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Abstract

Abstract

With the high demand for renovation of legacy systems, their evolution is becoming an
urgent need. Although some approaches have been introduced to evolving legacy

systems, they are not sufficient for understanding legacy code.

In this thesis, development/environment-specific models of domain-specific legacy
systems are acquired, based on their characteristics and operations. The
development/environment-specific model of COBOL legacy systems is based on the
characteristics and operations of COBOL, and is a procedure-based model comprising a
graph that describes the calling and being-called relationships of those procedures in
COBOL legacy systems. It has four types: linear, branch, joint, and synthetic
procedure-based models. The link-based model of HTML legacy systems uses a graph
that describes the importing or imported relationships of webs in a legacy system. It has
three types: sequential, cyclical, and compositive link-based models. The
development/environment-specific model of the SQL legacy system comprises
association, generation and composition database-based models based on the basic
operations of SQL and the two main relationships of generation and association between

the databases in an SQL legacy system.

The structural stage of UML extraction in this thesis contains class realisation. The
classification of classes from COBOL legacy system is two, which are procedure class
and variable class. Every procedure in COBOL legacy system is defined as one
procedure class. Variable class is based on the program slicing techniques with two
stages of pseudo class and real class extraction from COBOL legacy system. The
variabl of the sliced criterion is defined as the class name, and the variables contained in
its slicing criterion are defined as the attributes of that variable class. Because the
behavioural analysis of domain-specific legacy systems is behind the analysis of
structural analysis, the operations in variabl class are not described. The classification of
classes of HTML legacy system 1s based on the web pages and their blocks. The
classification of SQL legacy system is two, which is procedure class and database class.
Selected UML diagrams are used to describe the static aspect of domain-specific legacy

systems.
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Abstract

The behavioural stage of UML extraction in this thesis focuses on the operations and
activities of domain-specific legacy systems. When understanding the operations and
activities of domain-specific legacy code, their preconditions and post-conditions must
be presented from the source code. Then those operations and activities are ordered
according to the time and sequence they are executed by. At last, the operation and
activity arraies are presented. Selected UML diagrams describing the dynamic aspect of

domain-specific legacy systems are realised based on those operation and activity

arraies.

The major contribution of this thesis is the presentation of development/

environment-specific models of domain-specific legacy systems and an approach

towards software evolution of domain-specific legacy systems using UML diagrams.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Proposed Research

The research in this thesis presents an approach to the software evolution of
domain-specific legacy systems. When software first began to be used, a typical, logical
procedure application in programming took input data, processed them, and produced
output data. The programming challenge was seen as being how to write the code logic
is such a way as to correspond with the rules of business. Although code logic and
business rules are still important, how to reuse the valuable information in legacy
systems has become even more important than the actual logic required to manipulate

them, especially in domain-specific legacy systems.

COBOL legacy systems are very popular in the real world. Up to 75% of all business
data are processed in COBOL. There are between 180 billion and 200 billion lines of
COBOL code 1n use worldwide. The use of COBOL is growing by over a billion lines

per year, and 15% of all new applications (5 billion lines) during 2005 were in COBOL.

HTML legacy systems are used all over the world because of the Internet. HTML is the
description of the structure, content and links of a web page. It concentrates on the

information exchange by means of web pages. It is now hard to imagine how the world

worked without the WWW.

SQL legacy systems are very important and affect everyone. SQL, which stands for
Structured Query Language, includes additional functionality designed to support
Microsoft SQL servers. It is common for a large-scale database to use SQL to facilitate

the needs of database users and administrators. This language offers a flexible interface

for databases of all shapes and sizes.

In order to facilitate software evolution of COBOL, HTML and SQL legacy systems,

parsing of those legacy systems is performed to ascertain the judgement conditions of
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their development/environment-specific models, based on the characteristics and
operations of those legacy systems. The development/environment-specific model of a
COBOL legacy system can be one of four procedure-based models: linear, branch, joint,
or synthetic; HTML legacy systems have three possible link-based models: sequential,

cyclical, and compositive; and SQL legacy systems have three possible database-based

models: association, generation and composition.

There are two major stages of UML extraction from domain-specific legacy systems as
being structural and behavioural described in this thesis based on the

development/environment-specific models of domain-specific legacy systems.

The structural stage of UML extraction in this thesis contains class realisation. The
classification of classes from COBOL legacy system is two, which are procedure class
and variable class. Every procedure in COBOL legacy system is defined as one
procedure class. Variable class is based on the program slicing techniques with two
stages of pseudo class and real class extraction from COBOL legacy system. The
variabl of the sliced criterion i1s defined as the class name, and the variables contained in
its slicing criterion are defined as the attributes of that variable class. Because the
behavioural analysis of domain-specific legacy systems is behind the analysis of
structural analysis, the operations in variabl class are not described. The classification of
classes of HTML legacy system 1s based on the web pages and their blocks. The
classification of SQL legacy system is two, which is procedure class and database class.
Selected UML diagrams are used to describe the static aspect of domain-specific legacy

systems.

The behavioural stage of UML extraction in this thesis focuses on the operations and
activities of domain-specific legacy systems. When understanding the operations and
activities of domain-specific legacy code, their preconditions and post-conditions must
be presented from the source code. Then those operations and activities are ordered
according to the time and sequence they are executed by. At last, the operation and
activity arraies are presented. Selected UML diagrams describing the dynamic aspect of

domain-specific legacy systems are realised based on those operation and activity

arraies.

Original COBOL code is sliced according to program slicing techniques, and four UML
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diagrams are presented, two of which are class diagram and composite structure
diagram to describe the static aspect of COBOL legacy code, and two of which are
sequence diagram and interaction overview diagram to describe the dynamic part of the
COBOL legacy code. HTML code is depicted with four UML static diagrams, which
are class diagram, composite structure diagram, component diagram and deployment

diagram. Legacy SQL code i1s modelled with class diagram, composite structure

diagram, and activity diagram.

1.2 Overview of Problems

The research in this thesis has to do with the software evolution of domain-specific
legacy systems. With the rapid development of computer science and technology, more
and more software systems have become legacy ones. The gaps between the practical
needs and the capabilities of legacy systems are becoming deeper and wider. With
changes in the business environment, some software systems are old-fashioned, and
particularly difficult to modify, but still valuable. On the one hand, these legacy systems
are critical to business. Legacy systems may contain vital business information that is
central to an organisation. Although the code is probably difficult to read and
understand, it may be the only record of the operation’s rationale. On the other hand, it
is costly to maintain these systems. The accuracy of static software systems must be set
against the changing and dynamic businesses environment. Legacy systems may have a
high rate of operational failure. They often cause their own problems and sometimes
even present core risks, especially when the developers of the legacy software system
have gone, or the documentation is not complete. It is difficult to correct its errors or

maintain the system.

Environmental changes generate need for changes in supporting software. Users of
legacy systems find that those systems are hard to use and have a high element of risk.
But those legacy systems are the essence of businesses and organisations. It is clear to
sce that with legacy systems a large number of users are working with outdated skills on
old technologies and languages. Even if they know some new technologies that
correspond with the needs of the new skills, because legacy systems are large and
complicated, it is difficult for them to cope with the problems of those legacy systems.

Disasters are inevitable for legacy systems within a changing environment. Although

3
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legacy systems were designed using old technologies and maybe often resulting in
increased risk, they are central because thet are valuable to those organisations and may
even be the only record of key information. Evolution of legacy systems is critical to the

organisations using them, because reliance on legacy systems could be vital to them.

Many organisations are faced with maintaining old-fashioned software systems that are
constructed to run on a variety of hardware types and programmed in obsolete

languages, and they suffer from the disorganisation which results from prolonged

maintenance.

As the software ages, the task of maintaining it becomes more complex and more
expensive. Poor design, unstructured programming methods, and crisis-driven
maintenance can contribute to poor code quality, which in turn affects understanding. It
is vital for organisations to solve their legacy software problems. It is important to
understand the nature of legacy systems and then migrate them to new states so that

they become more efficient, more effective, more reusable, and more accurate.

Software evolution techniques include formal methods. Although these formal methods
are founded on theoretical work, they still have drawbacks in their practical applications

to real world legacy systems. The lack of a common platform leads to confusion and

difficulties with the comprehension and reuse of original code.

Traditional studies used Weiser’s program slicing approach to compute consecutive sets
of transitively relevant statements based on data flow and control flow dependences.

Although a large number of legacy systems have data flow and control flow

dependences, some do not, such as HTML legacy system.

Traditional studies have presented all the UML diagrams. But in practice, some of the
UML diagrams are similar. For example, the class diagram is the most fundamental of
the UML diagrams for modelling the structure of legacy systems. An object has the
same characteristics as the corresponding class. The class is the abstraction of the

common characters of the object group. Most of the important characteristics of the

object are reflected in the corresponding class. If the class diagram is used in modelling,

the object diagram is superfluous.

There are some other problems with traditional studies of software evolution. These
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problems are potentially dangerous and they need to be dealt with urgently:.

1.3 Scope of Thesis and Original Contributions

This thesis presents the development/environment-specific models of domain-specific

legacy systems and creates a number of UML diagrams to deal with the problems

inherent in traditional studies.

A model 1s a representation designed to show the structure or workings of a system. It is
a study of a miniature version of the actual. A model enables IT to be more efficient in
reacting to business users' requests for new systems or changes to existing ones, and
makes 1t possible to build an application once and use it many times so as to be able to
react more quickly to business changes. It reduces applications to their basic
components, shares various pieces of functionality across applications, and builds a
framework. It even has the ability to help break down the applications supporting

various products into pieces that can be saved or discarded as duplicates in order to
integrate the users’ new products with their existing products, resulting in no overlap.
The usage of a model overcomes the disadvantages of traditional studies of software

evolution.

UML 2.0 uses six diagrams to model the static parts of legacy systems and seven

diagrams to model the dynamic parts. In practice, when a class diagram describes the
structure of a legacy system, an oﬁject diagram 1s not used because the class is the
abstraction of the common characteristics of the object group and the object has the
same characteristics as the corresponding class. And there are other similar situations.
Moreover, it i1s almost impossible to analyse a legacy system at any stage, from every
point of view at every layer of the system, because of its large size and great complexity,
and the complexity of UML. At the same time, it is not necessary to do it. The proposed

approach presents some of the UML diagrams to describe domain-specific legacy

systems.

Program slicing techniques compute consecutive sets of transitively relevant statements

based on data flow and control flow dependences. Although a large number of legacy
systems have data tflow and control flow dependences, some others do not, such as

HTML legacy systems. HTML describes web and the data formats. So program slicing
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techniques are not suitable for analysing all legacy systems.

Development/environment-specific models of domain-specific legacy systems are
presented. COBOL legacy systems have linear, branch, joint, and synthetic
procedure-based models, HTML legacy systems have sequential, cyclical and

compositive link-based models, and SQL legacy systems have association, generation

and composition database-based models.

The major contribution of this thesis is the presentation of
development/environment-specific models of legacy systems and an approach towards
the software evolution of domain-specific legacy systems through using a selected

number of UML diagrams. In concrete terms, the original contributions (OC=Original

Contribution) of this thesis are described as follows:

OC1: Development/environment-specific models of domain-specific legacy systems are
defined based on the characteristics and operations of domain-specific legacy
systems. The thesis integrates formal methods and cognitive methods of software

evolution and contains structural and operational information regarding working

flow or executable functions.

OC2: A selected number of UML diagrams are used to represent domain-specific legacy

systems.

OC3: A system is developed to demonstrate the effectiveness of the proposed approach
by applying evolution rules together with the integration of evolution rules and a

model application based on parsing and slicing domain-specific legacy systems.

OC4: A set of rules 1s devoted to modelling domain-specific legacy systems together

with their application conditions.

1.4 Criteria for Success

The following criteria are given for judging the success of the research described in this

thesis:

® For those domain-specific legacy systems, is it possiblé and necessary for them to
be modelled with UML?
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® s it necessary for domain-specific legacy systems to be modelled using all of the
'UML diagrams?

® If it is not necessary, how many UML diagrams are suitable for modelling COBOL
legacy systems? What are they? Are they enough for the modelling? Why?

® How many UML diagrams are suitable for modelling HTML legacy systems? What
are they? Why?

® How many UML diagrams are suitable for modelling SQL legacy systems? What
are they? Why?

® Isit necessary for all legacy systems to be sliced? Why?
® [s it helpful to use models in software evolution?

® s it appropriate to build development/environment-specific models of COBOL,
HTML, and SQL legacy systems?

® s the realisation of those UML diagrams from COBOL legacy system appropriate?
® s the realisation of those UML diagrams from HTML legacy system appropriate?
® s the realisation of those UML diagrams from SQL legacy system appropriate?

The first question is related to Chapter 2. The following five questions are closely
related to Chapter 3. The seventh question is related to Chapter 4, 5, and 6. And the

final three questions are related to Chapter 7, 8 and 9, respectively.

1.5 Thesis Structure

The thesis 1s organised as follows:
Chapter 1 gives the scope and original contribution of the thesis.

Chapter 2 introduces the background of the research, including legacy system, reverse

engineering, and software evolution.

Chapter 3 presents a detailed description of the nature of the work in this thesis.
Program slicing techniques are not suitable for analysing all legacy systems. Not all
UML  diagrams are used to  describe legacy  systems. The

development/environment-specific models of legacy systems are presented, and based

7
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on those models, legacy systems are modelled with a selected number of UML

diagrams.. -

Chapter 4 describes the four linear, branch, joint and synthetic procedure-based models
of COBOL legacy systems based on COBOL’s long history, characteristics and

operations, and the calling or being-called relationships between two procedures.

Chapter 5 describes the sequential, cyclical, and compositive link-based models of
HTML legacy systems based on HTML’s operations and characteristics, and the linking

or being-linked relationships between two web pages.

Chapter 6 describes the association, generation and composition database-based models

of SQL legacy systems based on SQL’s operations and characteristics, and generation

and association relationships between databases.

Chapter 7 discusses and presents static parts of COBOL legacy code modelled with the
UML class and composite structure diagrams for extracting classes from legacy code

based on program slicing, and the dynamic parts modelled with the sequence and

interaction overview diagrams.

Chapter 8 shows that only static aspects of HTML legacy systems are modelled with the

UML class, composite structure, component and deployment diagrams. It does not have

dynamic parts.

Chapter 9 explores SQL legacy systems modelling with the UML class, composite

structure and activity diagrams.

Chapter 10 describes experiments that model these three domain-specific legacy

systems with a selected number of UML diagrams.

Chapter 11 discusses the proposed approach and draws the conclusions.
Appendix A presents a COBOL legacy system used in experiments.
Appendix B presents a HTML legacy system used in experiments.
Appendix C presents a SQL legacy system used in experiments.

Appendix D lists all the relevant publications by the author during the PhD study.
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Chapter 2
Background

2.1 Introduction

In this chapter, legacy systems, software evolution, program slicing, model-driven
engineering and UML are introduced. Legacy systems are complicated, heavily
modified, difficult to maintain and old-fashioned software that is still important to the
organisation because of the changes to the environment and practical rules. Software
evolution is the process of improving the quality or making use of all or part of software
systems. UML 1s a good modelling platform for legacy systems. Program slicing is
useful in debugging and program analysis, program differencing and integration,

software maintenance, testing, tuning compilers, and more.

2.2 Legacy Systems

2.2.1 Definition of Legacy Systems

Software systems are becoming larger and more complicated with the rapid
development of applications and requirements. Moreover, it is easy for them to become
old-fashioned and turn into legacy systems. It is necessary to comprehend legacy
systems, refine the users’ requirements, and model them in order to maintain, modify

and reuse them [3].

A legacy system is typically large, complicated, old, heavily modified, difficult to

maintain and old-fashioned software that 1s still important to the organisation. A legacy

system is a computer system or application program that continues to be used because
of the cost of replacing or redesigning it and at the same time despite its poor

competitiveness and compatibility with modern equivalents.

Many descriptions of legacy systems are presented from different points of view.

9



Chapter 2 Backgroud

Legacy systems arc large software systems that people do not know how to deal with,
but that are vital to the organisation [14]. A legacy system could be any information
system that significantly resists modification and evolution to meet new and constantly
changing business requirements [26]. It 1s critical software that cannot be modified
efficiently. It is a system that was developed at some time in the past and which is
critical to the business in which the system operates [109]. Many legacy systems remain

supportive of core business functions and are “indispensable” to the business [90].

A legacy system is therefore one that is large, monolithic and difficult to modify. If
legacy software only runs on antiquated hardware, the cost of maintaining legacy
software may eventually outweigh the cost of replacing both the software and hardware,
unless some form of emulation or backward compatibility allows the software to run on
new hardware. It is important to note that the term “legacy” refers to the state of a
system before the strategic change. Legacy is a function of the change of a system. It is

a result of the change of environment. Without change, there would be no legacy.

It is essential to realise that legacy systems are not useless. On the contrary, legacy

systems are important and valuable.

2.2.2 Two Aspects of Legacy Systems

Legacy systems have static and dynamic aspects. The static aspects include software

clements and their relationships. The dynamic aspects mainly concern the sequential

events that perform tasks.

In static modelling, abstract high-level elements to be found and constructed might
represent subsystems or other logically connected software elements. In dynamic

modelling, abstractions are typically behavioural descriptions that show interactions

amongst high-level static elements.

Both static and dynamic aspects of legacy systems can be modelled in different layers.

2.2.3 Three Types of Legacy Systems to Be Discussed

The research in this thesis focuses on three commonly-used domain-specific legacy

software systems—COBOL, HTML and SQL legacy systems.
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COBOL legacy systems perform batch information tasks, and contain many valuable
messages. Software written in COBOL has characteristics common to that written in

other multi-programming languages, such as BASIC, C, COBOL, DELPHI, FORTRAN,
PASCAL, etc., all of which contain data flow and control flow.

HTML legacy systems are used in WWW-like systems written in XML, JAVA, etc.

HTML presents the data format and does not have dynamic characteristics.

SQL legacy systems contain numerous tables and databases. SQL defines the methods
used to create and manipulate relational databases on all major platforms. It is common
for large-scale databases to use SQL to facilitate database users and administrators

interactions. It offers a flexible interface for databases of all shapes and sizes.

2.3 Software Evolution

2.3.1 Software Engineering

Software engineering 1s important for software development, improvement,

maintenance, modification and reuse [47]. It is one of the most important areas of

computer science. In the IEEE standards [71], the definition of software engineering is

presented as follows:

“Software engineering is the application of a systematic, disciplined,
quantifiable approach to the development, operation and maintenance of

software, that is, the application of engineering to software.”

Although there are many characteristics of software evolution, change and complexity
are the two main themes [85, 140]. It 1s the change that leads to software aging. Systems
evolution is the selective application of scientific and engineering efforts to transform
an operational need into a description of the system configuration which best satisfies
the operational need, according to the measures of effectiveness being used. It integrates
related technical parameters and ensures compatibility of all physical, functional and
technical program interfaces in a manner which optimises the total system definition
and design; and integrates the efforts of all engineering disciplines and specialties into

the total engineering effort [41, 54]. It results in saving time and decreasing the costs of

software applications.
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2.3.2 Software Reengineering

2.3.2.1 Definition of Software Reengineering

Reengineering 1s the bridge used by legacy software to migrate to an organisation’s new

maintenance environment. Reengineering is the examination and modification of a

system to reconstitute 1t in a new form and the subsequent implementation of the new

form. Because the legacy software’s quality, performance, reliability and

maintainability are deteriorating, it is necessary for legacy systems to be reengineered.

Reengineering legacy systems is fundamentally different from software maintenance,

system redevelopment, and continuous improvement [7]. It involves three main steps:

restructuring, reverse engineering, and forward engineering [13].

2.3.2.2 Reasons for Reengineering

The reasons for reengineering legacy systems are as follows:

Reengineering can capture design information from source code. It can help to
supplement the legacy documentation in order to comply with documentation
standards, give structure to previously unstructured software and adapt initial data

and code to new programming languages, configurations or platforms [137].

It allows legacy software to adapt quickly to changing environments. The changing
of the environment is pervasive and happens with speed. It is important for the

business to act consistently in the light of changing situations.

It complies with new organisational standards. New standards represent new
business rules and methods. To avoid failure in business, the company must apply

new standards. Its software system should be reengineered to be sufficient for its

new business needs.

It upgrades to newer technologies, platforms or paradigms. New approaches are
presented continuously for producing the company’s products. Those new
approaches mean saving time and earning more money. In order to be ahead of its

competitors, the company should upgrade its legacy systems in good time.

It extends the software’s life. After being reengineered, software systems have new

environmental characteristics. They are able to be continuously utilised.

It identifies class candidates for reuse. The name, attributions and operations of
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every class candidate are recognised through the process of reengineering the

original code.

® [t improves software maintainability by increasing the productivity of every
maintenance programmer, thus reducing reliance on programmers who have

specialised in a given software system, and reducing maintenance errors and costs.

Software maintenance is the modification of a software product after delivery to correct
errors, improve performance (or other attributes), or adapt to new requirements [12, 35].
Software maintenance i1s defined in IEEE Standard 1219 as: the modification of a
software product after delivery to correct faults, to improve performance or other
attributes, or to adapt the product to a modified environment [70]. A similar definition is
gtven by ISO/IEC [73], again stressing the post-delivery aspect: The software product

undergoes modifications of code and associated documentation, due to a problem or the

need for improvement [72].

The objective 1s to modify the existing software product whilst preserving its integrity.

The increasing problems of maintaining software are as follows [121]:

® Software errors can be very expensive. Because environmental change is pervasive,
it 1s difficult to predict the errors resulting from legacy systems. Only when the

damage has been done is the need realised to modify the corresponding software.

Software maintenance 1s very costly. Continual software system maintenance
means terminating working procedures, delaying delivery dates, disengaging
machines and employees and resulting in expensive knock-on effects for the

services offered by the business.

® Maintenance people are getting scarce as increasingly convenient tools and

programming languages are designed that do not require the same levels of skill

that were needed in the past. Maintaining a software system that depends on a

programming language that 1s seldom used is hard work. It is difficult to find

people with those skills.

® Software maitenance results in frequent failures, complex designs, unpredictable

effects, unreliable or missing documentation, obsolete hardware platforms, loss of

experienced maintenance programmers or original developers and growing

backlogs.
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Redevelopment of the software system is quite different from reverse engineering

because:

® Cntical corporate knowledge 1s contained within legacy software. Although the

legacy system may be poor in many respects, its loss could be fatal to the business

organisation. Legacy software represents an enterprise model of the business.

® A legacy system is a valuable asset. It can be of fundamental value to the business

and contain central business information.

® Reusable and reengineered software costs much less than redeveloped software.

Continuous improvement of a software system is different from its reverse engineering.
Some organisations have decided that adopting software reengineering and a new
maintenance environment are steps that are too radical to take. Instead, these
organisations improve their maintenance environment gradually by using better tools,
processes or people. This is defined as continuous improvement in quality. In fact, it is
almost impossible to continuously improve a large, complicated software system.
Continually modifying software will inevitably result in frequent training of the
employees, many man-made errors, and maybe even complete failure of the business. In
some special cases, the hardware running the software is no longer produced. Software
must be transformed to a new platform in order to protect the useful information it

contains. On the other hand, the benefits of software reengineering far outweighs those

acquired through continuous improvement.

2.3.2.3 Classification of Reengineering

Reengineering is classified into forward engineering and reverse engineering, from the

point of view of basic operations. There are four levels of software abstraction in

reengineering, namely axioms, requirements, design, and implementation.

An axiom 1s any fundamental, self-consistent, universally accepted tenet about a
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