaces, each of which exists only on a TSpaces server. When a client issues
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an operation, information is sent to the server, which uses a lookup operation to
find out the tuple space on which the operation needs to be performed and passes
the operation and tuple operand to process. JavaSpaces [141] also implements a
client-server coordination.

A3 Wireless network communication In the tuple space paradigm, the sender
does not need to know who the receiver is or where it is working. Hence the com-
munication is decoupled in time and space, i.e., senders and receivers do not need
to be available at the same time, and mutual knowledge of their location is not nec-
essary for data exchange. This fits to the decoupled and opportunistic style of wire-
less network communication. Decoupled in the sense that computation proceeds
even in presence of disconnections, and opportunistic as it exploits connectivity
whenever it becomes available.

A4 Context-awareness Lime provides both location-transparent and location-
aware styles of data access, in order to support applications requiring different
styles of programming. Lime fosters a style of coordination that reduces the details
of mobility and distribution to changes to what is perceived as the local tuple space.
This view simplifies application design in many scenarios. It relieves the designer
from explicitly maintaining a view of the context consistent with changes in the
configuration of the system.

At the same time, LIME also provides location-awareness through defining
tuple location parameters. It supports getting location data from a GPS device.
Besides, it also supports the awareness of the system configuration through a read-
only, system-maintained tuple space, which contains information about the mobile
units present in the community and their relationship.

A5 Space definition The middleware supporting nomadic mobility has a rela-
tive structured space where devices are allowed to move inside the scope of areas
covered by access points. While the middleware supporting ad-hoc mobility does
not have a structured space. For example, STEAM has been designed for IEEE
802.11-based, wireless local area networks(WLAN). The application components
are allowed to move within the scope of a specific proximity and between proxim-
ities. In addition, STEAM allows entities to define geographical scopes indepen-
dently of the physical transmission range of the wireless transmitters. It supports a
multi-hop event dissemination in which nodes residing within the boundaries of a
proximity forward event messages. Members of the corresponding multicast group
recognize the identifiers of these event messages and subsequently deliver them.

A6 Dynamic change The context for computation, represented in Linda by the
central permanent tuple space, is represented in LIME [102] by transient sharing
of the tuple spaces carried by each individual mobile unit. Through this way, the
global context for computation is defined by the transient community of mobile
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units that are currently present. Since these communities are dynamically changing
according to connectivity and migration, the context changes as well. Therefore,
the computation is dynamically associated to the connectivity and migration of the
components.

2.4.3 Object and component middleware

Object middleware evolved from RPC, which is a classical paradigm that supports
remote procedural calling in distributed system. The object and component mid-
dleware for distributed systems has been adapted to support mobility too. The
synchronous communication paradigm of the object-oriented middleware assumes
a permanent connectivity that cannot be guaranteed in the ad-hoc network. There-
fore, adaptations of traditional object middleware to mobile scenarios are usually
targeted to nomadic roaming. Wireless CORBA [111], ALICE [66], RAPP [132]
and DOLMEN [149] are examples of this kind of middleware.

A1 Component interoperability The object middleware supports the definition
of object(component) services. The service provided by a component is encap-
sulated as an object and the interface of an object describes the provided service,
which is a set of method calls defined through an IDL. The interfaces defined in an
IDL file serve as a contract between a server and its clients. Clients interact with a
server by invoking methods described in the IDL. Marshalling operation parame-
ters and results is again by stubs that are generated from an interface definition.

The main functionality of the model supporting nomadic roaming is providing
continuous invocation service when objects are moving between points of connec-
tivity.

A2 Component interaction Object middleware [49] supports distributed object
interaction, that is, a client object requests the execution of an operation from a
server object that may reside on another host. This interaction evolved from Re-
mote Procedure Call (RPC). The basic form of interaction is synchronous, that
means the client object issuing a request is blocked until the server object has re-
turned the response.

The object middleware supporting nomadic roaming often introduce central-
ized or intermediate objects in order to provide continuous invocation service while
the application objects move from one access point to another. These additional
objects are responsible for redirecting and delivering the invocations to different
locations where the roaming object currently locates. Therefore, the interaction
behavior is tied to these objects. For example, Wireless CORBA [111] and DOL-
MEN [149] introduce access bridges as intermediate objects that provide contin-
uous invocation service. Handover protocol is used between access bridges for
redirecting the invocations.



34 CHAPTER 2. THE PROBLEM DOMAIN

A3 Wireless network communication The synchronous communication paradigm
of the object middleware does not fit to the unstable wireless connection naturally,
unlike other asynchronous communication paradigms. The middleware supporting
mobility has to deal with the unstable wireless connections.

There are two main solutions in the current available object middleware. One
solution is to emulate the server object as much as possible in order to permit
continued execution of application client objects. When disconnection happens,
operations originally performed on server objects are performed on replicated or
migrated objects in the cache. For example, ALICE [66] provides disconnected op-
eration that lets clients replicate the server data and cache the replica locally. While
the client and server are disconnected, client requests to the server are redirected
to the replica stored on the client side. This allows the client to operate in spite of
not having access to the server. Support for conflict detection and resolution is also
provided.

Another solution is to provide reliable transmission over the wireless connec-
tion. For example, Dolmen [149] and Wireless CORBA redefine the inter-ORB
protocol to enhance reliability and performance of object communication in the
mobile environment. Messages over the wireless link are transferred by the adap-
tation layer that guarantees reliability and ordered delivery of messages. Dol-
men [149] and Wireless CORBA maintain the state and forward messages for a
disconnected terminal. There is a parameter in the message to indicate if the mes-
sage should be redirected and handover should be pursued.

A4 Context-awareness The object middleware supporting nomadic roaming fo-
cuses on seamless integration of the legacy distributed applications without modi-
fying them. Therefore, hiding mobility to the applications is one of the design goal
of the middleware. The network and location information are hidden to the applica-
tion. The application objects will not notify that they are doing invocation with the
mobile objects. On another side, the middleware also provides location-awareness
to the application, in order to support the location-based applications.

A5 Space definition The object middleware supporting nomadic mobility has a
relative structured space where devices are allowed to move inside the scope of
areas covered by access points.

A6 Dynamic change The interaction and configuration between objects is rather
dynamic. The configuration changes dynamically when application objects move
in or move out of area covered by access points, or when the wireless connection
disconnects or connects. Especially, an interaction between application objects
involves the intermediate objects, which provide continuous invocation connection
service. An object can dynamically establish connections to the intermediate object
within its current vicinity. The connection is not valid anymore when the client
moves to other area. The configuration of the coordinating intermediate objects
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  Middleware for Nomadic Network Middleware for Ad Hoc 

Network 
 
 
 
   Examples 

 1. Event-based middleware JEDI,    
     REBECA, Siena, JECho 
 2. Tuple space-based middleware  
     TSpaces,  JavaSpace 
 3. Object and component middleware 
     Wireless CORBA, ALICE , RAPP,  
     DOLMEN  

 1. Event-based middleware   
     STEAM 
 2. Tuple space-based    
     middleware L2imbo, Lime 

Main 
Functionality 

 1. Provide continuous service to  
     moving components 
 2. Handover protocol is often used 

 1. Provide access to other  
     components 
 2. No need for handover   

 
 

Component 
Interaction 

 1. Existence of central servers 
 2. Communication behavior is tied to  
     central servers 
 3. Synchronous communication can be 
     still used 

 1. Central servers are not   
     suitable 
 2. Prefer geographical   
     proximity  group   
     communication 
 3. Prefer asynchronous   
     communication 

 
Space 

Definition 

 1. Structured space 
 2. With infrastructure support 
 3. Mobility is restricted by the  
     infrastructure 

 1. Space has no structure 
 2. Without infrastructure support 
 3. Mobility is not restricted by   

 the infrastructure, but by  
 proximity of other nodes  

 

Table 2.2: Commonalities of the middleware

changes too when the application objects move to other area. A new configuration
of the coordinating intermediate objects will be thus built.

2.4.4 Generalization of commonalities

We have described three important types of existing middleware for mobile sys-
tems using the given framework that includes: A1 component interoperability, A2
component interaction, A3 wireless network communication, A4 context aware-
ness correspondingly in the mobile system, A5 space definition and A6 dynamic
change. The framework allows us to abstract from specific implementation details
and focus on the important and general aspects presented by the middleware.

Additionally, the generalization enables us to compare different approaches
from a same point of view, and explore commonalities from the great diversities of
the middleware. This builds a basis for constructing the architectural style for the
middleware that should represent a common form of design for a class of related
middleware.

For instance, we can see thatspaceandwireless connectionare the two most
important aspects for the middleware to deal with mobility. Space decides allowed
roaming style of components, influences the interaction and communication mod-
els of components, and hence deciding the preferable design strategy. Different
treatment and consideration of wireless connection leads to various communica-
tion paradigms. At the same time, the component interaction and configuration are
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associated to space and wireless connection. They are not static anymore as in tra-
ditional distributed systems. The change of space and wireless connection causes
dynamic change of the interaction and configuration. Computation is also related
to such dynamic change.

In addition, we also observe some commonalities of the reviewed middleware
regardingspace definition, main functionalityandcomponent interaction / design
pattern if we consider the supportedwireless networkof the middleware (Ta-
ble 2.2). Accordingly, we can roughly separate the middleware into two classes:
the middleware for nomadic networks, and the middleware for ad hoc networks.

Space The targeted wireless network of the middleware generally decides the
definition of space. Different wireless networks can have different definition of
space that greatly influences the design and functionality of the middleware. The
nomadic network has a structured space where components are allowed to move
inside the scope of areas covered by access points. In contrast, an ad hoc net-
work does not have a structured space. The distance metric is important because
communication can take place only when components are within range.

Main functionality Generally speaking, the middleware for nomadic network
focuses on how to provide continuous connectivity and other services when compo-
nents move across the structured spaces where handover protocols are often used.
In an ad hoc network, the main functionality of the middleware is to provide access
to other components during a dynamic change of topology.

Component interaction / design pattern The component interaction behavior
and the design strategy of the middleware share some similarities too for the same
kind of network. The middleware for nomadic networks allows the existence of
central servers to provide service to other components. Such servers can be fixed
and other moving components can always communicate with them. Communica-
tion behavior is tied to central servers here. In contrast, the very dynamic change
of topology in ad-hoc networks makes such servers not suitable anymore, since
the components maybe distributed over a potentially large geographical area. Thus
they are unlikely to be able to maintain a permanent communication link to the
servers. The favorable component interaction model is also influenced by the net-
work. Synchronous communication paradigms like RPC still can be adapted for
nomadic networks, but they do not fit to the ad-hoc network anymore. Ad-hoc net-
works prefer asynchronous (non-blocking), proximity (geographical space) groups
communication, and components most likely interact once they are in close prox-
imity.

Inside these three aspects, we can also observe that space definition and
functionality are more general than component interaction. That means, several
different middleware platforms use different component interaction design
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patterns but supports the same space definition and functionality. This is quite
natural, since different middleware can be designed for the same class of mobile
application, which is normally used in a typical wireless network. Thus, space
definition and main functionality are decided by the targeted application and
wireless network. At the same time, different middleware platforms can adopt
specific component interaction design patterns to deal with the mobility model
and realize the functionality.

2.5 Aspects to be modeled

In the preceding sections, we have summarized the characteristics of the middle-
ware for mobile systems, especially by emphasizing the main difference between
the middleware for distributed systems and the middleware for mobile systems.
Based on the understanding, we will discuss now which aspects should be mod-
eled for the middleware for mobile systems. We will consider the items listed
in the general framework for capturing the middleware (Table 2.1). We separate
the aspects into two parts: the very general aspects to deal with mobility, and the
aspects to model the middleware.

2.5.1 Modeling mobility

We combine the discussion of space and wireless network connection together,
since they cause the main difference between distributed systems and mobile sys-
tems.

Space and wireless network connection Recall the conclusion given in last sec-
tion, spaceandwireless connectionare the two most important aspects to deal with
mobility. Space decides allowed roaming style of components, influences the inter-
action and communication models of components, and hence deciding the prefer-
able design strategy. Different treatment and consideration of wireless connection
leads to various communication paradigms. At the same time, the component inter-
action and configuration are associated dynamically to space and wireless connec-
tion. The change of space and wireless connection causes dynamic change of the
interaction and configuration. Computation is also related to such dynamic change.

In fact, the main difference between distributed systems and mobile systems
is caused by the possibility of roaming and wireless connection. Correspondingly,
space and wireless connection are two very basic elements need to be considered in
order to model mobility generally. Especially, they need to be treated as first class
entities, i.e., they have a name and they are refinable. It is important for a model to
be capable of dealing these elements throughout the software development life cy-
cle, starting from the definition of the environment where mobility occurs, through
designing and reasoning about a mobile system, and down to the tools provided to
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programmers. Making the location and network connection explicit into the soft-
ware architecture at the specification level enables us to formally reason about it in
the same manner as we reason about other components in a distributed system.

More specifically, modeling space includes two basic aspects:

• the definition of space, and the relationship with other components and ele-
ments (structural).

• the allowed movement of components inside such spaces, the dynamic change
of component interaction, configuration and computation when components
move (behavioral).

Modeling wireless connection also includes two basic aspects:

• the definition of wireless connection, and the relationship with other compo-
nents and elements (structural).

• the connection and disconnection of the wireless connection, and the influ-
ence to component interaction, configuration and computation (behavioral).

Dynamic change The stability assumptions in distributed systems make the soft-
ware architecture static. Dynamic changes are generally only important for safety-
and mission-critical systems, such as air traffic control or telephone switching sys-
tems, where shutting down and restarting the system incurs unacceptable delays
and failures. On the contrary, dynamic change is a main characteristic of mo-
bile systems. The configurations and interactions change dynamically according to
the movement of the components, the change of wireless connection, the change
of context that may include resources, services, etc. Consequently, modeling dy-
namic change is also a very basic aspect to deal with mobility. The behavioral part
of modeling space and wireless connection in previous section is covered here.
The behavioral part of component interoperability and context-awareness in the
following sections is also covered here.

2.5.2 Modeling other aspects

Besides the mentioned general aspects to deal with mobility, we consider now the
other aspects listed in the framework.

Component interoperability It is important to model the framework for compo-
nent interoperability in the middleware in order to understand how the middleware
makes the components a single interoperable coherent system, and how they han-
dle a collection of independent components. In a mobile setting, the framework
needs to manage the roaming application components, the unstable wireless con-
nection, the dynamic context, etc. It also provides other specific functionalities
to satisfy application requirements, for instance, continuous service or access to
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other components. Thus, the main components that construct the framework need
to be modeled. How the components cooperate to perform a task needs to be mod-
eled too. These described aspects can be separated into structural and behavioral
part respectively. Actually, component interoperability is related to component
interaction very much, which provides underlying support to realize the needed
framework, and it is very difficult to separate them. In most cases, modeling com-
ponent interaction covers already component interoperability. Therefore, we will
put component interoperability undercomponent interaction.

Component interaction Component interaction is a very important aspect of the
middleware. The main goal of middleware is to facilitate component interaction of
components. Component interaction covers component communication, collab-
oration, and coordination. These different aspects are not orthogonal and there
is no clear boundary. For example, components need a method to communicate
with each other through the network. The method can be message based, transac-
tional based, event based, etc. The communication requires the coordination and
synchronization between different actions and components, and the components
collaborate with each other in order to perform a task.

How to discover who is around for interaction with other components in the
dynamic environment is an important characteristic that differentiates among mid-
dleware that supports mobility. In a mobile setting, the components involved in
an interaction change dynamically due to their migration or connectivity patterns.
This results in dynamic reconfiguration among these components. While the static
assumption of network structure, network connection and execution context in dis-
tributed systems makes the component interaction quite static. The components
involved for interactions are generally fixed. Such fixed configurations will not
change till a dynamic change happens. And the messages for communication are
always supposed to be successfully transmitted by the network.

Modeling component interaction should include several aspects: the roles played
by the components during interaction, the methods used for communication, the
coordination mechanisms, the influence on the coordination and communication
caused by the movement of components and change of connectivity, etc.

Context-awareness The middleware for mobile systems presents great diver-
sity with how to treat context-awareness. Some middleware still holds distribu-
tion transparency. Some middleware provides location related and context infor-
mation to the applications. In addition, the definition of context and the level of
context-awareness are various in different middleware. Hence, modeling context-
awareness varies in different middleware platforms. There are two important as-
pects to model context awareness:

• The structural part of the context. There exist different definitions of con-
text (see Section 2.3). In spite of that, the common aspect of context is: the
context [121] of a mobile unit is determined by its current location which,
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in turn, defines the environment where the computation associated with the
unit is performed. The context may include resources, services, as well as
other components of the system. Therefore, it is important to clarify what as-
pects belong to the context, and their relationship with location and wireless
network connection, etc.

• The behavioral part of the context. It includes: how the migration or con-
nectivity patterns changes the context, what will happen when the context
changes. Usually, context changes cause dynamic adaption of the middle-
ware. This leads back to the previously explained dynamic change. We
think dynamic changeis the key to model context-awareness. The other as-
pects are not so important since the are rather implementation related, for
example how to present the context information to applications, and which
degree of context-awareness should be presented to users (i.e., how much
mobility should the users perceive), and who will activate the adaption, i.e.,
the predefined behavior in the application or the input from the user, etc.



Chapter 3

Related Work

3.1 Overview

In last chapter, we have developed a general framework for describing the middle-
ware for mobile systems. The framework is abstracted from specific implementa-
tion details and emphasizes the main difference between the middleware for dis-
tributed systems and the middleware for mobile systems. Based on the framework,
we have summarized the characteristics of the middleware for mobile systems,
concluded the aspects to be modeled. Such abstractions and conclusions allow us
to better understand the needs of the architecture centric approach, which will be
used to help the design and development of the middleware, as outlined in Section
1.3.

In this chapter, we will at first identify the detailed requirements for the ar-
chitecture centric approach, based on the understanding of the middleware. Prin-
cipally, we will give the requirements for the architectural style that can be used
to guide the design and development of the middleware. We will then review re-
lated work against these requirements, revealing existent achievements and open
problems. In particular, we intend to explore a gap between the two research ar-
eas: architectural styles and the middleware for mobile systems. We will conclude
that mobility has created additional complexity for computation and coordination,
which makes the current styles hard to use for the middleware for mobile systems.
In order to use the style to help the design and development of the middleware,
we need new architectural styles that capture the main architectural aspects of the
middleware. Correspondingly, the modeling language needs to be adjusted in order
to support the specification of the new style.

The chapter is organized as follows. We give the detailed requirements for
the architecture centric approach in Section 3.2, which are further organized into
two groups: style specification and the modeling language. In Section 3.3, we at
first survey styles that are related to the middleware for mobile systems. We eval-
uate whether those styles meet the architectural requirements of the middleware.
Afterwards, we survey the current modeling languages, to see, what are the main
problems of them for supporting the required style specification.

41
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3.2 Requirements

In Section 1.3, we have identified roughly four main parts that the architecture cen-
tric approach should include, which are the modeling language, the architectural
style, model-based analysis, refinement and consistency check. Based on our un-
derstanding of the middleware, we will now explore more detailed requirements
for the architecture centric approach.

In an architecture centric approach, it is very difficult to separate the require-
ments for the style from the requirements for the modeling language, and those for
the whole approach. The modeling language decides the specification capability
and possible available methods and tools. The researchers generally put all the re-
lated requirements under the requirements for the modeling language [3, 5, 92, 93].
In order to provide a better framework to evaluate the related work and our ap-
proach later on, we will divide the requirements into two groups: style specification
and the modeling language.

3.2.1 Requirements for style specification

As having outlined in Section 1.3, we need architectural styles for the middle-
ware in order to solve the problems brought by diversity and unpredictability in the
area, enhance reusability and quality of the software, and simplify the development
process. The style stands for a common form of design for a class of related mid-
dleware. It is a a mechanism for categorizing architectures and for defining their
common characteristics. Very basically, it should capture the main architectural as-
pects of the middleware. In Section 2.5, we have concluded the aspects should be
modeled for the middleware. They are separated into two groups: the very general
aspects to deal with mobility, i.e., space, wireless network connection and dynamic
change, and other aspects that include component interaction covering component
interoperability, the structural part of the context, and the behavioral part of the
context (i.e., dynamic changes). Correspondingly, the style should cover these
main aspects.

Type definition The style should have type definition of architectural elements,
which is very important to achieve software reuse. The style can support reuse
by modeling design elements like components as types in order to encapsulate
functionalities, behavior definitions into reusable building blocks that can be in-
stantiated multiple times. Besides this, type definition is also necessary in order
to constrain the behavior of instances, which is very useful for type check in code
generation and programming.

Style vocabulary The style should define the vocabulary of design elements for
capturing the main characteristics of the middleware, which include the mobility
related elements, e.g., space and wireless network connection. In fact, the main
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difference between distributed systems and mobile systems is caused by the pos-
sibility of roaming and wireless connection (see Section 2.5). Correspondingly,
space and wireless connection are two very basic elements need to be considered
in the style. Especially, they need to be treated as first class entities, i.e., they have
a name and they are refinable. Besides, the design elements include those elements
that construct the component interaction pattern and the middleware framework,
for instance, the roles played by the components during interaction like the client
and server for RPCs, other middleware construction components used to manage
roaming components, etc.

In addition, the context need to be defined too. There exist different definitions
of context (see Section 2.3). In spite of that, the common aspect of context is that
the context of a mobile unit is determined by its current location which, in turn, de-
fines the environment where the computation associated with the unit is performed.
The context may include resources, services, as well as other components of the
system. Therefore, it is important to clarify what aspects belong to the context, and
their relationship with location and wireless network connection, etc.

Configuration The style should define architectural configuration, or topologies,
which are the overall interconnection structure of design elements. This informa-
tion is needed to determine whether design elements like components, wireless net-
work connection and space are properly associated and connected. An architecture
consists of a specific configuration of different components and their relationship
to wireless network connection and space.

Configuration constraints Define configuration constraints that determine the
permitted compositions of design elements. A constraint [92] is a property of or
assertion about a style or one of its parts, the violation of which will render the
system unacceptable. In order to ensure adherence to intended component uses,
enforce usage boundaries, and establish dependencies among the design elements,
constraints on them must be specified. Constraints may be defined in a separate
constraint language, or they may be specified using the notation of the given mod-
eling language and its underlying semantic model.

Dynamic change Dynamic change specifies how the architecture evolves at run-
time and how to change its current configuration in the presence of mobility [25, 9].
The dynamic change is a main characteristic of mobile systems. The configurations
and interactions change dynamically according to the movement of the compo-
nents, the exchange of wireless connection, the change of context, etc. Modeling
dynamic changes is also a very basic aspect to deal with mobility.

Component interaction Component interaction is a very important aspect of the
middleware. The main goal of middleware is to facilitate component interaction of
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components. Component interaction covers component communication, collab-
oration, and coordination. These different aspects are not orthogonal and there
is no clear boundary. For example, components need a method to communicate
with each other through the network. The method can be message based, transac-
tional based, event based, etc. The communication requires the coordination and
synchronization between different actions and components, and the components
collaborate with each other in order to perform a task.

In a mobile setting, the components involved in an interaction change dynam-
ically due to their migration or connectivity patterns. This results in dynamic re-
configuration among these components. The style should capture several aspects
of component interaction: the roles played by the components during interaction,
the methods used for communication, the coordination mechanisms, the influence
on the coordination and communication because of the movement of components
and change of connectivity, etc.

3.2.2 Requirements for the modeling language

The modeling language should support modeling the previously required items for
specifying the style. Especially, it should model mobility explicitly, which includes
two aspects: the architectural elements related to mobility, and how computation
and component interaction are influenced by mobility. Besides, we also require
some other important aspects in order to support practical development of consis-
tent and correct styles. We require a refinement based approach with validation
process and tool support.

Understandability A good model should be understandable, clear, unambigu-
ous. One of the major roles of software architectures is that they facilitate under-
standing of systems at a high level of abstraction. To truly enable easy and un-
ambiguous communication about a system among designers, developers and other
stakeholders, modeling language must model the system with a simple, clear, and
understandable syntax. Generally, visual (or graphical) presentation of the models
could help the understanding very much.

Analysis The middleware is a large, complex software system. The ability to
evaluate and analyze the properties of such systems upstream, at an architectural
level, can ensure the quality of the developed system in the specification process,
and hence substantially lessening the cost of errors [138, 81]. Particularly, it should
allow us to reason about mobility related aspects, such as location and wireless
network connection, dynamic changes and dynamic component interaction, etc.,
in the same manner as we reason about other components in a distributed system.
In addition, automation and tool support of the analysis could help a lot since the
specification is often complicatedly constructed and thus difficult to be checked
manually.
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Formal semantics Semantics have a central role to play in defining the seman-
tically rich language capabilities such as execution, analysis, transformation and
tool support. An informal semantics [136, 92, 5] brings with it some significant
problems

• Because users have to assign an informal or intuitive meaning to models,
there is significant risk of misinterpretation and therefore misuse by the users
of the modeling language.

• An informal semantics cannot be interpreted or understood by tools. Tool
builders are thus required to implement their own interpretation of the se-
mantics. Unfortunately, this means that the same language is likely to be
implemented in different ways. Thus, two different tools may offer contra-
dictory implementations of the same semantics, e.g. the same StateMachine
may execute differently depending on the tool being used.

Adaptability and extensibility The style should capture the main architectural
aspects of a class of middleware. It is not realistic to have one common style that
covers all middleware platforms and fits to every middleware. That means, we
need to adapt the model to support other styles that are induced from other classes
of middleware with different design techniques and functionalities support. Hence,
the modeling language should be adaptable and extensible to add new concepts and
delete unneeded elements.

Style refinement Support a stepwise style refinement, which is generally re-
quired by a complex system in order to decrease the complexity. The designers
can start from a simpler, easier design, come to a more and more concrete, com-
plete design through refinements. In the refinement process, it is difficult to ensure
that the concrete specification is a correct refinement of the more abstract one. Es-
pecially, the correctness of the newly added architectural elements is difficult to be
checked since it is not easy to directly map them to the abstract ones. Therefore,
refinement correctness criteria should be provided to guarantee the correctness of
a refined concrete specification. Besides, it is very helpful to have tool support and
automation of the refinement process, since it is normally a complex task.

In addition, one main requirement for refinement is to preserve the desired
properties. Some researchers argued that different domains have different require-
ments for the properties. Therefore, which properties should be preserved vary in
different architecture refinement processes. It is then important to further identify
the properties to be preserved when refining the style concretely.

Consistency check One important issue of a model-based approach is to cor-
rectly bridge the gap between abstract models and concrete models, or even imple-
mentations. However, to validate whether a concrete model or an implementation
is a correct refinement of an abstract model is usually difficult and complicated.
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The approach should provide a method to support the validation process between
different abstraction layers. This is also important to prevent architectural decay,
which is usually gradual divergence between an abstract model and a concrete
model, or an implementation. Again, tool support and automation of the validation
process are important.

Usability The approach should provide the ability to specify the style in a direct
and expressive way, in order that the designers can specify the models easily, and
use the approach conveniently. To be truly usable and useful, it should provide
tool support for architectural design, refinement, analysis, and executable system
generation.

3.3 Survey of related work

After giving the detailed requirements for the architecture centric approach, we will
now evaluate related approaches against the requirements. Following the similar
classification as the requirements, we separate the survey into two parts: architec-
tural styles and modeling languages.

3.3.1 Survey of architectural styles

There are many architectural styles currently in use [137, 5, 3, 36], such as “client-
server system”, “layered system”, “blackboard organization”, “pipes and filters”,
and styles for GUI software [144]. These styles address different architectural
aspects, and they are developed to solve specific design problems. When design-
ing a software system, selection of appropriate architectural style(s) becomes an
important determinant of the system’s success [36, 56]. The style should meet a
set of architectural requirements. Since there are no styles developed specifically
for the middleware for mobile systems, or for mobile systems, we will focus on
those styles that are closest to our style requirements, which are styles used for the
middleware for distributed systems, styles induced by middleware, and styles for
self-healing systems. We will discuss the problems of the styles when used for the
middleware for mobile systems, and what do we need.

3.3.1.1 Styles used for middleware

Both software architectures and middleware technologies focus on helping the
development of large-scale, component-based system, but they address different
stages of the development lifecycle. Software architecture is an abstract model
of a system that highlights the system’s critical conceptual properties, while mid-
dleware enables the system’s realization and ensures the proper composition and
interaction of the implemented components. Some researchers are trying to cou-
pling architecture modeling and analysis approaches with middleware technolo-
gies [94, 90, 44]. Some researchers [90, 44] suggest to use architecture styles at
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the abstraction level as a reference for middleware development, therefore a mid-
dleware is a realization of an architectural style. Middleware can be viewed as a
connector between components that use the middleware.

These styles are component-connector style that focuses on the system’s run-
time behavior. In such a style, a component refers to a runtime entity, and it is
the system’s units of execution. The component can be processes, objects, clients,
servers, and data store. Component interaction is embodied in the notion of connec-
tors [94]. A connector is an abstract mechanism that mediates interactions among
components. A connector can be communication links and protocols, informa-
tion flows, and access to shared storage. Examples of connectors include shared
representations, remote procedure calls, message-passing protocols, event-based
and data streams. The researchers [94] give a quite comprehensive classification
framework and taxonomy of the connectors. They classify four kinds of interac-
tion services a connector provides. They are: communication services that support
transmission of data among components, coordination services that support trans-
fer of control among components, conversion services that convert the interaction
required by one component to that provided by another, and facilitation services
mediate and streamline component interaction. In their opinion, every connector
provides services that belong to at least one of these categories. It is also possible
that one connector provides multi services.

Their definition of component interaction is quite close to our definition for the
middleware: “Component interaction covers component communication, collabo-
ration, and coordination” (see Section 3.2). We do not mention conversion services
and facilitation services separately since they can be covered by collaboration and
coordination in our definition. Actually, these different aspects are not orthogonal
and there is no clear boundary.

In order to clarify in detail how to use the component-connector style at an
abstraction level as a reference for middleware development, we will explain in the
following three typical component-connector styles: client-server style, publish-
subscribe style and shared-data style, each of which can be matched respectively to
the mentioned three kinds of middleware for distributed systems in Section 2.2: ob-
ject/component middleware, event-based (or publish/subscribe) middleware, and
tuple space-based middleware. In particular, we will focus on component interac-
tion and dynamic changes, which are required by our style specification.

Client-server style The client-server style is often used in distributed systems.
The component plays two roles: clients that request services of other components,
and servers that provide services to other components. The connector provides
request-reply invocation of services. Components may request services of other
components through the connector. Components may also provide a set of ser-
vices through the connector. The connector associates clients with servers through
a so-called attachment relation, which associates clients with the request role of
the connector, servers with the reply role of the connector, and determines which
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services can be requested by which clients. The connector manages the flow of
control among components through various invocation techniques (coordination).
It also performs transfer of data among the interacting components through the use
of parameters and messages (communication).

The pure client-server style provides asymmetric invocation of services: clients
initiate actions by requesting services of servers. Thus, the client must know the
identity of a service to invoke it, and clients initiate all interactions. A server
listens for requests upon those services. One basic form of service invocation is
synchronous: the client sends a request to the server and waits, or is blocked, until
a requested service completes its actions, possibly providing a return result.

The dynamic changes in this style generally include the addition, removal,
or replacement of clients and servers, hence the topology of the architecture is
changed. The changes are usually caused by the computation behavior of the com-
ponents. For instance, some researchers [9] give a typical example of the dynamic
change that happens in a fault-tolerant client-server system. The primary server’s
failures trigger the dynamic change, and the client is attached to the secondary
server after the change happens.

The client-server style focuses mainly on following issues: correct coordina-
tion of the service invocations, performance issue that determines whether a sys-
tem’s servers can keep up with the volume and rates of anticipated service requests,
dependability issue to understand whether a system can recover from a service fail-
ure, and security issue that determines whether information provided by servers is
limited to clients with the appropriate privileges.

The client-server captures some architectural aspects of the middleware, and it
can be used for guiding the design of the middleware in the captured aspects. It pro-
vides a guide of how to correctly coordinate service invocations, how to transfer
parameters and messages among components, how to activate the backup server
when the primary one fails, and how to calculate the server’s performance, etc.
Therefore, the client-server style can be used for the reviewed object/component
middleware (see Section 2.2) when considering these aspects, whose basic compo-
nent interaction pattern is invocations between object clients and servers.

Publish-subscribe style In this style, the component is event subscriber that sub-
scribes to events of other components, and event publisher that publishes events to
other components. The main form of connector in this style is a kind of event
bus, which administrates and issues events. Therefore, components interact via an-
nounced events. Components may subscribe to a set of events through the connec-
tor. Components may also place events to the connector by announcing them, the
connector then delivers those events to the appropriate subscribers. The connector
manages the flow of control among components (coordination). Upon the occur-
rence of an event, the connector generates messages for all interested subscribers
and yields control to the components for processing these messages (communica-
tion).
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The style is commonly used to decouple message producers and consumers in
a message queuing model that allows only a directed communication, where the
producers explicitly define the recipients. The style supports undirected communi-
cation where the producer does not need to explicitly define the receiver. Hence,
the correctness of the producer does not depend on the receiver’s. The decoupling
of producers and consumers is the prime advantage of this style. It allows de-
ferring the binding of procedures and consumers of messages until runtime, and
therefore supports the modification of these procedures and consumers without af-
fecting other parts of the system.

The dynamic changes in the style generally include the addition, removal, or
replacement of subscribers and publishers. The decoupling of producers and con-
sumers allows flexible dynamic topology configurations. The producers and con-
sumers do not need to be active at the same like the client-server style. The changes
are usually caused by the computation behavior of the components. For instance,
the publisher disconnects to the connector after publishing events, and it reconnects
again when it has new events to publish.

The publish-subscribe style focuses mainly on the event dispatch mechanisms,
which include: handling the published events, delivering the events, setting priority
of the events, synchronization between actions, etc.

Similar to the client-server style, the publish-subscribe style provides a guide
of how to correctly dispatch events, and how to coordinate the event publishers and
subscribers, etc. It can be used for the reviewed event-based (or publish/subscribe)
middleware (see Section 2.2) when considering these aspects, which uses the pub-
lish / subscribe model as the basic component interaction pattern.

Shared-data style This style is organized around one or more shared-data stores,
which store data that other components may read and write. The component is
shared data store that stores the data, and data accessor that accesses the data. The
connector is responsible for data access which often requires preparation of the
data store before and clean-up after access has been completed. Components may
write and read data through the connector (communication). The connector may
perform translation of the information being accessed (conversion), when there is
a difference in the format of the required data and in the format of provided data.

The data can be stored either persistently or temporarily, in which case the data
access mechanisms will vary. Examples of persistent data access include query
mechanisms, such as SQL for database access, and accessing information in repos-
itories, such as the CORBA interface repository. Examples of transient data access
includes heap and stack memory access, and information caching.

The topology configurations of this style composes of the data accessors at-
tached to connectors, and the attached data stores. The dynamic changes in this
style generally include the addition, removal, or replacement of data accessors and
data stores. Again, the changes are usually caused by the computation behavior
of the components. For instance, the primary data store’s failures may trigger the
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dynamic change, and the data accessor is attached to the secondary data store after
the change happens.

The style focuses mainly on performance, availability, data integrity and se-
curity. The reviewed tuple space-based middleware also uses a shared data space.
However, the shared-data style can not be used to guide the design of the middle-
ware since the notion of the shared data base is completely different. The tuple
space-based middleware uses a shared distributed memory spread across all partic-
ipating hosts that processes can concurrently access. In this case, the component
should be process, while the connector should be the shared data space that asso-
ciates components through data access. Differently, the shared-data style defines
the shared data store as the component, and the connector is responsible for data
access.

3.3.1.2 Middleware-induced styles

Some researchers [106] introduce middleware-induced styles that capture the ar-
chitectural assumptions induced by the middleware. Instead of the general top-
down approach adopted by the software architecture community, they take a bottom-
up approach that originates from the results that practitioners have achieved in the
definition of middleware. They think that a class of related forms of middleware
induces the definition of an architectural style, with each specific middleware of
the class defining a variation of that style. These styles describe the assumptions
and constraints that middleware infrastructures impose on the architecture of sys-
tems. They believe that the explicit availability of middleware induced styles is
extremely useful in guiding the architect in the definition of the architecture of an
application and in selecting the most suitable middleware, independently of any
special purpose development environment.

They take two representative middleware of the event-based paradigm: JEDI
and C2 as case studies. However, they do not specify the styles really. They only
focus on providing an evaluation of ADLs (Architecture Definition Languages)
as to their suitability for defining middleware-induced styles. They conclude that
the top-down approach adopted by the software architecture community in the de-
velopment of languages and tools seems in many ways to ignore the results that
practitioners have achieved (in a bottom up way) in the definition of middleware.
Middleware has demonstrated their usefulness and effectiveness in a number of
practical cases. The software architecture community has now the potential to for-
malize these achievements in expressive and usable ADLs and, more generally, to
coordinate the definition of support technology for the development of middleware-
based applications.

Other researchers [145] take a close approach to [106] and specify a style that
is induced by component-based architectures, which can be refined into a service-
oriented style induced by service-oriented architectures. Their styles are quite
close to the explained component-connector style in last section, since they also
focus on the system runtime behavior specification, especially dynamic changes.
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However, they do not provide a complete component interaction specification com-
pared to the component-connector style. They specify only component communi-
cations, but not component coordinations. That means, they only specify how to
transfer parameters and messages among components, but not the coordinations
among components. The component-based style can be used for the reviewed ob-
ject/component middleware, when we design the part of transferring parameters
and messages among components.

3.3.1.3 Styles for self-healing systems

A mobile system is a kind of self-healing system, which is an emerging class of
software systems that exhibit the ability to adapt themselves at run-time to han-
dle situations such as environment change, mobility and system faults. Oreizy et.
al [113] describe the life cycle of self-healing systems as consisting of four ma-
jor activities: (1) monitoring the system at run-time, (2) planning the changes, (3)
deploying the change descriptions, and (4) enacting the changes.

Some researchers [98] give the architectural style requirements of self-healing
systems, which are adaptability, dynamicity, awareness, autonomy, robustness, dis-
tributability, mobility, and traceability. They also design a specific architectural
style, called PitM, for supporting self-healing systems. Their work is quite helpful
for understanding the general characteristics of the style for mobile systems. How-
ever, the style is too general to capture a class of mobile systems. Similarly, [69]
also presents architectural styles for adaptable self-healing dependable systems,
which are again too general to capture a class of mobile systems.

Other researchers [34] provide a technique that explicitly leverages architec-
tural styles to enable system evolution in support of self-healing. They generalize
architecture-based adaptation by making the choice of architectural style as an ex-
plicit design parameter in the framework. The created style is then a run time
artefact, but not a design time artefact. The style does not meet our requirements
since we need a style that captures design strategies and system characteristics.
Their approach is only helpful if we already have the required style.

3.3.1.4 Evaluation and open problems

We have explained the currently available styles that are closest to our style re-
quirements, which are the general component-connector styles used for the mid-
dleware, styles induced by middleware, and styles for self-healing systems, etc.
As we can see, nearly all the explained styles capture some architectural aspects
of the middleware, and they can be used for guiding the design of the middleware
in the captured aspects. Especially, the middleware-induced styles provide more
reasonable and suitable architecture abstractions specialized for a specific class of
middlewares than the general component-connector style.

Nevertheless, these styles provide only very limited design guides for the mid-
dleware for mobile systems, since they do not consider the following required im-
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portant aspects:

Space and wireless connection As mentioned in Section 3.2.1, space and wire-
less connection are the two most important aspects to deal with mobility, which
influence greatly component and connector behavior. It is important for a style to
make the space and network connection explicit into the component structure.

However, these styles do not take into account the properties of the “physi-
cal distribution topology of locations and communications. It is assumed that the
physical links that enable communication between hosts in the underlying com-
munication network are fixed and statically determined. Thus, these models rely
on the assumption that the computation performed by individual components is
irrelative to location of the component, and the coordination mechanisms put in
place through connectors can be made effective across the wires that link the com-
ponents hosts. However, all these assumptions are not valid anymore for mobile
systems where the physical locations, communications, and context influence the
component and connector behavior.

Mobility and dynamic change Another basic requirement for the style is to
modeling dynamic changes in the presence of mobility. In a mobile system, the
configurations change dynamically according to the movement of the components,
the change of wireless connection, the change of context, etc.

The reviewed styles also model dynamic changes. However, they consider
dynamic change mainly for safety or system integrity reasons. Dynamic changes
are therefore caused generally by the computation behavior of the component. This
is not enough for a middleware for mobile systems. They should consider other
basic aspects, like the movement of the components, the connectivity changes,
and the change of context, in order to provide a design guide of how to deal with
aspects.

Dynamic component interaction The reviewed styles support component inter-
action specification, which is embodied in the notion of connectors. A connector
is an abstract mechanism that mediates interactions among components. As men-
tioned, their definition of component interaction is quite close to our’s. Specif-
ically, they specify component communication, coordination, and collaboration,
which can be used to guide the design of these aspects to some degree.

However, the specified component interaction model is rather static. They do
not consider the factors of location change and connectivity change, which cause
often dynamic changes of coordinated components for a component interaction.
Therefore, the interaction changes dynamically according to the movement of the
components, the change of wireless connection, the change of context, etc. All
these make the connector unsuitable for capturing the required dynamic component
interactions.
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Actually, we can say that these styles are designed for distributed systems,
which capture the main characteristics of distributed system designs. They can be
used for helping the design and development of the middleware for distributed sys-
tems. In such styles, mobility related part is naturally not considered or abstracted
away on purpose in order to decrease the complexity and concentrate on the im-
portant aspects of the distributed system. However, mobility has created additional
complexity for computation and coordination, this makes these styles hard to use
for helping the design and development of the middleware for mobile systems.
We need architectural styles that provide design guidance during the creation of
an architecture for a specific class of middleware for mobile systems. The style
should capture the main design characteristics of a class of middleware for mobile
systems, which include space and wireless connection, new dynamic component
interaction models and dynamic changes in the presence of mobility, etc.

3.3.2 Survey of modeling languages

To support the definition of software architecture and architectural styles, soft-
ware architecture modeling languages [92, 36] and their accompanying toolsets
have been proposed to provide notations for specifying and analyzing the architec-
ture. There exist many modeling languages that support different modeling notions
and techniques [91]. Many researchers have classified and compared the detailed
characteristics of the modeling languages [93, 155, 37, 151, 139]. As mentioned,
the modeling language decides the specification capability and possible available
methods and tools. In our survey, we will only focus on two very basic and im-
portant aspects: the specification of architectural styles and the specification of
mobility, to see, what are the main problems of the current modeling languages to
support the new architectural style specification.

3.3.2.1 Modeling languages for style specification

There are many modeling languages that support the specification of architectural
styles, examples are different ADLs that include Rapide [86], MetaH [152], Dar-
win [87], Wright [8], and C2 [144]. Recently, some researchers also explore graph
transformation systems to specify architectural styles [145, 14, 75]. The speci-
fied styles are mainly component-connector based styles that focus on the system’s
runtime behavior. In such a style, a component refers to a runtime entity, and it is
the system’s units of execution. The component can be processes, objects, clients,
servers, and data stores. A connector is an abstract mechanism that mediates in-
teractions among components. Generally, the style includes a coherent collection
of component types, connector types, configurations and configuration constraints,
similar to our basic requirements for the style. In addition, each of the modeling
languages embodies a particular approach to the specification and evolution of an
architecture and architectural style, with specialized modeling and analysis tech-
niques that address specific system aspects.
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However, these modeling languages are not designed for mobile systems. They
do not take into account the properties of the “physical” distribution topology of
locations and communications. It is assumed that the physical links that enable
communication between hosts in the underlying communication network are fixed
and statically determined. Thus, these models rely on the assumption that the com-
putation performed by individual components is irrelative to location of the com-
ponent, and the coordination mechanisms put in place through connectors can be
made effective across the wires that link the components hosts.

Besides, the researchers generally hold the idea that it is important to separate
the specification of dynamic reconfiguration behavior from its non reconfiguration
functionality. Therefore, the component, connector and dynamic changes are spec-
ified separately. This separation works well when modeling a traditional distributed
system, which has a stability assumption with the network connection and location
of the components. And the component behavior is independent of the below com-
munication mechanisms. Modeling dynamic changes thus does not involve the
connector behavior. However, this causes problem when modeling a mobile sys-
tem where dynamic changes of components often involve the below communica-
tion mechanisms. The change of connectivity can cause dynamic change between
components. In addition, the location change of the components causes dynamic
changes. Context change can causes dynamic changes too. Therefore, it is impor-
tant to involve these factors when modeling dynamic changes in mobile systems.
Besides, dynamic changes needs to involve the connector behavior.

In addition, they specify the style that consists of normally only two kinds of
separated elements: components and connectors. Correspondingly, the modeling
and analysis techniques with toolsets support only the definition of components and
connectors, each of which has its own behavioral definition and semantic domain.
It is rather difficult to use them for specifying the required new style: it is difficult to
add mobility related elements like space and connection into the style as first class
entities, it is even more difficult to deal with these elements throughout the software
development life cycle, starting from the definition of mobility, through designing
and reasoning about mobility, and down to the tools provided to designers.

All these make the modeling languages hard to use for specifying the new
architectural style with mobility support. They need to be adapted to support the
new style specification.

3.3.2.2 Modeling languages for mobility specification

As the importance of mobile systems increases, many researchers provide mobility
support in specification languages and modeling languages. A number of differ-
ent process calculi have been proposed to describe the interaction and movement
of mobile processes, mostly by extending theπ-calculus [99, 73, 31]. In order
to express runtime properties of mobile systems, some of these calculi have been
complemented by logics [26, 30, 97]. More than a calculus, Mobile Unity [119]
provides a programming language and logic for describing mobile systems. These
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process calculi with their associated logics have a complementary focus: They
provide means for programming mobility in terms of the processes driving indi-
vidual components or devices, rather than for its high-level conceptual modeling.
Although the actual protocol implementing the operation is more easily specified
(and verified) in a process calculus, it is difficult to specify architectural styles.

AGILE project [10] extends existing specification languages and methods to
support mobility. UML class, sequence, and activity diagrams are extended to de-
scribe how mobile objects can migrate from one host to another, and how they
can be hosts to other mobile objects [17, 84]. Graph transformation systems are
proposed as a means to give an operational semantics to these extensions. Other ex-
tensions are based on architectural description languages, like the parallel program
design language CommUnity [85, 10] using graph transformation to describe the
dynamic reconfiguration; Klaim [105] as a programming language with coordina-
tion mechanisms for mobile components, services and resources; the specification
language CASL [12] as a means for providing architectural specification and veri-
fication mechanisms. While Klaim and CASL are, again, more programming and
verification-oriented, the approaches based on UML and CommUnity are at a level
of abstraction similar to ours. However, the goals are different: Our focus is to
build an architectural style that captures the main characteristics of the middleware
for mobile systems, while the focus in the cited approaches is on the modeling of
applications within a style more or less determined by the formalisms.



56



Chapter 4

An Overview of the Approach

4.1 Overview

As concluded in Section 3.3, mobility has created additional complexity for com-
putation and coordination, which makes the current architectural styles hard to use
for helping the design and development of the middleware for mobile systems.
We need new architectural styles that provide design guidance during the creation
of an architecture for a specific class of middleware for mobile systems. Corre-
spondingly, the modeling language needs to be adjusted in order to support the
specification of the new style.

Now, we will develop an architectural style-based approach that supports the
design and development of the middleware1. We will develop a new architectural
style for the middleware that should capture the already established design knowl-
edge or successful experience in this area. The style is middleware-induced. That
means, instead of the general top-down approach adopted by the software architec-
ture community, we will take a bottom-up approach that originates from the results
that practitioners have achieved in the middleware area.

The same as in [106], we think a class of related forms of the middleware in-
duces the definition of the architectural style, with each specific middleware of the
class defining a variation of that style. More specifically, we will build the style
based on the concluded architectural commonalities of the reviewed middleware
(see Section 2.4). In order to decrease complexity and enhance reusability, we will
specify the style on different abstract layers, namely, conceptual style (on a more
abstract layer) and concrete style (on a more design-specific layer). The concluded
common aspects will be specified in different styles. We abstract the more gen-
eral aspects: space definition and main functionality in the conceptual style, which
also includes dynamic changes. The conceptual style specifies a style of mobile
systems, or a mobility style, which includes the movement style of the compo-
nents, and the specific service provided by this kind of mobility, etc. The concrete
style models the more design-specific component interaction pattern adapted for

1Without further explanation, “the middleware” stands for “the middleware for mobile systems”
in the rest of the thesis.
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the mobility style. The dynamic change and functionalities specified in the con-
ceptual style will be refined into the concrete style.

This separation can simplify the specification of the style, and help the de-
signers and developers fully understand how mobility influences the component
interaction, and how the models evolve. This differentiates our style from the clas-
sical architectural styles that do not have such a separation. Besides, in contrast to
the classical architectural style (see Section 3.3), we combine the specification of
dynamic change and component interaction, since dynamic change is an important
characteristic of mobile systems, and it also influences component interaction very
much.

We develop the approach based on GTS (Graph Transformation System) and
UML-like metamodeling techniques. To the existing contributions, we will add the
new role of GTS as modeling mobility and the architectural style for the middle-
ware. We will then investigate appropriate refinement based on the style specifica-
tion. We formalize the refinement relationship between two abstract layers based
on the mapping of rules. In addition, we develop a framework that supports be-
havioral consistency check between models on different abstract layers. It checks
whether the specified architectures in a same hierarchy belong to the same fam-
ily of middleware. The operational semantics of the GTS allows us to execute
the models and thus analyzing the system through simulation. Based on the exist-
ing tool Fujaba, we develop three ways to use simulation for further style-based
analysis and automation: efficiently validating the style model, style refinement
consistency check and behavioral consistency check. Besides, we develop a prac-
tical and useful style-based engineering process that helps efficiently developing
correct styles.

In order to describe the whole approach in a clear and structured way, we will
generalize the approach as a modeling and simulation framework, which is divided
into several main parts: GTS based modeling, architectural style, refinement and
simulation. The following chapters will follow this structure and explain every
part respectively. In this chapter, we will at first explain the concept of the new
architectural style. Afterwards, we will conclude the main ideas of the framework.

4.2 The architectural style for the middleware

This section introduces the concept of the architectural style for the middleware.
It includes two parts: what common architectural aspects of the middleware can
be captured by the style, and how can we structurize the architectural style into
different abstract layers, in order to decrease complexity and to enhance reusability
of the model.
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4.2.1 Middleware-induced style

We will createthe architectural style for the middlewarethat provides design guid-
ance during the creation of an architecture for a specific type of the middleware.
The style is middleware-induced. That means, we will take a bottom-up approach
that originates from the results that practitioners have achieved in the area of the
middleware for mobile systems. This is different from the general top-down ap-
proach adopted by the software architecture community. We think that a class of
related forms of middleware induces the definition of the architectural style, with
each specific middleware of the class defining a variation of that style.

The goal of an architectural style is to capture solutions that were already in
use, but not to make up solutions. There is a rule for how to build a style: before
being eligible for inclusion, the style has to occur in at least two systems, or in
two different organizations, and so on [36]. However, the great diversity of the
middleware makes it difficult to build a style in this area. There exist so many dif-
ferent middleware prototypes, which have different design concepts and strategies,
which support distinct functionalities and provide various services to applications
(see Section 2.3). It is difficult to explore commonalities across the middleware
families for mobile systems.

Thanks to the generalized framework for describing the middleware (see Sec-
tion 2.3), we can compare different approaches from a same point of view, and
observe similarities and common aspects from the great diversities of the middle-
ware. Recalling the conclusion in Section 2.4, we can see thatspaceandwire-
less connectionare the two most important aspects when designing a middleware.
We have also observed some commonalities of the reviewed middleware regarding
space definition, main functionalityandcomponent interaction / design patternif
we consider the supportedwireless networkof the middleware. Accordingly, we
can roughly separate the middleware into two classes: the middleware for nomadic
networks, and the middleware for ad hoc networks.

Correspondingly, we can develop the architectural style that captures these
common aspects, and buildthe architectural style for the middleware for nomadic
networksandthe architectural style for the middleware for ad hoc networks. The
style defines a family of middleware that shares some common design strategies
and characteristics.

4.2.2 Layered structure of the style

In Section 2.4, we have also concluded that space definition and main functionality
are more general than component interaction. That means, several different mid-
dleware platforms use different component interaction design patterns but support
the same space definition and functionality, or a special style of mobility, i.e., the
allowed movement for the components, the specific service provided by this kind
of mobility, etc. Therefore, we can separate the more general space definition and
functionality from the design specific component interaction, and build a model
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Figure 4.1: The layered structure of the style for middleware for nomadic networks

that captures only space definition and functionality.
This separation is reasonable since space definition and functionality are de-

cided by the targeted application and wireless network, which present the main
requirements for the mobile systems. Thus it can be put into a more abstract layer.
The abstract style also represents what the middleware should provide in terms
of services to the application. On a more concrete layer, the middleware adopts
specific component interaction design pattern to deal with the mobility model and
realize the functionality. We can further separate the component interaction layer
into two abstraction layers: the platform-independent layer is abstracted from de-
sign specific details, while the platform-specific layer is a more complete model of
the middleware that includes the design specific details.

In conclusion, we separate the style into three abstract layers, i.e., thecon-
ceptual styleon a conceptual layer and theconcrete styleson concrete layers in
Fig. 4.1. The conceptual style also models a style of mobile system, or a mobility
style, which includes the space definition of the mobility style and main functional-
ity. It models the movement style for the components, the specific service required
by this kind of mobility, etc. On the concrete layer, the conceptual style is refined
into a concrete style, where more and more design-specific aspect, i.e., compo-
nent interaction pattern is integrated into the functionality. The concrete style also
specifies dynamic changes of components involved in an interaction due to their
migration or connectivity patterns. As a result, the dynamic change specified at
the conceptual level will be associated with component interaction at the concrete
level. The concrete style can be further refined into a platform-specific style to add
more design specific aspects.

For instance, we can build a conceptual style for the middleware for nomadic
networks (Fig. 4.1), which is induced from the middleware for nomadic networks.
The conceptual style can be refined into platform-independent concrete styles that
support different component interaction models, such as RPC and publish-subscribe
model. The concrete style can be further refined into platform-specific concrete
styles, like concrete style of Wireless CORBA (RPC-based), or concrete style of
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Figure 4.2: GTS - based modeling and simulation framework

REBECA (Publish-Subscribe based), etc.
The definition of the style as platform-independent or platform-specific is rel-

ative. In our example, we separate the concrete styles further into two abstrac-
tion levels: platform-independent and platform-specific one, where the platform-
specific style contains more design specific aspects. However, the platform-independent
concrete style is also platform dependent when compared to the conceptual style,
since it specifies design-specific component interaction patterns.

We will illustrate the three-layered style through specifyingthe architectural
style for the middleware for nomadic networks, which will be explained in Chapter
6.

4.3 The modeling and simulation framework

We develop the architectural style-based approach based on the GTS (Graph Trans-
formation System) and UML-like metamodeling. It supports the complete process
of style development, which includes style specification, refinement, simulation,
validation and consistency check, etc. We generalize the approach as a modeling
and simulation framework (Fig. 4.2), which is divided into four main parts: mod-
eling language, architectural style, refinement and simulation.

4.3.1 Style-based modeling

We model the architectural style (A) using the GTS (Graph Transformation Sys-
tem) and UML-like metamodeling techniques, namely, TGTS (Typed Graph Trans-
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formation System) [122]. A GTS (Graph Transformation System) [122] is a system
using the techniques of graph transformation. GTSs have been used for modeling
distributed systems, mobile systems and other complex software systems. Espe-
cially, a TGTS (Typed Graph Transformation System) is used often for modeling
functional requirements, software architectures, and architectural styles (for dis-
tributed systems).

Visual representation and formal semantics are the main advantages of the
modeling language. It has not only a graphic, easy understandable syntax, but also
an operational semantics. It supports rich modeling techniques, such as separation
of concerns, refinement, adaptability, extensibility, etc. It can describe complex
structures and systems, and model concepts and ideas in a direct and intuitive way.
The developed model is easy to understand and handle with the well-known, user-
friendly UML diagrams. At the same time, the formal semantics allows execution,
analysis, transformation, automation and tool support. The designers and devel-
opers do not need deep mathematical knowledge in order to use the approach to
develop new architectural styles.

We can separate the architectural style specification into structural view and
behavioral view. Correspondingly, we use the TGTS [122]G = 〈TG,C,R〉 to
specify the required aspects of the architectural style.TG type graphis here a
meta model (or, UML class diagrams) that defines structural part of the style.C
is a set of constraints restricting their possible compositions.R is a set ofgraph
transformation rules(given by pairs of object diagrams) that defines the behavioral
part of the style.

4.3.1.1 Type graph and instance graph

The TG type graphdefinition is based on the MOF (meta object facility) [108],
which provides the standard OO modeling concepts including MOF packages,
classes and associations. They are visualized using class diagrams. The object
diagrams are calledinstance graphsthat are typed over the type graph. We use
the type graph to define thevocabulary, allowedconfigurations, constraints, and
allowedtype definitionof the style. The instance graphs of the type graph repre-
sent both the declarative definition of an architectural style and the architectural
configuration.

More specifically, the classes define the vocabulary of the architectural style.
Associations define the possible links and relationship among these elements. The
type definitionof the architectural elements are defined as a “instanceOf” associa-
tion. Simple constraints, already included in the class diagrams, are cardinalities
that restrict the multiplicity of links between the elements. More complex restric-
tions can be defined by OCL (Object Constraint Language) constraints. Through
this way, the required architectural design elements of the style such as space, wire-
less network connection and middleware construction components can be specified
at type level and instance level. The relationship and constriction among them are
also modeled in the same class diagram.
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Additionally, we group different architectural concerns using the package con-
cept, in order to decrease complexity of the model. The class diagram allows a
uniform representation where elements of different submodels are represented as
vertices of the same abstract syntax graph, i.e., an instance of the meta model.
Based on this uniform representation, the different submodels can be related by
associations between the common elements belonging to different submodels. For
instance, we can separate different concerns of the system, i.e., software archi-
tecture, distribution, and roaming, while at the same time retaining an integrated
representation.

4.3.1.2 Graph transformation rules

The behavioral part of the style is specified using the graph transformation rules.
A graph transformation ruler : L ⇒ R consists of a pair ofTG-typed instance
graphsL,R such that the intersectionL ∩R is well-defined. The left-hand sideL
represents the pre-conditions of the rule while the right-hand sideR describes the
post-conditions.

The rule defines a certain modification of instance graphs. We can differen-
tiate two kinds of rules according to different usages: rules for dynamic changes
and rules for component interaction. Rules for dynamic changes specify the recon-
figuration of the style in the presence of mobility. Therefore, the instance graphs
represent architectural configurations. Rules for component interaction specify the
change of states of the elements involved for communication and collaboration.
The coordination and synchronization between different actions and components
are specified using UML Interaction diagrams. Therefore, rules for interaction
have a fixed execution sequence, unlike the rules for dynamic changes. The in-
stance graphs in this case represent the interaction states. Correspondingly, the
rules for interaction are assigned to relative components, since the specification of
component interaction is design specific, and the tasks of the components can be
decided.

In addition, we use the rules to specify IDL semantics. Since IDL is often used
to specify a concrete middleware, our semantics specification of the IDL belongs to
the platform-specific style. Functional requirements towards middleware are often
structured through interface definitions, e.g., using IDL for CORBA [110], Mi-
crosoft IDL (MIDL) for DCOM [133], or Java interfaces in the case of RMI [117].
The semantic part of an IDL is only expressed informally in natural language.
This is a potential cause of conflicts and ambiguities, especially when components
have complicated behavior or many components collaborate to perform a task in
a mobile setting. As a result, the gap between a middleware’s specification and
its implementation is huge, and it is difficult for developers to derive implemen-
tations directly from specifications. Several implementations of the same specifi-
cation may thus show different behaviors. Our semantics specification of an IDL
includes two parts: the structural semantics is specified through class diagram, and
the behavioral semantics is specified through rules. Our specification focuses on
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the change of states of the elements involved for communication and collaboration.
We can specify how the instances of objects are affected by the execution of an op-
eration, thus the behavior of the involved internal elements for an operation can be
defined formally.

For instance, we define graph transformation rules (see Section 6.3) specifying
dynamic changes in the presentation of mobility, based on the uniform represen-
tation of space, wireless network connection and architectures as meta model in-
stances. The movement style of the components in the specified space, the discon-
nection of the wireless connection and other actions related to mobility can be now
modeled through the graph transformation rules. In the platform-independent con-
crete style, we define a set of rules with fixed order for the RPC component interac-
tion model (see Section 6.4). The dynamic change rules will influence the compo-
nent interaction rules since the components involved in an interaction change dy-
namically due to their migration or connectivity patterns. In the platform-specific
concrete style, we define rules for the Wireless CORBA IDL that specifies a con-
crete middleware.

Our specification of component interaction and dynamic change based on the
graph transformation rule can model the influence of mobility to component in-
teraction naturally. The dynamic change and component interaction are integrated
smoothly and directly in one specification with the same semantic background. The
simplicity is very important to help the designers and developers to understand the
model and use the approach easily.

4.3.1.3 Layered modeling structure

Corresponding to the architectural style separated on different abstract layers, our
approach is driven by a stepwise refinement between TGTS-based models on dif-
ferent abstract layers (B). As shown in Fig. 4.2, a conceptual style model is smaller
and easier to understand, while a concrete style model reflects more design specific
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concerns.
The modeling part in Fig. 4.2 can be further extended to Fig. 4.3. More clearly,

we use TGTS to specify the style definition language (at the type level) that defines
the architectural style (at the instance level). The style definition language includes
type graph (TG) and rules (R) that are specialized for the style. That means, the
style definition language constraints the allowed architectural elements and behav-
ioral definition for the style through the type relationship. In order to specify a
new style, different structural and behavioral elements are needed. In our case, a
conceptual style can be refined into a concrete style. Correspondingly, the style
definition language specialized for the conceptual style will be extended into the
style definition language specialized for the concrete style. The conceptual style
specified at the instance level is hence refined into the concrete style.

Our modeling language based on TGTS provides a flexible way to extend or
change the models. This allows adaption of a specified model to meet new re-
quirements of a new style. The adaption includes two parts: the type graph and
rules. Class diagrams (Type Graph) provide a powerful and flexible way to model
architectural elements and their relationships. New architectural elements can be
easily added through adding proper associations and classes. While unnecessary
elements can be deleted together with the related associations. The relevant rules
built on instance graphs can be adapted easily to be typed over the adapted type
graph. Rules can be added or deleted without violating the semantics of the TGTS.
Our approach is quite similar to the metamodeling based language driven develop-
ment approach [35] that adapts the language (but not the model) to new application
domains and new requirements.

In addition, the number of the abstraction layers is not fixed as only two or
three layers. More or less layers can be defined according to the complexity and
size of the system and requirements of the models. Although we define three-layer
architectural styles, more layers’ concrete styles can be defined till a complete
specification is reached, or the implementation of the software is accomplished.
Such a flexible definition of the models on different abstract layers allows designers
and developers to develop a complex, huge system step by step. It can decrease the
complexity of the specified models and ease the design and development process.

4.3.2 The style for the middleware

The style for the middleware (C) should capture the common design strategies of
a class of middleware. We explain the process of constructing the style through a
concrete example: the architectural style of the middleware for nomadic networks
(in Chapter 6). This type of middleware is quite mature from technique’s point of
view, and many existing middleware can be categorized into it. In spite of that,
there is no common agreement or understanding of the middleware, not to mention
available design standards that help the design and analysis of the middleware.

We develop the style that originates from the results that practitioners have
achieved in the area. We construct the style on three different abstract layers, i.e.,
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the conceptual style, the platform-independent concrete style and the platform-
specific concrete (Wireless CORBA) style, in order to decrease complexity and
enhance reusability. Each of the styles captures different architectural aspects or
views, and they can be used to help the design and analysis of the middleware at
different design stages.

The conceptual style specifies a style of mobile systems for nomadic networks,
or a mobility style supported by the nomadic network, which includes the move-
ment of the components, and the specific service provided by this kind of mobile
system. It is about the requirements analysis for the middleware and it can be used
at the very early stage of designing the middleware. The platform independent con-
crete style specifies the design-specific component interaction pattern adapted for
the mobility style. We choose the adapted RPC as the example. The style can be
used when we design a specific component interaction pattern for the middleware
at a more abstract level. The platform-specific concrete style is a more refined
version of the platform-independent concrete style. It can be used when we de-
fine a complete design specification of the middleware, e.g., the Wireless CORBA
specification in our case, which is originally specified using the IDL.

4.3.3 Refinement

When developing the style, we use a stepwise refinement-based approach (D) in
order to decrease complexity and enhance reusability. In the refinement process,
it is difficult to ensure that the concrete specification is a correct refinement of the
more abstract one. Especially, the correctness of the newly added architectural
elements is difficult to be checked since it is not easy to directly map them to the
abstract ones. Besides, one main requirement for refinement is to preserve the
desired properties. Some researchers argued that different domains have different
requirements for the properties. Therefore, which properties should be preserved
vary in different architecture refinement process.

4.3.3.1 Properties to be preserved

In our context, we start from a simple abstract (i.e., conceptual) style that is refined
to a more concrete style (platform-independent), which is further refined to an even
more concrete style (platform-specific). The conceptual style defines functional
requirements for a family of middleware for mobile systems through defining the
required structural and behavioral elements. It can be refined to several different
concrete styles that contain newly added structural and behavioral elements. The
refined concrete styles should still satisfy the functional requirements and they be-
long to the same family of middleware, although when they use different design
strategies to realize the functional requirements.

We require that the refinement is functional-preserved, which means that the
functional requirements for the abstract style should be preserved in the refined
concrete style and thus it satisfies the functional requirements. At the same time,
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we also require that the refinement is functional-constrained, which means that the
concrete style is only allowed to contain elements that are required or constrained
by the functional requirements, since the concrete elements are constructed in order
to realize a specific abstract task or functionality. It should not contain elements
that exceed the scope of the functional requirements.

We use TGTSs to specify the style formally, which includes a structural part
(UML class diagrams) and a behavioral part (graph transformation rules). Corre-
spondingly, we require structural refinement criteria that ensure the correctness of
the structural elements. We also require behavioral refinement criteria that ensure
the correctness of the behaviors. Especially, we require that correctness of the rule
sequence should be ensured during refinement. This is important for the rules for
component interaction that have a fixed sequence, where the rules are only allowed
to appear in the specified sequence, but not in other sequences.

4.3.3.2 Rule mapping-based refinement

We provide refinement criteria to ensure that the refined concrete style is a cor-
rect refinement of the abstract style. The criteria include both structural ones and
behavioral ones. Especially, we develop an approach that can check the correct-
ness of the sequence of rules through a scenario based construction. For a set
of refined concrete rules with a fixed sequencer′1, r

′
2, ..., r

′
n, we derive an initial

graphL′ that contains the needed precondition of all of the rules in the sequence.
The rules are applied then one by one following the sequence. We denote it as

L′ r′
1=⇒ M ′

1

r′
2=⇒ M ′

2 ... M ′
n−1

r′
n=⇒ R′, whereM ′

i is the created intermediate
graph,R′ is the last graph that contains the result (i.e., postcondition) after ap-
plying the last rule. Afterwards, we derive a new concrete ruler′ : L′ ⇒ R′,
which is a simplified version of the refined sequence of concrete rules. The rule
r′ transforms the overall preconditionL′ to the overall postconditionR′. The new
rule preserves semantics of the sequence of concrete rules since it is based on a
scenario construction, i.e., it checks whether the scenario (defined by the rule se-
quence) is reachable. Therefore, it can be used to substitute the complicated rule
sequence. The similar construction of rules is minimal elements of a class of so-
called derived rules, which are concerned with the construction of rules by which
a given sequence or rewriting steps can be simulated in a single step [83, 40].

Before applying the approach, we need to construct the importantL′ andR′

at first. In order to keep semantic consistency, we can not just put all the precon-
ditions L′

i and postconditionR′
i of the rules together. The rule defines a certain

modification of instance graphs. It happens often that some elements of the post-
condition graph are created in the intermediate step, which are deleted again by
another rule. Those elements should not be included in the result graph. Or some
elements of the precondition are derived after applying another rule, which should
not be included in the start graph neither.

We deriveL′ andR′ through a step by step approach, which means, we com-
bine firstly the first two rules, whose result will be used to combine the next
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rule, and so on. The rules will be combined according to the specified sequence.
We construct an algorithm to get the result graph ofL′, R′, and the intermedi-
ate graphM ′

i . The algorithm is based on the theory of minimality of derived
rules in single pushout graph rewriting, whose theoretical proof is given by the
researchers [83, 40]. By corresponding explicit constructions they have proved
that there is a sequentially composed rule for each derivation sequence.

The refinement criteria build a bi-directional mapping between an abstract rule
and the sequence of concrete rules via the derived simplified concrete rule. Since
we formalize the refinement relationship between two abstract layers mainly based
on the mapping of rules, we call the approach rule mapping-based refinement. This
differentiates our approach from that proposed in [145], which also investigates re-
finement for the styles specified using graph transformation systems. However,
they do not define fixed mappings between rules, but only between structural ele-
ments and transformation states. They check then whether all system states of an
abstract model are also reachable at the concrete level, no matter by which order of
transformation rules, vice versa. Their approach is not suitable for the systems that
require correctness check of the fixed sequence of rules. In addition, it is very dif-
ficult to check the correctness of the completely different concrete behavior using
their approach.

Our refinement criteria enable us to check the correctness of newly added ele-
ments through the scenario construction. We build refinement criteria for the newly
added elements through a scenario-based construction, i.e., we check whether the
abstract scenario (rules with a fixed sequence) is correctly mapped to the equiv-
alent concrete scenario. The criteria associate the completely different concrete
elements with the abstract ones. In this way, the correctness of the newly added
rules and structural elements is semantically ensured. Besides, we can construct
exactly the needed state graphs and transformation sequences for checking, and we
do not need to explore and compare all the possible transition states between two
graph transformation systems. This makes the approach efficient and practical to
large systems. It also enables us to use the existing graph transformation simulation
tool Fujaba as the basis for further automation.

4.3.4 Simulation

The operational semantics of the GTS allows us to execute the models and thus
analyzing and validating the system through simulation (E). Simulating the dy-
namic behavior of the system allows the designers to execute the system and to
play with specific scenarios. The designers can concentrate on the key aspects of
the architecture. It can also detect errors and improve the confidence of the model.
Besides supporting simulation, we also focus on providing a practical and usable
process and environment to help the design and development of the style. The tool
support of style specification, style refinement and other related concept is very
important too. After comparing the available simulation tools, we choose the ex-
isting Fujaba [1] environment as our basis. Fujaba is a CASE (Computer-Aided



4.3. THE MODELING AND SIMULATION FRAMEWORK 69

Software Engineering) tool that aims to push graph transformation systems to a
broader industrial usage. Fujaba allows a seamless integration of object-oriented
software development and graph transformation systems, which facilitates greatly
the designers and developers who are not familiar with graph transformation sys-
tems. With the support of Fujaba, we develop three ways to use Fujaba simulation
for further style-based analysis and automation. We also develop a style - based
engineering process for style development.

4.3.4.1 Efficient validation

Given a specified graph transformation system G =〈 TG, C, R〉, we can validate
the correctness of the specification using simulation. We define a start graphS0

to describe the initial configuration of the system, and an application scenario as
a sequence of rules. The resulting trace of the sequence of rules can be validated
through Fujaba Dobs simulation. In this way we can test whether the model reacts
in the desired way, thus validating functional completeness of the system.

In such a validation process, it happens often that the result is wrongly judged
as incorrect, although the specification is proved to be correct later on. This is nor-
mally caused by inputting an incomplete initial state, or the reference test result is
wrong itself, both of which result in naturally wrong test result or wrong judge-
ment. This makes the validation process itself error-prone and very inefficient.
We solve this problem by constructing the minimal initial state and the expected
test result with the help of the algorithm developed for the scenario construction
in the refinement part. The constructed initial state covers the minimal precondi-
tions of all the involved rules, thus it is reasonable enough to allow the users to
pursue the following execution of the sequence of rules. The expected test result
is derived from the created intermediate state, which allows a correct judgement of
a test result. Through such a construction, our approach can greatly enhance the
correctness and efficiency of the validation process.

4.3.4.2 Behavioral consistency check

The correct refinement of an abstract conceptual style into a concrete one is im-
portant, and the validation process is usually difficult and complicated. In our
refinement-based style development process, it is important to ensure that the ar-
chitectures in a same hierarchy belong to the same family of middleware, i.e., they
should realize and provide the same functionalities, although they belong to dif-
ferent abstraction layers and use different design strategies. In order to solve the
problem, we construct a framework that checks whether the specified architectures
on different abstraction layers provide the required functionalities, with the help
of a standard reference application (F) and the Application Programming Inter-
faces (APIs) (G). The application covers the requirements for the middleware and
it is used to validate the functionality completeness of the architectures, which is
further specified as a sequence of operations using UML sequence diagram. It in-
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vokes and uses the APIs provided by each style, for example, Concrete API and
Conceptual API. From the execution result we can check and compare whether the
architectures belong to the same family of middleware.

Since the three styles are specified on different abstract layers that have differ-
ent focuses, we extend the style models to provide a consistent API. In order to do
so, we encapsulate the rules of the style to provide a consistent API that allows the
application to invoke. Because we formalize the refinement relationship mainly
based on the fixed mapping of rules, we can now define the rule encapsulation
based on the refinement mappings. We can map the operations implemented in
Concrete API to the operations defined in Conceptual API through the type trans-
formation and semantic match defined in the refinement process. In Fujaba, we can
do the encapsulation at the specification stage by using its transformation rule edi-
tor, which supports complicated programmed graph transformations, and it allows
users to specify advanced control flow with user-defined order.

4.3.4.3 Style - based engineering

With Fujaba’s support, we develop a style - based engineering process for efficient
style development, which includes style specification, style validation, refinement
consistency check, behavioral consistency check and code generation. Taking as
the first step, we use Fujaba to edit the full style specification, i.e., the type graph
(UML class diagrams) and the graph transformation rules. Fujaba provides an
UML class diagram editor that supports rather complete UML class diagram no-
tions. The graph transformation rule editor uses UML activity diagram and UML
collaboration diagram notions. During constructing the class diagram and rules,
the editors already do consistency checks. For instance, they check consistency of
the class diagram, the users are only allowed to create instance elements that are
correctly typed over the class diagram, etc. This helps the designers very much to
create a consistent and correct specification. Having finished the specification, we
can efficiently validate it using the Fujaba simulator Dobs. After getting an abstract
style specification and a refined concrete one, we can check the correctness of the
mapped rules through checking whether the refined sequence of rules is reachable
in Dobs. Afterwards, we use the behavioral consistency check framework to check
whether the architectures in a same hierarchy belong to the same family of middle-
ware. Finally, we get the validated styles that should be correct after passing the
different validation processes. Taking as the last step, we generate automatically
executable Java source code.



Chapter 5

Architectural Style-based Modeling

5.1 Overview

In this chapter, we will explain how to use the TGTS (Typed Graph Transforma-
tion System) to model the required aspects of the architectural style for the mid-
dleware. We will construct our modeling language based on the existing work of
Thöne [145], which provides a formal foundation of specifying the architectural
style (for distributed systems) using the TGTS, a combination of graph transfor-
mation techniques and meta-modeling approach. More specifically, they define
the style through defining the style definition language (i.e., metamodel and graph
transformation rules) that is specialized for a specific application domain. The
style definition language constraints the allowed architectural elements (through
the metamodel) and behavioral definition (through the rules) for a specific style.
Therefore, there is no universal language that defines a style fitting to all the soft-
ware systems, and it is necessary to have a dedicated language for providing ap-
propriate solutions to different requirements of different application fields, which
can be achieved mainly through defining specialized metamodels and rules.

Although exploiting the same TGTS to specify the style, we apply the TGTS
in a different way from Tḧone’s since the requirements for the style vary. They
focus on formalizing the TGTS to define a general style for distributed systems,
whereas we focus on modeling the specific aspects required by the style for the
middleware for mobile systems, and we provide a dedicated style definition lan-
guage that satisfies the style requirements, i.e., we create a specialized metamodel
and a set of rules for defining the style for the middleware for mobile systems. In
other words, our modeling language is a light-weight extension of the TGTS pro-
posed by Tḧone. In addition, we do not add UML profiles to specify the style, and
we do not add an additional UML layer to provide concrete syntax of the modeling
language. This will enhance the simplicity and usability of the approach.

The chapter is organized as follows: We will start with the introduction of
the related TGTS background knowledge and Thöne’s work in Section 5.2. After-
wards, we will explain how to use the TGTS to model the different aspects required
by the style specification in Section 5.3.

71
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In this chapter, we will focus mainly on how to model the required aspects
of the style, but not the process of constructing the style for a specific type of
middleware, which will be illustrated in the next chapter through specifying the
architectural style for the middleware for nomadic networks.

5.2 Background of the TGTS

We will introduce the related TGTS background knowledge, which includes graphs
and graph morphism, graphs and object-oriented modeling, rules and graph trans-
formation, metamodeling, etc. Afterwards, we will explain the general idea of
using the TGTS to specify architectural styles [145].

5.2.1 Graphs and graph morphism

Graphs are often used as abstract representation of diagrams, e.g., UML class di-
agrams. Graphs and diagrams are a very useful means to describe complex struc-
tures and systems, and to model concepts and ideas in a direct and intuitive way.
In particular, they provide a simple and powerful approach to a variety of problems
that are typical to software engineering. For example, bubbles and arrows are of-
ten used to analyze a new software project. Moreover, a variety of visual diagram
notations have been proposed for almost each activity of the software design and
development process, such as state diagrams, UML diagrams, Structured Analysis,
control flow graphs, architectural languages, function block diagrams, and several
others.

A graph consists of a set of nodes, a set of edges and two mappings assign-
ing a source and a target node to each edge. Formally, a graph is a tupleG =
(N,E, src, tar) with a setN of nodes, a setE of edges, and functionssrc, tar :
E → N that assign source and target nodes to each edge. Variations include hyper-
graphs, where edges can be attached to an arbitrary sequence of vertices, attributed
graphs, whose vertices and edges are decorated with textual or numerical informa-
tion, or more complex object-oriented or hierarchical graph models.

Graphs may be related to each others by using graph morphisms. Formally, a
graph morphismf = (fN , fE) : G → G′ is a pair of functionsfN : N → N ′ and
fE : E → E′ preserving source and target (src′ ◦ fE = fN ◦ src andtar′ ◦ fE =
fN ◦ tar).

5.2.2 Graphs and object-oriented modeling

In object-oriented modeling graphs occur at two levels: the type level (given by the
class diagrams) and the instance level (given by all valid object diagrams). This
idea can be described more generally by the concept of typed graphs, where a
fixed type graph TG serves as abstract representation of the class diagram. Its ob-
ject diagrams are graphs equipped with a structure-preserving mapping to the type
graph, which is expressed as agraph homomorphism. Formally, given a graph
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Figure 5.1: Object diagram (left) typed over class diagram(right)

TG, a TG-typed graph 〈G, tpG〉 is a graphG equipped with a structure-
preserving graph morphismtpG : G → TG [39]. We callTG type graphand
〈G, tpG〉 instance graph overTG. The category of TG-typed instance graphs is
calledGraphTG.

Fig. 5.1 shows examples of an object and a class diagram in UML notation. The
object diagram on the left can be mapped to the class diagram by defining type(o)
= C for each instance o : C in the diagram. Extending this to links, preservation of
structure means that, for example, a link between object o1 and o2 must be mapped
to an association in the class diagram between type(o1) and type(o2). By the same
mechanisms of structured compatibility we ensure that an attribute of an object is
declared in the corresponding class, etc.

5.2.3 Rules and graph transformation

Graph transformation is a good means to describe the dynamic aspects of various
system structures, i.e. evolving class and object structures or reconfiguration of
distributed networks. Graph transformation means the rule-based manipulation
of graphical structure. Graph transformation rules describe graph transformation
steps in an if then style. If a certain graph namely the left hand side of the rule
does exist then it can be transformed into a new one the right hand side of the
rule. Both sides may have some common nodes and edges. These nodes and
edges remain unchanged during a transformation and act as central points where
the transformation takes place. They form an intermediate graph which is part of
the left and the right hand side of the rule.

Formally, a graph transformation ruler : L ⇒ R consists of a pair ofTG-
typed instance graphsL,R such that the intersectionL ∩ R is well-defined (this
means that, e.g., edges which appear in bothL andR are connected to the same
vertices in both graphs, or that vertices with the same name have to have the same
type, etc.). The left-hand sideL represents the pre-conditions of the rule while the
right-hand sideR describes the post-conditions.

Graph transformation is defined by the application of graph transformation
rules that model the permitted actions on graphs representing system states. Graph
transformation defines a relation on state graphs that can be iterated arbitrarily
yielding the transformation process. In this way, a graph grammar consisting of a
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start graph and a set of rules gets an operational semantics.
Formally, a graph transformation from a pre-stateG to a post-stateH, denoted

by G
p(o)
=⇒ H , is given by a graph homomorphismo : L ∪ R→ G ∪ H, called

occurrence, such that

• o(L)⊆ G ando(R)⊆ H , i.e., the left-hand side of the rule is embedded into
the pre-state and the right-hand side into the post-state, and

• o(L\R) = G\H and o(R\L) = H\G, i.e., precisely that part of G is deleted
which is matched by elements of L not belonging to R and, symmetrically,
that part of H is added which is matched by elements new in R.

There are different approaches for the formal definition of graph transforma-
tion. They basically differ in the way how the local effect of a graph transformation
rule is embedded into the original host graph. Fundamental approaches that are still
popular today include the algebraic DPO (Double-PushOut) approach [48, 40],
SPO (Single-PushOut) approach, the node-label controlled (NLC) [78, 51], the
monadic second-order (MSO) logic of graphs [41], and the Progres approach [129,
128, 131], which represents the first major application of graph transformation
to software engineering [52]. We follow the Double-Pushout approach [48, 52],
where the application of a transformation rule like moveOut in Fig. 5.2 is per-
formed in three steps:

1. Find an occurrenceoL of the left-hand sideL in the current object graphG.

2. Remove all the vertices and edges fromG which are matched byL \R. We
must also be sure that the remaining structureD := 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 vertices.
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3. Glue D with a copy ofR \ L to obtain the derived graphH. We assume
that all newly created nodes and edges get fresh identities, so thatG ∩H is
well-defined and equal to the intermediate graphD.

5.2.4 Metamodeling

Metamodels [35, 89, 42] have been around for many years in a wide variety of dif-
ferent application domains and under various pseudonyms: data model, language
schema, data schema, etc. Wherever there is a need to define a language, it is
common to find a metamodel. This is particularly the case for standards, which by
virtue of being a standard must have a precise definition. The Object Management
Group (OMG) has been particularly involved in their use in the standards arena.
One of the largest metamodels is contained in the UML specification, whose ab-
stract syntax is specified by a subset of UML class diagrams. This subset is deter-
mined by the meta object facility (MOF) [108] specification which is also referred
to as a meta-meta model because it has meta models as instances whose instances,
in turn, are models.

The benefit of metamodeling is its ability to describe the modeled languages
in a unified way. The languages can be uniformly managed and manipulated thus
tackling the problem of language diversity. For instance, mappings can be con-
structed between any number of languages provided that they are described in the
same metamodelling language. Another benefit is the ability to define semantically
rich languages that abstract from implementation specific technologies and focus
on the problem domain at hand. Using metamodels, many different abstractions
can be defined and combined to create new languages that are specifically tailored
for a particular application domain. Productivity is greatly improved as a result.

A metamodel [35] defines the vocabulary to be used for defining models. Mod-
eling is intended to design systems using a predefined set of concepts. Metamod-
eling is intended to specify concept to be used for defining models. Generally
speaking, a metamodel is a model of a modelling language. The term meta means
transcending or above, emphasizing the fact that a metamodel describes a mod-
elling language at a higher level of abstraction than the modelling language itself.

In order to understand what a metamodel is, it is useful to understand the dif-
ference between a metamodel and a model. Whilst a metamodel is also a model, a
metamodel has two main distinguishing characteristics [35]:

• A metamodel must capture the essential features and properties of the lan-
guage that is being modeled. Thus, a metamodel should be capable of de-
scribing a language’s concrete syntax, abstract syntax and semantics.

• A metamodel must be part of a metamodel architecture. Just as we can
use metamodels to describe the valid models or programs permitted by a
language, a metamodel architecture enables a metamodel to be viewed as
a model, which itself is described by another metamodel. This allows all
metamodels to be described by a single metamodel. This single metamodel,
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sometimes known as a meta-metamodel, is the key to metamodelling as it
enables all modelling languages to be described in a unified way.

Two key expressions summarizing the metamodeling approach [2] as:

• an attempt to describe the world.

• for a particular goal.

The second expression illustrates the fact that there will never be a universal meta-
model to define all the software systems from embedded to business framework
ones. It is important to understand that a (meta) model has to be defined for a spe-
cific goal. Thus, there are a multitude of (meta) models. The need for dedicated
means is required for providing appropriate solutions to different requirements of
different application fields, such as e-business, telecom, or embedded systems.

5.2.5 Typed graph transformation system and style specification

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.

Since the declarative meta-modeling approach becomes more and more popu-
lar, especially in the area of modeling languages with UML being the best-known
example, [145] applies the meta-modeling approach with the graph transforma-
tion techniques to specify the architectural style, which is called the TGTS (Typed
Graph Transformation System) [122]G = 〈TG,C,R〉. TG is here UML class
diagrams (or meta models).C is a set of constraints.R is a set of graph transfor-
mation rules.

The modeling graphs occur at two levels: the type level (the type graphTG)
and the instance level (the instance graph typed overTG 〈G, tpG〉). The type graph
is used at the meta level for the definition of a style definition language. All graphs
conforming to the type graphTG belong to the corresponding language. Hence, for
defining the set of graphs representing valid architectures of a certain architectural
style, they do not provide graph production rules but a declarative graph schema
(the type graph). They 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 architectural operations.

The style definition language constraints the allowed architectural structural
and behavioral elements for a specific style. Therefore, there is no universal lan-
guage that defines a style fitting to all the software systems, and it is necessary to
have a dedicated language for providing appropriate solutions to different require-
ments of different application fields, which can be achieved mainly through defin-
ing specialized metamodels and rules. For example, [145] specifies type graph
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(TG) and rules (R) that are specialized for the style for the middleware for dis-
tributed systems. We need to define a new language for other application domains
that have different requirements, i.e., we need to create specialized type graph and
rules in order to define the style for the middleware for mobile systems. This adap-
tion is a kind of light-weight extension of the modeling language.

The approach is similar to the metamodeling-based language driven develop-
ment approach [35] that adapts the language (but not the model) to new application
domains and new requirements. The TGTS provides a flexible way to extend or
change the models. This allows adaption of a specialized model to meet new re-
quirements of a new style. The adaption includes two parts: the type graph and
rules. Class diagrams (Type Graph) provide a powerful and flexible way to model
architectural elements and their relationships. New architectural elements can be
easily added through adding proper associations and classes. While unnecessary
elements can be deleted together with the related associations. The relevant rules
built on instance graphs can be adapted easily to be typed over the adapted type
graph. Rules can be added or deleted without violating the semantics of the TGTS.

5.3 Specification of the style

As mentioned in last section, there is no universal language that defines a style
fitting to all the software systems, and it is necessary to have a dedicated language
for providing appropriate solutions to different requirements of different applica-
tion fields. We will explain now how to use the TGTSG = 〈TG,C,R〉 to specify
the required aspects of the style for the middleware for mobile systems (see Section
3.2). Our style specification is a light-weight extension of the TGTS-based mod-
eling approach proposed in [145]. We define specialized metamodels and rules for
the style. In order to present the style in a more structured way, we will separate it
into two main parts: the structural part and the behavioral part. We will discuss in
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the third section the semantics and syntax of the modeling language.

5.3.1 Structural part

The structural part includes the vocabulary, constraints, and configuration (see Sec-
tion 3.2). We specify this part using the type graphTG, which is based on the MOF
(meta object facility) [108] that provides the standard OO modeling concepts in-
cluding MOF packages, classes and associations1. They are visualized using UML
class diagrams. The object diagrams are calledinstance graphsthat are typed over
the type graph. We use the type graph to define thevocabulary, allowedconfigu-
rations, constraints, and allowedtype definitionof the style. The instance graphs
of the type graph represent both the declarative definition of an architectural style

1If unspecified, the use of the terms package, class, and association means MOF package, MOF
class, MOF association



5.3. SPECIFICATION OF THE STYLE 79

Area

locatedAt administrates

Roaming

1

AreaDef

locatedAt administrates
1

instanceOf1

Example of the architectural style Chapter 5 with arrow

(fromArchitecture)
ComponentComponentDef

NodeDef Node

deployedAtdeployedAt

instanceOf1

(fromArchitecture)

Port

Component
1

2

Connector

has

connects

Architecture

ComponentDef

PortDef

1

1

1

2

1 ConnectorDefinstanceOf

instanceOf

instanceOf

supports

connects

Area

locatedAt administrates

Roaming

1

AreaDef

locatedAt administrates
1

instanceOf1

(fromArchitecture)
ComponentComponentDef

NodeDef Node

deployedAtdeployedAt

instanceOf1

(fromArchitecture)

Port

Component
1

2

Connector

has

connects

Architecture

ComponentDef

PortDef

1

1

1

2

1 ConnectorDefinstanceOf

instanceOf

instanceOf

supports

connects

Figure 5.6: The type graph in different packages

and the style configuration.

More specifically, the classes define the vocabulary of the architectural style.
Associations define the possible links and relationship among these elements. Sim-
ple constraints, already included in the class diagrams, are cardinalities that restrict
the multiplicity of links between the elements. More complex restrictions can be
defined by OCL (Object Constraint Language) constraints.

For example, we define an architectural style for a component-based middle-
ware that composes components, which are deployed on physical nodes that can
be located in specific locations. Fig. 5.4 shows the type graph definition of the
style, while Fig. 5.5 is about an instance graph of the style. The classes named
after “Def” such asComponentDef, ConnectorDef, PortDef, NodeDef, AreaDef(in
Fig. 5.4) represent the allowed vocabulary of the style. The associations define
the relationship between the vocabulary. The classesComponent, Connector, Port,
Node, Areawith their associations (Fig. 5.4) represent allowed configurations of
the style. At the instance level (Fig. 5.5), the architectural style description and
configurations are specified. In this way, the required architectural design elements
of the style such as space and middleware construction components can be speci-
fied at type level and instance level. The relationship and constriction among them
are also modeled in the same class diagram.

What‘s more, we can group different architectural concerns using the pack-
age concept, in order to decrease complexity of the model [72, 70, 71]. For in-
stance, we can separate the type graph into two packages (Fig. 5.6):Architecture
andRoaming, each of which represents a specific concern of the system, i.e., soft-
ware architecture and roaming. The class diagram allows a uniform representation
where elements of different submodels are represented as vertices of the same ab-
stract syntax graph, i.e., an instance of the meta model. Based on this uniform
representation, the different sub-models can be related by associations between the
common elements belonging to different submodels.
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5.3.2 Behavioral part

The behavioral part describes the runtime behavior of the system, which includes
component interaction and dynamic changes (see Section 3.2). Correspondingly,
we use the graph transformation rulesR to specify the dynamic change and com-
ponent interaction. We can differentiate two kinds of rules: rules for dynamic
changes and rules for component interaction, which will be explained separately in
the following sections. Besides, we will explain how to use the rule to specify IDL
semantics in the third section, since it can be seen as the component interaction
in a platform-specific concrete style, and it will be used when specify a concrete
middleware.

5.3.2.1 Rules for dynamic changes

Dynamic changes are provided by the style to let an architecture evolve at run-
time and to change its current configuration in the presence of mobility, i,e, when
the component moves to other spaces, and when the wireless connection is not
available, etc (see Section 3.2). Based on the uniform representation of space and
architectures as meta model instances, we can now specify dynamic changes in the
presentation of mobility as graph transformation rules typed over the type graph
specified in the structural part (see Section 5.3.1). The movement style of the com-
ponents in the specified space, the disconnection of the wireless connection and
other actions related to mobility can be now modeled through the graph transfor-
mation rules. The rule defines a certain modification of instance graphs. Rules
for dynamic changes specify the reconfiguration of the style in the presence of
mobility. Therefore, the instance graphs represent architectural configurations.

Taking as an example, we will introduce a rulemoveIn(in Fig. 5.7) that de-
scribes the reconfiguration when a node moves. The left side of the rule describes
the pre-conditions that must be satisfied when reconfiguration happens, and the
left side describes the post-conditions that is the result after the reconfiguration
happens. As precondition, there should be aNodeand anAreawhose typesNode-
TypeandAreaTypeshould be connected by alocatedAtlink. That means the node
is of a type that is supported by the area, like a cell phone in a GSM cell. In this
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case, the rule can be applied with the result of creating a newlocatedAtlink be-
tween the two instances. This is expressed in the post-condition of the rule shown
on the right-hand side. The rule is typed over the type graph (in Fig. 5.4), which
requires the type declaration when new elements is created on the right-hand side.

To see why this is useful (and necessary), consider the java code generation
of rule moveIn, which moves a node into a area. In the generic case the nodes
may be move into any kind of area. In the case of the architectural style for the
middleware, however, we may want to allow a node to move into an area only if
it is an instance of one of the area types defined in the style, namely, a WLAN, a
GPRS area. It is reasonable, therefore, to cause an invocation of moveIn to fail if
the parameter is not one of these two types. On the other hand, if one node moved
into an area, then the observable effect should be the same as in the generic case.
Fig.5.8 shows the java code for doing this.

Similarly, we can define rules for other dynamic change related activities in a
style. For example, we define rules:moveIn, moveOut, connect, disconnectand
bind, unbind, handOverfor a conceptual style in Section 6.3. RulesmoveIn, move-
Out model the movement of components,connect, disconnectmodel the connec-
tion and disconnection of wireless networks,bind, unbindmodel the creation and
deletion of a session between two components when they interact, andhandOver
models the main functionality of the middleware.

The specified rules for dynamic changes are applied non-deterministically sim-
ulating ad-hoc reconfigurations. The main benefit of graph transformation for de-
scribing software architectures is the ability to model dynamic reconfigurations in
an abstract and visual way. Some approaches [42, 63, 96, 93] assume a global point
of view when describing reconfiguration steps which, in a real system, would cor-
respond to the perspective of a centralized configuration management. In a mobile
system, the existence of such centralized services cannot be taken for granted. We
model reconfiguration from the point of view of individual components that syn-
chronize to achieve non-local effects. Here, locality corresponds to context free-
ness, that is, a rule is local if it accesses only one component (or connector) and
their immediate neighborhood. Additional preconditions concerning the current
topology configurations can be used to restrict reconfigurations to certain phases
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of the component behavior.

5.3.2.2 Rules for Component Interaction

As introduced in Section 3.2, component interaction covers component commu-
nication, collaboration, and coordination. We use graph transformation rules to
specify the component communication and collaboration, whilst the coordination
and synchronization between different actions and components are specified using
UML Interaction diagrams. Through this way, we can specify a specific component
interaction pattern supported in the middleware for mobile systems.

For example, we will specify the adapted RPC interaction pattern in Section
6.5 to show how mobility influences the component interaction. Figure 5.9 defines
the sequence of operations for one remote procedure call using a UML Interaction
diagram2 The semantics of operations is defined using graph transformation rules.
The left side of the rule defines the precondition to execute the operation, where
the right side of the rule defines the postcondition after executing the operation.
In a mobile setting, the components involved in an interaction change dynamically
due to their migration or connectivity patterns. Using graph transformation rules,
the dynamic reconfiguration among the coordinating components concerned in in-
teractions can be modeled naturally.

The main difference between the rules for dynamic changes and rules for com-
ponent interaction is that the former has a nondeterministic sequence, while the lat-
ter presents a fixed sequence, which is specified using UML Interaction diagrams.
In addition, the instance graphs of the former represent architectural configurations,
while the instance graphs of the latter represent interaction states.

Our specification of component interaction and dynamic change using graph
transformation rules can model the influence of mobility to component interaction

2We use UML 2 notations for Sequence diagrams in this paper. Filled arrowhead lines show a
synchronous message, while stick arrowhead lines show an asynchronous message.
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naturally. The dynamic change and component interaction are integrated smoothly
and directly into one specification with the same semantic background. This en-
hances the simplicity of the specification very much, and it eases the designers and
developers to understand the model and to use the approach.

5.3.3 Syntax and semantics of the modeling language

As having mentioned in the precious section, we construct our modeling language
based on the existing work of [145]. Our modeling language is a light-weight
extension of the TGTS proposed by [145]. In order to provide a user-friendly con-
crete syntax, [145] adds a UML layer on top of the graph-based representation. The
application architects can then design software architectures modularized into dif-
ferent views using various UML diagram types. Internally, CASE tools will trans-
late 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. In addition, they [145] use UML profile to pro-
vide various style-specific ADL variants, and each of which 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 underlying operational semantics. By a formal relation, they fix the
correspondences between style syntax and semantics.

[145] provides a quite complete method of using the GTGS combined with the
popular UML CASE tools theoretically. They separate the style specification into
different parts that are further assigned to different responsible architects, namely,
style architect, platform architect and application architect. The existence of so
many different specifications can easily lead to misunderstanding in a real project.
Besides, there are too many ideas and concepts for the approach, which makes it
not easy to use. For example, the way to construct the concrete syntax is rather
complicated, and it requires that the style architects have deep knowledge in both
GTS and UML. In addition, the approach can only ease the work of the application
architects with the help of a CASE tool that provides such a combination of UML
standard diagrams and the GTS. However, such CASE tools do not exist and it is
not a easy job to construct the tool.

We think that simplicity and usability is a very important aspect of a model-
based approach. The visual presentation of the graph transformation system with
the UML class diagrams are understandable enough for the users. Therefore, we
do not add UML profile to specify the style, and we do not add an additional UML
layer to provide concrete syntax of the modeling language, although using the same
graph transformation system for defining semantics. In our approach, meta mod-
eling defines the concrete syntax, abstract syntax and static semantics, while the
GTS specifies the operational semantics of the metamodels. In this way, we do not
need to provide different specifications to different architects that have different
responsibilities. There exits only one common specification, which will simplify
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the process of learning and communication. In addition, we can use directly the
existing GTS tools like Fujaba for further simulation and analysis, which makes
the approach more usable.

Concrete Syntax Our metamodel definition is based on the MOF [108], which
provides the standard OO modeling concepts including packages, classes and asso-
ciations. These are visualized using class diagrams, which are theconcrete syntax
presented to the end user. The users will use directly class diagrams with rectan-
gles, lines, arrows, etc. Here, each notation element is concretely rendered in terms
of the geometrical elements that define its appearance, like other diagrammatic lan-
guages. For example, classes are represented through rectangles, or relationships
among these elements can be a line connects two rectangles, etc.

Abstract Syntax MOF also provides some well-formedness rules of the lan-
guage. For example, the well-formedness rules for classes include multiplicity and
ordering constraints. Besides, the typical role of a metamodel is to define the static
semantics for how model elements in a model gets instantiated. In our style speci-
fication, a style-specific vocabulary of design elements is introduced by providing
subtypes of the basic architectural classes. The instances of the type graph repre-
sent both a declarative definition of an architectural style as well as an individual
configuration and their interrelation by the meta associationinstanceOf.

Semantics We use graph transformation system to define operational semantics
based on a direct interpretation of meta models at the level of abstract syntax.
Consequently, the semantics of the language is fully integrated in the language’s
definition. The operational semantics is easy to understand and write, since it is
expressed in terms of operations on the language itself.



Chapter 6

Style Examples

6.1 Overview

After explaining in Chapter 5 how to use the TGTS to model the required aspects
of the style, we will illustrate now the process of developing the style through con-
structing the style of the middleware for nomadic networks. This type of middle-
ware is quite mature from technique’s point of view, and many existing middleware
can be categorized into it. In spite of that, there is no common agreement or un-
derstanding of the middleware, not to mention available design standards that help
the design and analysis of the middleware. As a result, it is very difficult for the
designers to reuse the already established design knowledge or successful experi-
ence when building new systems. This makes the design process quite inefficient
and unpredictable, and therefore risking the project.

The style for the middleware can solve those problems. We will develop the
style that represents a common form of design for this class of middleware, and
that originates from the results practitioners have achieved in the area. As having
outlined in Section 4.2, we will construct the style on three different abstract layers,
i.e., the conceptual style, the platform-independent concrete style and the platform-
specific concrete style, in order to decrease complexity and enhance reusability.
Each of the styles captures different architectural aspects or views, and they can be
used to help the design and analysis of the middleware at different design stages.

The conceptual style specifies a style of mobile systems for nomadic networks,
or a mobility style supported by the nomadic network, which includes the move-
ment of the components, and the specific service provided by this kind of mobile
system. It is about the requirement analysis for the middleware and it can be used at
the very early stage of designing the middleware. The platform-independent con-
crete style specifies the design-specific component interaction pattern adapted for
the mobility style. We choose the adapted RPC as the example. The style can be
used when we design a specific component interaction pattern for the middleware
at a more abstract level.

The platform-specific concrete style is a more refined version of the platform-
independent concrete style. It can be used when we define a complete design spec-
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ification of the middleware, e.g., the Wireless CORBA specification in our case,
which is originally specified using the IDL (Interface Definition Language), whose
semantics is informally specified using natural language. This is a potential cause
of conflicts and ambiguities. Especially when the components have complicated
behavior or many components are involved to perform a task in dynamic mobile
settings. When we specify the style for Wireless CORBA using the TGTS based
modeling approach, we also provide formal semantics to the IDL specification at
the same time. We can specify formally the most important aspect of the com-
ponent interaction in mobile settings, i.e., the dynamic change of components in-
volved in interactions, the collaboration and synchronization definition between
different objects and operations, etc. The errors caused by conflicting or unclear
definition in the specification can thus be already avoided at the specification stage.

The first step of the approach is to abstract the aspects for constructing the
style. Since we have concluded the architectural commonalities of the middleware
in Section 2.4, we will recall and explain in detail these aspects, which will be
used to build the conceptual style and the platform-independent concrete style.
Afterwards, we will introduce a concrete middleware: Wireless CORBA, which
will be taken as the example of the platform-specific concrete style. This part is
explained in Section 6.2. The three styles are explained respectively from Section
6.3 to Section 6.5.

The specified three styles will be used later for demonstrating other related
parts in the following chapters, i.e., refinement, consistency check and simulation.

6.2 The middleware for nomadic networks

In Section 2.4, we have compared the middleware platforms that belong to the same
class, and abstracted the common design aspects to be modeled for constructing the
style. We will recall and explain in detail these aspects. We will also introduce a
concrete middleware: Wireless CORBA as the example of the platform-specific
concrete style.

6.2.1 Architectural commonalities

In Section 2.3, we have generalized a framework for describing the middleware,
which allows us to compare different approaches from a common point of view,
and observe similarities and common aspects from the great diversities of the mid-
dleware. We have also concluded some commonalities of the reviewed middleware
regarding space definition, main functionality and component interaction / design
pattern if we consider the supported wireless network of the middleware (see Sec-
tion 2.4). Accordingly, we can roughly separate the middleware into two classes:
the middleware for nomadic networks, and the middleware for ad hoc networks.

Many existing middleware can be classified into the middleware for nomadic
networks, which has quite mature techniques. The examples are: event-based
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(or publish/subscribe) middleware REBECA [157], JEDI [43], Siena [28] and JE-
Cho [33]; tuple space-based middleware TSpaces [156], JavaSpace [141]; object
and component middleware Wireless CORBA [111], ALICE [66], RAPP [132]
and DOLMEN [149]. These middleware shares some common design strategies
and characteristics:

Space The nomadic network utilizes the infrastructure as access points to estab-
lish connectivity. Examples of this kind of network are Telecom networks like
GPRS/GSM/UMTS with base stations, Wireless LAN (WLAN) with access point
support, etc. The nomadic network has a structured space, which is divided into
regular patches with an access point (or base station) supporting the communica-
tion needs of the components in that special area. Hence, components are allowed
to move inside the scope of areas covered by access points. More specifically, we
can describe the aspects to be modeled as given in Table 6.1.

Main functionality Generally speaking, the middleware for nomadic network
focuses on how to provide continuous connectivity and other services when compo-
nents move across the structured spaces where handover protocols are often used.
Handover originates from the telecom network like GSM/GPRS/UMTS [77, 7]
that belongs to nomadic network, where handover protocol is used to provide con-
tinuous connectivity service when mobile terminals roam across different cells.
Handover in this case is managed by the physical network layer. It is defined as the
procedure [149] of changing radio connections between a network and a mobile
terminal due to well determined reasons, which include degradation of the radio
link quality, requirements on the spectrum, user requirements or management rea-
sons, etc. The type of handover [77] may also differ, mainly depending on the
capabilities of the underlying transport network. Generally, the changing of the
radio connection is not noticeable to the user.

In the middleware for nomadic networks, centralized or intermediate compo-
nents are often introduced in order to provide mobility support of the application
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Table 6.3: Component interaction: aspects to be modeled

components. Depending on the supported component interaction models, the func-
tionalities of the introduced components are different. For instance, in the event-
based (or publish/subscribe) middleware REBECA [157], JEDI [43], Siena [28]
and JECho [33], these additional components are responsible for buffering event
notifications when disconnected, or rerouting and delivering the notifications to dif-
ferent locations where the roaming client currently locates (see Section 2.4). Han-
dover is often used for redirecting the notifications. While in the object/component
middleware Wireless CORBA [111], ALICE [66] and DOLMEN [149], the inter-
mediate objects are responsible for redirecting and delivering the invocations to
different locations where the roaming object currently locates. Handover protocol
is used between the intermediate objects for redirecting the invocations.

In spite of the different functionalities of the components, the middleware
shares a common target of using handover: to provide continuous service to roam-
ing application components. It is a procedure of changing the control between
middleware construction components and mobile application components. The
handover in the middleware is pursued on the logical session layer, which can be
seen as retaining the session between two components. This differentiates the han-
dover on the middleware layer from that pursued on the physical network layer.
Although the handover procedures on the two layers are different, they always as-
sociate with each other. The handover in the middleware is often activated by the
handover on the physical network layer. That means, the network connectivity
change on the physical network layer often causes the handover on the middleware
layer.

In conclusion, thehandoverprocess should be modeled for the main function-
ality, which includes keeping sessions, connecting (i.e.,connect) and disconnecting
(i.e.,disconnect) thewireless connection, etc. (Table 6.2). Thesessionrelated oper-
ations likebindandunbindneed to be modeled too in order to construct a complete
system.

Component interaction / design pattern The favorable component interaction
model is influenced greatly by the physical network. The middleware for nomadic
networks allows the existence of central servers to provide service to other com-
ponents. Such servers can be fixed and other roaming components can always
communicate with them. Communication behavior is tied to central servers here.
Many interaction paradigms designed for distributed systems are adapted to sup-
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port mobility in the nomadic network. A typical example is the synchronous com-
munication paradigm RPC (Remote Procedural Call), which is often adopted in the
middleware area and in the software architecture area.

We will take the RPC model as our object for building the platform-independent
conceptual style. It is very helpful if we investigate how such a model is adjusted
to support mobility in the middleware for mobile systems. We can understand
better what do we need in the software architecture in order to support mobility.
There exist different RPC mobility models. We will take the one supported by
the OMG standard specification Wireless CORBA [111], which is also adopted by
ALICE [66].

RPC supports the definition ofservercomponents as RPC programs. A RPC
program exports a number of parameterized procedures and associated parameter
types.Clientsthat reside on other hosts can invoke those procedures across the net-
work. RPC based middleware provides compilers to automatically generate client
and server stubs. The client stub is responsible for marshalling theparameters
into amessage, and dispatching (i.e.,dispatchMessage) them to the host where the
server component is located. The server component unmarshalls the message and
executes the procedure. Upon completion, it transmits marshalled results back to
the client, if required. The basic form of interaction is synchronous, i.e., the client
component that issues a request is blocked until the server component returns the
response. The idea behind RPC is to make a remote procedure call look as much as
possible like a local one. In other words, RPC is transparentthe calling procedure
should not be aware that the called procedure is executing on a different machine
or vice versa.

The RPC-based middleware for distributed systems only needs to define two
components: client and server component. An invocation also involves only these
two components. In order to support mobility in a nomadic network, more com-
ponents are needed. For instance, Wireless CORBA [111], ALICE [66] and DOL-
MEN [149] introduce intermediate objects (calledbridge) that connect the roaming
objects to the fixed network side. The bridges are also responsible for redirect-
ing and delivering the invocations to the roaming objects, which is done through
sending messages between bridges (i.e.,sendMessage). As introduced previously,
handover (i.e.,handoverConcrete) protocol is used between bridge objects for pro-
viding continuous invocation service.

Besides, the interaction and configuration between objects in the RPC mobility
model is rather dynamic. The configuration changes dynamically when application
objects move in or move out of area managed by the intermediate objects, or when
the wireless connection disconnects or connects. Especially, an invocation between
application objects involves the intermediate objects, which provide continuous
invocation connection service. An object can dynamically establish connections
to the intermediate object within its current vicinity. The connection is not valid
anymore when the client moves to other area. The configuration of the coordinating
intermediate objects changes too when the application objects move to other areas.
A new configuration of the coordinating intermediate objects will be thus built.
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Figure 6.1: Wireless CORBA architecture

We identify the aspects to be modeled for the adapted RPC in Table 6.3.

6.2.2 The concrete middleware: Wireless CORBA

As one of the middleware for nomadic networks, Wireless CORBA has the ar-
chitectural commonalities introduced in the last section. At the same time, it has
its own design specific aspects, which will be explained now. Especially, we will
focus on the six aspects listed in the general framework for capturing the middle-
ware (see Section 2.3), which will be used for constructing the platform-specific
concrete style. Since Wireless CORBA comprises IDL (Interface Definition Lan-
guage), we will also explain the shortcomings of the IDL specification. We will
show later (see Section 6.5) how we improve the specification using our modeling
method.

6.2.2.1 Introduction

As a popular and important middleware, CORBA [110] is adjusted to support mo-
bility by many researchers [112]. There are quite a lot of models developed. Wire-
less CORBA, ALICE [66], DOLMEN [149], RAPP [132], OpenORB [21], dy-
namicTAO [82] are examples. Inside these models, only Wireless CORBA is a
standard OMG specification that supports mobility in nomadic networks. Wire-
less CORBA is built by both the industry and academy side. The possible issues
of using CORBA in wireless environment are thoroughly discussed [107, 109].
The main design strategy of Wireless CORBA is adapted from the past successful
project DOLMEN [149]. It is a middleware that has a sound theoretical foundation
and practical basis. Therefore, it will be very helpful to see how wireless CORBA
works, and to use Wireless CORBA as the concrete example.

In 2001, the Object Management Group (OMG) has adopted the specification
of Wireless Access and Terminal Mobility in CORBA [112], Wireless CORBA,
for short. It specifies the architecture and methods how CORBA can be used
over wireless links. Wireless CORBA is designed for nomadic networks that need
the support of fixed infrastructure to provide mobility management. As shown in
Fig. [112], the Wireless CORBA architecture identifies three different domains:
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the home domain, the visited domain, and the terminal domain. The home domain
is the mobile terminal’s administrative home. The Home Location Agent in the
home domain is responsible for tracking the location of each terminal owned by
its domain. The terminal domain defines the mobile terminal. The visited domain
represents the fixed network side, where access bridges provide different access
points to the mobile terminal.

In CORBA, a bridge (object) is used to provide protocol interoperability be-
tween different domains, and GIOP (General Inter-ORB Protocol) specifies most
of the protocol details that are necessary for client and server objects to interact. In
wireless CORBA, terminal bridge and access bridge are used between terminal do-
main and visited domain to provide GIOP message encapsulation and transmission
(called GTP: GIOP Tunneling Protocol) over the wireless links.

Besides these main architectural elements shown in Fig. 6.1, the Mobile IOR
(Interoperable Object Reference) is also an important concept in Wireless CORBA.
The Mobile IOR is a relocatable object reference that identifies the terminal on
which the target object resides and the Home Location Agent that keeps track of
changes in the Access Bridge to which the terminal is actually attached. This
allows CORBA’s normal invocation forwarding mechanisms to be used to locate
the terminal at invocation time.

6.2.2.2 IDL specification

Functional requirements towards a concrete middleware are often structured through
interface definition languages (IDL)s, e.g., IDL for CORBA [110], Microsoft IDL
(MIDL) for DCOM [133], or Java interfaces in the case of RMI [117]. Wire-
less CORBA comprises three IDL files (see Appendix A), which areMobileTermi-
nal.idl, MobilityEventNotification.idlandGIOP.idl (see Appendix A). Each of the
Wireless CORBA IDL files specifies one specific part of the system.MobileTer-
minal.idl specifies the elements to construct the architecture of Wireless CORBA.
MobilityEventNotification.idlspecifies mobility service booking and notification.
GTP.idlspecifies the GTP message classification and channels for transmitting the
GIOP messages. Besides, Wireless CORBA includes the basic two IDL files of
CORBA since it is developed based on CORBA, which areorb.idl and IOP.idl.
orb.idl specifies the object invocation related elements.IOP.idl specifies protocols
for interoperability between different objects.

The semantic part of an IDL is only expressed informally in natural language.
This is a potential cause of conflicts and ambiguities, especially when components
have complicated behavior or many components collaborate to perform a task in a
mobile setting. As a result, the gap between a middleware’s specification and its
implementation is huge, and it is difficult for developers to derive implementations
directly from specifications. Several implementations of the same specification
may thus show different behaviors.

For example, there are errors discovered when developing a reference imple-
mentation for Wireless CORBA [79, 107]. Some errors are caused because of con-
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flicting or unclear behavior definition in the specification. For example, the error
named as Issue 4422 [107] is “New Access Bridge cannot distinguish between dif-
ferent kinds of handoff”1. That means, in the terminal initiated handoff and access
recovery process, the new access bridge needs to invoke different methods depend-
ing on the kind of handoff. However, it is not possible for it to make this distinction
based on the information it has received in previous steps of the handoff. This error
is caused because the synchronization between different objects and operations is
not defined clearly in the specification. The same reason holds for the Issue 4614:
“A possible race condition with location updates during recovery”. Such errors are
not trivial issues, and they will cause serious problems during implementation.

6.2.2.3 Aspects to be modeled

As we can see, the three IDL files of Wireless CORBA (see Appendix A) are quite
complicated, not to mention if we add other two files of CORBA. It is not sensible
if we build the style that captures every aspect of the specification. The style should
focus on the important aspects. As explained in Section 2.5, there are six aspects
need to be considered when modeling a middleware for mobile systems, which are
space, wireless network connection, dynamic change, component interoperability,
component interaction, and context-awareness. We will conclude the aspects to be
modeled in Table 6.4.

Component interoperability Wireless CORBA is an object-oriented middle-
ware that supports the definition of object services. The service provided by a
component is encapsulated as an object and the interface of an object describes
the provided service, which is a set of method calls defined through an IDL. The
interfaces defined in an IDL file serve as a contract between a server and its clients.

1handoff is another name for handover. We do not distinguish them in the thesis
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8.3.4 Message Sequence Chart

Figure 8-2 Message Sequence Chart

8.3.5 IDL

module MobileTerminal {

...

interface AccessBridge {

...

void handoff_in_progress (
// called by the old Access Bridge in the new Access Bridge

in TerminalId terminal_id,
in AccessBridge new_access_bridge

);

...

};

...

};
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Figure 6.2: Message sequence chart of the terminal initiated handoff

Clients interact with a server by invoking methods described in the IDL. Mar-
shalling operation parameters and results is by stubs that are generated from an
interface definition.

As mentioned in last section, this basic object invocation related part is de-
fined in the CORBA specificationorb.idl. We will not go into details of CORBA,
but focus on the aspects that are specific for Wireless CORBA, e.g., how to pro-
vide continuous invocation service when mobile terminals move between points of
connectivity. Thus, the basic object invocation related part will be kept nearly the
same as in the more abstract style (see Table 6.4), which arecall, request, callRe-
turn, reply, dispatchMessage, etc. The main difference is that Wireless CORBA
usesGIOP tunnelsfor transmitting the messages between bridges. The process of
sending messages is pursued between bridges (i.e.,sendMessageConcrete). In ad-
dition, the message for invocation is specifically encapsulated asGIOP messages,
i.e.,GIOPRequest, GIOPReply, etc.

We will classify the component interoperability as one subpart of the compo-
nent interaction (Table 6.4) since it is realized through component interaction.

Component interaction Wireless CORBA supports distributed object interac-
tion, that is, a client object requests the execution of an operation from a server
object that may reside on another host. This interaction evolved from RPC. The
basic form of interaction is synchronous, that means the client object issuing a
request is blocked until the server object has returned the response.

In order to support mobility, Wireless CORBA [111] introduces intermediate
objects (i.e.,access bridges) that connect the roaming objects to the fixed network
side. The access bridges are also responsible for redirecting and delivering the in-
vocations to the roaming objects. Wireless CORBA useshandoverto ensure that
the invocation between clients and servers are kept consistent. Handover will for-
ward the invocation message from an old attached access bridge to a new attached
bridge. TheHome Location Agentwill be responsible for tracing the current loca-
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tion (i.e. the attached access bridge) of the mobile terminal. Besides, the terminal
bridge is also involved in the invocation procedure. The roaming terminal has a
terminal bridgethat connects the terminal with the access bridge over wireless
link. The invocation from (or to) the objects located on the terminal will be trans-
ferred through the terminal bridge. TheMobile IORis also an important concept in
Wireless CORBA, which identifies the terminal on which the target object resides
and the Home Location Agent that keeps track of changes in the Access Bridge to
which the terminal is actually attached.

In wireless CORBA, many components are involved to perform an invocation
procedure, especially when the terminal is moving across several access bridges,
and thus handover happens. The handover process involves manyGTP message
changes. GTP messages are very important in Wireless CORBA, which are used
to provide GIOP message encapsulation and transmission over wireless links be-
tween bridges. The handover is mainly specified as a process of keeping the GIOP
tunnel for transmitting the GIOP messages between the terminal bridge and the
new access bridge. For instance, the terminal initiated handoff scenario (Fig. 6.2)
specified in Wireless CORBA( [112]) builds a tunnel between the newAccess
Bridge newABand theTerminal Bridge TB. The old tunnel between the oldAccess
Bridge oldABand theTerminal Bridge TBis deleted. The important messages for
handover includeEstablishTunnelRequest, EstablishTunnelReply, ReleaseTunnel-
Request, ReleaseTunnelReply, etc. Besides, operations likeupdatelocation, hand-
offinprogressare also important.

The tunnel related messages are very important for modeling the handoff pro-
cess. However, it becomes too complicated if we just want to build a GIOP tunnel
for normal message transmission, which does not involve mobility related dynamic
changes of the components. Therefore, it is not meaningful if we model the in-
termediate steps of processing the messages for building the tunnel in this case.
We prefer having an additional simple version instead, which can be abstracted as
buildTunnelanddeleteTunnel.

Other messages likeArrivingTerminalNotification, DepartingTerminalNotifi-
cation, HandoffNotificationand Notify Other ABsare about event notification,
which is not so interesting for us since it is not special for the mobility part of
Wireless CORBA.

Wireless network communication In order to provide reliable transmission over
wireless connections, Wireless CORBA redefines the inter-ORB protocol to en-
hance reliability and performance of object communication in the mobile envi-
ronment. Messages over the wireless link are transferred by the adaptation layer
that guarantees reliability and ordered delivery of messages. There are some mes-
sages that are sent by either the Terminal Bridge or the Access Bridge to allo-
cate a connection on the remote end of the tunnel, which includeOpenConnec-
tionRequest, OpenConnectionReply, CloseConnectionRequest, CloseConnection-
Request, etc. Since we are interested in the dynamic changes caused by the wireless
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network connection, we will simplify the process of opening a connection between
the bridges as an operationconnectBridge, and the process of closing a connec-
tion asdisconnectBridge. The intermediate steps of message change will not be
modeled. Besides, the operations of building and deleting a physical wireless con-
nectionconnect, disconnectwill be still kept.

Context-awareness Transparency of the mobility mechanism to non-mobile Ob-
ject Request Broker (ORB) is one of the primary design constraints. Wireless
CORBA uses handover process to ensure that the invocation between clients and
servers are kept consistent and the mobility is transparent to the applications. On
another side, Wireless CORBA also provides location-based event notification ser-
vice to the application, in order to support the location-based applications. The
location of a terminal is defined as the actually attached access bridge. The ter-
minal‘s location changes when it moves and attaches to other access bridge. As
having mentioned before, we will model the handover process, but not the event
notification part, since it is not special for the mobility part of Wireless CORBA.

Space definition Wireless CORBA has a structured space where mobile termi-
nals are allowed to move inside the scope of areas covered by the access bridges,
which is calledvisited domain. The visited domain is logically partitioned by ac-
cess bridges. It is very helpful to model the relationship between the physical
structured area and the logical visited domain. In addition, terminal domain and
the home domain are also important. The movement of the objects need to be
modeled too.

Dynamic change Wireless CORBA provides the fundamental mechanisms to
support terminal mobility in CORBA, i.e., the terminal (acting as client or server)
can change its location. Such system is very dynamical reconfigurable since ob-
jects can always change its location and therefore the relationship with other com-
ponents. Besides, the interaction and configuration between objects are also very
dynamic. This part is already covered in other previous parts, e.g., the wireless con-
nection change, the movement of the objects, the handover process, etc. Therefore,
we will not mention it additionally in (Table 6.4).

6.3 Conceptual style

After introducing the architectural commonalities and Wireless CORBA as a con-
crete example of the middleware for nomadic networks, we will explain now how
to develop the architectural style for the middleware. As having explained in Sec-
tion 4.2, we will separate these aspects into different abstract layers, in order to
decrease complexity and enhance reusability of the model. More specifically, we
separate the style into three abstract layers, i.e., the conceptual style, the platform-
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independent concrete style, and the platform-specific concrete style (Fig. 6.3), each
of which captures different architectural aspects or views.

We will start with the conceptual style, which should specify the structured
space of nomadic networks and the main functionality of the middleware, which
is presented as the handover protocol that provides continuous connectivity and
other services when components roam. The conceptual style also specifies a style
of the mobile system for nomadic networks, or a mobility style supported by no-
madic networks, which includes the allowed movement of the components, and the
specific service provided by this kind of mobile system.

As having explained in Section 5.3, we will specify the style using the TGTS,
whereG = 〈TG,C,R〉. We will separate the style into two parts: static struc-
tural part and dynamic behavioral part, which will be introduced separately in the
following sections.
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6.3.1 Structural part

We use the type graph (TG) to define the static structural part of the style, which
includes the important architectural components and elements, and the relationship
between them. The type graph for the conceptual style is structured into three
packages (Fig. 6.4)Architecture, Connectivityand Roaming. This allows us to
separate different concerns, i.e., software architecture, distribution, and roaming,
while at the same time retaining an integrated representation (see Section 5.3).

The structured space of nomadic networks is modeled asAreaDef in Roaming
package. An area is defined by an administrative domain, like a cell managed
by a GSM base station, or a Wireless LAN domain. The wireless connection is
modeled asConnectionin Connectivitypackage.Connectionis a physical network
link which delivers communication services toConnectorsat the software level.
The typingConnectionDefmeans that we can distinguish, for example, between
Ethernet, WLAN, or GSM-based connections.

TheArchitecturepackage defines the architectural view, containing both a defi-
nition of an architectural model (meta classesComponentDef, ConnectorDef, Port-
Def) and an individual configuration (meta classesComponent, Connector, and
Port), related by the meta associationinstanceOf. ComponentDefclass represents
a component, which defines the primary computations of the application.PortDef
represents the concept of port, which is the connecting point between two interact-
ing components.ConnectorDefclass represents a connector between two ports of
two components. A connector represents the interaction between two components.

TheConnectivitypackage presents the distributed view of the system in terms
of the conceptsNode,Connection, andNetworkpaired as above with corresponding
type-level concepts. ANodeis a (real or virtual) machine, usually having a memory
and a processing capability. Components are deployed on nodes. AConnectionis
a physical network link that delivers communication services toConnectorsat the
software level. A Connection at the physical level links two nodes. A Network is
a physical network, which is provided by a node. This concept is used to model
the case when the node acts as a connectivity provider (or an administrative node),
for instance, the WLAN access point, or the GSM/GPRS base station. The typing
means that we can distinguish, for example, between Ethernet, WLAN, or GSM-
based connections, or between different kinds of machines like PCs, laptops, cell
phones, etc. Besides, we specify an associationconnectsbetweenNodes, which
is used to present the connection to a node locating on the fixed network side.
The package uses the elementsComponent, ComponentDeffrom the Architecture
package to be able to specify deployment using thedeployedAtassociation.

TheRoamingpackage defines the location and mobility ofNodesin terms of
Areas, i.e., places whereNodescan be located. An area is defined by an admin-
istrative domain, like a cell managed by a GSM base station, or a Wireless LAN
domain. Thus, there are different types of areas which may be overlapping. An
area can have an administrative node that serves the connections in this Area. This
node does not need to be located inside the same area. We do not separate mobile



98 CHAPTER 6. STYLE EXAMPLES

 
Space 

Funct.  
(1.  

Interoperability) 

Funct. (2. 
Wireless 

Connection ) 

Funct . 
Component 
Interaction 

(3. Handover ) 

 
Component  
Interaction 

moveIn 
moveOut 
moveTo 

bind 
unbind 

connect 
disconnect 

handOver 
 

           No 

 
 
 
 
Space 

Funct . (1. 
interoperability) 

Funct. (2. 
Wireless 

Connection ) 

Funct./ 
Component 
Interaction 

(3. Handover ) 

 
Component  
Interaction 

moveIn 
moveOut 
moveTo 

No connect 
disconnect 
connectBridge     
disconnectBridge 

handOverConcrete  remoteCall 
request 
callReturn 
reply 
dispatchMessage 
sendMessage 
sendReplyMessage 

 
 
 
 
 
Space 

Funct
. (1. 

intero
perab
ility) 

Funct. (2. 
Wireless 

Connection ) 

Funct. / Component 
Interaction 

(3. Handover ) 

 
Component  
Interaction 

moveIn 
moveOut 
moveTo 

No connect 
disconnect 
connectBridge     
disconnectBridge 

handOverWCORBA 
sendEstablishTunnelRequest 
processEstablishTunnelRequest 
send EstablishTunnelReply 
processEstablishTunnelReply 
sendReleaseTunnelRequest 
processReleaseTunnelRequest 
sendReleaseTunnelReply 
processReleaseTunnelReply 
updateLocation 
handOffInProgress 

remotecall 
request 
callReturn 
reply 
dispatchMessage 
buildTunnel 
releaseTunnel 
sendMessageConcrete 
sendReplyMessageCon
crete 

 
 
 
 
 
 

Table 6.5: The rules of the conceptual style
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Figure 6.5: Rules:moveIn(left) andmoveOut(right) of the conceptual style

from stationary hosts at this level. A node is mobile if it changes its location to
a different area, a fact that is part of the dynamics of the model. This allows the
flexibility of considering, e.g., a laptop that does not move as a stationary device.

6.3.2 Behavioral part

We use graph transformation rules (R) to define the dynamic behavioral part of
the style, i.e., the movement of components, the handover process, etc. We define
eight graph transformation rules (Table 6.5):moveIn, moveOut, moveTo, connect,
disconnect, bind, unbindandhandOver. RulesmoveIn, moveOut, moveTomodel
the movement of components. Rulesconnect, disconnectmodel the connection
and disconnection of wireless networks. Rulesbind, unbindmodel the creation and
deletion of a session between two components when they interact. Rule handOver
models the handover process, which is the main functionality of the this type of
middleware. RulesmoveOut, disconnectandunbindare dual tomoveIn, connect
andbind respectively.

On left-hand side of Fig. 6.5 themoveInrule is shown. According to its precon-
dition, expressed by the pattern on the left-hand side, there should be aNodeand
anAreawhose typesNodeTypeandAreaTypeshould be connected by alocatedAt
link. That means the node is of a type that is supported by the area, like a cell phone
in a GSM cell. In this case, the rule can be applied with the result of creating a new
locatedAtlink between the two instances. This is expressed in the post-condition
of the rule shown on the right-hand side. The dual operationmoveOut, specifying
the deletion of alocatedAtlink, is shown on right-hand side of Fig. 6.5.

The rules can be combined to define more complicated rules. For example, we
can combinemoveInandmoveOutto become a new rulemoveTo(Fig. 6.6), which
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represents a process of moving out from an old area, and then moving in to a new
area.

Connecting is the action of building a network connection between two nodes.
The precondition of the rule in Fig. 6.7 requires the existence of a correspond-
ing connection type between the two nodes types. As postcondition, the desired
connection c:Connection and its links are created. The dual ruledisconnectis for
deleting a connection.

The rulehandOver(in Fig. 6.8) explains how to maintain connectivity between
administrative domains. It requires that noden1 is located in two areas served by
two administrative nodesn2 andn3. Connectorcr uses connectionc1 between
noden1 andn2. The connection is replaced byc2 of typeConnectionDefwhich,
according to the types declaration, is permitted between nodes of typeNodeDef
nd1andnd2. Theusesrelation of the connector is transferred to the new connec-
tion. In reality, the handover process is rather complicated. The reason to activate
it can be various too. In order to capture the handover from a more general point
of view, we define the handover simply as the procedure of changing connectivity
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between administrative domains. The session layer connection is hence kept con-
tinuously. The reason that activates the handover process is implicit here. It can
be quality degradation of the old connection, or the old connection is not available
anymore. Such an abstraction allows us to capture the most cases of the handover.

The rulebind in (Fig. 6.9) is for building sessions between two components
through the ports. The precondition of the rule requires the existence of a corre-
sponding connector type between the two port types. As postcondition, the desired
connector c:Connector and its links are created. The dual ruleunbindis for deleting
a session.

6.4 Platform-independent concrete style

After specifying the conceptual style in last section, we will refine it into the
platform-independent concrete style to add more design-specific aspects. The com-
ponent interaction pattern is integrated now into the core functionality specified in
the conceptual style. In other words, it specifies the design-specific component
interaction pattern adapted for the mobility style of the nomadic network. This
includes the dynamic change of components involved in an interaction due to their
migration or connectivity patterns. As a result, the dynamic changes specified in
the conceptual style will be associated with component interaction in the platform-
independent concrete style.

As having explained in Section 6.2, we will take the adapted RPC mobility
model as the object for building the style. The same as the conceptual style, we
specify the platform-independent concrete style using the TGTS. The style can be
separated into two parts: the structural part and the behavioral part. We will fur-
ther separate the behavioral part into two subparts: interaction diagrams and graph
transformation rules, where the interaction diagrams define the synchronization
between different rules.

6.4.1 Structural part

The specified type graph in the conceptual style is refined to support component
interaction RPC model in the concrete style. TheArchitecturepackage in Fig. 6.10
adds more architectural elements that support interoperability, interaction and com-
munication. Besides, aMessagepackage is created to support message definitions
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for calling a remote procedure. We put the message processing part in a separate
package since it is important in the middleware, and it can be further refined and
evolved to support more complicated message processing and types. The other two
packagesConnectivityandRoamingin the conceptual style remain unchanged and
are not shown here. Fig. 6.10 only contains the Def part that defines the type meta
classes likeComponentDef. The individual instance configuration is not included
here. We suppose that every “Def” class has a correspondinginstanceOfassociated
meta class.

In the specification, a component can play three Roles:Bridge, Client and
Server, which are the main middleware construction components.ClientandServer
model the client and server stub of the middleware respectively. They will be re-
sponsible for the interaction between application components, for example, mar-
shalling and unmarshalling the message for a remote procedure call.Bridge is
responsible for connecting the mobile components with fixed components, and
bridging the sessions at the logical level. The transmission of messages for a proce-
durral call and the hold of session connectivity will be pursued by bridges, i,e, the
handOver is processed between bridges. There exists one bridge for everyArea,
and the bridge administrates the area. The bridge does not need to be located inside
the same area.

Port requires or providesOperationsthat containParameters. TheConnector
in the conceptual style remain the same here.Connectordefines one logical session
between two component ports, and such a session will be refined as procedure calls
at the concrete level. The procedure calls will be encapsulated inside messages.
TheMessagepackage defines theMessagethat needs to be created and sent. The
most important message isCallMessagethat can be divided inRequestMessage
andResponseMessage.
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6.4.2 Behavioral part

The dynamic behavioral part models mainly the component interaction, which cov-
ers component communication, collaboration, and coordination. We use graph
transformation rules to specify the component communication and collaboration,
whilst the coordination and synchronization between different actions and com-
ponents are specified using UML Interaction diagrams (see Section 5.3). We will
explain at first the interaction diagram. The rules are explained afterwards.

6.4.2.1 Interaction diagrams

We use the UML Interaction diagrams to specify the sequence of operations for
one remote procedure call. There are two cases of the calling process: the client is
mobile (Fig. 6.11), or the server is mobile (Fig. 6.12).

We will explain at first the calling process when the client is mobile (Fig. 6.11).
The interacting components here are mainly middleware construction components,
for instance,Client client, Server server, Bridge b1, b2, b3. Component app1 app2
are application components.App1andclient reside on the same hosth1. Server
resides on the same host asapp2. Whenapp1wants to call a remote operation
throughremoteCall, client generates a request message and dispatches it to Bridge
b1by callingdispatchMessage. At the same time, a session is created between the
two ports of the componentapp1andapp2. Afterwards, theBridge b1calls the
connectBridgeoperation to build a connection between the two bridgesb1andb2,
since Bridgeb2 administrates the wireless area where the client locates and hence
being responsible for bridging the mobile components. The message is then sent
between the Bridgeb1andb2 throughsendMessage.

After receiving the message,b2 sends it to theserver that unmarshalls the
message andrequests a service (operation) directly fromapp2. app2 calls the
operation locally and generates results.app2calls thencallReturnthat sends the
results toapp1. The server generates reply message and sends it to bridgeb3,
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but notb2 anymore. This is because client moves from the area administrated by
b2 to another areaa2, which is administrated byBridge b3. This movement is
represented as an operationmoveToin the diagram. A handOver operation has
been invoked betweenb2 andb3 to build a new connection betweenb1 andb3
for the session. The old connection betweenb1 andb2 is deleted afterwards. The
bridge b3 now is responsible for transmitting the reply message betweenb1andb3
through callingsendReplyMessage. The connection between the bridges is deleted
by calling disconnectBridge. The b1 and b2 can be responsible for the issuing
of the moveOutand moveInevents of the mobile client.Bridge b1dispatches
the message toclient. The client unmarshalls the message and callsreply of the
Componentapp1. The related session is deleted and the whole remote calling
process is finished.

The interaction in Fig. 6.12 is about the case when the server is mobile. The
specification of the operations is the same as the diagram in Fig. 6.11. However,
there are some differences regarding the configuration. In Fig. 6.11, the client
is mobile, and it is bridged through b1, b2, b3 to the server. B2 models the old
connected bridge in the old access area. B3 is the new connected bridge in the new
access area after moving of the client. While in 6.12, the server is mobile, and
it is bridged through b1, b2, b3 to the client. B1 is the old connected bridge in
the old access area. B3 is the new connected bridge in the new access area after
movement. Therefore, the handOver operation is pursued between b1 and b3 to
build a new connection betweenb2 andb3 for the session. The old connection
betweenb1andb2 is deleted then.

6.4.2.2 Graph transformation rules

After introducing the specification of coordination and synchronization between
different actions and components using UML Interaction diagrams, we will use
graph transformation rules to specify the operations defined in the interaction dia-
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Table 6.6: The rules of the platform-independent concrete style

grams. The dynamic change happening during the component communication and
collaboration processes will be specified.

We specify fifteen graph transformation rules (Table 6.6) for the style (R):
moveIn, moveOut, moveTo connect, disconnect, connectBridge, disconnectBridge,
remoteCall, request, callReturn, reply, handOverConcrete, dispatchMessage, sendMes-
sage, sendReplyMessage. The rules defined in the conceptual style are directly used
or adapted here. RulesmoveIn, moveOut, moveTomodel the movement of compo-
nents, and they are taken from the conceptual style without change. However, they
are presented as events in the interaction diagrams, since the sequence diagram
represents the interaction of objects that have states.

Rulesconnect, disconnect, connectBridge, disconnectBridgemodel the con-
nection and disconnection of wireless networks. Rulesconnect, disconnectremain
the same as in the conceptual style. RulesconnectBridge, disconnectBridgeare
adapted from theconnect, disconnectrespectively. They are used to build and
delete a logical connection between two bridges based on the physical network
connection.

RulesremoteCall, request, callReturn, replymodel the procedure of a remote
procedure call. They are refined from the conceptual style rulesbind, unbindthat
model the creation and deletion of a session respectively. RuledispatchMessage
is for dispatching messages. RulessendMessageandsendReplyMessageare for
sending the message between two bridges.

In order to simplify the figures and help understanding, we will not put the
type definition “Def” and the associationinstanceOfin the following rules. We
suppose that every new created class and association has by default corresponding
associated type “Def” class and association.

The ruleremoteCall(Fig. 6.13) models the processing of a remote calling re-
quest issued from an application component. The left side of the rule defines the
precondition to execute the operation, and the right side of the rule defines the
postcondition after executing the operation. It requires that there exist Client stub
cl and Server stubs for the application componentapp1and app2 respectively.
The app1 that will request the operation (through the portp1) knowsthe operation
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o, which is provided through the portp2 of componentapp2. App1andapp2are
deployed at different noden1andn2 respectively.

The application componentsapp1andapp2do not distinguish a remote call
from a local call. The middleware components client and server are responsible
for managing the calling process. In this rule, it is judged as a remote call since
the components are located on different nodes. It can happen that the components
reside on the same host. The client will forward it as a local call then. We are not
interested in this case and do not create rules for it.

After the execution of the operation, the request messageRequeseM rqis cre-
ated by theClient cl. RequeseM rqencapsulates the parameters of the required
operationo. At the same time,Connector session1is also created. It is built be-
tween the two portsp1 andp2, and will exist till the finish of the calling process,
i.e., when the reply is received by the callerapp1. RequeseM rqis used for this
session and aisFor association is also created.

The rulerequest(Fig. 6.14) models the processing of a calling request mes-
sage that is received on the server side. The server will analyze the message and
issue an operation call request to the application component. The request message
rq:RequestMstill exists in the post-condition of the rule because it encapsulates
the information of the caller.

The rulecallReturn(Fig. 6.15) models the call return process of the application



106 CHAPTER 6. STYLE EXAMPLES

Request

o:Operation

p2:Port

app1:Component

has

s:Server manages

provides
rq:RequestM

encapsulates

has

o:Operation

p2:Port

app1:Component

has

s:Server manages

provides

calls

rq:RequestM

encapsulates

callReturn
o:Operation

p2:Port has

s:Server manages

provides
rp:ReplyM

has

o:Operation

p2:Port has

s:Server manages

provides

calls

rq:RequestM
encapsulates

app1:Component app1:Component

handOver

b1:Bridge

b2:Bridge

deployedAt

n2:Node

n1:Node

c1:Connection

connects

connects

deployedAt

c1:Connectoruses

b3:Bridge
deployedAt

n3:Node

c1:Connector

isFor
c1:Connector

isFor

a1:Area
administrates

a2:Area
administrates

locatedAt

b1:Bridge

b2:Bridgen2:Node

n1:Node

deployedAt

c1:Connector

b3:Bridge
deployedAt

n3:Node

c2:Connection

connects

a1:Area
administrates

a2:Area
administrates

locatedAt

uses

locatedAt

connects

Figure 6.15: Rule forcallReturnoperation

n2:Node

n3:Node

reply
p1:Port

app1:Comp
onent

cl:Client

o:Operation

p2:Porthas

has

manages

requires

provides

knows

app2:Comp
onent

rp:ReplyM

has connects

connects

session1:Con
nector

isFor

p1:Port
app1:Comp
onent

cl:Client o:Operation

p2:Porthas

hasmanages

requires

provides

knows

app2:Comp
onent

remoteCall, request, callReturn, reply
sendMessage, sendMessageBB, 
moveTo, moveIn, moveOut, connect, connectBB, handOver

a2 :Area

a1 :Area

b3:Bridge

b2:Bridge
n5:Node

b1:Bridge

Fixed 
Networks

a3 :Area

b4:Bridge

connects

connects

connects

n1:Node

connects

cl:Client

s:Server

remoteCalls

One Configuration

n4:Node

Figure 6.16: Rule forreplyoperation

component. The information encapsulated in the request messagerq:RequestM
is used to create a reply messagerp:ReplyM. Afterwards, the request message
rq:RequestMis deleted in the post-condition. The sessionc1:Connectorfor the
calling process is associated with the reply message, but not with the request mes-
sage anymore.

The rulereply (Fig. 6.16) models the processing of the calling reply message
that is received on the client side. The client will analyze the message and then
delete the corresponding session created for the calling process. As the post con-
dition of the rule, both of the session and the reply message will be deleted. The
whole calling process is finished then.

The ruledispatchMessage(Fig. 6.17) is for dispatching messages between two
roles. It requires that the roler1 has the messagem1. The messagem1 is then held
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by r2 after the execution of the rule. We use it when there is no need to build a
wireless network connection for directing a message, for instance, when one role
is client or server, and another role is bridge. In this case, the roles locate on the
same host, or they use stable fixed network connection.

The ruleconnectBridge(Fig. 6.18) is for building not only a network connec-
tion but also a logical connection between two bridges. The dual ruledisconnect-
Bridge(Fig. 6.19) is for deleting a connection between bridges.

The rulessendMessage(Fig. 6.20) andsendReplyMessage(Fig. 6.21) model
how to send messages between two bridges. The precondition of the rule requires
that there exists a connection between the nodes where the bridges are deployed.
As the only difference between the two rules,sendReplyMessagehas already a
Connection cnthat is used by theConnector c1, which was built for sending the
request message, and the connector will use the old connection for sending the
reply message.
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ThehandOverrule specified in the conceptual style has been changed into the
rulehandOverConcrete(Fig. 6.22). The definition of the handOver in the concrete
style is more at the session level. The purpose of the handOver here is to provide
continuous connectivity service for the session between two bridges that deployed
on physical nodes. The main difference is that we add the concept ofbridgecom-
pared to the more abstracthandOverrule. As precondition, the sessionConnector:
c1 uses theConnection: cn1, which is built betweenNode n2andNode n1. As
postcondition, theConnection: cn1is deleted. A newConnection: cn2is created
betweenNode n2andNode n3. TheConnector: c1uses theConnection: cn2now.
Therefore the connectivity of the session is retained.

6.5 Platform-specific concrete style: Wireless CORBA

The platform-independent concrete style specifies the RPC model adapted for no-
madic networks. We will further refine it into a platform-specific concrete style
that adds more design-specific aspects. We will take Wireless CORBA to illustrate
how to define the style for a concrete middleware. The same as in the platform-
independent concrete style, we separate the style specification into three parts: the
structural part, the behavioral part with interaction diagrams, and the behavioral
part with graph transformation rules.

When we specify the style for Wireless CORBA using the TGTS based mod-
eling approach, we also provide formal semantics to the IDLs specification at the
same time. As introduced in Section 6.2, Wireless CORBA comprises IDL files,
whose semantics is informally specified using natural language. This is a potential
cause of conflicts and ambiguities. Especially when the components have com-
plicated behavior or many components are involved to perform a task in dynamic
mobile settings. Using our TGTS based modeling approach, we can specify for-
mally the most important aspect of the component interaction in mobile settings,
i.e., the dynamic change of components involved in interactions, the collaboration
and synchronization definition between different objects and operations, etc. We
will also explain this part in a subsection.

6.5.1 Structural part

As introduced in Section 6.2, Wireless CORBA comprises three IDL files (see Ap-
pendix A), which areMobileTerminal.idl, MobilityEventNotification.idlandGIOP.idl
(see Appendix A). Each of the Wireless CORBA IDL files specifies one specific
part of the system.MobileTerminal.idlspecifies the elements to construct the archi-
tecture of Wireless CORBA.MobilityEventNotification.idlspecifies mobility ser-
vice booking and notification.GTP.idl specifies the GTP message classification
and channels for transmitting the GIOP messages. Besides, Wireless CORBA in-
cludes the basic two IDL files of CORBA since it is developed based on CORBA,
which areorb.idl and IOP.idl. orb.idl specifies the object invocation related ele-
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ments.IOP.idl specifies protocols for interoperability between different objects.
As having identified in Section 6.2, we will not go into details of CORBA,

but focus on the aspects that are specific for Wireless CORBA, e.g., how to pro-
vide continuous invocation service when mobile terminals move between points of
connectivity. Thus, the basic object invocation related part will be kept nearly the
same as in the more abstract style, which is specified in theArchitecturepackage
that is now extended to support Wireless CORBA architectural elements. Corre-
spondingly, the structural part ofMobileTerminal.idlis specified in theArchitec-
ture package, which includes the main elements, the meaning of attributes and
the relationship between the elements. The structural part ofGTP.idl is specified
in theGTPpackage, which is refined from theMessagepackage in the platform-
independent concrete style. The main structural elements ofIOP.idl are also speci-
fied in theGTPpackage. We will not model theMobilityEventNotification.idlsince
the event notification part is not special for the mobility part of Wireless CORBA,
as identified in Section 2.5.

The Architecturepackage in Fig. 6.23 contains classes that form the core of
the Wireless CORBA architecture. TheArchitecturepackage adds more design-
specific elements compared to the one in the platform-independent concrete style.
TheComponentDefis refined intoObjectDef. The invocation related elements like
PortDef, OperationDef, ConnectorDef, ParameterDef, ClientDef andServerefre-
main the same.VisitedDomainDefrepresents the fixed network side. TheVisited
Domainhas severalAccess Bridgesthat represent the access point. In Wireless
CORBA specification, the mobility of objects is defined logically by the associ-
ation attachedTobetweenTerminalDomainDefand AccessBridgeDef. When an
object moves to the area administrated by the access bridge, it will attach to the
bridge. Although the physical mobility spaceAreaDef is not specified in Wireless
CORBA, we still keep it in the package in order to present the model clearly. The
BridgeDef is designed as an object role here.

A Domaincontains differentObjects. Each object can play the role of aHome-
LocationAgent, TerminalBridgeor AccessBridge, which make these objects differ-
ent from others since they extend the functionality of the Object Requester Bro-
ker(ORB) [110] through redirecting the invocation between the client and server
over wireless links. In addition, the ORB provides invocation redirecting and mes-
sage encapsulation for these objects. ATerminalDomainhostsTerminalBridges,
and aVisitedDomainhostsAccessBridges. A TerminalDomaincan change itsat-
tachedToassociation to different access bridges when the terminal moves to differ-
ent locations. TheAcceptedassociation is used in the handoff process to indicate
that the terminal bridge is accepted by the access bridge, but not responsible for
the access bridge yet. TheAccessBridgeis trackedBytheHomeLocationAgentto
record the currently attached access bridge.

TheGTPpackage (Fig. 6.24) specifies the relative elements related to the GTP
processing. In Wireless CORBA, the GTP is used to encapsulate and transmit the
GIOP messages over wireless links. GIOP specifies most of the protocol details
that are necessary for clients and servers to communicate. It specifies a set of GIOP
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messages that include the request and reply message for invocations. AGIOPTun-
nel is established between terminal bridge and access bridge in order to transmit
the GTP messages. GTP messages can be grouped into four categories [79]:tunnel
managementto establish, release, and handoff a tunnel,GIOP connectionuse to
open and close a GIOP connection,GTP forwardingandmiscellaneous. GTP mes-
sages are mostly Request-Reply pairs, e.g.,EstablishTunnelhas request and reply
messages. In Wireless CORBA, the messages for calling are encapsulated as GIOP
(General Inter-ORB Protocol) messages. Therefore, the invocation related mes-
sagesCallMessageDef, RequestMDef, ResponseMDefin the more abstractMes-
sagepackage are refined toGIOPMessageDef, GIOPRequestDef, GIOPReplyDef
respectively.

Besides these two packages, theRoamingpackage is kept the same, which
models physical mobility of the mobile terminals. The relationship between the
physical structured space and the visited domain is already given in theArchitecture
package. TheConnectivitypackage is also kept the same.

In order to keep consistency with other two styles, we classify the elements
according to their purpose. Therefore some elements are duplicate in different
packages.

6.5.2 Behavioral part

Again, we separate the behavioral specification into the interaction diagrams and
the graph transformation rules.
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Figure 6.25: Sequence diagram for a remote invocation process (mobile client)

6.5.2.1 Interaction diagrams

We have used two UML Interaction diagrams in the platform-independent concrete
style to specify the sequence of operations for remote procedure calls. There are
two cases of the calling process: the client is mobile (Fig. 6.11), or the server is
mobile (Fig. 6.12).

Wireless CORBA specifies mainly the interaction and communication between
the access bridge, terminal bridge and home location agent. The other invocation
related parts are specified in CORBA. Since we will not go into details of CORBA,
the interaction between application component, client and server are kept the same
as in the platform-independent style. The rules for basic invocation, i.e.,remote-
Call, request, callReturn, reply, dispatchMessage, connectBridgeremain nearly
the same. The other interactions between bridges have been changed. The rule
sendMessageis refined to two rules:sendMessageConcreteandbuildTunnel. Sim-
ilarly, the rule sendReplyMessageis refined tosendMessageReplyConcreteand
deleteTunnel.

The sequence diagram of (Fig. 6.11) in the platform-independent concrete style
is refined to the sequence diagram in Wireless CORBA (Fig. 6.25). The sequence
diagram in Fig. 6.12 has the same adaption of the rules.

The rulehandOverConcretein the platform-independent concrete style is re-
fined tohandOverWCORBAin the sequence diagram of Fig. 6.25, which is further
refined to a sequence of rules (Fig. 6.26). There exist three different handover
scenarios: terminal-initiated handOver, network initiated handOver and access re-
covery mechanism. The network initiated handOver starts when an external appli-
cation invokes the start-handoff operation in the access bridge currently serving the
terminal. The terminal initiated handover procedure requires that the terminal can
establish connectivity to the new access bridge before releasing the connectivity to
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Figure 6.26: Sequence diagram for the terminal-initiated handOver scenario

the old access bridge. If this cannot be done, then the terminal initiated handover
must be done using the access recovery mechanism. The terminal bridge closes
connectivity to the old access bridge and then carries out the access recovery to the
new access bridge.

The rules defined for the three scenarios do not have so much difference. We
will take the terminal-initiated handOver scenario (see Fig. 6.2, in Section 6.2)
as an example. The handOver scenario in Fig. 6.2 is modeled as a sequence dia-
gram (Fig. 6.26). Correspondingly, thehandOverWCORBArule is refined into a
sequence of rules as shown in Fig. 6.26. There are four object instances involved in
the sequence diagram (Fig. 6.26) for a handover process. Thetb:TerminalBridge,
oldAB: AccessBridge, newAB: AccessBridge, andhla: HomeLocationAgent. The
tb:TerminalBridgeneeds to establish transport connectivity to the new access bridge
newABbefore the handover starts. Afterwards, the terminal bridge needs to build a
GIOP tunnel with the new access bridge. It sends aEstablishTunnelRequestmes-
sage to the new access bridge and waits for aEstablishTunnelReplymessage from
the new access bridge. After creating a GIOP tunnel with the terminal bridge, the
new access bridge call theupdateLocationto update the location of the terminal
bridge. It also notifies the event of the arrivingTerminal to other objects. The old
GIOP tunnel between the terminal bridge and the old access bridge will be deleted
then. This is done through the GTP messagesreleaseTunnelRequestandrelease-
TunnelReply.

6.5.2.2 Graph transformation rules

Since we will not go into details of CORBA, the rules for basic invocation, i.e.,
remoteCall, request, callReturn, reply, dispatchMessage, connectBridgeremain
nearly the same as in the platform-independent concrete style, except that the in-
stance of request and reply messageRequestMDefandReplyMDefwill be changed
to GIOPRequestDefandGIOPReplyDefrespectively. The rulesendMessageis
refined into two rulesbuildTunnelandsendMessageConcrete. The rulesendReply-
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Table 6.7: The rules of the platform-specific concrete style

tb:TerminalBridge

td :TerminalDomain

ab1:AccessBridge

attachedTo

connects
hosts

tb:TerminalBridge

td :TerminalDomain

ab1:AccessBridge

attachedTo

gt1:GIOPTunnel

has
has

connects

hosts

Build, Release Tunnel

sendMessage
Concrete

ab1:AccessBridge

gt1:GIOPTunnel

has
has

connects

m1:GIOPMessage

has
tb:TerminalBridge ab1:AccessBridge

gt1:GIOPTunnel

has

has
connects

m1:GIOPMessage

has

:Connector

isFor
:Connector

isFor

uses

tb:TerminalBridge ab1:AccessBridge

gt1:GIOPTunnel

has has
connects

m1:GIOPMessage

has
tb:TerminalBridge ab1:AccessBridge

gt1:GIOPTunnel

has

has
connects

m1:GIOPMessage

has

:Connector

isFor
:Connector

isFor

uses

sendReplyMessage
Concrete

uses

sendMessage
Concrete

buildTunnel

tb:TerminalBridge

tb:TerminalBridge

td :TerminalDomain

ab1:AccessBridge

attachedTo

connects
hosts

tb:TerminalBridge

td :TerminalDomain

ab1:AccessBridge

attachedTo

gt1:GIOPTunnel

has
has

connects

hosts

gt2:GIOPTunnel

has

has ab2:AccessBridge ab2:AccessBridge

Figure 6.27: Rule forbuildTunnel

Messageis refined intosendMessageReplyConcreteandreleaseTunnel. The rule
handOverConcreteis changed tohandOverWCORBA, which models a simplified
version of the handover process in Wireless CORBA and can be further refined into
a sequence of rules. The rules are shown in (Table 6.7).

The rulebuildTunnel(Fig. 6.27) is for building a tunnel between a current
administrative access bridge and a terminal bridge. This rule simplifies the process
of building tunnels, which requires processing of a set of request-reply messages in
the Wireless CORBA specification. RulereleaseTunnelis the dual rule that deletes
the GIOP tunnel between the two bridges.

The rulesendMessageConcrete(Fig. 6.28) models the process of sending a
GIOP message from a terminal bridge to an access bridge. Them1:GIOPMessage
is used for a session:Connector. It uses the GIOP tunnel between the terminal
bridge and the access bridge. Thecn:Connectionis used to by the connector. The
message is held on the access bridge side after processing the rule. The similar rule
sendMessageReplyConcrete(Fig. 6.29) is for sending a reply GIOP message from
the access bridge to the terminal bridge.

The rulehandOverWCORBA(Fig. 6.30) models a simplified version of the han-
dover process of Wireless CORBA. Before execution of the rule, thec1:Connector
usesgt1:GIOPTunnelbetween the old access bridge and terminal bridge. The
physical connectioncn1:Connectionis also used. After execution of the rule, the
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Figure 6.30: Rule forhandOverWCORBA

connector uses a new tunnel,gt2:GIOPTunnel, that is built between the terminal
bridge and the new access bridge. The physical connection is also updated to a new
one,cn1:Connection. A new MobileIOR is created, which records the new access
bridge. At the same time, the old MobileIOR is deleted. The Home Location Agent
tracks then the new access bridge, but not the old access bridge.

The rulehandOverWCORBAis realized as a sequence of GTP messages and
operations (see Fig. 6.2, in Section 6.2 ). The GTP messages are used to commu-
nicate between a terminal bridge and a access bridge over wireless links. The GTP
messages are mostly Request-Reply pairs, which have asynchronous semantics.
The operations are normal CORBA operations that can be distinguished as syn-
chronous, asynchronous and one-way invocations [74, 146]. The operations are
specified for the objects that do not communicate over wireless links, such as the
communication between access bridges, and the communication between access
bridges and a home location agent.

We model the GTP messages and operations using graph transformation rules.
We use only one rule to specify the operation, since we are only interested in the
global pre- and post-condition of each operation. The intermediate procedures
of how to generate request and reply message nodes for the invocation are not
modeled. The difference between different types of invocations, like synchronous,
asynchronous and one-way invocations, are not discussed in this case. Instead,
for processing a GTP message, we use two rules expressing the asynchronous re-
quest and reply semantics of the message. Therefore, the detailed handover process
specified in Wireless CORBA using message charts (see Fig. 6.2) is modeled using
interaction diagrams and rules in the style (in Fig. 6.26), which will be explained
in the following text.

In Fig. 6.31, the graph transformation rule for operationupdateLocationis
shown, which is called by the Access Bridge to update the location of a mobile
terminal after handoff. According to its pre-condition, expressed by the left-hand
side object graph, an operation call updateLocation is made by the clientac2to the
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serverhla. The Terminal Domaintd has moved from the old AccessBridgeac1
to the new AccessBridgeac2, which is expressed by theattachedToassociation
betweenac2andtd.

The TerminalDomaintd has a MobileIORnewMto record the current attachedTo
Access Bridge and Home Location Agent, while MobileIORoldM still records the
old AccessBridge and Home Location Agent. BothnewMandoldM identify the
same Objecto, while the Agenthla only knowsoldM, andac1 is trackedbyhla.
The new Access Bridgeac2needs to inform the Home Location Agent about the
current access bridge association in such case. As the effect of the operation (see
right side graph), the nodeoldM and the related associations will be deleted, as
well as thetrackedByassociation betweenac1 and hla will be deleted. A new
associationknowswill be created betweenhla and newM, and trackedBy is also
created betweenhla and ac2. Further, the updateLocation node and the related
associations will be removed.

The GTP messageEstablishRequestis used when the terminal bridge wants to
build a GIOP tunnel with the access bridge. It is divided as two steps: sendEstab-
lishTunnelRequest (Fig. 6.32), and processEstablishTunnelRequest (Fig. 6.33). Fig. 6.32
is about the pre- and post-condition for sending a message. As precondition, it re-
quires that the terminal bridge can connect physically to the access bridge. As
postcondition after sending the message, a node for messageEstablishTunnelRe-
questis created with the associationssentfrom TerminalBridge: tbto the receiver
sideAccessBridge: newABexpressed by thereceivesassociation.

Fig. 6.33 is about the result of processing the message. The post condition of
the rule shows the result of processing the message. Thereceivesassociation is
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Figure 6.34: Rule forsendEstablishTunnelReply

deleted, and thehasassociation is created between the messageetrmand the new
access bridgenewAB, that means, the request message will be kept till the process-
ing of a matched reply message. The terminal domaintd changes itsattachedto
association from the old access bridgeoldAB to the new onenewAB. GIOPTunnel
gt2 is created between the terminal bridgetb andnewAB. The td has a new Mo-
bileIOR newM to identify theobject: o, the old MobileIORoldM still exists. Be-
sides, the connectioncn1:Connectionbetweenn1:Nodeandn2:Nodeis deleted. A
new connectioncn2:Connectionbetweenn1:Nodeandn3:Nodeis created, which
is used by the connectorcr:Connector.

The access bridge sends a GTP messageEstablishTunnelReplyto the termi-
nal bridge when the processing of the request message is finished. It is modeled
as two steps:sendEstablishTunnelReply(Fig. 6.34), andprocessEstablishTunnel-
Reply(Fig. 6.35). Fig. 6.34 is about the pre- and post-condition for sending the
request message. The new access bridge has aEstablishTunnelRequestmessage,
which is sent from the terminal bridge. As the post condition, the new access bridge
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Figure 6.36: Rule forsendReleaseTunnelRequest

creates aEstablishTunnelReplymessage matched to the request message. The post
condition of the ruleprocessEstablishTunnelReply(Fig. 6.35) shows the result of
processing the message. Both of the request and reply messages ofEstablishTunnel
are deleted after processing the message.

The terminal bridge sends a GTP messageReleaseTunnelRequestto an access
bridge when the GIOP tunnel is not needed anymore. It is modeled as two steps:
sendReleaseTunnelRequest(Fig. 6.36), andprocessReleaseTunnelRequest(Fig. 6.37).
Fig. 6.36 is about the pre- and post-condition for sending the request message. As
precondition, there exist two GIOP tunnels, where one is between the new ac-
cess bridge and the terminal bridge, another one is between the old access bridge
and the terminal bridge. A node of the tunnel release request message is created
as the post condition. As the postcondition of the ruleprocessReleaseTunnelRe-
quest(Fig. 6.37), the GIOP tunnel between the old access bridge and the terminal
bridge is deleted. The message is kept on the terminal bridge side.

The access bridge sends a GTP messageReleaseTunnelReplyto the terminal
bridge when the processing of the request message is finished. It is modeled
as two steps:sendReleaseTunnelReply(Fig. 6.38), andprocessReleaseTunnelRe-
ply (Fig. 6.39). Fig. 6.38 is about the pre- and post-condition for sending the re-
quest message. The new access bridge has artrm: ReleaseTunnelRequestmessage,
which is sent from the terminal bridge. As the post condition, the new access bridge
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creates artrym: ReleaseTunnelReplymessage matched to the request message. The
post condition of the ruleprocessReleaseTunnelReply(Fig. 6.39) shows the result
of processing the message. Both the request and reply messages ofReleaseTunnel
are deleted after the message processing.

6.5.3 IDL semantics specification

When we specify the style for Wireless CORBA using the TGTS, we also provide
formal semantics to the IDLs specification at the same time. The semantics speci-
fication of an IDL includes two parts: the structural semantics is specified through
the type graph, and the behavioral semantics is specified through interaction dia-
grams and graph transformation rules.

As having explained in the previous sections, we use the type graph to specify
the structural semantics of the the IDL file. The type graph can specify formally the
architectural elements, the meaning of attributes and the relationship between the
elements. We use graph transformation rules to specify the behavioral semantics,
which includes the GTP messages and operations. Our specification focuses on the
change of states of the elements involved for communication and collaboration.
We can specify how the instances of objects are affected by the execution of an
operation, thus the behavior of the involved internal elements for an operation can
be defined formally.

Using the TGTS based modeling approach, we can specify formally the most
important aspect of the component interaction in mobile settings, i.e., the dynamic
change of components involved in interactions, the collaboration and synchroniza-
tion definition between different objects and operations, etc. The errors caused by
conflicting or unclear definition in the specification can be thus avoided already in
the specification process.

We will illustrate the specification of IDL operation updateLocation as an ex-
ample. In the wireless CORBA IDL (see Appendix A), the signatures of the oper-
ation updateLocation is defined as follows:

Void update_Location (in Terminalid terminal-id,
in AccessBridge new-access-bridge)
raises (UnknownTerminalid, IllegalTargetBridge);

In Fig. 6.31, the graph transformation rule for operationupdateLocationis
shown, which is called by theAccess Bridgeto update the location of a mobile
terminal after handoff. According to its pre-condition, expressed by the left-hand
side object graph, an operation call updateLocation is made by the clientac2to the
serverhla. As the effect of the operation (see right side graph), the corresponding
nodes and relationships will be created or deleted.

The synchronization between different objects can be assured through the defi-
nition of the pre and post condition of the rules. The rule is only allowed to execute
if the pre-condition is satisfied. When some of the edges or vertices is missing in
the pre-condition, the rule can not be activated. For instance (in Fig. 6.31), if the
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recordsedge between thehla:HomeLocationAgentandnewM:MobileIORis miss-
ing, that means, thenewM is not recorded yet by thehla, the operation updateLo-
cation can not be activated, it will wait till thenewM is recorded by thehla, which
can be done by activating actions performing this task. Such sub-actions inside one
operation can be asynchronous.

The errors caused because of unclear synchronization definition between dif-
ferent objects and operations will be cleared using our model. For instance, if we
consider the error mentioned in Issue 4422, it would be possible to reach a terminal-
initiated handOff behavior from a scenario that starts as a network-initiated hand-
Off. While the issue like 4614 will be clearly defined too. It would be possible
to reach a situation where a terminal is attached to an access bridge, yet no access
bridge is tracked by the home location agent, which is a dead end then, since there
are no graph transformation rules defined for this situation.
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Chapter 7

Style Refinement

7.1 Overview

When developing the style, we use a stepwise refinement-based approach in or-
der to decrease complexity and enhance reusability. We start from a simple ab-
stract (i.e., conceptual) style that is refined to a more concrete style (platform-
independent), which is further refined to an even more concrete style (platform-
specific). The conceptual style defines functional requirements for a family of
middleware for mobile systems through defining the required structural and behav-
ioral elements. It can be refined to several different concrete styles that contain
newly added structural and behavioral elements. The refined styles should still sat-
isfy the functional requirements and they belong to the same family of middleware,
although when they use different design strategies to realize the requirements.

Refinements are the basic steps in the architecture centric software develop-
ment process. However, it is difficult to check whether a concrete architecture is
a correct refinement of a more abstract architecture. Especially, the correctness of
the newly added architectural elements is difficult to be ensured since it is difficult
to directly map them to the abstract ones. In this chapter, we will investigate re-
finement relations between the abstract and concrete style that are specified using
Typed Graph Transformation Systems (TGTSs). We will provide refinement crite-
ria to ensure that the refined concrete style is a correct refinement of the abstract
style. The criteria include both structural ones and behavioral ones. Especially, we
formalize the refinement relationship between two abstract layers mainly based on
the mapping of rules. We derive a simplified rule for a sequence of rules through
a scenario based construction. The derived rule preserves the semantics of the se-
quence of rules, thus it can be used to substitute the complicated rule sequence.
By using the derived simplified rule, we build a bi-directional mapping between
a sequence of rule and another rule sequence. We also develop an algorithm to
construct the derived rule.

We call the approachrule mapping-based refinementsince it is mainly based
on the mapping of rules. The approach can check the correctness of the sequence
of rules. It also enables us to check the correctness of newly added structural and
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behavioral elements through the scenario construction, which associates the com-
pletely different concrete elements with the abstract ones. Besides, our formaliza-
tion can construct exactly the needed state graphs and transformation sequences
for checking, which makes the approach efficient and practical to large systems. It
also enables us to use the existing graph transformation simulation tool Fujaba as
the basis for automating the refinement consistency check.

We will start the chapter with the introduction of the requirements for the re-
finement in Section 7.2. The existing approaches and open problems are introduced
in Section 7.3. Afterwards, we will explain how to refine a TGTS-based abstract
architectural style to a concrete one in Section 7.4. Section 7.5 evaluates our ap-
proach against the requirements listed in Section 7.2, and compares the approach
to others.

7.2 Requirements for the refinement

One main requirement for refinement is to preserve the desired properties. Some
researchers argued that different domains have different requirements for the prop-
erties. Therefore, which properties should be preserved vary in different archi-
tecture refinement process [4, 101, 46]. The examples are computational behav-
ior [86], performance [4], or something completely different.

In our context, we start from a simple abstract (i.e., conceptual) style that is
refined to a more concrete style (platform-independent), which is further refined
to an even more concrete style (platform-specific). The conceptual style defines
functional requirements for a family of middleware for mobile systems through
defining the required structural and behavioral elements. It can be refined to sev-
eral different concrete styles that contain newly added structural and behavioral
elements. The refined concrete styles should still satisfy the functional require-
ments and they belong to the same family of middleware, although when they use
different design strategies to realize the functional requirements.
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Therefore, we require that the refinement isfunctional-preserved, which means
that the functional requirements of the abstract style should be preserved in the re-
fined concrete style and thus it satisfies the functional requirements. At the same
time, we also require that the refinement isfunctional-constrained, which means
that the concrete style is only allowed to contain elements that are required or con-
strained by the functional requirements, since the concrete elements are constructed
in order to realize a specific abstract task or functionality. It should not contain el-
ements that exceed the scope of the functional requirements. This requirement is
important for checking the correctness of the concrete structural and behavioral el-
ements, especially the newly added ones, which are very different from the abstract
ones and whose correctness is difficult to be ensured.

We use Typed Graph Transformation Systems (TGTSs) to specify the style
formally, which is separated into a structural part (UML class diagrams) and a
behavioral part (graph transformation rules). Accordingly, we require refinement
criteria that allow us to check correctness of the structure and behavior of the two
architectures. We divide it further into structural and behavioral refinement.

Correspondingly, we requirestructural refinement criteriathat ensure that the
abstract structural elements are preserved in the concrete style, i.e., every abstract
structural element requires a corresponding concrete structural element, which
includes not only the classes but also associations and cardinalities. We call it
structural-preservationthat preserves the abstract structural elements. The crite-
ria should also ensure that all the concrete structural elements are constructed in
order to realize a specific abstract task or functionality. It is not allowed to have
structural elements that are irrelevant to the functionality. That means, all the con-
crete structural elements should be used in the refined concrete rules that define
the functionality. We call itstructural-constraintthat is important to constrain the
newly added concrete structural elements, which also include the inherited classes
that are presented as inheritance relationship in the class diagram.

Figure 7.1 gives an example of an abstract structure and a refined concrete
structure, which are taken from the conceptual style (Fig. 6.4, see Section 6.3) and
the platform-independent concrete style (Fig. 6.10, see Section 6.4) respectively.
All the abstract elements are preserved in the concrete structure. The newly added
elementsRoleDefandOperationDefare added in order to realize the functionality
of building and deleting sessions, which is modeled as a sequence of concrete rules
remoteCall, request, callReturn, dispatchMessage, sendMessage, sendReplyMes-
sage, reply(see Section 6.4). Therefore,RoleDefandOperationDefare used in
these rules.

We also requirebehavioral refinement criteriathat ensure that the abstract
behavior is preserved in the concrete style. This isbehavioral-preservationthat
preserves the abstract behavior. After comparing the specified rules of the three-
layers’s styles (see Table 7.1, 7.2, 7.3, 7.4), we further differentiate three kinds of
behavioral preservation according to our two kinds definition of rules: rules for
dynamic changes that have a nondeterministic sequence and rules for component
interaction that have a fixed sequence (see Section 5.3). The fixed sequence of the
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rule is specified using an UML sequence diagram, which specifies the coordination
and synchronization among different actions and components. Therefore, the rules
are only allowed to appear in the specified sequence, but not in other sequences.

The first kind of behavioral preservation (in Fig. 7.2) is rather simple, which is
about that an abstract rule is refined to a concrete rule. Therefore, the abstract be-
havior has a corresponding concrete behavior, i.e., an abstract transformation step
has a corresponding concrete one. The second kind of behavioral preservation (in
Fig. 7.3) is about refining an abstract rule to a fixed sequence of concrete rules,
which are specified using UML sequence diagrams, as already mentioned. In such
a refinement, it happens often that some concrete rules are completely different
from the abstract ones since they are added to present some new concepts. The
examples are the rulesr′1, r

′
2, ..., r

′
n in Fig. 7.3. We require that the correctness of

the rule sequence should be ensured. Therefore, the abstract behavior has a corre-
sponding sequence of concrete behavior, i.e., an abstract transformation step has a
corresponding fixed sequence of concrete steps.

The third one (in Fig. 7.4) is about refining a fixed sequence of abstract rules to
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a fixed sequence of concrete rules. Again, it happens here often that some concrete
rules are completely different from the abstract ones since they are added to present
some new concepts. The examples are the rulesr′2, r

′
3, ..., r

′
n−1 in Fig. 7.4. We

require that the correctness of the rule sequence should be ensured for both of the
abstract rules and the concrete rules. Therefore, the sequence of abstract behavior
has a corresponding sequence of concrete behavior, i.e., a sequence of abstract
transformation steps has a corresponding sequence of concrete steps.

Besides, the behavioral refinement criteria should also ensure that all the con-
crete behaviors are constructed in order to realize a specific abstract task or func-
tionality. It is not allowed to have behaviors that are irrelevant to the functional-
ity. We call it behavioral-constraint, whose similar terms areobservational substi-
tutability or behavior reflectionin some literatures [145]. We further differentiate
two kinds of behavior constraints that are opposite to the behavioral-preservation
ones. For the concrete rule specifying dynamic changes (in Fig. 7.2), we require
that the concrete behavior has a corresponding abstract behavior, i.e., a concrete
transformation step has a corresponding abstract one. For a fixed sequence of con-
crete rules that is for component interaction, (in Fig. 7.3, Fig. 7.4), we require that
the sequence of concrete behavior has a corresponding abstract behavior or a cor-
responding sequence of abstract behaviors, i.e., the sequence of concrete steps has
a corresponding abstract step, or a corresponding sequence of abstract steps.

In addition, we requirereusabilityof the refinement, that means, a refinement
relationship should be defined in terms of the two involved style models rather than
in terms of individual architectures so that it can be applied to any two architec-
tures conforming with these style models, respectively, which is calledstyle-based
refinement[4].

Since refinement is not an easy task and thus error-prone and cost-intensive if
done by hand, we are also aiming attool support, which should help us to decide
whether a concrete architecture is a valid refinement of an abstract architecture.

7.3 Existing approaches and open problems

There exist many different architecture refinement methods and notions since re-
finement is related to the specification method and the applied domain. For ex-
ample, Rapide [86] represents system executions as partially ordered event sets. It
provides event pattern mappings that translate concrete architecture executions to
the abstract ones. Then, one can check whether the events of the concrete archi-
tecture also satisfy the constraints specified for the abstract architecture. Although
these pattern mappings are a powerful and flexible concept for validating execu-
tions of the concrete architecture against abstract constraints, they do not ensure
that all the concrete behaviors are constructed in order to realize a specific abstract
task or functionality, as required by thebehavioral-constraintor observational sub-
stitutability.

Since we use graph transformation systems as the underlying formalism to



130 CHAPTER 7. STYLE REFINEMENT

r

r’1 r’2 r’n

handOverConcrete

sendEstablish
TunnelRequest

sendEstablish
TunnelRequest

G’1 ...G’2 G’n-1

G H

update 
Location

G’ H’

bind

remoteCall dispatchMessage
...

reply

unbind
G G1 H

G’1 G’2 G’n-1 H’G’ r’1 r’2 r’n

r1 r2

handOverG H

G’ H’handOverConcrete

refines refines 
G H

G’ H’connect

refines refines 
connect

bind

remoteCall reply

unbindG G1 H

G’1 H’G’

r

r’ r’

r

r1 r2

r’1 r’2

Figure 7.5: An example of a wrong refinement

describe architectures, we will concentrate now on existing work on refinement
of graph transformation systems. The general idea is to relate the transformation
rules and, thus, the behavior of an abstract graph transformation system to the
rules of a more concrete transformation system. We can judge these refinements as
syntactical ones or semantical ones.

Grosse-Rhode et. al. [61, 62] propose refinement mappings between abstract
and concrete rules that can be checked syntactically. One of the conditions re-
quires that 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 draw-back of this approach is that it cannot
handle those cases where the refined rule contains concrete architecture-specific
elements that do not occur in the abstract rule. In addition, it does not support
the refinement of a sequence of rules. Similarly, the work in [38] is based on a
syntactical relationship between two graph transformation systems. This approach
is less restrictive since it allows additional elements at the concrete level. But it
is still difficult to apply if there are no direct correspondences between abstract
and concrete rules. Moreover, it does not support the refinement of a sequence of
rules. Thebehavioral-constraintor observational substitutabilityis not supported
neither.

Some researchers [145, 15] provide more flexible, semantic-based notion of
style refinement. They do not define a fixed mapping between the various trans-
formation rules but only between the structural parts of the graph transformation
system, since it is difficult to build a direct behavioral mapping between those
styles that have completely different behaviors. Then, they check whether all sys-
tem states of an abstract model are also reachable at the concrete level, no matter by
which order of transformation rules. The requirement forbehavioral-preservation
is hence satisfied. In order to ensureobservational substitutability, they check
also whether all system states of a concrete model are also reachable at the ab-
stract level. This is further done through an abstraction function that maps the
concrete instance graph to the abstract one. By avoiding direct refinement map-
pings between transformation rules, they can also relate transformation systems
with completely different behavior, and they are flexible enough to cope with alter-
nate refinements.
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However, the approach is not suitable for the systems that require correctness
check of the fixed sequence of rules. In this case, it can happen that the required
abstract state is reached through an incorrect sequence of concrete rules, but not
through the required correct sequence of concrete rules, which will be considered
as a correct refinement in their approach. This happens often for the refinement
of a fixed sequence of dual rules that will not change anything after execution.
For example, if we execute at first the rulebind that builds a session, and then
unbind that deletes a session, a correct refinement should be a sequence of rules
as shown in Fig. 7.4. If we use the approach proposed by [145, 15], it will only
check whetherG, andH are reachable in the concrete style, which can be reached
through another sequence (see Fig. 7.5) but not the required one, which will be
considered as a behavior-preservation refinement. However, it is not enough to
ensure that it is a correct refinement since the rule sequence is not correct.

In addition, it is still very difficult to check the correctness of the completely
different concrete behavior using their approach. They ensureobservational sub-
stitutability by checking whether every concrete execution has an abstract equiv-
alent or not. However, the complete different rules can create concrete states that
are completely different from the abstract ones. The examples of such concrete
states areG′

1, G
′
2, ..., G

′
n−1 in Fig. 7.3 andG′

1, G
′
2, ..., G

′
n−1 in Fig. 7.4. In their

approach, such a concrete state is mapped to an empty abstract graph using the ab-
straction function, since there exist no corresponding abstract classes for the con-
crete ones in the instance graphs. This is then considered as a correct refinement.
Every complete different concrete rule will be considered as a correct refinement
in their approach. Obviously, this is not enough in order to ensureobservational
substitutability.

7.4 Rule mapping - based style refinement

As having explained in Chapter 5, we use the TGTS,G = 〈TG,C,R〉, to specify
the architectural style for the middleware.TG (Type Graph) is here an UML class
diagram that defines the structural part of the style.C is a set of constraints.R
is a set of graph transformation rules (given by pairs of object diagrams) that de-
fines the behavioral part of the style. We will now provide refinement criteria to
check whether a concrete styleG′ = 〈TG′, C ′,R′〉 is a correct refinement of an
abstract architectural styleG = 〈TG,C,R〉. The criteria include structural refine-
ment ones and behavioral refinement ones that allow us to check correctness of the
refined structure and behavior. Correspondingly, we separate the refinement into
several parts: structural refinement, behavioral refinement and style refinement.
The criteria satisfy the listed refinement requirements (see Section 7.2), which are
analyzed in each of the refinement part.
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Figure 7.6: An example of the type graph mappingt

7.4.1 Structural refinement

The structural part of the style is defined by graphs, i.e., UML class diagrams.
More specifically, the modeling graphs occur at two levels: the type level (the type
graphTG) and the instance level (the instance graphs typed overTG 〈G, tpG〉).
The type graph defines the style vocabulary and the relationships among these ele-
ments. The instance graphs represent both the declarative definition of an architec-
tural style and the architectural configuration. When taking a step-wise refinement
development process of the style, we start from a small and abstracted set of ar-
chitectural elements in the abstract style, which will be further refined to more
concrete elements in the concrete style. If we compare the type graph of the con-
ceptual style (Fig. 6.4), the platform-independent concrete style (Fig. 6.10), and
the platform-specific concrete style (Fig. 6.23, Fig. 6.24) specified in Chapter 6,
we distinguish three types of structural refinement:

1. All the structural elements (nodes) and the relationships (edges) in the ab-
stract style can be mapped to their equivalent in the concrete style. In most
cases, they will be kept the same in the concrete style. For example, the
structural elements in the conceptual style are kept the same in the platform-
independent concrete style, whose structural elements can be further mapped
to their equivalent in the platform-specific concrete style. We call such ele-
ments direct-mapped elements.

2. Some elements in the concrete style are inherited from those in the abstract
style, which is presented as inheritance relationship in the class diagrams.
The examples are theAccessBridgeDef, TerminalBridgeDefin the platform-
specific concrete style (Fig. 6.23) that are inherited from theBridgeDef in
the platform-independent concrete style (Fig. 6.10). We call such elements
inherited elements.
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3. All other elements in the concrete style are concrete style-specific, that means,
they are added to represent some new concepts in the concrete style. For ex-
ample, the message related elements in the platform-independent concrete
style are added in order to realize the functionality of building and deleting
sessions, which can not be directly mapped to any abstract elements. We call
such elements concrete-specific elements.

For the direct-mapped elements and inherited elements, we define a type map-
ping t : TG′ → TG, formally apartial surjective graph homomorphism, which
maps elements of the concrete type graphTG′ to the elements of the abstract type
graphTG. The definition oft is driven by semantic correspondences between the
elements of the two styles. If the concrete type graphTG′ is an extension of the
abstract one, it should contain equivalent elements for all elements ofTG. In our
case,TG is even a subgraph ofTG′. Thus the abstraction mapping easily be-
comes surjective. This criterion satisfies the requiredstructural-preservation. The
type mappingt maps also the inherited elements to the images of their supertypes
in the abstract type graph. For example, Figure 7.6 gives part of the type map-
ping between the conceptual style and the platform-independent concrete style.
This mapping is driven by semantic correspondences between the elements of the
two styles. The inheritedRoleDef is mapped toComponentDef. The concrete-
specific elements will not be mapped since they are completely different from the
abstract ones.

Def. 7.1 A type graphTG′ is a structural-preservedrefinement of the abstract
graphTG, if it contains equivalent elements for all elements ofTG, i.e.,
there exists a partial surjective type mappingt : TG′ → TG.

Based on the type mappingt, we can derive an abstraction functionabst :
GraphTG′ → GraphTG that abstracts instance graphs typed overTG′ to those
typed overTG. The abstraction function informally consists of

1. Deleting all objects (with adjacent edges) and links which, due to the par-
tiality of t, have a type inTG′ but not inTG.
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Table 7.1: Direct - mapped rules

2. Renaming the types of the remaining elements according tot. We must also
be sure that the modified structure is still a legal graph, i.e., that no edges are
left dangling because of deleting their source or target vertices.

3. Extracting the maximal subgraph that satisfies all constraintsC.

We illustrate the abstraction function (in Fig. 7.7) through an instance graph
that is taken from the left side ofconnectBridgerule in the platform-independent
concrete style, which is abstracted to left side ofconnectrule in the conceptual
style. Based on the abstraction function, we can define then:

Def. 7.2 A concrete instance graphIG′ is astructural-preservedrefinement of an
abstract instance graphIG, if it contains equivalent elements for all elements
of IG, i.e., if abst(IG′) = IG.

Till now, we have defined a semantic driven mapping between the structural
elements of the two styles at type level and instance level. The mapping can check
whether the elements of the abstract style are included or equal to the elements
of the concrete style. Therefore, it satisfies the requiredstructural-preservation.
The mapping also ensuresstructural-constraintfor the direct-mapped elements
and inherited concrete elements, but not for the concrete-specific elements. We
will do such check in the behavioral refinement, which will be introduced in the
next section.

7.4.2 Behavioral refinement

The behavioral part describes the runtime behavior of the system, which is spec-
ified using the graph transformation rulesR (see Section 5.3). We differentiate
two kinds of rules: rules for dynamic changes and rules for component interaction,
whose main difference is that the former has a nondeterministic sequence, while



7.4. RULE MAPPING - BASED STYLE REFINEMENT 135

 
 
 
Version 2  
 
 
                     Style 
Aspects 

Conceptual Style Platform-
independent 

concrete style 

Platform-specific 
concrete style 

 (Wireless CORBA) 
 moveIn  moveIn  moveIn 
 moveOut  moveOut  moveOut 

 
Space 

 moveTo  moveTo  moveTo 
 connect  connect  connect 
 disconnect  disconnect  disconnect     

Functionality 
(2. Wireless 
connection )   connectBridge     connectBridge     

  disconnectBridge  disconnectBridge 
  remoteCall  remotecall  
  request  request 
  callReturn  callReturn 
  reply  reply 

 
 

Component 
Interaction 

  dispatchMessage  dispatchMessage 
 
 
 
 
 
 
 
                     Style 
Aspects 

Conceptual 
Style 

Platform-
independent 

concrete style 

Platform-specific 
concrete style 

 (Wireless CORBA) 
 connect  connectBridge       Functionality 

(2. Wireless connection )  disconnect  disconnectBridge  
Functionality/ 

Component Interaction 
(3. Handover ) 

 
 handOver 

 
 handOverConcrete 
 

  

 bind  remoteCall  Functionality (1.  
Interoperability) 

Component  Interaction 
 unbind 
 

 reply  
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 Table 7.4: Scenario - mapped rules

the latter presents a fixed sequence, which is specified using UML Interaction dia-
grams (see Section 5.3).

We can define four types of behavioral refinement after comparing the specified
rules of the three-layers’s styles (see Table 7.1, 7.2, 7.3, 7.4):

1. The abstract rule that is not changed and it will be directly used in the con-
crete style. Those rules generally model the very basic behavior of the sys-
tem, which can not be refined anymore. The examples are rules for space
definition:moveIn, moveOut, moveToand rule for wireless connection:con-
nect, disconnect, etc. We call such rulesdirect-mapped rules(see Table 7.1).

2. The abstract rule that is refined to another concrete rule. The left-side and
the right-side of the rule are correspondingly refined. The example is the
handOverrule in the conceptual style, which is refined tohandOverConcrete
rule in the platform-independent concrete style (see Table 7.2). Besides,
bind andunbind in the conceptual style can be mapped toremoteCalland
reply in the platform-independent concrete style respectively, if we compare
only the precondition and postcondition of the rule. The precondition and
postcondition ofbind andunbind are included inside those ofremoteCall
andreply (see Section 6.3, Section 6.4). We call such rulessingle-mapped
rules.

3. The abstract rule that is refined to a fixed sequence of concrete rules (see
Table 7.3). The example is thehandOverConcreterule in the platform-
independent concrete style, which is refined to a sequence of rulessendEstab-
lishTunnelRequest, processEstablishTunnelRequest, sendEstablishTunnelRe-
ply, processEstablishTunnelReply, sendReleaseTunnelRequest, processRelease-
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TunnelRequest, sendReleaseTunnelReply, processReleaseTunnelReply, up-
dateLocation. In the refinement, it is often that some concrete rules are com-
pletely different from the abstract ones since they are added to present some
new concepts. For example, the listed intermediate rules are very different,
which can not be mapped directly to the abstract style. We can associate
them with the abstract rule through a scenario definition, that means, the ab-
stract rule is realized through a scenario. This is because that the sequence
of the refined concrete rules is specified using an UML sequence diagram,
which also stands for a scenario of the concrete style. We call such rules
sequence-mapped rules, which maps an abstract rule to a concrete scenario.

4. A fixed sequence of abstract rules that is refined to a fixed sequence of con-
crete rules (see Table 7.4). In such a refinement, it happens often that some
concrete rules are completely different from the abstract ones since they are
added to present some new concepts. For instance, the rulesrequest, call-
Return, reply, dispatchMessage, sendMessagein the platform-independent
concrete style are very different, which can not be mapped directly to any
rules in the conceptual style. However, they can be associated with the
abstract rules through a scenario definition, since they are added in order
to realize a specific application scenario in the abstract style. The abstract
scenario specified through a sequence of rulesbind, connect, moveIn, han-
dOver, moveOut, disconnect, unbindis realized as the concrete scenario with
a sequence of rulesremoteCall, dispatchMessage, connectBridge, sendMes-
sage, dispatchMessage, request, callReturn, moveTo, handOverConcrete,
dispatchMessage, sendReplyMessage, disconnectBridge, dispatchMessage,
reply. We call the rulesscenario-mapped rules, which maps an abstract sce-
nario to a concrete one.

We define different refinement criteria for these rules, which will be introduced
in the following subsections.

7.4.2.1 Refinement of the direct-mapped and single-mapped rule

The refinement for the direct-mapped rule is very simple since they are not changed
in the concrete style. The only possible change is renaming of the rules in case that
their name is different in the concrete style. We include the refinement for the
direct-mapped rule in the refinement of the single-mapped rule. The refinement
for the single-mapped rule includes three steps: (1) Refine the left-side of the ab-
stract rule to that of the concrete rule; (2) Refine the right-side of the abstract rule
to that of the concrete rule; (3) Rename the rule. Figure 7.8 illustrates the refine-
ment through an example of refining thehandOverrule in the conceptual style to
handOverConcreterule in the platform-independent concrete style.

Therefore, we define the refinement of the rule based on the instance graph
refinement:
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Def. 7.4 For a direct-mapped and single-mapped graph transformation ruler :
L ⇒ R in the abstract transformation systemG, the concrete ruler′ : L′ ⇒
R′ in the concrete transformation systemG′ is a correct refinement, ifL′

refinesL and ifR′ refinesR, i.e.,abst(L′) = L ∧ abst(R′) = R.

The refinement criteria build a bi-directional mapping between an abstract rule
and a concrete rule. Therefore, the abstract behavior has a corresponding con-
crete behavior, i.e., an abstract transformation step has a corresponding concrete
one. Vice versa, the concrete behavior has a corresponding abstract behavior, i.e.,
an concrete transformation step has a corresponding abstract one. The required
behavioral-preservationandbehavioral-constraintsare hence ensured.

7.4.2.2 Refinement of the sequence-mapped rule

A sequence-mapped ruler : L ⇒ R is refined to a fixed sequence of rules
r′1, r

′
2, ..., r

′
n, with r′1 : L′

1 ⇒ R′
1, r′2 : L′

2 ⇒ R′
2, ..., r′n : L′

n ⇒ R′
n. The se-

quence of the refined concrete rules is specified using a UML sequence diagram,
which also stands for a scenario of the concrete style. In such a refinement, it hap-
pens often that some concrete rules are completely different from the abstract ones
since they are added to present some new concepts.

We develop an approach that can check the correctness of the sequence of
rules. We derive an initial graphL′ for the refined concrete rules, which contains
the needed precondition of all of the rules in the sequence (Fig. 7.9). The rules are

applied then one by one following the sequence. We denote it asL′ r′
1=⇒ M ′

1

r′
2=⇒

M ′
2 ... M ′

n−1

r′
n=⇒ R′, whereM ′

i is the created intermediate graph,R′ is the last
graph that contains the result (i.e., postcondition) after applying the last rule. Af-
terwards, we derive a new concrete ruler′ : L′ ⇒ R′, which is a simplified version
of the refined sequence of concrete rules. The ruler′ transforms the overall pre-
conditionL′ to the overall postconditionR′. The new rule preserves semantics of
the sequence of concrete rules since it is based on a scenario construction, i.e., it
checks whether the scenario (defined by the rule sequence) is reachable. Therefore,
it can be used to substitute the complicated rule sequence. The similar construction
of rules is minimal elements of a class of so-called derived rules, which are con-
cerned with the construction of rules by which a given sequence or rewriting steps
can be simulated in a single step [83, 40].

We use the derived ruler′ : L′ ⇒ R′ and the intermediate graphM ′
1,M

′
2, ... M ′

n−1

to check whether the refinement is correct. We start withL′, and check whether
M ′

i , R′ are reachable by applying the fixed rule sequences′ = r′1, r
′
2, ..., r

′
n. We

define the correctness criteria of the refinement as:

Def. 7.5 For a sequence-mapped graph transformation ruler : L ⇒ R in the ab-
stract transformation systemG, the concrete rule sequences′ = r′1, r

′
2, ..., r

′
n

in the concrete transformation systemG′ is a correct refinement, ifL′ re-
finesL and if R′ refinesR, (i.e., abst(L′) = L ∧ abst(R′) = R), and if
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L′ r′
1=⇒ M ′

1

r′
2=⇒ M ′

2 ... M ′
n−1

r′
n=⇒ R′, whereL′ = L′

1 ⊕ L′
2 ⊕, ..., ⊕ L′

n,
R′ = R′

1 ⊕ R′
2 ⊕, ..., ⊕ R′

n, M ′
i = R′

i + (L′ − L′
i) andr′i : L′

i ⇒ R′
i, the

symbol⊕ is used to indicate combination of preconditions or postconditions
(see Algorithm 7.1) of the rules.

The refinement criteria build a bi-directional mapping between an abstract rule
and the sequence of concrete rules via the derived simplified concrete rule. There-
fore, the requiredbehavioral-preservationis ensured since the abstract behavior
has a corresponding sequence of concrete behaviors. The requiredbehavioral-
constraintsis also ensured since the sequence of concrete behaviors has a corre-
sponding abstract behavior. Similar to the approach proposed in [145], our defi-
nition of refinement is semantic-driven since we also check whether the scenario
is reachable. The main difference is that we define a fixed mapping between the
abstract rule and concrete rules, which is not proposed in [145]. Besides, we also
associate the completely different concrete rules with the abstract rules through
constructing the overall precondition and postcondition of the rule sequence. It
allows then correctness check of the completely different concrete behaviors. Our
approach also allows definition of the rule sequence and thus its correctness check.

Before applying the approach, we need to construct the importantL′ andR′

at first. In order to keep semantic consistency, we can not just put all the precon-
ditions L′

i and postconditionR′
i of the rules together. The rule defines a certain

modification of instance graphs. It happens often that some elements of the post-
condition graph are created in the intermediate step, which are deleted again by
another rule. Those elements should not be included in the result graph. Or some
elements of the precondition are derived after applying another rule, which should
not be included in the start graph neither.

We deriveL′ andR′ through a step by step approach, which means, we com-
bine firstly the first two rules, whose result will be used to combine the next rule,
and so on. The rules will be combined according to the specified sequence. We
denote the result ofL′ as L′ = L′

1 ⊕ L′
2 ⊕, ..., ⊕ L′

n, and the result ofR′

asR′ = R′
1 ⊕ R′

2 ⊕, ..., ⊕ R′
n. We construct an algorithm to get the result

graph ofL′ andR′. The algorithm is based on the theory of minimality of derived
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rules in single pushout graph rewriting, whose theoretical proof is given by the re-
searchers [83, 40]. By corresponding explicit constructions they have proved that
there is a sequentially composed rule for each derivation sequence.

[Algorithm 7.1 ]

1. Let i = 1.

2. Add all nodes and edges that belong toL′
i, which defines the precondition of

the ruler′i.

3. Add all nodes and edges that belong toL′
i+1 but do not belong toL′

i. Since
it can be that some elements inL′

i+1 are already present inL′
i. We do not

need to add these ones, but only those that are specific toL′
i+1. We denote it

asL′
i+1 − L′

i.

4. InsideL′
i+1 − L′

i, the elements can be further divided into two sets: those
that are created after applying the previous ruler′i, and those that are not
created afterwards (see Fig. 7.10). We need to delete those that are created
after executing the rule, since they do not need to be included in the overall
precondition. We denote the nodes and edges that are created after applying
the ruler′i as lci = R′

i − L′
i. We describe the step as: delete(L′

i+1 −
L′

i)
⋂

lci. Till now, we get the result ofL′
i ⊕ L′

i+1 = L′
i + (L′

i+1 −L′
i)−

(L′
i+1 − L′

i)
⋂

lci (see Fig. 7.11).

5. Similarly, we can get the result ofR′ by: Add all nodes and edges that belong
to R′

i+1, which defines the postcondition of the rule.

6. Add all nodes and edges that belong toR′
i but do not belong toR′

i+1. Since
it can be that some elements inR′

i+1 are already present inR′
i. We do not

need to add these ones, but only those that are specific toR′
i. We denote it

asR′
i −R′

i+1.

7. InsideR′
i − R′

i+1, the elements can be further divided into two sets: those
that are deleted after applying the ruler′i+1, and those that are not deleted
afterwards (see Fig. 7.10). We need to delete those that are deleted after
applying the rule, which are intermediate elements that should not appear in
the overall postcondition. We denote the nodes and edges that are deleted
after applying the ruler′i+1 asrdi+1 = L′

i+1 − R′
i+1. We describe the step

as: delete(R′
i−R′

i+1)
⋂

rdi+1. Till now, we get the result ofR′
i ⊕ R′

i+1 =
R′

i+1 + (R′
i −R′

i+1)− (R′
i −R′

i+1)
⋂

rdi+1 (see Fig. 7.11).

8. Let L′
i+1 = L′

i ⊕ L′
i+1, R′

i+1 = R′
i ⊕ R′

i+1, i = i + 1, and go to step2,
till i = n. Afterwards, we get the resultL′ = L′

n, R′ = R′
n.

Based on the derivedL′, the intermediate graphM ′
i can be easily got by apply-

ing the ruler′i one after another:
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Figure 7.10: Construction ofL′ andR′ using Algorithm 7.1 (Part 1)
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Figure 7.11: Construction ofL′ andR′ using Algorithm 7.1 (Part 2)
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Figure 7.12: Construction ofL′ andR′ using Algorithm 7.1 (Part 3)
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Figure 7.13: Construction ofL′ andR′ using Algorithm 7.1 (Part 4)
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Figure 7.14: Construction ofL′ andR′ using Algorithm 7.1 (Part 5)
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Figure 7.15: Construction ofL′ andR′ using Algorithm 7.1 (Part 6)
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Figure 7.16: Construction ofL′ andR′ using Algorithm 7.1 (Part 7)
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Figure 7.17: Construction ofL′ andR′ using Algorithm 7.1 (Part 8)
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Figure 7.18: Construction ofL′ andR′ using Algorithm 7.1 (Part 9)
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[Algorithm 7.2 ]

1. Let i = 1.

2. Add all nodes and edges that belong toR′
i, which defines the postcondition

of rule r′i.

3. Add all nodes and edges that belong toL′ but do not belong toL′
i, i.e., add

L′−L′
i. It adds elements that are specific toL′. Afterwards, we get the result

of M ′
i = R′

i + (L′ − L′
i).

4. Let L′ = M ′
i , i = i + 1, and go to step 2, tilli = n− 1.

An Example

As an example, consider the rulehandOverConcretein the platform-specific
concrete style, which is refined to a sequence of nine rules in the platform-independent
concrete style (see Fig. 6.26).

We deriveL′ andR′ through a step by step approach, which means, we com-
bine firstly the first two rules, whose result will be used to combine the next rule,
and so on. The rules will be combined according to the specified sequence.

We illustrate how to use Algorithm 7.1 to constructL′ andR′. We construct at
first L′

1 ⊕ L′
2 (see Fig. 7.10, Fig. 7.11). We add all nodes and edges that belong to

L′
1, which defines the precondition ofr′1 (see Step 2, Algorithm 7.1). Then we add,

as Step 3, all nodes and edges that belong toL′
2 but do not belong toL′

1, i.e., the
elements specific toL′

2, which areetrm:EstablishTunnelRequest, cr:Connector,
oldM:MobileIOR, hla:HomeLocationAgent, o:Object, cn1:Connection, n1:Node,
n2:Node, n3:Nodeand the connected edges. As Step 4, the elements created after
applying the previous ruler′1 should be deleted insideL′

2, which is denoted as
lc1 = R′

1 − L′
1. etrm:EstablishTunnelRequestis the only node that is created after

applyingr′1. Therefore, we should delete it and the connected edges in the result
graph ofL′

1 ⊕ L′
2 (see Fig. 7.11), which includes now all the elements fromL′

1,
and the elements specific toL′

2, but withoutetrm:EstablishTunnelRequest.
Afterwards, we go on constructingR′

1 ⊕ R′
2. We add all nodes and edges that

belong toR′
2, which defines the postcondition of the ruler′2 (see Step 5, Algorithm

7.1). Then we add, as Step 6, all nodes and edges that belong toR′
1 but do not

belong toR′
2, i.e., the elements specific toR′

1. Since all the elements inR′
1 are

already included inR′
2, we do not need to add anything then. As Step 7, the ele-

ments deleted after applying ruler′2 should be deleted insideR′
1, which is denoted

asrd2 = L′
2−R′

2. The result isNULL, and we do not need to delete any elements.
Therefore, the result graph ofR′

1 ⊕ R′
2 includes all the elements fromR′

2. The
result graph ofL′

1 ⊕ L′
2 andR′

1 ⊕ R′
2 is presented in Fig. 7.11.

Based on the result ofL′
1 ⊕ L′

2 and R′
1 ⊕ R′

2, L′
1 ⊕ L′

2 ⊕ L′
3 and

R′
9 ⊕ R′

8 ⊕ R′
7 can be further constructed. We go back to Step 2, and add

all the elements that belong toL′
1 ⊕ L′

2. As Step 3, the elements specific to
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Figure 7.20: Construction of the middle graphM ′
i using Algorithm 7.2 (Part 2)
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L′
3 need to be added, which areetrm:EstablishTunnelRequest, gt2:GIOPTunnel

and the connected edges (see Fig. 7.11). As Step 4, the elements that are created
after applying the previous rule should be deleted insideL′

3, i.e., lc2 needs to be
deleted. The setlc2 includesetrm:EstablishTunnelRequest, gt2:GIOPTunneland
the connected edges. The result graph ofL′

1 ⊕ L′
2 ⊕ L′

3 is shown in Fig. 7.12,
which is the same as the result graph ofL′

1 ⊕ L′
2, since the elements specific to

L′
3 can be created in the previous rulesr′2 andr′1.

We go to Step 5, and add all the elements that belong toR′
1 ⊕ R′

2. As
Step 6, the elements specific toR′

3 need to be added, which arecn1:Connection,
cr:Connector, oldM:MobileIOR, newM:MobileIOR, hla:HomeLocationAgent, o:Object,
n1:Node, n2:Node, n3:Nodeand the connected edges (see Fig. 7.11). As Step 7, the
elements that are deleted after applying the ruler′3 should be deleted insideR′

7, i.e.,
rd3 needs to be deleted. The setrd3 is NULL. The result graph ofR′

1 ⊕ R′
2 ⊕ R′

3

is shown in Fig. 7.12.
Similarly, we can construct the result ofL′

1 ⊕ L′
2 ... ⊕ L′

4 (see Fig. 7.13),
which is once more the same as the one ofL′

1 ⊕ L′
2 ⊕ L′

3, since the ele-
ments specific toL′

4 can be created in the previous rule (see Fig. 7.12). The result
graph ofR′

1 ⊕ L′
2 ... ⊕ L′

4 is shown in Fig. 7.13. This time, the setrd4 in-
cludesetrm:EstablishTunnelRequestandetrym:EstablishTunnelReply, which also
belong to the setlc3. Therefore, only the elementscn1:Connection, cr:Connector,
oldM:MobileIOR, newM:MobileIOR, hla:HomeLocationAgent, o:Object, n1:Node,
n2:Node, n3:Nodefrom L′

1 ⊕ L′
2 ⊕ L′

3 will be added toR′
4, but ont the elements

belonging tord4.
Repeating the algorithm, we get the same result graph forL′

1 ⊕ L′
2 ... ⊕ L′

5,
R′

1 ⊕ R′
2 ... ⊕ R′

5, and till L′
1 ⊕ L′

2 ... ⊕ L′
9, R′

1 ⊕ R′
2 ... ⊕ R′

9. Since the
elements specific toL′

5, L′
6, ..., L′

9 can be created in the previous rule, the result of
L′

1 ⊕ L′
2 ... ⊕ L′

5 to L′
1 ⊕ L′

2 ... ⊕ L′
9 remains the same asL′

1 ⊕ L′
2 ... ⊕ L′

4. The
result graph and the graphs for calculating are presented in Fig. 7.13 to Fig. 7.18
respectively.

Based on the derivedL′, the intermediate graphM ′
i can be got by applying

the ruler′i (see Algorithm 7.2). We showM ′
i in Fig 7.8, Fig 7.9, Fig 7.24. By

applying the rule one by one onL′, we can check whether the scenario (given by
the sequence of concrete rules) is reachable, i.e., whetherM ′

i andR′ are reachable
through applying the fixed rule sequence.

Afterwards, we can derive a new concrete ruler′ handOverWCORBA(see Sec-
tion 6.5) whose precondition isL′ = L′

1 ⊕ L′
2 ... ⊕ L′

9 and whose postcondition is
R′ = R′

1 ⊕ R′
2 ... ⊕ R′

9, i.e.,r′ : L′ ⇒ R′. The rule is a simplified version of the
refined sequence of rule, which preserves the semantics consistency. Therefore, it
can be used to substitute the complicated rule sequence. It can then simplify the
rule sequence and enhance understandability of the model. We can use it to check
whether the refinement is correct. We can start withL′, and check whetherR′ is
reachable by applying the rule sequence.

Correctness Check
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Figure 7.22: The revised rule ofHandOverWCORBA

The defined concrete rules are semantically consistent since the scenario is re-
alizable in the concrete rules. However, if we use the refinement correctness criteria
(see Def. 7.5) to check whether the rulehandOverWCORBAis a correct refinement
of the more abstract rulehandOverConcrete(see Fig. 7.8), we can conclude that
they are not correct refinement sinceL′ does not refineL andR′ does no refineR,
which means,L′ does not contain equivalent elements (i.e.,a2:Area, a3:Areaand
the connected edges) for all elements ofL, andR′ does not contain equivalent el-
ements (i.e.,a2:Area, a3:Areaand the connected edges) for all elements ofR (see
Def. 7.2). The inconsistency is caused because the elementsa2:Areaanda3:Area
are needed in the abstract rulehandOverConcretein order to present the physical
location of the component clearly, although they are not changed after executing
the rule. However, the physical location of the component is implicitly defined in
the concrete rulehandOverWCORBAthrough the definition ofTerminalBridgeand
AccessBridge. Therefore, we did not include these elements in the concrete rules
in order to keep simplicity.

Inconsistency Recovery

The inconsistency can be recovered easily by adding the needed elements in the
rules since the elements are not changed after executing the rule. Therefore, we get
a new rulerevisedHandOverWCORBA(Fig. 7.22) after we adda2:Area, a3:Area
and the connected edges, which is now consistent with the rulehandOverConcrete
in the conceptual style. Correspondingly, we can easily achieve consistency of the
refined concrete rules by adding the elements to precondition and postcondition
of the second ruleprecessEstablishTunnelRequest. TheL′ andR′ of the modified
rules are now correct refinement ofL andR respectively.
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7.4.2.3 Refinement of the scenario-mapped rule

The refinement of the scenario-mapped rule is about mapping an abstract scenario
to a concrete one, i.e., a fixed sequence of abstract rules is mapped to a fixed se-
quence of concrete rules. In such a refinement, the completely different concrete
rules are associated with the abstract rules through a scenario construction, since
they are added in order to realize a specific abstract scenario. In order to construct
the refinement relationship of such rules, we need to construct the scenario at first,
which is done by arranging the rules in the UML sequence diagram. We take the
mapping of the rulesrequest, callReturn, reply, dispatchMessage, sendMessagein
the platform-independent concrete style as an example, which can not be mapped
directly to any rules in the conceptual style. However, we can associate them with
the rules in the conceptual style through the scenario given in the sequence dia-
gram of Fig. 6.11 or of Fig. 6.12. We take the one in Fig. 6.11 as an example.
Correspondingly, we need to construct an abstract scenario in the conceptual style,
which is done through arranging the equivalent abstract rules using the UML se-
quence diagram (see Fig. 7.23).

Afterwards, we get two equivalent sequence diagrams specified in the abstract
style and the concrete style respectively. Following the same idea as the refine-
ment of the sequence-mapped rule, we construct the initial graphL andL′ for the
abstract scenario and concrete scenario respectively, each of which contains the
needed precondition of the rules (Fig. 7.24). The rules are applied then one by one
following the sequence. We denote them asL

r1=⇒ M1
r2=⇒ M2 ... Mm−1

rm=⇒ R in

the abstract style, andL′ r′
1=⇒ M ′

1

r′
2=⇒ M ′

2 ... M ′
n−1

r′
n=⇒ R′ in the concrete style,

whereMi andM ′
j are the created intermediate graph,R andR′ are the last graph

that contains the result (i.e., postcondition) after applying the last rule. Afterwards,
we derive a new abstract ruler : L ⇒ R and a new concrete ruler′ : L′ ⇒ R′,
each of which is a simplified version of the refined sequence of abstract/ concrete
rules respectively. The ruler transforms the overall preconditionL to the overall
postconditionR. The ruler′ transforms the overall preconditionL′ to the overall
postconditionR′. As explained in last section, the new rules preserve semantics of
the sequence of rules since they are based on a scenario construction. Therefore,
they can be used to substitute the complicated rule sequence.

We use the derived ruler : L ⇒ R and r′ : L′ ⇒ R′, the intermediate
graphM1,M2, ... Mm−1 andM ′

1,M
′
2, ... M ′

n−1 to check whether the refinement
is correct. Starting withL, we check at first whetherMi, R are reachable by
applying the fixed rule sequences = r1, r2, ..., rm. Afterwards, we start with
L′, and check whetherM ′

j , R′ are reachable by applying the fixed rule sequence
s′ = r′1, r

′
2, ..., r

′
n. We define the correctness criteria of the refinement as:

Def. 7.6 For a scenario-mapped rule with a sequences = r1, r2, ..., rm speci-
fied in the abstract transformation systemG, the concrete scenario with a
sequences′ = r′1, r

′
2, ..., r

′
n in the concrete transformation systemG′ is a

correct refinement, ifL′ refinesL and if R′ refinesR, i.e., abst(L′) =
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Figure 7.25: An example of the scenario-mapped rule

L ∧ abst(R′) = R, and if L
r1=⇒ M1

r2=⇒ M2 ... Mm−1
rm=⇒ R and if

L′ r′
1=⇒ M ′

1

r′
2=⇒ M ′

2 ... M ′
n−1

r′
n=⇒ R′, whereL = L1 ⊕ L2 ⊕, ..., ⊕ Lm,

R = R1 ⊕ R2 ⊕, ..., ⊕ Rm, Mi = Ri + (L − Li), ri : Li ⇒ Ri, L′ =
L′

1⊕ L′
2 ⊕, ..., ⊕ L′

n, R′ = R′
1⊕ R′

2 ⊕, ..., ⊕R′
n, M ′

j = R′
j +(L′−L′

j),
andr′j : L′

j ⇒ R′
j , the symbol⊕ is used to indicate combination of precon-

ditions or postconditions (see Algorithm 7.1) of the rules.

The refinement criteria build a bi-directional mapping between the sequence of
abstract rules and the sequence of concrete rules via the derived simplified rules.
Therefore, the requiredbehavioral-preservationis ensured since the sequence of
abstract behaviors has a corresponding sequence of concrete behaviors. The re-
quiredbehavioral-constraintsis also ensured since the sequence of concrete be-
haviors has a corresponding sequence of abstract behaviors. We associate the
completely different concrete rules with the abstract rules through constructing the
overall precondition and postcondition of the rule sequence. It allows us to ensure
the correctness of the completely different concrete behaviors. Besides, we can
also check the correctness of the rule sequence for both of the abstract rules and
the concrete rules.

The process of creatingL,R, L′, R′ andMm, M ′
n is the same as the one pre-

sented in the refinement of the sequence-mapped rule (see Algorithm 7.1, 7.2).
We present only theL,R, L′, R′ in Fig. 7.25. The refined concrete rules are
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correct refinement since the instance graphR′ is a correct refinement ofR, and
L′ is a correct refinement ofL, andL

r1=⇒ M1
r2=⇒ M2 ... M6

r7=⇒ R, and

L′ r′
1=⇒ M ′

1

r′
2=⇒ M ′

2 ... M ′
13

r′
14=⇒ R′, according to the correctness criteria defined

in Def. 7.6.

7.4.2.4 Behavioral refinement

Based on the definition of the refinement for the different rules, the overall refine-
ment criteria of the behavioral part is given as:

Def. 7.7 The set of graph transformation rulesR′ for a concrete transformation
systemG′ is a refinement of a set of graph transformation rulesR for an
abstract transformation systemG,

• if for all the direct-mapped and single-mapped ruler : L ⇒ R in the
R, there exists a refined concrete ruler′ : L′ ⇒ R′ in theR′;

• and if for all the sequence mapped ruler : L ⇒ R in theR, there
exists a refined concrete rule sequences′ = r′1, r

′
2, ..., r

′
n in theR′;

• and if for all the scenario-mapped rules with a sequences = r1, r2, ..., rm

in theR, there exists a refined concrete scenario in theR′ with a se-
quences′ = r′1, r

′
2, ..., r

′
n;

• and if all the concrete rules in theR′ are covered in the previous refine-
ment relationship.

We build three kinds of refinement criteria for different rules: the single-mapped
rule, the sequence mapped rule and the scenario-mapped rule. The criteria con-
struct bi-directional mappings between the abstract rule and the corresponding con-
crete one(s). That is, an abstract rule is mapped to a concrete rule, an abstract rule
is mapped to a fixed sequence of concrete rule, a fixed sequence of abstract rule is
mapped to a fixed sequence of concrete rule. Therefore, the required three kinds of
behavioral-preservationare ensured since the abstract behavior has a correspond-
ing concrete behavior. The requiredbehavioral constraintis also ensured since
every concrete behavior has a corresponding abstract behavior.

7.4.3 Refinement of the TGTS - based style

We can now define the style refinement criteria after explaining the structural re-
finement and behavioral refinement:

Def. 7.8 A concrete styleG′ = 〈TG′, C ′,R′〉 is a refinement of an abstract archi-
tectural styleG = 〈TG, C,R〉, if the concrete type graphTG′ is astructural-
preservedrefinement of the abstract graphTG and if the set of abstract graph
transformation rulesR′ is a refinement of the set of concrete graph transfor-
mation rulesR and if all elements ofTG′ are used in theR′.
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The structural refinement criteria satisfy the requiredstructural-preservation
since every abstract structural element has a corresponding concrete one through
structural mappings. Thebehavioral-preservationandbehavioral constraintare
also ensured by constructing bi-directional mappings between the abstract rule and
the corresponding concrete one(s). As having mentioned before, we can not map
the concrete-specific structural elements to the abstract ones in the structural map-
pings. The requiredstructural-constraintof the concrete-specific structural ele-
ments is ensured during the rule mappings since they are used in the rules in order
to realize a specific functionality, however, still partially. We still need to add one
criterion for this, that is, all the concrete structural elements should be used in the
concrete rules. By doing so, we can ensure that all concrete structural elements
are constructed in order to realize a specific abstract task or functionality. It is not
allowed to have structural elements that are irrelevant to the functionality. Finally,
the requiredstructural-constraintis fulfilled.

7.5 Evaluation and comparison

As concluded in the previous section, our refinement approach preserves all the
required properties. The refinement criteria include both structural ones and be-
havioral ones. Through structural mappings that can map the abstract elements to
the concrete ones, the structural refinement criteria satisfy the requiredstructural-
preservationsince every abstract structural element has a corresponding concrete
one. However, the requiredstructural-constraintis only partially satisfied since we
can not map the newly added, concrete-specific structural elements to the abstract
ones. We have further made this in the behavioral refinement. By constructing
bi-directional mappings between the abstract rule and the corresponding concrete
one(s), the behavioral refinement criteria satisfy thebehavioral-preservationand
behavioral constraint. We can partially ensure thestructural-constraintduring
the rule mappings since the concrete-specific structural elements are used in the
rules in order realize a specific functionality. By adding the last criterion, that is,
all concrete structural elements should be used in the concrete rules, the required
structural-constraintis finally completely fulfilled.

Since our approach is mainly based on the mapping of the rules, we call it
rule mapping-based refinement. This differentiates our approach from that pro-
posed in [145, 15], which also investigates refinement for the styles specified using
graph transformation systems. However, they do not define fixed mappings be-
tween rules, but only between structural elements and transformation states. Our
refinement criteria enable us to check the correctness of newly added elements
through a scenario construction. We construct the overall precondition and post-
condition of the rule sequence, and then check whether the scenario is correct
through checking if the postcondition is reachable with a given precondition. It
allows then correctness check of the completely difference concrete behaviors and
structural elements. It also allows the correctness check of the rule sequence.



160 CHAPTER 7. STYLE REFINEMENT

Our refinement between an abstract architectural style and a concrete style is
style-based. That means, it is defined between two architectural styles at the meta-
level rather than between individual architectures. This achieves requiredreusabil-
ity since the relationship can be applied to any instances of the styles.

Some researchers [145, 15] construct consistency checks between two graph
transformation systems using model-checking theory, which is achieved through
checking whether all the states in one transition system are reachable in another
transition system. Therefore, they need to explore and compare all the possible
states between two graph transformation systems, which makes the approach inef-
ficient and impractical to large systems because the state space is too large to be
explored. In order to solve the state explosion problem, they also introduce test
theory based consistency check. They select a limited number of traces from one
transition system as test cases, and check whether they are reachable in another
transition system. The difficulty of the approach is that they cannot derive exactly
the needed states for test cases, although they try to use a predicate function to help
to do so. Therefore, their checking is again transferred to the reachability analysis
problem in the model checking theory, but with limited definition of states.

Compared to that, our approach allows us to construct the needed transforma-
tion state graphs and transformation sequence for correctness checking. Therefore,
we do not need to explore and compare all the possible transition states between
two graph transformation systems. This makes our approach more efficient and
practical to large systems. It also enables us to use the existing graph transfor-
mation simulation tool Fujaba [1] as the basis for automation. The requiredtool
support is also satisfied. We can check whether the abstract transformation se-
quence and the concrete transformation sequence are reachable. This is especially
helpful to check the correctness of the newly added architectural elements. The
detail explanation of Fujaba will be given in the next chapter.



Chapter 8

Style Simulation and Tools

8.1 Overview

Up to now, we have introduced how to specify the architectural style using Typed
Graph Transformation Systems (TGTSs) and how to refine an abstract style to a
concrete one. One of the key issues in model-based development, like in all other
engineering areas, is to ensure that the product delivered meets its requirements. In
our case, it is important to ensure that the architectures in a same hierarchy belong
to the same family of middleware, i.e., they should realize and provide the same
functionalities, although they belong to different abstraction layers and use differ-
ent design strategies. However, this is difficult to achieve since the model is often
complicatedly constructed and thus difficult to be checked, especially manually.

In order to solve the problem, we construct a framework that checks whether
the specified architectures on different abstraction layers provide the required func-
tionalities (see Fig. 8.1), with the help of a standard reference application. The
application covers the requirement and it is used to validate the functionality com-
pleteness of the architectures. It invokes and uses the Application Programming In-
terfaces (APIs) provided by each style, namely, Concrete API and Conceptual API.
From the execution result we can check and compare whether the architectures be-
long to the same family of middleware. Specifically, we develop the framework
based on the simulation technique with tool support. Having a formal semantics,
the typed graph transformation system enables us to analyze properties of the con-
structed model through simulation. Simulating the dynamic behavior of the system
allows the designers to execute the system and to play with specific scenarios. The
designers can concentrate on the key aspects of the architecture. It can also detect
errors and improve the confidence of the model.

The style describes a specific kind of software architecture with interesting as-
pects like mobility, middleware platform, which bring new possibilities of applying
simulation. Besides the mentioned behavioral consistency check, we will develop
other two ways to use simulation: to validate the model efficiently, and to auto-
mate the refinement consistency check. In addition, we also focus on providing a
practical and usable process and environment to help the design and development
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Figure 8.1: The simulation framework for behavioral consistency check

of the style. The tool support of style specification, style refinement and other re-
lated concept is very important too. After comparing the available simulation tools,
we decide to choose the existing Fujaba simulation environment as our basis [65].
Fujaba is a CASE (Computer-Aided Software Engineering) tool that aims to push
graph transformation systems to a broader industrial usage. Fujaba allows a seam-
less integration of object-oriented software development and graph transformation
systems, which facilitates greatly the designers and developers who are not famil-
iar with graph transformation systems. With its support, we develop a style - based
engineering process for style development, which includes style specification, style
validation, refinement consistency check, behavioral consistency check and code
generation.

The chapter is organized as follows: After giving our requirements for the tool,
we introduce and compare the available TGTS-based simulation tools in Section
8.2. In Section 8.3, we explain at first how to use Fujaba environment to specify
and simulate the style. Afterwards, we illustrate the three ways to use Fujaba
simulation for further style-based analysis and automation. We also conclude the
style - based engineering process for style development.

8.2 Graph transformation simulation tools

There exist various graph transformation system based analysis methods and tools [47],
which differ in various concepts, techniques and focuses. To choose which one to
use depends on the requirements and purposes of the users. We list at first some
requirements in order to judge their suitability for style specification, refinement,
simulation and behavioral consistency check, etc. Afterwards, we will evaluate and
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compare three possibly suitable simulation tools, which are Fujaba, PROGRES and
AGG. Finally, we choose the Fujaba simulation environment as the basis for further
style-based analysis and development.

8.2.1 Requirements for the tool

1. Style specificationThe tool should allow us to input and edit the full style
specification, i.e., the type graph and the graph transformation rules. More
specifically, we specify the type graph using UML class diagrams, and the
rules at the instance level using object diagrams (see Section 5.3). There-
fore, it is necessary that the tool supports the definition of related concepts
like classes, attributes, cardinalities multi inheritance, associations, aggre-
gation, etc. The best would be an UML class diagram editor that supports
direct class diagram notations. The definition ofa single graph transforma-
tion rule by its left- and right-hand sides should be supported. It is helpful
if the tool supports complicatedprogrammed graph transformations, since
it allows users to specify advanced control flow with user-defined order. It
provides the possibility to combine a set of rules to one complicated rule.

2. Type check / static semantics analysisWhen specifying and applying rules,
we need to ensure that the instance graphs are correctly typed over the type
graphs. It is quite error-prone when designers check the correctness of rules
by hand for a large system. Many errors are caused because of incorrect
typing of the object diagram to the class diagram. For instance, it happens
often thatcardinalities, associationsandinheritanceof instance graphs are
not correctly specified according to the class diagram. Consequently, the ca-
pability of UML class diagram-based static semantics analysis (see Section
5.3) is significantly important. It decides how easily the users can develop
the style.

3. Simulation mode Having a formal semantics, the typed graph transformation
system enables us to analyze dynamic behavior of the constructed model
through simulation. Our basic requirement for simulation is that it should
support the execution of the rules with a fixed sequence, which is required
for the specification of component interaction (see Section 5.3). Further, we
require two different modes to execute the rule:

1. The interactive modethat allows users to decide certain transforma-
tion sequences by user-specific rule selections for every transformation
step. This allows users to execute one rule at a time. Therefore, the
rules in a fixed sequence will be executed one after another with users’
interaction.

2. Theautomatic modethat applies a sequence of rules that are pre-defined
by the users.
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4. Refinement In order to enable automated refinement checks between two graph
transformation systems as described in Chapter 7, we require a tool that
should:

1. Allow us to specify anabstraction functionbetween two type graphs
(see Section 7.4).

2. Enablestructural refinement checksfor a given pair of instance graphs
based on the abstraction function (see Section 7.4).

3. Implement the Algorithm 7.1 and 7.2 forconstructing the derived graphs
i.e., the overall preconditionL′, the overall postconditionR′, and the
intermediate graphM ′

i for refinement consistency check, given a fixed
sequence of rules (see Section 7.4).

4. Allow reachability checkfor the constructedL′, R′ andM ′
i , by apply-

ing the fixed rule sequence (see Section 7.4). Normally, the reachability
check can be accomplished by GTS-based model checking and simu-
lation techniques.

5. Behavioral consistency checkIn order to automate behavioral consistency checks
between two architectures as outlined in the above overview, we require a
tool that should:

1. Allow us to define thestandard applicationfor validation, which in-
cludes a sequence of operations.

2. Allow us to specify theAPIs for the styles. The APIs should provide
the needed operations that will be invoked and used by the standard
application.

3. Enable theinvocation and executionof the operations. One basic re-
quirement is that it should support the execution of the rules with a
fixed sequence. The best would be that it supports both interactive and
automatic mode of execution.

4. Allow us to check andcompare the execution resultof two systems.
A very basic requirement is that the execution result should be easily
readable and understandable.

6. Style - based developmentWe focus on providing a practical and usable pro-
cess and environment to help the design and development of the style. Us-
ability, understandability,code generation, prototype generation, reverse en-
gineering, and other aspects of the tool are very important in order to at-
tract software designers and developers to use the approach. For instance,
seamless integration of graph transformation systems with common (Object
Oriented) design and implementation languages like UML, C++ or Java is
important. Especially, usingUML-like notationsto edit the rules can help
a lot, since the graph grammar notations are too proprietary and difficult to
use for users who are not familiar with them.
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The above listed requirements show that we mainly focus on the practical usage
of the tool to help the design and development of the style. We do not consider other
more theoretical aspects of graph transformation theory, such as detailed graph data
models, transformation productions, etc. Correspondingly, we will evaluate next
three tools that are famous for promoting the practical usage of graph transforma-
tion systems as a design and implementation means. The evaluation only reflects
their suitability for our specific requirements.

8.2.2 AGG

The AGG (Attributed Graph Grammar) system [13] aims at the specification and
prototypical implementation of applications with complex graph-structured data.
It’s underlying graph model is the graph structure of labeled and attributed hier-
archical graphs. For the user interface, typed and attributed directed graphs are
chosen as graph data model. The editor of transformation rules consists of left-
hand side and right-hand side. Although AGG supports the modeling of classes,
attributes and cardinalities, it does not provide static semantics analysis of cardinal-
ities, inheritance, associations, etc. Therefore, the users need to check themselves
whether the rules are correctly typed over the UML class diagrams.

We can simulate a graph transformation system using AGG’s analysis tech-
niques. AGG supports two different modes to execute the transformation rule. The
interactive mode allows the user to select a certain rule and to determine a certain
matching of its left-hand side in the host graph. The second mode, the automatic
mode, is more sophisticated. It applies not only one rule at a time but also a se-
quence of rules that are pre-defined by the users. Each rule is applied as often as
possible, until no more match for this rule can be found. Then, the next rule is tried
and applied if possible. The graph transformation stops when all rules have been
applied in the given order as often as possible.

The researchers in the graph transformation area have been made effort to en-
hance the practical usage of graph transformation systems as a design and imple-
mentation means [22]. For this purpose, the AGG system was extended by a so-
phisticated graph pattern matching algorithm for the automatic execution of AGG
rules. Besides, AGG combines graph transformations with the object-oriented pro-
gramming language Java such that AGG may be used as a general purpose graph
transformation engine in high-level Java applications.

AGG does not support refinement check between two graph transformation
systems. However, reachability check can be accomplished by the simulator. The
behavioral consistency check is not supported by AGG neither. Again, the invoca-
tion and execution can be performed by the simulator.

8.2.3 PROGRES

The PROgrammed Graph REplacement System PROGRES is developed to mech-
anize the development of integrated programming support environments by graph
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transformation systems [130]. The main goal of the environment is to provide tools
for various phases of a software life cycle from analysis over design to program-
ming together with accompanying task like configuration and project management.
PROGRES is based on the data model of Entity Relationship diagrams (Graph
Schema). It supports the modeling of classes, attributes, cardinalities, and single
inheritance. PROGRES offers the concept of PROgrammed Graph REplacement
Systems for the description of complex graph transformations. It’s semantics is
formally defined based on the rather general formalism of programmed graph or
structure replacement system. It does not only offer imperative deterministic con-
trol structures for programming complex graph transformations, but allows one to
construct them using a Prolog-like depth first search and backtracking program-
ming style.

PROGRES provides quite complete support of static semantics analysis. For
example, PROGRES comprises hundreds of static semantics rules that check con-
sistency of a specification. The inheritance rules ensure the correctness of multiple
inheritance. The cardinality qualifier rules ensure that the defined graph patterns
do not contain obvious violations of edge cardinality constraints, etc. Type check-
ing rules are about the actual operation parameters are checked against their formal
counterparts, assignments are checked for type equivalence, graph patters and path
expressions are checked against graph schema, etc.

Besides allowing stepping through the specification, which is similar to the in-
teractive mode in AGG, PROGRES interpreter also executes pre-defined order of
rules that is defined by explicit control flow constructs. These constructs include
a nondeterministic choice operator which can be used for random rule selections.
The interpreter computes possible matchings and randomly applies rules to the cur-
rent host graph. 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.

Besides C, Modula-2, tcl/ tk code generation, the PROGRES environment of-
fers means for the rapid prototyping of applications from their graph grammar
specification.

The same as AGG, PROGRES does not support the concept of refinement anal-
ysis and behavioral consistency check between two graph transformation systems.

8.2.4 Fujaba

Although the above mentioned tools AGG and PROGRES have been improved
a lot in usability, understandability, etc., there were still major problems to over-
come in order to attract software designers and developers to the usage of graph
rewrite systems. Two of the main problems are, that (1) the graph grammar nota-
tions are too proprietary and (2) that there exists no seamless integration of graph
rewrite systems with common (Object Oriented) design and implementation lan-
guages like UML and C++ or Java. In order to overcome these deficiencies, Fujaba
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(From UML to Java And Back Again) environment was created. Indeed, Fujaba
environment is a CASE (Computer-Aided Software Engineering) tool that aims to
push graph grammars to a broader industrial usage [54]. Fujaba and the kernel
Story Diagrams allow a seamless integration of object-oriented software devel-
opment and graph transformation systems. Generally, Story Diagrams enhance
object-oriented software development methods by appropriate means for modeling
the evolution and dynamic behavior of complex object structures.

Story Diagrams adapt standard object-oriented modeling languages i.e. UML
class diagrams, activity diagrams, and collaboration diagrams. The semantics of
Story Diagrams is based on its predecessor PROGRES. Story diagrams adopt main
features from PROGRES, e.g., directed attributed graphs, programmed graph trans-
formations with parameterized rules. However, story diagrams enhance the data
model of graphs towards the object-oriented data model, i.e., the UML class dia-
gram. The PROGRES graph model is extended to support for ordered, sorted, and
qualified associations and aggregations.

The transformation rules are executed according to the control flow the user
has specified in the underlying story diagram. Since the rules are parameterized,
the user can also use parameter values to determine a specific matching for the
rule. The interpreter selects one of them non-deterministically if there are sev-
eral possible matchings. Fujaba drops the backtracking mechanisms of PROGRES
since extensive experiences have shown that it is seldom used. This enables Fujaba
to translate Story Diagrams and Story Patterns into standard object-oriented Java
code. Besides, the Fujaba environment provides a simulator, the dynamic object
browser, which visualizes the current object graph of the designed system. It allows
users to select a certain rule and to determine a certain matching of its left-hand
side in the host graph, which is similar to the interactive mode of AGG.

In addition, Fujaba aims to provide round-trip engineering of the UML dia-
grams [54, 103]. It provides not only code generation but also the recovery of
UML diagrams from Java code. One may analyze the application code, recover the
corresponding UML diagrams, modify these diagrams, and generate new code into
the remaining application code.

The same as AGG and PROGRES, Fujaba does not support the concept of
refinement analysis and behavioral consistency check between two graph transfor-
mation systems.

8.2.5 Evaluation and comparison

We summarize the result of the introduced tools in Table 8.1. The tools have dif-
ferent data models. Although UML class diagram related concepts are roughly
supported by each of the tools, Fujaba provides the best capability of class diagram
specification with its class diagram editor. The users can specify class diagrams us-
ing class diagram notations. All the tools allow us to enter and edit graph transfor-
mation rules. AGG only supports the specification of a single graph transformation
rule, while both PROGRES and Fujaba support complicated programmed graph
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Table 8.1: Comparison of the GTS Simulation tools
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transformations with control flow construction. Inside them, Fujaba provides the
best support of static semantics analysis.

Regarding simulation, only AGG supports both interactive mode and automatic
mode. Fujaba and PROGRES support only interactive mode. However, their com-
plicated programmed graph transformation concept provides an alternative in some
degree, which executes pre-defined order of rules that is defined by explicit control
flow constructs. The users can therefore combine a set of rules to one complicated
programmed rule.

Fujaba provides the best possibility of style-based development. It supports
Java code generation, prototype generation, reverse engineering, etc. Besides, it
is integrated with the well-known UML Class Diagrams, Activity Diagrams and
Collaboration Diagrams, which greatly enhance the understandability and usability
of the tool.

Concerning refinement, none of the tools supports our refinement concepts be-
tween two graph transformation systems. We can not find the definition of abstrac-
tion functions, structural refinement checks, or derived graph construction. How-
ever, each of the tools provides reachability check with the support of simulator,
which at least allows us to automate the behavioral refinement consistency check.

Similarly, none of the tools provides the behavioral consistency check between
two graph transformation systems. The concepts of standard application, API spec-
ification and execution result comparison are not supported. Nevertheless, the im-
portant part, the invocation and execution, is supported by the simulator. We can
develop further automatic behavioral consistency check based on the simulator.

Based on the comparison and summary, we can conclude that Fujaba is the best
choice for our further style based development and automation. It enables us to de-
velop a practical process for the style development, e.g., specification, simulation,
refinement consistency check, behavioral consistency check, code generation, etc.
We will introduce in the next sections how we explore further style-based analysis
and automation using the Fujaba simulation environment.

8.3 Style-based simulation

We will introduce at first how to use Fujaba (Version 4.1.0) to specify and simulate
the style. Afterwards, we will explain three kinds of simulation-based analysis and
automation: efficiently validating the style model, style refinement consistency
check and behavioral consistency check. In the last section, we will conclude the
style - based engineering process.

8.3.1 Style specification and simulation

The object-oriented CASE tool Fujaba (see Fig. 8.5) supports the specification of
a graph transformation system using UML class diagrams and story diagrams, a
combination of graph transformation rules and activity diagrams. Story diagrams
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Figure 8.2: Screen shot of a type graph specified with Fujaba class diagram editor
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Figure 8.3: Screen shot of a transformation rule in the Fujaba Story diagram editor

adopt UML class diagrams for the specification of graph schemes, UML activity
diagrams for the (graphical) representation of control structures, and UML collab-
oration diagrams as notation for graph transformation rules.

We use the previous specified styles (see Section 6.3, 6.4, 6.5) as examples to
show how to specify the style using Fujaba. Taking as the first step, we use the
Fujaba class diagram editor to specify the structural model. The editor allows us to
create and modify classes, attributes, associations, cardinalities, multi-inheritance,
etc. Figure 8.2 shows a snap shot of the type graph of the platform-specific concrete
style (i.e., Wireless CORBA style) specified using the class diagram editor. We can
assign methods to classes, which correspond to the graph transformation rules. For
example, classHomeLocatioAgentcontains one methodupdateLocation. For the
non design-specific conceptual style that does not assign rules to specific classes,
we can create a separate class, for instance,RuleExecution, whose functionality is
to provide a means to activate required methods or rules.

Afterwards, we specify the graph transformation rules using the Fujaba story
diagram editor, which adapts UML activity diagrams to represent explicit con-
trol flow graphically. Thus, the editor supports the definition of complicated pro-
grammed graph transformations. The basic structure of a Story Diagram consists
of a number of so-called activities shown by big rectangles with rounded left- and
right-hand sides. For convenient referring, the activities are numbered at their up-
per right corner. Activities are connected by transitions, that specify the execution
sequence. Execution starts at the unique start activity represented by a filled cir-
cle. Execution proceeds following the outgoing transition(s). It allows users to
specify advanced control flow with user-defined order. We can also combine a set
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of rules to one complicated rule. Besides, it uses UML collaboration diagram no-
tions to present left- and right-hand side of a rule within a single graph. We show
in Fig. 8.3 a single graph transformation rule that contains one activity. As we can
see, the green elements with�creates� represent nodes and edges to be added
after executing the rule. The red elements with�destroys� are to be deleted. The
other elements are black, which remain unchanged. During constructing the rules,
the editor does already some static semantics check. It only allows us to create
elements that are correctly typed over the class diagram. This helps designers very
much to create a consistent and correct specification.

After finishing the style specification, we can generate automatically executable
Java source code. The UML classes are translated to Java classes, while the rules
are translated to Java methods [54, 103]. Besides class frames and method declara-
tions, method bodies are also generated. We show partly the generated Java source
code of ruleupdateLocationin Fig. 8.4, which is a Java method with method bodies
that are corresponding to the dynamic behavior definition of the rule. The gener-
ated code does not require an extensive library and may be integrated seamlessly
with other system parts and it is platform independent due to the usage of pure
Java.

To observe the running system, Fujaba provides a simulator, Dynamic Object
Browsing system (Dobs), which supports the stepwise execution of graph trans-
formation rules through the Java Virtual Machine [57]. Dobs integrates a public
domain Java source code debugger, the JSwat system, which allows using the ded-
icated functionality of the Java Debug Interface (JDI) library to analyze the object
structure in the debuggee virtual machine. This enables Dobs to visualize the cur-
rent object structure as the current host graph, while execution is frozen by JSwat.
Dobs also allows executing a method (rule) graph at the method level, besides ex-
ecuting line by line at the source code level. This enables us to step through the
execution of a system at the graph rewrite rule level of abstraction.

We show the process of doing simulation in Fig. 8.3. After executing the gen-
erated system as step 4 in Dobs, we need to input an initial object configuration
of the system (as step 5). Afterwards, we can execute the system at the rule level
and have a direct feeling how the system works. From the execution result of the
rules in Dobs, we can also check whether the specified model reacts in the desired
way. In case of errors, we can go back to the original graph, divide the rule into
its atomic steps, and debug the models [57]. The code used for the simulation can
be used inside the running system as well, since Fujaba simulates the system by
generating source code out of the specification and observing the running system.
Such an approach closes the gap between the simulated system and the software
running on the real system [104].

Besides, Dobs also allows us to adapt the appearance of objects and to define
more specific which objects should be visible and which should be hidden. For in-
stance, we have shown in Fig. 8.6 the objects with all qualified associations, which
can be hidden too to make the graph clearer, as shown in Fig. 8.7 and Fig. 8.8. We
can use the standard user interface as starting point for the development of the final
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File: C:\Installations\UMLTOols\Fujaba\FujabaLeif\Ping\Worb5\HomeLocationAgent.j
ava  10/17/2006, 8:57:05PM

   }
}

   public void updateLocation()
{
   de.tu_bs.coobra.ObjectChangeCause cause = new
de.tu_bs.coobra.ObjectChangeStringCause("updateLocation()");
   de.tu_bs.coobra.ObjectChange.pushCause( cause );
   try

   {
      boolean fujaba__Success = false ;
      AccessBridge ac1 = null ;
      AccessBridge ac2 = null ;
      CORBAObject o = null ;
      Iterator fujaba__IterThisKnowsMIOROldM = null ;
      Iterator fujaba__IterThisRecordsMIORNewM = null ;
      MobileIOR newM = null ;
      MobileIOR oldM = null ;
      TerminalDomain td = null ;
       
      try
      {
         fujaba__Success = false ;
          
         // bind oldM: MobileIOR
         fujaba__IterThisKnowsMIOROldM = this.iteratorOfKnowsMIOR () ;
         while ( !(fujaba__Success) && fujaba__IterThisKnowsMIOROldM.hasNext ()
)
         {
            try
            {
               oldM = (MobileIOR) fujaba__IterThisKnowsMIOROldM.next () ;
                
               // check To-One-Link 'recordsHLA' between oldM and this
               JavaSDM.ensure ( (oldM.getRecordsHLA () != null) &&
oldM.getRecordsHLA ().equals (this) ) ;
                
               // bind ac1: AccessBridge
               ac1 = oldM.getRecordsAB () ;
               JavaSDM.ensure ( ac1 != null ) ;
                
               // check To-Many-Link 'trackedByHLA' between ac1 and this
               JavaSDM.ensure ( ac1.hasInTrackedByHLA (this) ) ;
                
               // bind o: CORBAObject
               o = oldM.getIdentifiesCORBAO () ;
               JavaSDM.ensure ( o != null ) ;
                
               // bind newM: MobileIOR
               fujaba__IterThisRecordsMIORNewM = this.iteratorOfRecordsMIOR ()
;
               while ( !(fujaba__Success) &&
fujaba__IterThisRecordsMIORNewM.hasNext () )

Page: 17
Figure 8.4: Part of the Java source code generated by Fujaba
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3.Code Generation

visualization

Figure 8.5: Fujaba simulation

user interface.

8.3.2 Efficient validation

Given a specified graph transformation system G =〈 TG, C, R〉, we can validate
the correctness of the specification using simulation. We define a start graphS0

to describe the initial configuration of the system, and an application scenario as
a sequence of rules. The resulting trace of the sequence of rules can be validated
through Fujaba Dobs simulation. In this way we can test whether the model reacts
in the desired way, thus validating functional completeness of the system. We can
further describe the validation process in a more formal way. If exists a transfor-
mation sequence or path p =S0

r1−→ S1
r2−→...

rn−→ Sn, we will say thatr1; r2; ...rn

is a legal sequenceof the rules for the initial stateS0.

A Test Case A test case is a pair (S0, r1; r2; ...rn), which consists of an initial
stateS0 and a legal sequence of execution of the rules (methods) for the
initial state.

A Test Result For a given test case T = (S0, r1; r2; ...rn), a test result is a sequence
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S1;S2; ...Sn, such thatSi is the state of the system immediately after rulern

has been executed.

An Expected Test ResultFor a given test case T = (S0, r1; r2; ...rn), an expected
test result is a sequenceEr1;Er2; ...Ern, such thatEri is the expected state
of the system immediately after ruleri has been executed.

A Correct Specification A TGTS specification is a correct one, if for all test
cases, the corresponding test result is the same as the the corresponding ex-
pected test result, i.e., ifSi = Eri.

This definition is based on the quite mature theory of conformance testing in
the area of Labeled Transition Systems (LTS) [20, 147, 148], which checks that a
specification fulfills its requirements, or that an implementation fulfills its speci-
fications. The typed graph transformation system is a special kind of LTS, where
the states of the system are object graphs, and its transitions are labeled by method
expressions representing occurrences of operations.

There exist two possibilities to create test cases. We can either execute ran-
dom actions, or design specific test scenarios that define the requirements for the
specification. Although the former exercises a reasonable space of possible action
sequences, it still can not guarantee a full coverage of the required scenarios. While
by using the well chosen test scenarios we can validate exactly the required aspects
of the specification through checking whether the desired scenario is realizable.
During specifying the styles, we have already defined some required scenarios us-
ing UML sequence diagrams (see Section 6.5), which represent some requirements
for the styles. At the same time, we can also create additional specific test scenarios
that test special aspects of the specification. For example, the expected movement
style of the components, the interaction process between a client and a server, etc.
We will explain later in Section 8.5 how to create test scenarios through a quite
complete example.

One important and difficult point with testing lies on the creation of theinitial
stateS0 of a test case, and the creation of theexpected test resultEr1; Er2; . . .
Ern. The initial stateS0 should be reasonable enough to allow the users to pursue
the following execution of the sequence of rules. That means, it should cover at
lease the minimal preconditions of all the involved rules. At the same time, the
expected test result should be correct itself in order to allow a correct judgement.
It happens often that the test result is wrongly judged as incorrect, although the
specification is proved to be correct later on. This is normally caused by inputting
an incomplete initial stateS0, or the reference test result is wrong itself, both of
which result in naturally wrong test result or wrong judgement. This makes the
validation process itself error-prone and very inefficient.

We can solve this problem by constructing the minimal initial stateS0 that
contains the needed precondition of all of the rules in the sequence, and the mini-
mal expected test resultEr1;Er2; ...Ern. Recalling the refinement criteria of the
sequence-mapped rule (see Section 7.4), we have created Algorithm 7.1 and 7.2
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Figure 8.6: The initial graph for the scenario

that construct the overall precondition and postcondition of the rules in a fixed
sequence based on a scenario construction, then it checks whether the scenario
is reachable. Besides, the intermediate graph can be created too. It allows us
to apply the rules one after another following the sequence. We denoted it as

L′ r′
1=⇒ M ′

1

r′
2=⇒ M ′

2 ... M ′
n−1

r′
n=⇒ R′, whereM ′

i is the created intermediate
graph,L′ is the initial graph that contains postcondition for applying the rules,
R′ is the last graph that contains the result (i.e., postcondition) after applying the
last rule. Similarly, we can construct the minimal requirement forS0 and the
minimal expected test resultEr1;Er2; ...Ern using Algorithm 7.1 and Algorithm
7.2. We get thenS0 ⊇ (L′ = L′

1 ⊕ L′
2 ⊕, ..., ⊕ L′

n), Eri ⊇ M ′
i , and

Ern ⊇ (R′ = R′
1 ⊕ R′

2 ⊕, ..., ⊕ R′
n).

Now, we will take an already specified important scenario, terminal-initiated
handoff scenario of the platform-specific style (see Fig. 6.26, Section 6.5), as an
example to show how to validate the scenario. The scenario was also used as an
example in the refinement part to show how to correctly refine a single rule to a
sequence of rules (see Section 7.4). We have presented the process of how to con-
struct theL′, M ′

i , andR′ from Fig. 7.10 to Fig. 7.21. Therefore, the corresponding
minimal initial stateS0 is L′ = L′

1 ⊕ L′
2 ⊕, ..., ⊕ L′

9 presented in Fig. 7.22,
which is the revised rule after recovering the inconsistency according to the refine-
ment correctness criteria. The minimal expected test resultEr1;Er2; ..., Er8 is the
constructed intermediate graphM1;M2; ...M8 respectively, andEr9 is the overall
postconditionR′.
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Figure 8.7: The graph after executing the first ruleSendEstablishTunnelRequest

After starting Dobs to execute the model, we input the initial stateS0 (See Fig. 7.22).
Afterwards, we execute the scenario according to the defined sequence of rules.
The initial graph of the scenario in Dobs is shown in Fig. 8.6. We layout the graph
in the same style as in Fig. 7.22, in order to ease comparison. The object names are
given by Dobs automatically, which are named after the first letter of the class name
and an unique number. Based on this graph, we execute the first ruleSendEstab-
lishTunnelRequestby calling theSendEstablishTunnelRequestmethod on object
AccessBridgea2. We show the graph obtained after executing the rule in Fig. 8.7,
which is the same as the calculated middle graphM ′

1 (see Fig. 7.19), except that
we add now the needed elements in order to recover the refinement inconsistency.
They area6:Area, a7:Areaand the connected edges, which keep unchanged during
the execution of the whole scenario. Since the expected test resultEr1 is the same
asM ′

1, we can conclude that the execution resultS1 = Er1. We go on executing
the rule sequence till the last ruleupdateLocation, whose result graph is shown
in Fig. 8.8, which is the same as the revisedR′ (see Fig. 7.22). Again, we can
conclude that the execution resultS9 = Er9, since the expected test resultEr9 is
the same asM ′

9.
From the execution trace of the rules, we can check whether the test result is

correct. In the given example, we start with the initial stateS0 = L′, and we get
the execution resultS1;S2; ...S9, with S0

r0−→ S1
r1−→...

r9−→ S9. After comparing
the execution resultS1;S2; ...S9 to the minimal corresponding expected test result
Er1 = M1;Er2 = M2; ..., Er8 = M8;Er9 = R′, we can conclude that the
test result is correct, for the given test case (S0, r0; r1; ...r9), sinceSi = Eri.
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Figure 8.8: The last graph after executing the last ruleupdateLocation

Therefore, the system supports the application scenario defined by the test case.
Through the construction of the minimal initial stateS0 = L′ and the minimal
expected test resultEr1;Er2; ...Ern, we can greatly enhance the correctness and
efficiency of the validation process.

8.3.3 Refinement consistency check

Recalling our definition of refinement in Chapter 7, we build the refinement rela-
tionship mainly based on the fixed mapping of rules between two graph transfor-
mation systems. Especially, we build refinement criteria for the sequence mapped
rules and scenario mapped rules through a scenario-based construction, i.e., we
construct the overall precondition, intermediate status, postcondition of the sce-
nario using Algorithm 7.1 and 7.2. Afterwards, we check the correctness of the
scenario through checking whether the scenario is reachable. This reachability
check is rather complicated and error-prone if done manually. With the help of the
Fujaba simulation tool Dobs, we can automate the refinement consistency check
for behavioral refinement, although we can not do complete refinement checks.

Suppose that we have a constructed scenario for a refined rule withL′ r′
1=⇒

M ′
1

r′
2=⇒ M ′

2 ... M ′
n−1

r′
n=⇒ R′, whereL′ is the initial graph that contains postcon-

dition for applying the rules,M ′
i is the created intermediate graph,R′ is the last

graph that contains the result (i.e., postcondition) after applying the last rule. We
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Figure 8.9: The application scenario (UML deployment diagram)

can check the correctness of the scenario by executing the rule sequence, takingL′

as the input for the initial configuration. In last section, we have illustrated how to
validate the scenario efficiently using the terminal-initiated handoff scenario of the
platform-specific style, which is also a refined sequence mapped rule. At the same
time, we have also proved that the scenario is reachable, i.e., all the constructed
graphs are reachable. Therefore, we can conclude that the sequence of rules is a
correct refinement.

Some researchers [145] develop the style refinement consistency check based
on the model checking technique. They check whether all the states in one transfor-
mation system are reachable in another transformation system, vice versa. Hence,
they require explicit generation of graph transition systems from the given GTSs,
which is offered by model checkers like CheckVML and GROOVE. However, the
approach is inefficient and impractical to large systems because the state space is
too large to be explored. Different from [145], our style-based refinement theory
does not rely on the exploration of a graph transition system. It is more important
that the tool supports the execution of a fixed sequence of rules. Therefore, it en-
ables us to use the simulator Dobs to automate the refinement consistency check,
which is more suitable to large systems.

8.3.4 Behavioral consistency check

As having introduced in the overview, we develop a framework that checks whether
the specified architectures on different abstraction layers provide the required func-
tionalities (see Fig. 8.1), with the help of a standard reference application. This can
check whether the architectures in a same hierarchy belong to the same family of
middleware, i.e., they should realize and provide the same functionalities. We take
the previous specified styles of the middleware for nomadic networks (see Section
6.3, 6.4, 6.5) as examples to show how to do the behavioral consistency check.

8.3.4.1 The reference application

The first step of the behavioral consistency check is to design a standard reference
application (F), which should cover the requirements for the middleware and it is
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Figure 8.10: The standard reference application scenario

used to validate the functionality completeness of the architectures. In section 6.2,
we have explained that the middleware for nomadic networks focuses on how to
provide continuous connectivity and other services when components move across
the structured spaces where handover protocols are often used. Therefore we de-
sign an application that tests these main aspects: Assume a mobile PC equipped
with Wireless LAN and GPRS cards, hosting a component that needs to access
an Email server on a stationary host, which is located in the fixed network. We
suppose that we have two structured areas for movement: the office and outside.
Wireless LAN and GPRS networks are both available in the office, while outside
only GPRS is available. Because of the higher speed and cheaper price, the system
should use the Wireless LAN whenever available. Therefore, when the user moves
from the outside area to the office, the Email session based on GPRS should not
be interrupted while the underlying connection is being changed to Wireless LAN.
We show the components for the scenario in the deployment diagram of Fig. 8.9.
The interaction between components is also defined in the sequence diagram (see
Fig. 8.9). The interaction for the application scenario is rather simple, since the
middleware below should provide the needed services, such as component invo-
cation, component interaction, network connection, and handover, etc, which are
hidden to the application.

8.3.4.2 Application Programming Interfaces (APIs)

As the second step, the Application Programming Interfaces (APIs)(G) should be
provided by each of the styles, which encapsulate the needed operations that will
be invoked and used by the standard application. We define several operations for
the APIs, as shown in Fig. 8.11. Since the three styles are specified on different
abstract layers that have different focuses, we extend the style models to provide a
consistent API. In order to do so, we encapsulate the rules of the style to provide
consistent services that allow the application to use.

As we can see, the offered APIs are the same as the rules specified in the con-
ceptual style for the middleware, since the conceptual style specifies structured
space of nomadic networks and the main functionality of the middleware. There-
fore, we use directly the rules and it does not need to be extended in this case.
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Figure 8.11: APIs for the reference application

Such a definition of APIs allows us to test the detailed aspects of the application
scenario, which are very important in the validation process. It enables us to go
into details and locate errors more easily. We can also define more abstract APIs
that hide the implementation details of the middleware to the application.

The rules specified in other two concrete styles need to be encapsulated in or-
der to provide the same APIs, since they contain refined rules that model more
design-specific component interaction patterns. Because we define the refinement
relationship mainly based on the fixed mapping of rules, we can now define the rule
encapsulation based on the mappings. We show in Table 8.2 the encapsulations for
the APIs. For instance, we encapsulate the two rulesremoteCallanddispatchMes-
sageof both conceptual styles for thebind(Component c1, c2). The sequence
of rulesconnectBridge, sendMessage, dispatchMessage, request,callReturnof the
platform-independent concrete style are encapsulated for theconnect(Node n1, n2).
We need to notice, this encapsulation is based on the scenario - mapped rules (see
Table 7.4, Chapter 7), where the rules likerequest, callReturn, reply, dispatchMes-
sage, sendMessagein the platform-independent concrete style are very different,
which can not be mapped directly to any rules in the conceptual style. However,
they can be associated with the abstract rules through a scenario definition, since
they are added in order to realize a specific application scenario in the abstract
style.

In Fujaba, we can do the encapsulation at the specification stage. We define a
special classAPIsthat contains all the operations for the application. Using Fujaba
story diagram editor, we can combine the sequence of rules into one complicated
rule. Fujaba story diagram editor supports complicated programmed graph trans-
formations, and it allows users to specify advanced control flow with user-defined
order. For instance, we present in Fig. 8.12 a simple example of combining the two
rulesremoteCallanddispatchMessageof the platform-specific concrete style into
one rulebind(Component c1, c2)for the APIs. TheremoteCallis specified as the
first activity, whiledispatchMessageis specified as the second activity. The two
activities are connected by transitions, that specify the execution sequence.
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Table 8.2: Rule encapsulations for the APIs

Figure 8.12: Combination of the rules in Fujaba Story Diagram
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Figure 8.13: The initial graph of the application scenario for the conceptual style

8.3.4.3 Invocation and execution

Based on the APIs provided by the three styles, we can invoke and execute the
operations to validate the application scenario. After running the system using
Dobs (E), we need to build an initial system configuration that consists the elements
to be tested. For instance, Fig. 8.13 is the initial graph of the application scenario
for the conceptual style. In Fig. 8.13,Component c0is the application component
that represents the email client, whileComponent c1represents the email server.
Both of the components have a port, i.e.,Port p6 andPort p7, Component c0is
mobile and it is deployed onNode n10. Component c1locates on the fixed network
side. There are two areas for roaming.Area a8stands for the GPRS area, while
Area a9stands for the WLAN area. The email client is located in the GPRSArea
a8. TheNode n2for the email server is connected toNode n11. We activate one
after another the methods ofAPIs a5, which provides the invocation operations to
the application. In the end, we get the last graph of the application scenario, which
is shown in Fig. 8.14. Now, the mobileNode n10is located in both areas. Although
the history of session activation and handover is not visible here, we can still see
that theNode n2is now connected toNode n12, but notNode n11anymore, since
Node n10uses now the network provided byNode n12. From the execution result,
we can conclude that the required application is supported by the conceptual style.

Similarly, we have the initial configuration for the platform-specific style in
Fig. 8.15. This graph is much more complicated as it includes design specific ele-
ments. We layout the elements is the same way as in the conceptual style, although
the object id is not assigned the same anymore. The definition ofNode, Port, Area
andNetworkkeeps the same. TheComponentis now changed toCORBAObject.
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Figure 8.14: The last graph of the application scenario for the conceptual style

TheOperation o4is introduced here, withPort p2 requiresit andPort p3provides
it. The session concept is refined to object invocation here.Client c5andServer s6
manage the application objects, which are responsible for interactions between ob-
jects. Besides, the interaction is now handled between bridges, i.e.TerminalBridge
t13, AccessBridge a17andAccessBridge a18. MobileIOR m15identifies the mo-
bile objectCORBAObject c0and recorders the currently attachedAccessBridge
a17. HomeLocationAgent h16recordsMobileIOR m15and tracksAccessBridge
a17, where the mobileCORBAObject c0is located in. Again, we activate one by
one the methods ofAPIs a21, which encapsulates the operations provided to the
application. In the end, we get the last graph of the application scenario, which is
shown in Fig. 8.16. Besides the same changes appearing in the conceptual style
(see Fig. 8.14), we can observe other changes. TheTerminalDomain t14is now
attached to the new access bridgeAccessBridge a18, but not the old one anymore.
At the same time,HomeLocationAgent h16tracks the new access bridge, but not
the old one. The oldMobileIOR m15is deleted since it is not valid any longer. A
newMobileIOR m22is created, which identifies the mobile object and records the
new access bridge.HomeLocationAgent h16records also the newMobileIOR m22,
not the oldMobileIOR m15. In this case, the next possible invocations between the
mobile client and server will be directed to the new access bridge. We can also
conclude that the required application is supported by the platform-specific style,
since the execution of the rule sequence is successfully pursued and the result is
correct.
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Figure 8.15: The initial graph of the application scenario for the platform-specific
(Wireless CORBA) style

Figure 8.16: The last graph of the application scenario for the platform-specific
(Wireless CORBA) style
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8.3.5 Style - based engineering

Till now, we have introduced how to use Fujaba to specify and simulate the style,
how to efficiently validate the style model, how to automate style refinement con-
sistency check, and how to do behavioral consistency check. We will end this
section by summarizing a process that helps the design and development of the
style. Let us assume that we already have ideas what the style should include, and
how to refine it to a more concrete one. We start with specification of the style:

1. Style specificationTaking as the first step, we use Fujaba to edit the full style
specification, i.e., the type graph (UML class diagrams) and the graph trans-
formation rules. Fujaba provides an UML class diagram editor that supports
rather complete UML class diagram notions, for instance, classes, attributes,
qualified associations, cardinalities, multi-inheritance, etc. After inputting
the type graph using the class diagram editor, we specify the graph transfor-
mation rules using story diagram editor. It adapts UML activity diagrams to
represent explicit control flow graphically, which enables us to define com-
plicated programmed graph transformations. Besides, it uses UML collab-
oration diagram notions to present left- and right-hand side of a rule within
a single graph. Such an integration of well-known UML-like notations and
graph transformation systems facilitates greatly the designers and developers
who are not familiar with graph transformation systems.

During constructing the class diagram and rules, the editors do already
some static semantics check. For instance, they check consistency of the
class diagram, the users are only allowed to create instance elements that
are correctly typed over the class diagram, etc. This helps the designers
very much to create a consistent and correct specification. It enables the
designers to focus on the content of the style, but not the distracting semantic
consistency checks, which makes the style specification process efficient.

2. Style validation Having finished the specification, we validate it using the Fu-
jaba simulator Dobs. Dobs allows executing a method (rule) graph at the
method level, besides executing line by line at the source code level. This
enables us to step through the execution of a system at the graph rewrite rule
level of abstraction. From the execution result, we can also check whether
the specified model reacts in the desired way. In case of errors, we can go
back to the original graph, divide the rule into its atomic steps, and debug the
models. Especially, we can define a start graphS0 to describe the initial con-
figuration of the system, and an application scenario as a sequence of rules.
The resulting trace of the sequence of rules can be validated through Fu-
jaba Dobs simulation. In this way we can test whether the style supports the
application scenario, thus validating functional completeness of the system.

In addition, we provide an algorithm that allows us to create not only the
initial stateS0 of a test case, but also the expected test result. This avoids the
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wrong judgement of a test result, which is caused either because of inputting
an incomplete initial state that does not ensure the validity of following rule
executions, or because of a wrong reference test result. By doing so, we can
greatly enhance the correctness and efficiency of the validation process.

3. Refinement consistency checkSupposing that we get now an abstract style
specification and a refined concrete one, the next step is to use Dobs to
check the behavioral refinement consistency, since we build the refinement
relationship mainly based on the fixed mapping of rules between two graph
transformation systems. With the help of Dobs, we can check the correctness
of the sequence-mapped rules and scenario-mapped rules through checking
whether the refined sequence of rules is reachable. By doing so, we avoid
the exploration of a complete graph transition system, which is inefficient
and impractical to large systems because the state space is too large to be
explored. It is more suitable to large systems.

This helps a lot to ensure the correctness of the refined style, although we
can not do complete automatic refinement checks, i.e., the required abstrac-
tion function, structural refinement checks and derived rule construction (see
Section 8.2).

4. Behavioral consistency checkAfterwards, we use the behavioral consistency
check framework to check whether the architectures in a same hierarchy be-
long to the same family of middleware, i.e., they should realize and provide
the same functionalities. At first, we need to design a standard reference
application that should cover the requirements for the middleware and it is
used to validate the functionality completeness of the architectures. Later
on, the Application Programming Interfaces (APIs) should be provided by
each of the styles, which encapsulate the needed operations that will be in-
voked and used by the standard application. We do the encapsulation based
on the rule mappings and with the help of Fujaba story diagram editor, which
allows us to combine the sequence of rules to one complicated rule. Having
based on the APIs provided by the three styles, we can invoke and execute
the operations in Dobs to validate the application scenario, to see, whether
the style supports the same required scenario. From the execution result we
can check and compare whether the architectures belong to the same family
of middleware.

5. Code generationFinally, we get the validated styles that should be correct af-
ter passing the above mentioned different consistency check processes. Tak-
ing as the last step, we generate automatically executable Java source code.
The specified UML classes are translated to Java classes, while the rules are
translated to Java methods. Besides class frames and method declarations,
method bodies are also generated. The generated code does not require an
extensive library and may be integrated seamlessly with other system parts
and it is platform independent due to the usage of pure Java.
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Chapter 9

Conclusion

In the previous chapters, we have explained the whole architectural style-based
approach, which includes the modeling language, style specification, style refine-
ment, simulation, validation and behavioral consistency check. The overall objec-
tive of the thesis is to develop an architectural style-based approach to help the
design and development of middleware for mobile systems. In this last chapter,
we will at first review the objectives and requirements previously given for the ap-
proach, and evaluate how our approach fulfills them (in Section 9.1). Afterwards,
we will explain (in Section 9.2) how to use the specified style to help the design
and analysis of a new middleware at different design stages, taking the previous
specified three-layered style of the middleware for nomadic networks as an exam-
ple. We will also summarize the contributions (in Section 9.3), and give an outlook
on future work (in Section 9.4).

9.1 Evaluation

In Section 1.3, we identified roughly four main objectives that the architecture
centric approach should include, which are the architectural style, the modeling
language, model-based analysis, refinement and consistency check. Later on, we
gave the detailed requirements in the following chapters. In Section 3.2, we further
classified the requirements into two well organized groups, which are style speci-
fication and the modeling language. We will now take this classification, separate
the evaluation into two parts, and consider how our approach fulfills them.

9.1.1 Evaluating the style specification

The requirements for the style specification are satisfied by our TGTS (Typed
Graph Transformation System) and meta-modeling based approach. As having
explained in Chapter 5, we specify the style through defining the style definition
language (i.e., metamodel, or type graph, and graph transformation rules) that is
specialized for the middleware for mobile systems. More specifically, we create a
specialized metamodel and a set of rules for defining the style for the middleware.

189



190 CHAPTER 9. CONCLUSION

Our style specification can be separated into two parts: the structural part and
the behavioral part. We specify the structural part using the type graph, which is
based on the MOF (meta object facility) that provides the standard OO modeling
concepts including MOF packages, classes and associations. They are visualized
using UML class diagrams. The object diagrams are called instance graphs that are
typed over the type graph. We use the type graph to define the vocabulary, allowed
configurations, constraints, and allowed type definition of the style. The instance
graphs of the type graph represent both the declarative definition of an architec-
tural style and the style configuration. The behavioral part describes the runtime
behavior of the system, which is specified using graph transformation rules at the
instance level. Correspondingly, the specification covers the following required
items:

Type definition We distinguish two different typing relations in our specifica-
tion. One is between the style (class diagrams) and the model (object diagrams).
Another one is within the models, for instance, between component types and com-
ponents.

Style vocabulary Using the class diagram, we can easily specify the required
vocabulary for the architectural style. The required architectural design elements
such as wireless connection, space and middleware construction components are
specified in a unified manner as classes in the same type graph. The other needed
elements can be easily added because of the extensibility and adaptability of the
modeling language, which is explained in the next section.

Configuration In the class diagram, we can specify the relationship and connec-
tion between the architectural elements using associations. The allowed configura-
tions are then specified in the class diagram by defining a type relationship for the
associated component and connector types and their instances building a certain
runtime configuration.

Configuration constraints The class diagram consists of already cardinalities
and other constraints. Therefore, it can easily be used to reflect the topological
constraints of the architectural configurations.

Behavior Based on the graphic architectural configurations, we can specify dy-
namic changes and component interactions in a natural manner using graph trans-
formation rules. We further differentiate two kinds of rules: rules for dynamic
changes (with a nondeterministic sequence) and rules for component interaction
(with a fixed sequence). Rules for dynamic changes specify the reconfiguration
of the style in the presence of mobility, which includes for instance the movement
style of the components in the specified space, the disconnection of the wireless
connection, etc.
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Rules for component interactions specify the component communication and
collaboration, whilst the coordination and synchronization between different ac-
tions and components are specified using UML Interaction diagrams. The advan-
tage to use rules in this case is that it allows us to specify naturally the dynamic
reconfiguration among the coordinating components concerned in interactions. By
doing so, we can specify the very dynamic component interaction pattern supported
in the middleware for mobile systems.

Using graph transformation rules to specify both dynamic changes and com-
ponent interactions enables us to integrate the two parts smoothly and directly into
one specification with the same semantic background. This enhances the simplic-
ity of the specification very much, and it eases the designers and developers to
understand the model and to use the approach.

9.1.2 Evaluating the modeling language

Besides satisfying the requirements for the style specification, our TGTS and meta-
modeling based modeling language also fulfills the following requirements. Our
approach provides a practical and usable process and environment to help the de-
sign and development of correct and consistent styles.

Understandability Visual representation and formal semantics are the main ad-
vantages of the modeling language. It has not only a graphic, easy understandable
syntax, but also an operational semantics. The class diagram is very powerful to
describe complex structures of a system, while the graph transformation system
provides a sound way to formally describe the behavior of the system. The combi-
nation of the both can model concepts and ideas in a direct and intuitive way. At
the same time the derived model is clear and without ambiguities.

Analysis Having a formal semantics, the typed graph transformation system en-
ables us to analyze properties of the constructed models using modeling checking
or simulation with various available tool supports. Especially, simulating the dy-
namic behavior of the system allows the designers to execute the system and to
play with specific scenarios. The designers can concentrate on the key aspects of
the architecture. It can also detect errors and improve the confidence of the model.
We have explored the existing tool Fujaba as the basis for further style-based sim-
ulation (see Chapter 8). It allows us to validate efficiently the functionality com-
pleteness of the style. Besides behavioral analysis, it also allows us to pursue static
semantic analysis, which includes for instance consistency check for the class dia-
gram, type check for the instance graphs, etc. This helps the designers very much
to create a consistent and correct style.

Due to the unified specification of different architectural elements as classes
in the same type graph, the integrated specification of dynamic changes and com-
ponent interactions as transformation rules, we can reason about mobility related
aspects, such as location and wireless network connection, dynamic changes and
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dynamic component interaction, etc., in the same manner as we reason about other
components in a distributed system.

Formal semantics As already mentioned, the TGTS has a formal semantics. It
enables us to formally specify the structure and behavior of a system. The de-
rived model is clear and without ambiguities. It also supports execution, analysis,
transformation, automation and toolsets.

Adaptability and extensibility As mentioned in Section 5.2, our approach is
similar to the metamodeling-based language driven development approach that
adapts the language (but not the model) to new application domains and new re-
quirements. The TGTS provides a flexible way to extend or change the models.
This allows adaption of a specialized model to meet new requirements of a new
application. The adaption includes two parts: the type graph and rules. Class di-
agrams (Type Graph) provide a powerful and flexible way to model architectural
elements and their relationships. New architectural elements can be easily added
through adding proper associations and classes. While unnecessary elements can
be deleted together with the related associations. The relevant rules built on in-
stance graphs can be adapted easily to be typed over the adapted type graph. Rules
can be added or deleted without violating the semantics of the TGTS.

Style refinement When developing the style, we use a stepwise refinement-based
approach in order to decrease complexity and enhance reusability. We start from
a simple abstract (i.e., conceptual) style that is refined to a more concrete style
(platform-independent), which is further refined to an even more concrete style
(platform-specific). In order to ensure that the refined concrete style is a correct
refinement of the abstract one, we formalize the refinement relationship between
two abstract layers based on the mapping of rules. We develop refinement cor-
rectness criteria that include both structural ones and behavioral ones, which allow
us to check the correctness of the newly added rules and structural elements. Our
formalization enables us to use the existing graph transformation simulation tool
Fujaba as the basis for automating the refinement consistency check. It is more ef-
ficient and practical to large systems compared to the formalization based on model
checking theory, since we do not need to explore the complete system state.

We have further identified in Section 7.2 much more detailed requirements for
the refinement, such as functional preservation and functional constraints, struc-
tural preservation and functional constraints, reusability, etc. They identify the
desired properties that need to be preserved during the refinement process. Later
on in Section 7.4 and 7.5, we have concluded that all the required items are satisfied
with our approach. We will not repeat them here anymore.

Consistency check We develop a framework that supports behavioral consis-
tency check between models on different abstract layers. It checks whether the
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specified architectures in a same hierarchy belong to the same family of middle-
ware, i.e., they should realize and provide the same functionalities, although they
belong to different abstraction layers and use different design strategies. Besides,
we automate the consistency check process with the support of Fujaba.

Usability Besides supporting simulation, we also focus on providing a practical
and usable process and environment to help the design and development of the
style. After comparing the available simulation tools, we choose Fujaba [1] envi-
ronment as our basis. Fujaba is a CASE (Computer-Aided Software Engineering)
tool that aims to push graph transformation systems to a broader industrial usage.
Fujaba allows a seamless integration of object-oriented software development and
graph transformation systems. Its usage of well-known UML class diagrams, activ-
ity diagrams and collaboration diagrams as notations facilitates greatly the design-
ers and developers who are not familiar with graph transformation systems. With
its support, we develop a style - based engineering process for style development,
which includes style specification, style validation, refinement consistency check,
behavioral consistency check and code generation.

9.2 Relevance to practice

During developing the approach, we have emphasized understandability and us-
ability of the approach, in order that the designers and developers can use it in
practice to help the design and development of the middleware. The modeling
language has a graphic, easy understandable syntax. It can describe complex struc-
tures and systems, and model concepts and ideas in a direct and intuitive way. The
style is specified as simply as possible, for instance, we use graph transformation
rules to specify both dynamic changes and component interactions in the behav-
ioral part, for the purpose of enhancing simplicity and integrity. The stepwise
refinement allows designers and developers to develop a complex, huge system
step by step. It can decrease the complexity of the specified models and ease the
design and development process. The automation of refinement consistency check
and bahavioral consistency check lightens the check process. The style - based en-
gineering process helps a lot to efficiently develop correct styles with tool support,
which also allows a seamless integration to the well-known object oriented design.
All these facilitate greatly the designers and developers to use the approach.

Now we will explain how to use the specified style to help the design and anal-
ysis of a new middleware at different design stages, taking the previous specified
three-layered style of the middleware for nomadic networks (in Chapter 6) as an
example.
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Figure 9.1: Styles and architectures

9.2.1 Style and design

We have constructed the three-layered style of the middleware for nomadic net-
works. Each of the style captures different architectural aspects or views that are
resulted from the already established design knowledge or successful experience
made by the practitioners in the middleware area. When building a new middle-
ware for nomadic networks, the designers and developers do not need to explore
all possible alternatives for its supported architecture. Instead, they can use the
constructed architectural style that is effective for the middleware. They can define
the design as instances of the style, or they can use the style as a reference model
for further improvement and development (in Fig. 9.1). The style exposes the im-
portant issues and thus helping them to make effective choices and locate the best
solution more easily. It enables them to ignore complications and alternatives that
are not relevant to the middleware. By structuring the design space for a family
of related middleware, the style can drastically simplify the process of building a
middleware, reduce costs of implementation through reusable infrastructure, and
improve system integrity through style-specific analysis and checks.

9.2.2 The conceptual style and design

When designing a new software, we generally start with a simple conceptual ar-
chitecture that should cover the core functionality. The conceptual style specifies a
style of mobile systems for nomadic networks, or a mobility style supported by the
nomadic network, which includes the movement style of the components, and the
specific service provided by this kind of mobile system. It is about the requirement
analysis for the middleware and it can be used at the very early stage of designing
the middleware.

For example, we define the conceptual architecture as an instance of the style,
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i.e., it is a configuration of the conceptual style in the instance graph (see Section
6.3). In the conceptual architecture, the network is divided into two main parts:
the wireless network, and the fixed network. The wireless network is partitioned
further into different structured areasArea a1, a2, a3, which are administrated
by the Noden1, n2, n3respectively. Besides, the architecture includes aNode n5,
which is located in the fixed network, whileNode n1is a mobile node that can roam
inside the areas. The main functionality of the middleware is to provide continuous
service to the roaming components. This is modeled in the conceptual style (see
Section 6.3) ashandoverrule, which keeps a session between the components.

In order to explain the model clearly, we will illustrate the most interesting
rule handover through two rough pictures: Fig. 9.2 and Fig. 9.3 are about the ar-
chitecture directly before and after the implementation of the rule respectively.
Componentc1 locates in the Areaa2, and has a session with Componentc2 that is
on the fixed network side. The physical network connection used by the session is
provided by the Noden2. When Componentc1moves to Areaa1, the old network
connection will not be valid anymore, and a handOver will be processed between
Noden2andn3. As a result, the session will be hold continuously, and the network
connection used by the session now is provided by the Noden3.

9.2.3 The platform-independent concrete style and design

Based on the conceptual architecture, a more concrete architecture is created, which
integrates more and more design specific aspects. We can define the concrete
architecture as instances of the platform-independent concrete style, namely the
platform-independent concrete architecture. The component interaction pattern is
integrated now into the core functionality specified in the conceptual style. In
other words, it specifies the design-specific component interaction pattern adapted
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Figure 9.5: A platform-independent concrete architecture after executing the Rule
HandOver

for the mobility style of the nomadic network. Correspondingly, the architecture is
constrained by the style.

For example, the conceptual architectures in Fig. 9.2 and Fig. 9.3 are refined
into Fig. 9.4 and Fig. 9.5 respectively. They add more elements and rules in order
to support component interaction RPC model. The session in the conceptual style
is refined into the remote procedural call, which is built between the client and
server that are responsible for the interaction between application components, for
example, marshalling and unmarshalling the message for a remote procedural call.
Bridge b1, b2, b3, b4are added to connect the mobile component and the connec-
tivity management nodes. The transmitting of messages for a procedure call and
the hold of session connectivity will be pursued by bridges. The handover rule in
the conceptual style is refined into a concrete handover rule that is now pursued
between bridges, which keeps the remote procedural call continuously when the
node roams.

9.2.4 The platform-specific concrete style and design

We can further refine the platform-independent concrete architecture into a platform-
specific concrete architecture, which can be used when define a quite complete de-
sign of the middleware. On this layer, design-specific concepts and elements will
be added according to the platform-specific concrete style specification. For ex-
ample, theBridge in the platform-independent concrete architecture is refined into
two different bridges: each of theAccess Bridgeis located in a partitioned wireless
network area, the Terminal Bridge is together with the mobile terminal.Visited
Domain, Terminal Domainand Home Domainare introduced that represent the
specific partition of thearea. The structured areas for wireless network belong to
one Visited Domain, which is hosted and managed by the access bridge. The Home
Domain is used for theHome Location Agent. Besides, the message related part
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is refined into much more detailed version that defines how to transfer and process
the messages for invocation (called GIOP message here) using specific message
transmission protocols and tunnels, i.e., GTPs.

Many rules are added at this level, which are mostly used for the GTP mes-
sage processing. The handover rule is refined to a sequence of rules, which are
mainly about building and releasing the tunnel for transmitting the messages. The
platform-independent architectures in Fig. 9.4 and Fig. 9.5 are refined into Fig. 9.6
and Fig. 9.7 respectively.

We only illustrate the main elements for the architecture in the pictures. The
different elements for message processing are not given, which are quite complex.
However, the pictures are already much more complicated than the one for the
platform-specific concrete architecture and the conceptual architecture. It would
be very difficult for the designers and developers to understand without other two
more abstract architectures. Using the structured styles can greatly simplify the
architectural design, and help the designers and developers fully understand how
mobility influences the component interaction, and how the architecture evolves.

9.3 Contributions

The overall contribution of this thesis is an architectural style-based approach for
helping the design and development of the middleware for mobile systems. By
providing a concrete example of how to construct the style for a class of related
middleware, and how to use the style to help the design and development of a new
middleware, we have shown that the architectural style-based approach is useful
and practical. In detail, we can separate mainly the contribution into the following
categories.

The architectural style of the middleware for mobile systemsWe have developed
a new architectural style for the middleware that captures the already estab-
lished design knowledge or successful experience in this area. The style is
middleware-induced. That means, instead of the general top-down approach
adopted by the software architecture community, we take a bottom-up ap-
proach that originates from the results that practitioners have achieved in the
middleware area. We think a class of related forms of the middleware in-
duces the definition of the architectural style, with each specific middleware
of the class defining a variation of that style.

In order to decrease complexity and enhance reusability, we specify the style
on different abstract layers, namely, conceptual style (on more abstract layer)
and concrete style (on more design-specific layer). The conceptual style
specifies a style of mobile systems, or a mobility style, which includes the
movement style of the components, and the specific service provided by this
kind of mobility, etc. The concrete style models the more design-specific
component interaction pattern adapted for the mobility style. The dynamic
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change and functionalities specified in the conceptual style are refined into
the concrete style.

This separation can simplify the specification of the style, and help the de-
signers and developers fully understand how mobility influences the com-
ponent interaction, and how the models evolve. This differentiates our style
from the classical architectural styles that do not have such a separation. Be-
sides, in contrast to the classical architectural style, we combine the specifi-
cation of dynamic change and component interaction, since dynamic change
is an important characteristic of mobile systems, and it also influences com-
ponent interaction very much.

The architectural style of the middleware for nomadic networks We have ex-
plained the process of constructing the style through a concrete example: the
architectural style of the middleware for nomadic networks. This type of
middleware is quite mature from technique’s point of view, and many exist-
ing middleware can be categorized into it. In spite of that, there is no com-
mon agreement or understanding of the middleware, not to mention available
design standards that help the design and analysis of the middleware.

Our style represents a common form of design for this class of middleware,
which originates from the results that practitioners have achieved in this
area. We have constructed the style on three different abstract layers, i.e, the
conceptual style, the platform-independent concrete style and the platform-
specific concrete (Wireless CORBA) style, in order to decrease complexity
and enhance reusability. Each of the styles captures different architectural
aspects or views, and they can be used to help the design and analysis of
the middleware at different design stages. The conceptual style specifies a
style of mobile systems for nomadic networks, or a mobility style supported
by the nomadic network, which includes the movement of the components,
and the specific service provided by this kind of mobile system. It is about
the requirement analysis for the middleware and it can be used at the very
early stage of designing the middleware. The platform independent concrete
style specifies the design-specific component interaction pattern adapted for
the mobility style. We choose the adapted RPC as the example. The style
can be used when we design a specific component interaction pattern for the
middleware at a more abstract level. The platform-specific concrete style is
a more refined version of the platform independent concrete style. It can be
used when we define a complete design specification of the middleware, e.g.,
the Wireless CORBA specification in our case.

The graph transformation system based modelingTo the existing contributions,
we add the new role of graph transformation system as modeling mobility
and the architectural style of the middleware for mobile systems. Although
exploiting the same graph transformation system to specify the style, we
apply it in a different way from [145], since the requirements of the style
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vary. [145] focuses on formalizing the TGTS to define a general style for
distributed systems, whereas we focus on modeling the specific aspects re-
quired by the style of the middleware for mobile systems, and we have pro-
vided a dedicated style definition language that meets the style requirements,
i.e, we have created a specialized metamodel and a set of rules for defining
the style of the middleware for mobile systems. We have specified the mobil-
ity related structural elements like space, wireless network connection, and
the elements for the middleware. We have also specified dynamic changes
and component interactions in the presentation of mobility, etc.

A conceptual framework for the middleware for mobile systemsWe have de-
veloped a conceptual framework for understanding and comparing different
middleware, which is abstracted from specific implementation details and
summarizes the main characteristics of the middleware. The generalization
enables us to compare different approaches from a same point of view, and
observe similarities and common aspects from the great diversities of the
middleware. The current research in the middleware area focuses mainly
on technical details and design strategies of the different middleware. What
is missing is to apprehend the middleware from an abstract layer, which
should abstract from particular product characteristics and provide a concep-
tual framework for understanding and comparing the different approaches.
Our framework fills in this blank.

Modeling mobility Through our exploration of the specification of the style of
middleware for mobile systems, we have contributed to an improved under-
standing of modeling mobility. For example, we have shown that it is very
useful to specify a confined mobility area for the moving objects, since mo-
bility is influenced and constrained by the under infrastructure. We have also
shown that it is helpful to combine the specification of dynamic change and
component interaction, since dynamic change is an important characteristic
of mobile systems, and it also influences component interaction very much.
The current approaches to model software architecture for distributed sys-
tems generally foster a separation of the two aspects since they do not relate
each other.

Style - based refinementWe have developed a new approach for correctly refin-
ing the architectural style specified using typed graph transformation sys-
tems. Especially, we formalize the refinement relationship between two ab-
stract layers based on the mapping of rules. We derive a simplified rule for
a sequence of rules through a scenario based construction. The derived rule
preserves the semantics of the sequence of rules, thus it can be used to sub-
stitute the complicated rule sequence. By using the derived simplified rule,
we build a bi-directional mapping between a sequence of rule and another
rule sequence. We have also developed an algorithm to construct the derived
rule.
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Our approach is very different from that proposed in [145], which does not
define fixed mappings between rules, but only between structural elements
and transformation states. They check then whether all system states of an
abstract model are also reachable at the concrete level, no matter by which
order of transformation rules, vice versa. Their approach is not suitable for
the systems that require correctness check of the fixed sequence of rules.
In addition, it is very difficult to check the correctness of the completely
different concrete behavior using their approach.

Our approach can check the correctness of the sequence of rules. It also en-
ables us to check the correctness of newly added structural and behavioral
elements through the scenario construction, which associates the completely
different concrete elements with the abstract ones. Besides, our formaliza-
tion can construct exactly the needed state graphs and transformation se-
quences for checking, which makes the approach efficient and practical to
large systems. It also enables us to use the existing graph transformation
simulation tool Fujaba as the basis for automating the refinement consis-
tency check.

Style-based consistency checkWe have developed a framework that supports be-
havioral consistency check between two styles on different abstract layers.
It checks whether the specified architectures in a same hierarchy belong to
the same family of middleware, i.e., they should realize and provide the
same functionalities, although they belong to different abstraction layers and
use different design strategies. Besides, we have automated the consistency
check process with the support of Fujaba.

Style-based validation We have developed an approach that can greatly enhance
the correctness and efficiency of a validation process. We have constructed
the minimal initial state and the expected test result with the help of an al-
gorithm. This can solve the often happened problem caused by inputting
an incomplete initial state for a test scenario, or the reference test result is
wrong itself, both of which result in wrong test result or wrong judgement.

9.4 Future work

In spite of the previous summarized contributions, we can identify a number of
issues for possible future research.

9.4.1 Industry project experience

We have made great effort to improve the understandability and usability of the
approach, in order that the designers and developers can use it in practice to help
the design and development of the middleware. We have explained how to use
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the specified style to help the design and analysis of a new middleware at differ-
ent design stages. We have also taken a concrete middleware Wireless CORBA as
an example. However, all these parts have been carried out on the academic side.
What we still miss is the real project experience in industry. Although this is not
an easy task, we are still quite optimistic about this point, since real project expe-
riences with Fujaba in other application domains have proved that the integration
of typed graph transformation system and object oriented design is a powerful and
practical method for software design and development [80].

9.4.2 Automation and tool support

Since the specification is often complicatedly constructed and thus difficult to be
checked, automation and tool support can save considerable time and effort and
improve the overall quality of the model and product. Although we have explained
how to use the tool Fujaba to pursue efficient style validation, to help refinement
consistency check, and to automate behavioral consistency, there still exist some
open issues for future work.

Refinement consistency checkFor the refinement consistency check, we still need
automation of the required abstraction function, structural refinement checks
and derived rule construction (see Section 8.2). Especially, the derived rule
construction is a very interesting point. It allows us to derive a simplified rule
for a given sequence of rules. The derived rule preserves semantics of the
sequence of rules since it is based on a scenario construction. Therefore, it
can be used to substitute the complicated rule sequence. Besides our refine-
ment process, such a derived rule is also very useful in other situations. For
instance, we can simplify greatly the specification by combining a sequence
of rule into one rule. We can derive exactly the needed initial status and
expected test result for efficient validation, etc. In addition, one basic point
for refinement-based development is the support of specifying and compar-
ing two graph transformation systems in one project. However, this is not
supported by the current graph transformation tools.

Behavioral consistency checkFor the behavioral consistency check, we can fur-
ther improve the degree of automation and reusability by using a wrapper,
which defines the refinement relationship between a concrete model and
a conceptual model. As an adapter between Concrete API and Concep-
tual API, the wrapper encapsulates and maps the operations implemented
in Concrete API to the operations defined in Conceptual API. Providing type
transformation and semantic match, the Wrapper forwards operation calls
to Conceptual API to the operation calls to Concrete API. In this way, the
application can always use the more abstract interface while the concrete op-
erations offered by the platform remain hidden. The concept of the wrapper
definitely requires the support of specifying and comparing two graph trans-
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formation systems in one project. As mentioned, this is not supported by the
current tools.

Simulator with automatic mode There is still one important issue to mention for
the Fujaba simulator Dobs. Currently, it supports only the interactive mode
that allows users to decide certain transformation sequences by user-specific
rule selections for every transformation step. It does not support automatic
mode that applies a sequence of rules that are pre-defined by the users. How-
ever, automatic mode is very helpful in the case when the users want to check
and debug the correctness of a sequence of rules. The tool AGG supports au-
tomatic mode by using a sophisticated graph pattern matching algorithm. We
can refer to their solution for further development.

Finally, we have to notice that full automation is certainly unrealistic today.
There is still a long way to go.

9.4.3 Development of other architectural styles

The goal of an architectural style is to capture solutions that were already in use,
but not to make up solutions. There is a rule for how to build a style: before
being eligible for inclusion, the style has to occur in at least two systems, or in
two different organizations, and so on [36]. We have presented a new architectural
style: the architectural style of the middleware for nomadic networks. It is still very
useful if we can build other architectural styles for other class of related systems,
since the style stands for a design standard for one area. A very possible one
is the architectural style of the middleware for ad hoc networks. Recalling the
conclusion and commonalities generalization made in Section 2.4, we have roughly
classified the reviewed middleware into two classes: the middleware for nomadic
networks, and the middleware for ad hoc networks. We have also generalized the
commonalities of both middleware types regarding main functionality, component
interaction and space definition. Our experience with the architectural style of
the middleware for nomadic networks provides a good foundation for building the
architectural style of the middleware for ad hoc networks. Although this class of
middleware presents even more diversities, they can be still captured if we consider
the more general aspects: space definition and main functionality.

Although our architectural style is specified to support the particular needs of
the middleware for mobile systems, it clearly has potentials for supporting other
types of systems and applications. This is supported by the adaptability and ex-
tensibility of the modeling language. It allows the language to easily adapt to new
application domains and to evolve to meet new requirements. Besides, we can
generalize the whole approach as a general refinement-based development process
based on graph transformation systems, which makes the approach reusable for
design and development of other complex software systems.
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9.4.4 Model based testing

A crucial part of the development process is testing, which is often used in soft-
ware engineering for validating properties. We can identify two possible future
researches in this area.

Test oracle All software testing methods depend on the availability of an ora-
cle [96, 118], that is, some methods for checking whether the system un-
der test has behaved correctly on a particular execution. Executable formal
specifications can be used as test oracles to produce the results expected for
a test case. By comparing the result of a call to the actual implementation
with the result of a call to the simulation, the test oracle can be used to check
the correct execution of an operation. As a specification for a concrete mid-
dleware, the specified platform-specific concrete style can be extended to
be a test oracle with the support of a simulator. Since the concrete model
is platform independent concerning the independency of specific program-
ming languages, hardware platforms and concrete implementation methods,
it can be reused as a reference to test the correctness of implementations on
different platforms.

The test oracle is very helpful for testing the implementation of a middle-
ware for mobile systems. Such a testing is difficult due to the huge number
of components in the system and the multitude of possible interactions be-
tween these components. The current available testing systems have prob-
lems to deal with. For example, the frame testing system described in [79]
for Wireless CORBA is implementation related, i.e. the frame system can
be only used for one specific implementation, and a new frame system needs
to be developed for a new implementation of Wireless CORBA. Besides, it
is very difficult to design test scenarios for such systems, and the expected
test result can not be given. All these make the testing inefficient. We can
construct a test oracle that provides the same test environment as the frame
system, but our test oracle can be reused for different implementations. Be-
sides, it is quite easy to design test scenarios with the help of the simulation,
at the same time, the expected test result is also produced.

Testing mobility In reality, it is difficult and expensive to test the mobility sup-
port of a certain platform, which requires devices supporting wireless com-
munication and specific tools to check the coordination logic of involved
hardware and software components. Simulating the mobile platform can
provide a simple and cheaper way to test the mobility aspects of the plat-
form. Through this means, the context aspects of the platform like locations,
network connections can be simulated directly, thus a dynamic execution en-
vironment can be provided for the context-aware applications, which is also
difficult to test in reality.
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 OMG IDL A

A.1 MobileTerminal.idl

//File: MobileTerminal.idl
#ifndef _MOBILE_TERMINAL_IDL_
#define _MOBILE_TERMINAL_IDL_
#include <orb.idl>
#include <IOP.idl>
#pragma prefix "omg.org"
module MobileTerminal {

interface HomeLocationAgent;
interface AccessBridge;
typedef sequence<octet>  TerminalId;
typedef sequence<octet>  GIOPEncapsulation;
typedef sequence<octet>  GTPEncapsulation;
struct Version {

octet major;
octet minor;

};
struct ProfileBody {

Version mior_version; 
octet reserved;
TerminalId terminal_id;
sequence<octet> terminal_object_key;
sequence<IOP::TaggedComponent> components;

};
struct HomeLocationInfo {

HomeLocationAgent  agent;
};
struct MobileObjectKey {

Version mior_version; 
octet reserved;
TerminalId terminal_id;
sequence<octet> terminal_object_key;

};
enum HandoffStatus {



209

A-2 Wireless Access & Terminal Mobility in CORBA, v1.0 March 2003

A

HANDOFF_SUCCESS,
HANDOFF_FAILURE,
NO_MAKE_BEFORE_BREAK

};
const octet  TCP_TUNNELING = 0;
const octet  UDP_TUNNELING = 1;
const octet  WAP_TUNNELING = 2;
struct GTPInfo {

Version gtp_version;
octet protocol_level;
octet protocol_id; 

//  values 0xE0...0xFF are reserved for internal use
};
struct AccessBridgeTransportAddress {

GTPInfo  tunneling_protocol;
sequence<octet> transport_address;

};
typedef sequence<AccessBridgeTransportAddress>

AccessBridgeTransportAddressList;
typedef string ObjectId; // same as CORBA::ORB::ObjectId
typedef sequence<ObjectId> ObjectIdList;

// same as CORBA::ORB::ObjectIdList
exception IllegalTargetBridge {};
exception TerminalNotHere {};
exception UnknownTerminalId {};
exception UnknownTerminalLocation {};
exception InvalidName{}; // same asCORBA::ORB::InvalidNam
interface HomeLocationAgent {

void update_location (
in TerminalId terminal_id,
in AccessBridge new_access_bridge

) raises (UnknownTerminalId, IllegalTargetBridge);
boolean deregister_terminal (

in TerminalId terminal_id,
in AccessBridge old_access_bridge

) raises (UnknownTerminalId);
void query_location (

in  TerminalId terminal_id,
out AccessBridge current_access_bridge

) raises (UnknownTerminalId, UnknownTerminalLocation);
ObjectIdList list_initial_services ();
Object resolve_initial_references (

in ObjectId  identifier
) raises (InvalidName);

};
interface HandoffCallback {

void report_handoff_status (
in HandoffStatus  status

);
};
interface AccessBridge {

ObjectIdList list_initial_services ();
Object resolve_initial_references (

 in ObjectId  identifier
) raises (InvalidName);
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boolean terminal_attached (
in TerminalId  terminal_id

);
void get_address_info (

out AccessBridgeTransportAddressList  transport_address_list
);
void start_handoff (

in TerminalId terminal_id,
in AccessBridge new_access_bridge,
in HandoffCallback handoff_callback_target

);
void transport_address_request (

in  TerminalId terminal_id,
out AccessBridgeTransportAddressList 

new_access_bridge_addresses,
out boolean terminal_accepted

);
void handoff_completed (

in TerminalId terminal_id,
in HandoffStatus status

);
void handoff_in_progress (

in TerminalId terminal_id,
in AccessBridge new_access_bridge

);
void recovery_request (

in  TerminalId terminal_id,
in  AccessBridge new_access_bridge,
in  unsigned short highest_gtp_seqno_received_at_terminal,
out unsigned short

highest_gtp_seqno_received_at_access_bridge
) raises (UnknownTerminalId);
void gtp_to_terminal (

in TerminalId terminal_id,
in AccessBridge old_access_bridge,
in unsigned long gtp_message_id,
in GTPEncapsulation gtp_message

) raises (TerminalNotHere);
void gtp_from_terminal (

in TerminalId terminal_id,
in unsigned long gtp_message_id,
in GTPEncapsulation gtp_message

) raises (UnknownTerminalId);
void gtp_acknowledge (

in unsigned long gtp_message_id,
in GTP::ForwardStatus status

);
void handoff_notice (

in TerminalId terminal_id,
in AccessBridge new_access_bridge

);
void subscribe_handoff_notice (

in TerminalId terminal_id,
in AccessBridge interested_access_bridge

) raises (TerminalNotHere);
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};
};
#endif

A.2 Module MobilityEventNotification

//File: MobileTerminalNotification.idl
#ifndef _MOBILE_TERMINAL_NOTIFICATION_IDL_
#define _MOBILE_TERMINAL_NOTIFICATION_IDL_
#include <orb.idl>
#include <IOP.idl>
#include "MobileTerminal.idl"
#pragma prefix "omg.org"
module MobileTerminalNotification {

struct HandoffDepartureEvent {
MobileTerminal::TerminalId terminal_id;
MobileTerminal::AccessBridge new_access_bridge;

};
struct HandoffArrivalEvent {

MobileTerminal::TerminalId terminal_id;
MobileTerminal::AccessBridge old_access_bridge;

};
struct AccessDropoutEvent {

MobileTerminal::TerminalId  terminal_id;
};
struct AccessRecoveryEvent {

MobileTerminal::TerminalId  terminal_id;
};
struct TerminalHandoffEvent {

MobileTerminal::AccessBridge  new_access_bridge;
};
struct TerminalDropoutEvent {

MobileTerminal::TerminalId  terminal_id;
};
struct TerminalRecoveryEvent {

MobileTerminal::TerminalId  terminal_id;
};

};
#endif

A.3 Module GTP GIOP Tunneling Protocol

//File: GTP.idl
#ifndef _GTP_IDL_
#define _GTP_IDL_
#include "MobileTerminal.idl"
#pragma prefix "omg.org"
module GTP {

struct GTPHeader {
octet  gtp_msg_type;
octet flags;
unsigned short seq_no;
unsigned short last_seq_no_received;
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unsigned short content_length;
};
 typedef short  RequestType;
const short  INITIAL_REQUEST = 0;
const short  RECOVERY_REQUEST = 1;
const short  NETWORK_REQUEST = 2;
const short  TERMINAL_REQUEST = 3;
struct InitialRequestBody {

MobileTerminal::TerminalId terminal_id;
MobileTerminal::HomeLocationAgent home_location_agent_reference;
unsigned long time_to_live_request;

};
struct RecoveryRequestBody {

MobileTerminal::TerminalId         terminal_id;
MobileTerminal::HomeLocationAgent  home_location_agent_reference;

struct LastAccessBridgeInfo {
MobileTerminal::AccessBridge  access_bridge_reference;
unsigned long                 time_to_live_request;
unsigned short                last_seq_no_received;

} last_access_bridge_info;
unsigned long  time_to_live_request;

};
typedef RecoveryRequestBody NetworkRequestBody;
typedef RecoveryRequestBody TerminalRequestBody;
union EstablishTunnelRequestBody switch (RequestType) {

case INITIAL_REQUEST: InitialRequestBody initial_request_body;
case RECOVERY_REQUEST: RecoveryRequestBody 

recovery_request_body;
case NETWORK_REQUEST: NetworkRequestBody network_request_body;
case TERMINAL_REQUEST: TerminalRequestBody terminal_request_body;

};
typedef short  ReplyType;
const short  INITIAL_REPLY = 0;
const short  RECOVERY_REPLY = 1;
const short  NETWORK_REPLY = 2;
const short  TERMINAL_REPLY = 3;
enum AccessStatus {

ACCESS_ACCEPT,
ACCESS_ACCEPT_RECOVERY,
ACCESS_ACCEPT_HANDOFF,
ACCESS_ACCEPT_LOCAL,
ACCESS_REJECT_LOCATION_UPDATE_FAILURE,
ACCESS_REJECT_ACCESS_DENIED,
ACCESS_REJECT_RECOVERY_FAILURE

};
struct InitialReplyBody {

AccessStatus                  status;
MobileTerminal::AccessBridge  access_bridge_reference;
unsigned long                 time_to_live_reply;

};
struct RecoveryReplyBody {

AccessStatus                  status;
MobileTerminal::AccessBridge  access_bridge_reference;
struct OldAccessBridgeInfo {

unsigned long   time_to_live_reply;
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unsigned short  last_seq_no_received;
} old_access_bridge_info;
unsigned long  time_to_live_reply;

};
typedef RecoveryReplyBody NetworkReplyBody;
typedef RecoveryReplyBody TerminalReplyBody;
union EstablishTunnelReplyBody switch (ReplyType) {

case INITIAL_REPLY: InitialReplyBody initial_reply_body;
case RECOVERY_REPLY: RecoveryReplyBody recovery_reply_body;
case NETWORK_REPLY: NetworkReplyBody network_reply_body;
case TERMINAL_REPLY: TerminalReplyBody terminal_reply_body;

};
struct ReleaseTunnelRequestBody {

unsigned long  time_to_live;
};
struct ReleaseTunnelReplyBody {

unsigned long  time_to_live;
};
struct HandoffTunnelRequestBody {

MobileTerminal::AccessBridgeTransportAddressList 
new_access_bridge_transport_address_list;

};
struct HandoffTunnelReplyBody {

MobileTerminal::HandoffStatus  status;
};
struct OpenConnectionRequestBody {

GIOP::TargetAddress target_object_reference;
unsigned long open_connection_request_id;
unsigned long timeout;

};
enum OpenConnectionStatus {

OPEN_SUCCESS,
OPEN_FAILED_UNREACHABLE_TARGET,
OPEN_FAILED_OUT_OF_RESOURCES,
OPEN_FAILED_TIMEOUT,
OPEN_FAILED_UNKNOWN_REASON

};
struct OpenConnectionReplyBody {

unsigned long open_connection_request_id;
OpenConnectionStatus status;
unsigned long connection_id;

};
struct CloseConnectionRequestBody {

unsigned long  connection_id;
};
enum CloseConnectionStatus {

CLOSE_SUCCESS,
CLOSE_FAILED_INVALID_CONNECTION_ID,
CLOSE_FAILED_UNKNOWN_REASON

};
struct CloseConnectionReplyBody {

unsigned long connection_id;
CloseConnectionStatus status;

};
enum ConnectionCloseReason {
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CLOSE_REASON_REMOTE_END_CLOSE,
CLOSE_REASON_RESOURCE_CONSTRAINT,
CLOSE_REASON_IDLE_CLOSED,
CLOSE_REASON_TIME_TO_LIVE_EXPIRED,
CLOSE_REASON_UNKNOWN_REASON

};
struct ConnectionCloseIndicationBody {

unsigned long connection_id;
ConnectionCloseReason reason;

};
struct GIOPDataBody {

unsigned long connection_id;
unsigned long giop_message_id;
MobileTerminal::GIOPEncapsulation giop_message;

};
enum DeliveryStatus {

DELIVERY_FAILED_INVALID_CONNECTION_ID,
DELIVERY_FAILED_UNKNOWN_REASON

};
struct GIOPDataErrorBody {

unsigned long   giop_message_id;
DeliveryStatus  status;

};
struct GTPForwardBody {

MobileTerminal::AccessBridge access_bridge_reference;
unsigned long gtp_message_id;
MobileTerminal::GTPEncapsulation gtp_message;

};
enum ForwardStatus {

FORWARD_SUCCESS,
FORWARD_ERROR_ACCESS_BRIDGE_UNREACHABLE,
FORWARD_ERROR_UNKNOWN_SENDER,
FORWARD_UNKNOWN_FORWARD_ERROR

};
struct GTPForwardReplyBody {

unsigned long  gtp_message_id;
ForwardStatus  status;

};
enum ErrorCode {

ERROR_UNKNOWN_SENDER,
ERROR_PROTOCOL_ERROR,
ERROR_UNKNOWN_FATAL_ERROR

};
struct ErrorBody {

unsigned short  gtp_seq_no;
ErrorCode error_code;

};
};
#endif
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[128] A. Scḧurr. Progress: A VHL-language based on graph grammars. In4th Int.
Workshop on Graph Grammars and their Application to Computer Science,
LNCS 532. Springer-Verlag, 1991.
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[145] S. Tḧone. Dynamic software architectures: A style-based modeling and
refinement technique with graph transformations. PHD Theis, University of
Paderborn, October 2005.

[146] J. M. Thomas and A. R. William. Inside corba: Distributed object standards
and applications. Addison - Wesley, 1997.

[147] J. Tretmans. Test generation with inputs, outputs and repetitive quiescence.
In Software-Concepts and Tools, volume 17(3), pages 103–120, 1996.

[148] J. Tretmans. Testing concurrent systems: A formal approach. InCON-
CUR’99, volume LNCS 1664, pages 46–65, 1999.

[149] S. Trigila, P. Reynolds, K. Raatikainen, and B. Wind. Mobility in long-term
service architectures and distributed platforms. InIEEE Personal Commu-
nications Magazine 5(4), pages 44–55, Aug. 1999.

[150] U. Varshney, R. Vetter, and R. Kalakota. Mobile commerce: A new frontier.
In IEEE Computer, 33(10), pages 32–38, 2000.

[151] S. Vestal. A cursory overview and comparison of four architecture descrip-
tion languages. Honeywell Technology Center, February 1993.

[152] S. Vestal, P. Manual, and V. Technical. Metah programmer’s manual version
1.09. Technical report, Honeywell Technology Center, April 1996.

[153] R. Want and et al. An overview of the parctab ubiquitous computing exper-
iment. InIEEE Personal Communications 2 (6), pages 28–43, 1995.



BIBLIOGRAPHY 227

[154] R. Want, A. Hopper, V. Falcao, and J. Gibbons. The active badge location
system. InACM Transactions on Information Systems 10(1), pages 91–102,
1992.

[155] A. L. Wolf. Succeedings of the second international software architecture
workshop (isaw-2). InACM SIGSOFT Software Engineering Notes, vol-
ume 22, pages 42–56, January 1997.

[156] P. Wyckoff, S. McLaughry, and T. Lehman. Tspaces.IBM Systems Journal,
pages 454–474, 1998.

[157] A. Zeidler and L. Fiege. Mobility support with rebeca. In23rd Interna-
tional Conference on Distributed Computing Systems, Workshop on Mobile
Computing Middleware, 2003.



228



List of Figures

1.1 Middleware and applications . . . . . . . . . . . . . . . . . . . . 2
1.2 The architecture-centric approach . . . . . . . . . . . . . . . . .4
1.3 Objective of the thesis: design and development of the middleware

using the architecture - centric approach . . . . . . . . . . . . . .6
1.4 Objective of the thesis (in detail): architectural style - based model-

ing and analysis of the middleware . . . . . . . . . . . . . . . . . 7

2.1 Left-hand side: middleware structure; right-hand side: ISO/OSI ref-
erence model . . . . . . . . . . . . . . . . . . . . . . . . . . . .14

2.2 Middleware architecture . . . . . . . . . . . . . . . . . . . . . .15
2.3 RPC-based middleware architecture . . . . . . . . . . . . . . . .16

4.1 The layered structure of the style for middleware for nomadic net-
works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.2 GTS - based modeling and simulation framework . . . . . . . . .61
4.3 GTS - based style modeling . . . . . . . . . . . . . . . . . . . . .64

5.1 Object diagram (left) typed over class diagram(right) . . . . . . .73
5.2 A sample transformation step using rule moveOut . . . . . . . . .74
5.3 TGTS - based style modeling . . . . . . . . . . . . . . . . . . . .77
5.4 Type graph of the style . . . . . . . . . . . . . . . . . . . . . . .78
5.5 An exemplary instance graph of the style . . . . . . . . . . . . . .78
5.6 The type graph in different packages . . . . . . . . . . . . . . . .79
5.7 Rule: moveIn . . . . . . . . . . . . . . . . . . . . . . . . . . . .80
5.8 Code to check rule MoveIn . . . . . . . . . . . . . . . . . . . . .81
5.9 Sequence diagram for a remote invocation process . . . . . . . . .82

6.1 Wireless CORBA architecture . . . . . . . . . . . . . . . . . . .90
6.2 Message sequence chart of the terminal initiated handoff . . . . .93
6.3 The architectural style of the middleware for nomadic networks in

layered structure . . . . . . . . . . . . . . . . . . . . . . . . . . .96
6.4 The type graph of the conceptual style . . . . . . . . . . . . . . .96

229



230 LIST OF FIGURES

6.5 Rules:moveIn(left) andmoveOut(right) of the conceptual style . . 98
6.6 RulemoveToof the conceptual style . . . . . . . . . . . . . . . .99
6.7 Rules:connect(left) anddisConnect(right) of the conceptual style 99
6.8 Rule:handOverof the conceptual style . . . . . . . . . . . . . . 99
6.9 Rules:bind (left) andunbind(right) of the conceptual style . . . .100
6.10 Type graph (partial) of the platform-independent concrete style . .101
6.11 Sequence diagram for a remote invocation process (mobile client)102
6.12 Sequence diagram for a remote invocation process (mobile server)103
6.13 Rule forremoteCalloperation . . . . . . . . . . . . . . . . . . .105
6.14 Rule forrequestoperation . . . . . . . . . . . . . . . . . . . . .105
6.15 Rule forcallReturnoperation . . . . . . . . . . . . . . . . . . . .106
6.16 Rule forreplyoperation . . . . . . . . . . . . . . . . . . . . . . .106
6.17 Rule fordispatchMessageoperation . . . . . . . . . . . . . . . .106
6.18 Rule forconnectBridgeoperation . . . . . . . . . . . . . . . . . .107
6.19 Rule fordisconnectBridgeoperation . . . . . . . . . . . . . . . .107
6.20 Rule forsendMessageoperation . . . . . . . . . . . . . . . . . .107
6.21 Rule forsendReplyMessageoperation . . . . . . . . . . . . . . .108
6.22 Rule forhandOverConcreteoperation . . . . . . . . . . . . . . .108
6.23 Architecturepackage for Wireless CORBA . . . . . . . . . . . .110
6.24 GTPPackage for wireless CORBA . . . . . . . . . . . . . . . . .112
6.25 Sequence diagram for a remote invocation process (mobile client)113
6.26 Sequence diagram for the terminal-initiated handOver scenario . .114
6.27 Rule forbuildTunnel . . . . . . . . . . . . . . . . . . . . . . . . 115
6.28 Rule forsendMessageConcrete. . . . . . . . . . . . . . . . . . . 116
6.29 Rule forsendMessageReplyConcrete. . . . . . . . . . . . . . . . 116
6.30 Rule forhandOverWCORBA. . . . . . . . . . . . . . . . . . . . 117
6.31 Rule for operationupdateLocation. . . . . . . . . . . . . . . . . 118
6.32 Rule forsendEstablishTunnelRequest. . . . . . . . . . . . . . . 118
6.33 Rule forprocessEstablishTunnelRequest. . . . . . . . . . . . . . 119
6.34 Rule forsendEstablishTunnelReply. . . . . . . . . . . . . . . . . 119
6.35 Rule forprocessEstablishTunnelReply. . . . . . . . . . . . . . . 120
6.36 Rule forsendReleaseTunnelRequest. . . . . . . . . . . . . . . . 120
6.37 Rule forprocessReleaseTunnelRequest. . . . . . . . . . . . . . . 121
6.38 Rule forsendReleaseTunnelReply. . . . . . . . . . . . . . . . . 121
6.39 Rule forprocessReleaseTunnelReply. . . . . . . . . . . . . . . . 121

7.1 Structural refinement . . . . . . . . . . . . . . . . . . . . . . . .126
7.2 Refinement of an abstract rule to a concrete rule . . . . . . . . . .128
7.3 Refinement of an abstract rule to a fixed sequence of concrete rules128
7.4 Refinement of a fixed sequence of abstract rules to a fixed sequence

of concrete rule . . . . . . . . . . . . . . . . . . . . . . . . . . .128
7.5 An example of a wrong refinement . . . . . . . . . . . . . . . . .130
7.6 An example of the type graph mappingt . . . . . . . . . . . . . . 132
7.7 Abstraction of an instance graph . . . . . . . . . . . . . . . . . .133



LIST OF FIGURES 231

7.8 Refinement of a single-mapped rule . . . . . . . . . . . . . . . .138
7.9 Refinement of a sequence-mapped rule . . . . . . . . . . . . . . .140
7.10 Construction ofL′ andR′ using Algorithm 7.1 (Part 1) . . . . . .142
7.11 Construction ofL′ andR′ using Algorithm 7.1 (Part 2) . . . . . .143
7.12 Construction ofL′ andR′ using Algorithm 7.1 (Part 3) . . . . . .144
7.13 Construction ofL′ andR′ using Algorithm 7.1 (Part 4) . . . . . .145
7.14 Construction ofL′ andR′ using Algorithm 7.1 (Part 5) . . . . . .146
7.15 Construction ofL′ andR′ using Algorithm 7.1 (Part 6) . . . . . .147
7.16 Construction ofL′ andR′ using Algorithm 7.1 (Part 7) . . . . . .148
7.17 Construction ofL′ andR′ using Algorithm 7.1 (Part 8) . . . . . .149
7.18 Construction ofL′ andR′ using Algorithm 7.1 (Part 9) . . . . . .149
7.19 Construction of the middle graphM ′

i using Algorithm 7.2 (Part 1) 151
7.20 Construction of the middle graphM ′

i using Algorithm 7.2 (Part 2) 152
7.21 Construction of the middle graphM ′

i using Algorithm 7.2 (Part 3) 152
7.22 The revised rule ofHandOverWCORBA. . . . . . . . . . . . . . 154
7.23 The abstract scenario in the conceptual style . . . . . . . . . . . .155
7.24 Refinement of a scenario-mapped rule . . . . . . . . . . . . . . .155
7.25 An example of the scenario-mapped rule . . . . . . . . . . . . . .157

8.1 The simulation framework for behavioral consistency check . . .162
8.2 Screen shot of a type graph specified with Fujaba class diagram ed-

itor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .170
8.3 Screen shot of a transformation rule in the Fujaba Story diagram

editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .171
8.4 Part of the Java source code generated by Fujaba . . . . . . . . .173
8.5 Fujaba simulation . . . . . . . . . . . . . . . . . . . . . . . . . .174
8.6 The initial graph for the scenario . . . . . . . . . . . . . . . . . .176
8.7 The graph after executing the first ruleSendEstablishTunnelRequest177
8.8 The last graph after executing the last ruleupdateLocation . . . . 178
8.9 The application scenario (UML deployment diagram) . . . . . . .179
8.10 The standard reference application scenario . . . . . . . . . . . .180
8.11 APIs for the reference application . . . . . . . . . . . . . . . . .181
8.12 Combination of the rules in Fujaba Story Diagram . . . . . . . . .182
8.13 The initial graph of the application scenario for the conceptual style183
8.14 The last graph of the application scenario for the conceptual style .184
8.15 The initial graph of the application scenario for the platform-specific

(Wireless CORBA) style . . . . . . . . . . . . . . . . . . . . . .185
8.16 The last graph of the application scenario for the platform-specific

(Wireless CORBA) style . . . . . . . . . . . . . . . . . . . . . .185

9.1 Styles and architectures . . . . . . . . . . . . . . . . . . . . . . .194
9.2 A conceptual architecture before executing the RuleHandOver . . 195
9.3 A conceptual architecture after executing the RulehandOver . . . 195



232 LIST OF FIGURES

9.4 A platform-independent concrete architecture before executing the
RuleHandOver . . . . . . . . . . . . . . . . . . . . . . . . . . . 196

9.5 A platform-independent concrete architecture after executing the Rule
HandOver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .197

9.6 A platform-specific concrete architecture before executing the Rule
HandOver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .198

9.7 A platform-specific concrete architecture after executing the Rule
HandOver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .198



List of Tables

2.1 The framework for middleware: comparison between the middle-
ware for distributed systems and the middleware for mobile systems24

2.2 Commonalities of the middleware . . . . . . . . . . . . . . . . .35

6.1 Space: aspects to be modeled . . . . . . . . . . . . . . . . . . . .87
6.2 Main functionality: aspects to be modeled . . . . . . . . . . . . .87
6.3 Component interaction: aspects to be modeled . . . . . . . . . . .88
6.4 Wireless CORBA: aspects to be modeled . . . . . . . . . . . . .92
6.5 The rules of the conceptual style . . . . . . . . . . . . . . . . . .98
6.6 The rules of the platform-independent concrete style . . . . . . .104
6.7 The rules of the platform-specific concrete style . . . . . . . . . .115

7.1 Direct - mapped rules . . . . . . . . . . . . . . . . . . . . . . . .134
7.2 Single - mapped rules . . . . . . . . . . . . . . . . . . . . . . . .135
7.3 Sequence - mapped rules . . . . . . . . . . . . . . . . . . . . . .135
7.4 Scenario - mapped rules . . . . . . . . . . . . . . . . . . . . . . .136

8.1 Comparison of the GTS Simulation tools . . . . . . . . . . . . . .168
8.2 Rule encapsulations for the APIs . . . . . . . . . . . . . . . . . .182

233


	Abstract
	Acknowledgements
	Contents
	1 Introduction
	1.1 Motivation: middleware for mobile systems
	1.2 Problems with architecture-centric approaches
	1.3 Objectives of the thesis
	1.4 Our approach
	1.5 Structure of the thesis

	2 The Problem Domain
	2.1 Overview
	2.2 Middleware for distributed systems
	2.3 Middleware for mobile systems
	2.3.1 Mobile systems
	2.3.2 Mobile applications
	2.3.3 Problems with mobile application development
	2.3.4 Middleware for mobile systems

	2.4 Middleware for mobile systems: examples
	2.4.1 Event-based (or publish / subscribe) middleware
	2.4.2 Tuple space-based middleware
	2.4.3 Object and component middleware
	2.4.4 Generalization of commonalities

	2.5 Aspects to be modeled
	2.5.1 Modeling mobility
	2.5.2 Modeling other aspects


	3 Related Work
	3.1 Overview
	3.2 Requirements
	3.2.1 Requirements for style specification
	3.2.2 Requirements for the modeling language

	3.3 Survey of related work
	3.3.1 Survey of architectural styles
	3.3.2 Survey of modeling languages


	4 An Overview of the Approach
	4.1 Overview
	4.2 The architectural style for the middleware
	4.2.1 Middleware-induced style
	4.2.2 Layered structure of the style

	4.3 The modeling and simulation framework
	4.3.1 Style-based modeling
	4.3.2 The style for the middleware
	4.3.3 Refinement
	4.3.4 Simulation


	5 Architectural Style-based Modeling
	5.1 Overview
	5.2 Background of the TGTS
	5.2.1 Graphs and graph morphism
	5.2.2 Graphs and object-oriented modeling
	5.2.3 Rules and graph transformation
	5.2.4 Metamodeling
	5.2.5 Typed graph transformation system and style specification

	5.3 Specification of the style
	5.3.1 Structural part
	5.3.2 Behavioral part
	5.3.3 Syntax and semantics of the modeling language


	6 Style Examples
	6.1 Overview
	6.2 The middleware for nomadic networks
	6.2.1 Architectural commonalities
	6.2.2 The concrete middleware: Wireless CORBA

	6.3 Conceptual style
	6.3.1 Structural part
	6.3.2 Behavioral part

	6.4 Platform-independent concrete style
	6.4.1 Structural part
	6.4.2 Behavioral part

	6.5 Platform-specific concrete style: Wireless CORBA
	6.5.1 Structural part
	6.5.2 Behavioral part
	6.5.3 IDL semantics specification


	7 Style Refinement
	7.1 Overview
	7.2 Requirements for the refinement
	7.3 Existing approaches and open problems
	7.4 Rule mapping - based style refinement
	7.4.1 Structural refinement
	7.4.2 Behavioral refinement
	7.4.3 Refinement of the TGTS - based style

	7.5 Evaluation and comparison

	8 Style Simulation and Tools
	8.1 Overview
	8.2 Graph transformation simulation tools
	8.2.1 Requirements for the tool
	8.2.2 AGG
	8.2.3 PROGRES
	8.2.4 Fujaba
	8.2.5 Evaluation and comparison

	8.3 Style-based simulation
	8.3.1 Style specification and simulation
	8.3.2 Efficient validation
	8.3.3 Refinement consistency check
	8.3.4 Behavioral consistency check
	8.3.5 Style - based engineering


	9 Conclusion
	9.1 Evaluation
	9.1.1 Evaluating the style specification
	9.1.2 Evaluating the modeling language

	9.2 Relevance to practice
	9.2.1 Style and design
	9.2.2 The conceptual style and design
	9.2.3 The platform-independent concrete style and design
	9.2.4 The platform-specific concrete style and design

	9.3 Contributions
	9.4 Future work
	9.4.1 Industry project experience
	9.4.2 Automation and tool support
	9.4.3 Development of other architectural styles
	9.4.4 Model based testing


	A OMG Wireless CORBA IDL
	Bibliography
	List of Figures
	List of Tables

