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Abstract
The Software Architecture Evolution (SAE) group at the University of Limerick in
conjunction with their industrial partner are currently researching a variety of software
reengineering techniques to recover components from software. Reengineering towards
components is the process of extracting cohesive units of reusable code from a legacy
system.
The following is a review of existing research in the eld of reengineering and maintenance, from which several promising and feasible research directions towards recovering components are discussed. Later in conjunction with our industrial partner, these
approaches will be evaluated and a suiteable reengineering approach will be chosen.

Chapter 1
Introduction
Maintenance is viewed as a major crisis in the software industry today (Leintz and
Swanson, 1980). With ever expanding volumes of code in companies, the necessity to
perform software maintenance is now considered the most serious barrier to the successful application of computer technology (Bowen et al. 1993). It has been suggested
that between 70% and 80% of software budgets are allocated to software maintenance
tasks (Yourdon 1989) accounting for up to 80% of the effort involved in the development process (Bowen et al. 1993). These gures are projected to grow progressively
worse in the future (Yourdon 1989, Rochester and Douglass 1991), however, despite
this apparant importance, maintenance has remained, until recently, a neglected area of
research (Bowen et al. 1993). In the scenario where the software needs to be maintained
to prolong its lifetime, software development teams may have only three choices; purchase a new system, develop a new system or alter the existing system. The third choice
is often the only feasible option, since the latter two routes are generally too expensive
(Rochester and Douglass 1991).
One partial solution is software reengineering. Several denitions for reengineering exist (Chikofsky and Cross II 1990, Arnold 1993, Corp. 1989). These denitions
differ only in emphasis on whether the behaviour of a system can be altered as a result
1
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of applying a reengineering task. For the puporses of this document we will use the
Chikofsky and Cross (1990) denition of reengineering:
“... the examination and alteration of a subject system to reconstitute it in a
new form and the subsequent implementation of the new form.”
This denition does not explicitly exclude alteration of the systems behaviour (Arnold
1993), however it does remain ambiguous. On the other hand, a standard denition for
maintenance does exist:
“modication of a software product after delivery to correct faults, to improve performance or other attributes, or to adapt the product to a changed
environment” ANSI/IEEE Std 729-1983
Thus, we could, in fact, view reengineering as an extension of maintenance (Tilley
et al., 1994, Leintz and Swanson, 1980). Therefore, maintenance tasks can be said to
rely upon our ability to reengineer.
The software reengineering process is described in more detail in chapter 2. The remainder of the report then proceeds to describe how reengineering is performed. Chapter 3 provides us with a detailed description of currently available methodologies that
allow us to reason about and perform the various reengineering tasks. This is followed
in chapter 4 by a general review of the tool support for reengineering techniques. The
nal chapter, chapter 5, summarizes the report and suggests research avenues for reengineering’s application to component recovery.

Chapter 2
Performing Software Reengineering
2.1 The Software Reengineering Process
Several reengineering models currently exist (Aiken et al. 1993, Stoemer et al. 2003,
Gallagher and Lyle 1991, Muller et al. 1993, Zuylen 1993). This document discusses
a reengineering model based on the parser-viewer architecture (Chikofsky and Cross II
1990). An adapted version of this is shown in gure 2.1.
Software/ Work/ Product: The input for the reengineering process can vary in this
context. Existing software, a complete product or documentation can be taken as
input.
Parser/ Semantic Analyser: An analysis of the artefact is performed next. Both syntactic and semantic information can be extracted. Syntactic information can be
extracted automatically using a parser. Semantic information, however, will usually involve a human element to achieve useful extraction from software (Biggerstaff 1989, Girard and Koschke 1997, Murphy and Notkin 1997, Murphy et al.
1995, Cimitile and Visaggio 1995, Biggerstaff et al. 1993). The process of design
recovery relies heavily upon extracting semantic information from software (see
3
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Figure 2.1: Parser-viewer tool architecture adapted from (Chikofsky and Cross II, 1990)
section 3.1.2). Extracting this information requires that the analyst understands
the software to some degree (Soloway and Ehrlich 1984, Pennington 1987a).
Static or dynamic analysis techniques may be employed and is usually documented afterwards by the user (see section 3.1.3). This topic is discussed further
in section 2.1.1.
Information Base: The information extracted during the analysis stage is then stored
in a standard format. Several representations exist for storing both syntactic
(Larsen and Harrold 1996, Tipp 1995, Ottenstein and Ottenstein 1984) and semantic (Biggerstaff 1989, Biggerstaff et al. 1993, Kosche and Daniel 2003, Murphy and Notkin 1997, Murphy et al. 1995) information. These are discussed later
in sections 2.1.2 and 3.1.2.
View Composers: Based upon the information stored in the information base, various representations of the source can be generated to emphasise different aspects
of the system. This may include viewing structure generally (Cleary and Exton 2004), call structure (Storey et al. 1997, 2001, Girard and Koschke 1997) or
data structure (Zhao 2002, Larsen and Harrold 1996, Cordy et al. 2001) computed directly from the information base. Alternately it may generate views
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based upon human provided input regarding relations between software elements
(O’Cinneide and Nixon 1999, Schwanke 1991, Murphy et al. 2001). Functionally equivilant but structurally different views of source at the same level of abstraction may also be presented, e.g. - automatically generated “goto” free code
(Urschler 1975). The new views generated present an alternate organisation of
the software to which it can be reengineered.
New Views of Product: The views composed are outputted to the user for the programmers perusal. Again this may be software, a product or documentation and
may be returned as input to the reengineering model for further iterations.

2.1.1 Dynamic vs. Static Analysis Techniques
In order for assertions to be made about a software artifact, some form of analysis
must be undertaken. An analysis of the software can derive information such as call
relations, data ows or metrics of complexity, some of which may be necessary before
other reengineering techniques like clustering and slicing can be performed.
Techniques employed to analyse software can be broadly categorised as static and
dynamic (Tipp 1995, Ritsch and Sneed 1993). The difference between the two lies in
the distinction between programs and processes 1 . A program is a static representation
and is characterized by source code. A process is an instance of that program executing
and is dynamic by nature. The scenario is analogous to a recipe and baking a cake
(O’Gorman 2001); the recipe being the program and the baking of it being the process.
Static analysis therefore will present information based upon the source representation
of the system. A dynamic analysis will glean it’s information based on source execution
at runtime, i.e.-the process.
Deciding which approach to analysis is appropriate is a matter of context. This ar1

This is the operating system notion of a process.
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gument is especially relevant when speaking of control or data ow analysis. In the case
of a static analysis the resulting data set can be program wide. This can be problematic where programs are large, yielding a massive data set after analysis. One solution
would be to perform the same analysis only on the execution paths that are relevant,
therefore reducing the data set considerably. However the problem then arises regarding the accuracy of your analysis; how do you ensure that complete branch coverage
for the specic context was attained? . Based on our literature review, the majority of
analysis techniques used in reengineering tend to be of a static nature.

2.1.2 Internal Representations of Subject Systems
Regardless of the reengineering task, it’s nal outcome is some how based upon the
existing subject software. Therefore any reengineering tool must represent the subject
software internally. Slicing in particular (section 3.2.3) relies upon a complete representation of software (Tipp 1995). One common implementation of this internal representation is known as the dependency graph (Ottenstein and Ottenstein 1984, Larsen
and Harrold 1996) and exists in many varieties depending upon its use. An early paper
from Ottenstein and Ottenstein (1984) describes the program dependency graph (PDG)
and demonstrates how accurate slices can be computed using this representation. A
PDG records both data and control dependencies for a program. As you can see from
gures 2.2 and 2.3, even trivial programs can form highly complex program dependency graphs. This is the dependency graph in its simplest form. More complicated
dependency graphs must be formed as we introduce tracking for:
Inter-procedural calls.
Object oriented paradigms.
– Inheritance.
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const
last = 10;
...
begin
for i := 1 to last do
begin
a[i] := 0;
b[i] := 0;
end;
while not eof do
begin
read (code, value);
read (dummy);
if code = ’a’’ then
a[value] := a[value] +1;
else
b[value] := b[value] ï 1;
end
writeln (a[last], b[last])
end.

Figure 2.2: Example Program (Ottenstein and Ottenstein 1984)
– polymorphism.
– methods and constructors.
System dependency graphs(SDG), procedure dependency graphs, method dependency graphs(MDG) and class dependency graphs(CDG) are specic variations of the
original dependancy graph proposed by Ottenstein and Ottenstein (1984) that may be
combined to form adequate solutions to some of these problems. Further details of their
use and implementation can be found in (Larsen and Harrold 1996) and (Tipp 1995).
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Figure 2.3: PDG for program in gure 2.2 (Ottenstein and Ottenstein 1984)
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Chapter 3
Agendas for Software Reengineering
3.1 Design Recovery and Software Comprehension
This section discusses the concerns of design recovery, software comprehension and
redocumentation. While the following subsections are devoted to each of these in turn,
the reader should be continually aware of their logical grouping and dependence upon
each other during reengineering. i.e.- Comprehending software will provide the necessary basis for the recovery of certain design aspects of a system and gaining an insight
into recovered design will aid understanding of a system as well as it’s successful redocumentation (Chikofsky and Cross II 1990). It is also likely that the greater the
software engineers knowledge in these areas is, the greater their ability to maintain and
reengineer the subject system in general will be.

3.1.1 Human Comprehension of Software
Some degree of software comprehension will usually take place during a meaningful
reengineering of the subject system. Studies have shown that comprehension accounts
for up to 50% of the maintenance process and up to 35% of the entire life cycle (O’Brien

9
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and Buckley 2001). The better the understanding a programmer has of the system, the
quicker, neater and more error free the maintenance solution will be (Littman et al.
1986).
Initial attempts to probe the understanding process began as early as 1984 when
Soloway and Ehrlich (1984) identied the existence of “programming plans” (stereotypic solutions in code) and “rules of discourse” (coding conventions used by programmers that act as communication techniques based on their plans) as related aids to program understanding. They also suggested that, analogous to processing in other technical domains, programmers develop “chunks” as an aid to understanding. Chunks are
conceptual abstractions of code into functional units. The existance of these concepts
has been exploited by various design recovery tools (see section 3.1.2)(Quilici and Yang
1996, Quilici 1993, Quilici et al. 1997, Woods and Quilici 1996, Rich 1984).
These paradigms became the initial basis for software comprehension theory and
have evolved considerably since. Currently accepted models of software comprehension (Mayrhauser and Vans 1995, O’Brien and Buckley 2001) identify meta-models,
placing previous theories into a single combined model. These models were based
upon the understanding that programmers act as “opportunistic processors” during comprehension (Letovsky 1986), changing their comprehension processes in response to
cues that become available as they progress. The diagram in gure 3.1 shows Von
Mayrhauser and Van’s integrated meta-model (Mayrhauser and Vans 1995).
Only the main concepts of the meta-model are explained here. For a detailed explanation please refer to Mayrhauser and Vans (1995). Firstly, this model combines the
top-down (Soloway and Ehrlich 1984) and bottom-up (Pennington 1987b) approaches
to comprehension in a single model. Top-down comprehension uses knowledge of the
programming domain to make hypotheses about the code. These hypotheses are iteratively rened until they can be mapped to implementation plans in source code, typically
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Figure 3.1: Mayrhauser and Van’s Meta-Model (Mayrhauser and Vans 1995)
through shallow reasoning. Afterwards these form the basis for more detailed hierarchial units to be generated (the situation model in gure 3.1). In contrast, a bottom-up
approach to comprehension will begin at source code level and a programmer will begin to form abstractions by chunking control block based units of code (the program
model in gure 3.1). This continues until a single hypothesis regarding the system is
reached. As shown in gure 3.1, both approaches are employed during comprehension.
Reengineering tool designers have been able to take advantage of the existance of these
two comprehension approaches in the Reexion modelling technique for design recovery (Murphy and Notkin, 1997, Murphy et al., 1995, Kosche and Daniel, 2003, Murphy
et al., 2001).
Comprehension processes can be described as either systematic or opportunistic.
Using a systematic approach, the programmer studies the code in detail and gains a deep
and comprehensive understanding of the code, which could also include runtime information. The opportunistic programmer will only attempt to understand the absolute
minimum in order to achieve his task. Though a systematic approach to understanding
will inevitably lead to higher quality understanding (Littman et al. 1986), this is very
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often not possible with real large commercial systems.
Apart from approaches to understanding, the internal knowledge structures that
programmers form are also described by comprehension literature (Pennington 1987b,
Mayrhauser and Vans 1995). Program Model Structures describe programming specic knowledge, such as programming plans and rules of discourse. Situation Model
Structures describe domain specic knowledge. This is a collection of real world
knowledge relating to the environment that the system was intended for. Top-Down
structures describe hypotheses formed using a top down approach to understanding.
In particular, Biggerstaff’s DESIRE tool (Biggerstaff 1989, Biggerstaff et al. 1993) exploits the existance of these knowledge structures to implement design recovery.
Though the meta-model in gure 3.1 provides for various different comprehension
processes it does not explicitly account for differences in understanding encountered by
novice and experienced programmers. The divergence between the two groups has been
shown experimentally (Soloway and Ehrlich 1984, Good and Brna 2003). Experienced
programmers can form far better expectations regarding the subject code and make
better use of concepts like rules of discourse (O’Brien and Buckley 2001).
However interesting and useful it is to see how the process of understanding is undertaken by people, better grounding is needed to properly relate the theory to reengineering tasks (Buckley, 1994, Walenstein, 2002, Bannon and Bodker). Design Recovery, a subtask of reverse engineering (Chikofsky and Cross II 1990), better describes
this relationship.

3.1.2 Design Recovery and Domain Models
Design recovery1 is subtly different from comprehension described in section 3.1.1.
Chikofsky and Cross (1990) in their taxonomy, dene design recovery:
1
Similar task to reverse engineering (Arnold 1993), but probably more accurately viewed as a subset
of reverse engineering (Chikofsky and Cross II 1990)

CHAPTER 3. AGENDAS FOR SOFTWARE REENGINEERING

13

“Design recovery is a subset of reverse engineering in which domain
knowledge, external information, and deduction or fuzzy reasoning are
added to the observations of the subject system to identify meaningful
higher level abstractions beyond those obtained directly by examining the
system itself”
Other descriptions of design recovery do exist (Stoemer et al. 2003, Dean and Chen
2003, Sartipi et al. 2000, Malton and Schneider 2001), but they all essentially capture
similar basic concepts. Biggerstaff (1989) rst brought the term into the mainstream in
1989 with his accompanying tool DESIRE. Here, the inadequacies of source code alone
in an understanding context are identied. Design recovery can include elements of domain knowledge regarding the system, the system’s context, documentation supporting
the system and input from an expert developer of the system.
Core to this topic is the concept of a domain model. A domain model records the
expectations of a programmer regarding the real-world situation the system is modelling, during an understanding process, and attempts to match these expectations with
source code, hence introducing traceability from hypotheses to source code. An attempt at automation was made in Biggerstaff’s DESIRE tool (Biggerstaff 1989). The
tool is analyzed further in (Biggerstaff et al. 1993) where he identies what is known
as the concept assignment problem of matching programming plans, expectations and
hypotheses to source code. The concept assignment problem is identied here as a barrier that may not be overcome, at least not in a totally automated manner. Creating
domain models automatically has proved difcult (Biggerstaff et al. 1993). Research in
the area of plan detection (Quilici 1993, Quilici et al. 1997, Quilici and Yang 1996, Rich
1984, Woods and Quilici 1996), and pattern detection (O’Cinneide 2001, O’Cinneide
and Nixon 1999, 2000, 2001, Heuzeroth et al. 2003) , though worthwhile, and partially
grounded in comprehension theory, have not yet reached a level of practical application.

CHAPTER 3. AGENDAS FOR SOFTWARE REENGINEERING

14

At present, the best application for automated design recovery through plan detection
would seem to be in vertical domains where a far narrower range of plans and expectations would exist, thus making the solution space manageable (Quilici et al., 1997).
Given that automating design recovery is not currently practical, semi-automated
approaches are being investigated as viable solutions. In recent years, semi automated
approaches, such as reflexion modeling, have been used with very promising results
(Kosche and Daniel 2003, Murphy and Notkin 1997, Murphy et al. 1995, Sartipi 2001,
Tran et al. 2000, Murphy et al. 2001, Walenstein 2002). These are discussed later in
section 3.2.1. Dynamic analysis techniques have also shown promise (Ritsch and Sneed
1993, Heuzeroth et al. 2003, Komondoor and Horwitz 2003, Rajlich and Wilde 2002) ,
and are discussed in 2.1.1.

3.1.3 Documentation and Redocumentation
Ideally, design and implementation decisions should be recorded and described in documentation. Documentation broadly encompasses architecture and behavioral descriptions in both diagrammatic and prose form and may span all levels of abstraction
(Chikofsky and Cross II 1990). Existing documentation can be benecial during design
recovery and comprehension, however maintaining accurate documentation is difcult
(Vestdam and Normark 2002) and it can be said that the only truly accurate form of
documentation is the source code itself (Mendelzon and Sametinger 1995). Therefore
documentation is viewed with caution throughout the software development community.
One suggested approach to improve documentation, Elucidative Programming (Vestdam and Normark 2002), suggests viewing code and documentation from within a web
browser. Highlighting code in one panel will display related documentation in another.
This provides a direct conceptual link between source and related documentation. Other
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approaches that are not immediately obvious as documentation are commenting, coding conventions and style guides employed across organizations (Baecker and Marcus,
1990).
Redocumentation is carried out in situations where the original documentation is
lost or has grown too inaccurate to be of use. As the programmer begins to understand
the system and recover it’s design, this new information is recorded in the form of new
documentation. Arnold (1993) denes redocumentation as,
“... the creation of updated, correct information about software.”
The oldest technique for redocumentation is reverse engineering (Chikofsky and Cross II
1990) although this eld has now grown much larger making redocumentation a subset
of reverse engineering (Chikofsky and Cross II 1990). Redocumentation attempts to recover old documentation or documentation that should have originally existed (Chikofsky and Cross II 1990). The abstractions generated by redocumentation can take either
a textual or graphical form (Arnold 1993), examples of which include, pretty printing,
diagram generating and cross reference list generating (Baecker and Marcus, 1990).

3.1.4 Software Visualization
Another important aspect to understanding within a reengineering context is how the
information gleaned from the subject software is presented to the user. Software visualisation tools typically use graph-based abstractions of source code to facilitate program
comprehension. However special care needs to be taken, since a badly displayed graph
will be of little use. In Purchase’s paper on graph aesthetics (Purchase et al. 2002) she
convincingly argues, based on empirical evidence, for several aspects of generic graph
layout that facilitate browsing. These include:
Minimising bends.
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Minimising edge crossings.
Graph should be arranged orthogonally.
The graphs width should be minimised.
All text labels should be horizontal.
The font should be the same for text throughout the graph.
One graph layout currently being experimented with are “sh-eye”-oriented views (Storey
and Muller 1995). This method presents views to the user as if looking at a diagram
through a sh eye lens (i.e.- the parts of the graph in context are large while the remainder of the graph is small). This allows the user to view parts of the graph in detail while
still keeping track of its context in the remainder of the system. This method of visualization has now been implemented in several tools (Storey and Muller 1995, Storey
et al. 1997, 2001) with promising results, though the trend seems to be erring towards a
mixture of traditional views and “sh-eye”-oriented views as being the best approach.
Storey et al. (1997) have suggested, based upon experimental results, that “sh-eye”oriented views are better applied to smaller programs. SHRimP (Storey et al., 2001)
implements “sh-eye” views and is now incorporated in tandem with the traditional
multi-window views of the Rigi 2 tool (Muller and Klashinsky 1988)(see section 3.2).

3.2 Software Restructuring and Refactoring
Software maintenance may be classied into four distinct categories; corrective, adaptive, perfective (Lientz and Swanson, 1978) and preventative maintenance (Glass and
Noiseux, 1981). Of notable interest to reengineering is preventative maintenance, whose
2

A software reengineering tool developed to present intra and inter hierarchial views of software.
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primary aim is to improve the maintainability of the subject software in the future. Restructuring and refactoring are forms of preventative maintenance (Buckley 1994) and
are important, semantic preserving (Buckley et al. 2003), reengineering activities. The
terms restructuring and refactoring may be unambiguously dened as follows:
Restructuring: This involves performing alterations on code without affecting the systems external behavior(Chikofsky and Cross II, 1990). This process might include modularizing code, removing goto statements or replacing global variables
with scoped variables.
Refactoring: The denition for refactoring is very similar to restructuring. Again, the
external behavior of the system is unaffected. However, it generally refers to
changes to object-oriented systems as claried by Mens et al. (2003):
“The key idea here is to redistribute classes, variables and methods, in order
to facilitate future adaptions and extension.”
The following subsections expand upon the topics of restructuring and refactoring techniques and aids.

3.2.1 Clustering
One of the most common techniques used as part of design recovery and software comprehension is clustering. Clustering is a reengineering technique that groups regions
of code together based upon their dependencies. It is used to help identify modules,
subsystems or components within code as a process of architectural recovery and abstraction, or restructuring. How this analysis is interpreted depends very much upon the
clustering method employed. Many approaches to clustering currently exist (Kosche
and Daniel 2003, Murphy et al. 1995, Tran et al. 2000, Muller et al. 1993, Girard
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and Koschke 1997, Cimitile and Visaggio 1995, Schwanke 1991, Chiricota et al. 2003,
Ricca and Tonella 2003). The major distinct approaches are discussed here.
Similarity Measures and Mavericks
Similarity measures attempt to algorithmically identify regions of code that resemble
each other. A measure of similarity is calculated by comparing common features 3 in
procedures; some clusterings of code are accepted as similar and some rejected by
the software engineer making this semi-automatic. The Arch tool in (Schwanke 1991)
employs a similarity measure based upon measurement theory from cognitive science.
The measure is based on a simple heuristic:
“if two procedures use several of the same unit-names4, they are likely to be
sharing signicant design information, and are good candidates for placing
in the same module.” (Schwanke 1991)
Arch also implements maverick analysis. This is the opposite to clustering where procedures that do not belong with each other in modules are identied.
Weighted Graph Edges
Weighted graph edges are often used to determine interconnection strength (IS) between procedures or classes. Figure 3.2 illustrates what IS can be. Four call relations
exist between procedures A and B while only one relation exists between A and C. Using call relations as a measure of IS we can determine that the IS between A and B is
four and the IS between A and C is one.
The resulting weighted graph produced can be seen in gure 3.3. An acceptance
threshold (AT) is then chosen to determine what procedures will be clustered. In this
3

Often the shared variables, classes or functions called. Not to be confused with program features as
utilised by (Wilde and Scully, 1995) during software reconnaissance (section 3.3).
4
Analogous to features.
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Figure 3.2: Call relations as a measure of interconnection strength
example, if we set our AT to three, A and B would be clustered together and C would
be rejected. Examples of IS based clustering can be found in (Chiricota et al. 2003) and
(Muller et al. 1993).
Dominance Analysis
Dominance analysis is a concept from graph theory that has been applied to subsystem identication in software. Figure 3.5 helps explain the notion of Strongly Directly
Dominant (SDD) and Directly Dominant (DD) relationships. A is SDD over B because
it is the last node that you must travel through, from the root node (A), to reach B. A is
SDD over C for the same reason. However, A is only DD over D because A is the last
node you must travel through, from the root node (A), to reach D, but there still remains
more than one route to D from A. We can apply dominance analysis to subsystem clustering if we represent the call structure of a software system in a graph; nodes being
procedures and edges being the call relations between them. Mutually recursive relationships (gure 3.4) are rst identied and proposed as candidate modules, followed
by the construction of a call dominance tree (gure 3.5, B). SDD edges reect potential
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Figure 3.3: Weighted graph
“is-a-component-of” relationships, as A being the only user of B implies that B can be
seen as a component of A. This is illustrated in gure 3.5 where we see that modules
“B” and “C” offer exclusive sevices to A and therefore may be scoped together. DD
edges reect “uses” relationships. Again this is illustrated by gure 3.5 where see that
“D”’s use is not exclusive to any particular procedure, but all clients of D are at a level
subordinate or equal to A which imples that the “uses” relation ship can be scoped to
A and its subordinates. This process is described in more formal detail in (Cimitile
and Visaggio 1995). The engineer is in complete control and may choose to accept or
reject the suggestions as he sees t. A more complete process for dominance analysis
is described in (Girard and Koschke 1997).
Artificial Intelligence(AI) Support: Though not a method by itself, other clustering
techniques may apply AI methods in order to ne tune acceptance thresholds or
similarity measures. Arch (as refered to in section 3.2.1), for example, incorporates a tuning method that over time adjusts its similarity measure to better suit
the engineer who uses the system.
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Figure 3.4: Call graph showing and example of a mutually recursive routine.
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Reflexion Modeling: Another cluster oriented reengineering method is Gail Murphy’s
reexion modeling method (Murphy and Notkin 1997, Murphy et al. 2001, 1995,
Kosche and Daniel 2003). This is discussed in further detail in section 3.3.

3.2.2 Control Flow Restructuring
In general, “goto” statements are viewed as bad programming practice (Dijkstra 1968).
Control ow restructuring most often refers to the introduction of programming constructs such as “for” and “while” loops5 , replacing code where “goto” statements are
present6 .
Urschler (Urschler 1975) provides us with a mathematical approach to control ow
restructuring, which is provably correct and requires no regression testing. Structured
formalisms can be both introduced or removed using the method. The process is reasonably easy to use, however a description of it’s use is beyond the scope of this report.

3.2.3 Data Analysis
Data analysis is concerned with monitoring the states, relationships and integrity of data
in software. Many software problems that require maintenance are due to the incorrect
representations of data. Take the “millennium bug” problem as a prime example. This
problem occurred due to inadequate representations of dates in legacy systems, which
would have prevented post-1999 dates from being represented internally. Solving this
problem was a priority for many organizations as they approached the millennium and
resulted in massive amounts of data reengineering accompanied by the development
of new methods, like HSML7 (Cordy et al. 2001), to achieve the task. HSML is a
high-level language used to identify important areas of executable code. This assigned
5

Also described as structured code.
Also referred to as unstructured code.
7
Hot Spot Markup Language.
6
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The Original Program:
1 BEGIN
2 READ(X, Y)
3 TOTAL := 0.0
4 SUM := 0.0
5 IF X <= 1
6
THEN SUM := Y
7
ELSE BEGIN
8
READ(Z)
9
TOTAL := X*Y
10
END
11 WRITE(TOTAL, SUM)
12 END

Slice on the variable X at statement 9
BEGIN
READ(X, Y)
END

Figure 3.6: A Simple program and a slice on it (Weiser 1982)
importance is user dened and may be rened to yield a focused scope of data, highlighting specic areas to study when addessing this problem.
Slicing
A common form of data ow analysis is program slicing. Weiser (1982) identied
the concept of slices as a process used by software engineers during debugging as early
as 1982. A program slice is an analysis on a given variable, x, that will result in the
display of only statements involving x, up to a selected point, plus the remaining, necessary statements to form a valid program. The simple example from (Weiser 1982)
illustrates slicing in gure 3.6. Here we see a simple program with various operations
on variables. The corresponding slice shows only statements relevant to the variable
X as far as statement 9 plus other statements to make the slice a valid program, i.e.“BEGIN” and “END.”
This is, of course, a highly trivial example. Algorithms grow increasingly complicated as we attempt to compute slices:
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inter-procedurally.
on composite data types and pointers.
in the presence of unstructured control ow.
with object-oriented languages.
with aspect-oriented languages.
using a dynamic analysis approach.
A detailed discussion of solutions and the efcacy of the solutions to these problems
can be found in (Tipp 1995). A more specic discussion of slicing for object-oriented
and aspect-oriented software can be found in (Larsen and Harrold 1996) and (Zhao
2002) respectively. Slicing approaches have also been applied, with success, to facilitate
regression testing in (Gupta 1992) while Gallagher and Lyle take the opposite approach
and attempt to eliminate the need for regression testing using decomposition slicing in
(Gallagher and Lyle 1991).

3.3 Re-engineering Towards Components
Another useful goal of the developer during reengineering could be the identication of
reusable components for export. The focus upon software reuse began as early as the
1970’s with the concept of software parts 8 being formed in Japan. The practicality of
this concept was conrmed by the mid-1980’s with reports of reuse in excess of 30% in
some development teams (Mii and Takeshita 1993). This demonstrates serious potential
for reuse.
8

Analogous to the modern concept of components.
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More recently the concept of component based development processes have emerged
(Kruchten, 2000, Cheesman and Daniels, 2001, Allen and Frost, 1998) with the intention of capitalising on the vast potential for reuse as one of its agendas. However, little
successful support exists among these processes for either bringing existing legacy systems into the development process or infering components from existing legacy systems
to be reused as components within these processes. Many of the techniques discussed
in section 3.2 highlight potentially reusable code within software. However, the task
of exporting this code, packaging it as a component and integrating it with an existing
component based development process is left largely to the intuition of the software
engineer. Adapting these techniques to automate or semi-automate this currently manual step may be possible. The following are a few examples that may be particularly
relevant.
Applying Dynamic Analysis to the Concept Assignment Problem and Component
Identification
Despite the dominance of static analysis based techniques (section 2.1.1 on page 5),
certain important advantages of dynamic analysis have emerged in recent times. According to Ritsch and Sneed (1993) the drawbacks of static analysis are that it,
“...cannot discern between those which are really used and those which are
never used.”
“...cannot provide any performance information.”
and it
“...cannot relate code to a particular transaction or business function...”
It is this nal point that is of most interest. The possibility of inferring business functions from code using dynamic analysis could potentially be of benet. It’s use in procedure identication (Komondoor and Horwitz 2003), and locating program features
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and business processes (Wilde and Scully 1995) is already known. This logical step
from procedure and business process identication, towards a solution to the concept
assignment problem, is not that large. Take, as an example, that the concept 9 “book a
ight” in an airline booking system is not functioning to specication. By undertaking
an execution trace while performing this task it would be possible to identify a large
subset of related code segments for that given business process, therefore matching the
concept to it’s related code. The software reconnaissance technique employed by Wilde
and Scully (1995) attempts to identify programs features by performing traces on executing code, however the agenda here was not component recovery. Related code could
potentially be packaged in the form of a component that could be adapted to carry out
the specied business process.
Clustering and Reflexion Modeling:
Varying degrees of automation are typically utilised during clustering. At one end
of the scale complete automation may be implemented giving the engineer no control.
However, software architecture is not an exact science and current approaches contain a
human element during decision making (Kruchten 2000, Cheesman and Daniels 2001,
Allen and Frost 1998).
Moving along this scale (from automation to semi-automation) we may introduce
the engineer into the decision process allowing him to accept or reject candidate clusters, components, modules or packages. This returns control to the engineer and increases accuracy, but the candidature phase still remains in the hands of the technique.
Reexion modeling is a powerful, semi-automated, technique for domain experts,
that involves the engineer at both the candidature and decision stages of the process.
Introduced by Murphy et al. (1995), the technique is primarily aimed towards aiding
software understanding and architectural recovery, but the technique could equally be
9

Which will also be analogous to a corresponding use case or business process in many instances.
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used to identify components, subsystems and packages in software. The process in
gure 3.7 executes as follows:
1. The user, who is a domain expert, denes a high-level model model of the system
by reviewing available documentation, their knowledge and the source code.
2. A map is then dened matching source elements with entities in the high-level
model10 .
3. An extraction tool is applied to the source code to form the source model.
4. The reexion model is then computed by comparing the actual dependencies in
the code (the source model) with the map dened by the user (the high-level
model). A report is presented graphically to the user describing where his map
corresponds to the existing dependencies and where it differs.
5. The hypothesis is that the user, uses this to target inconsistencies and renes his
map accordingly. He/She then recomputes the reexion model.
6. Step 5 iterates repeatedly until the source and high-level models converge.
This software understanding method is radically different to previously proposed
approaches and is accompanied by promising results (Murphy and Notkin 1997, Murphy et al. 1995, Kosche and Daniel 2003). One experiment on Microsoft Excel (1 million KLOC+) allowed an engineer to state that he gained a level of understanding of the
code within one month that would normally have taken two years (Murphy and Notkin
1997). Another experiment describes gaining a quality understanding of 100KLOC and
500KLOC compilers in 6 and 8 hours respectively (Kosche and Daniel 2003).
10

This is essentially a form of human executed clustering.
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Introducing Design Patterns into Existing Source Code
The design of a software system should grow more exible as it evolves (O’Cinneide
2001, page 2). Where initially a design pattern was not used, it may be worthwhile
introducing a given pattern to code to facilitate software evolution. Mel O’Cinneide
provides automatic support for pattern introduction in his DPT tool (O’Cinneide 2001,
O’Cinneide and Nixon 2001, 2000, 1999). Automation is provided during the restructuring stage of the process and sucessfully introduces a selected design pattern to existing code when provided with:
The selected design pattern to be applied.
The existing components in the system that will be involved in implementing the
pattern.
The scenario executes as follows (O’Cinneide 2001, page 3):
1. A software system needs to evolve to accomodate a new requirement.
2. Upon examination the programmer sees that implementing this requirment is difcult given the current design. Introducing a certain design pattern would aid the
situation.
3. The programmer selects an appropriate design pattern and the existing components in the software where it should be applied.
4. This information is supplied to the DPT tool and it undertakes the required restructuring and introduction of the design pattern while still maintaining the programs external behaviour.
This work was successfully applied to a large number of common patterns from (Gamma
et al. 1995), where considerable reuse of mini-patterns11 and their associated mini11

A design motif that regularly occurs, but a lower level construct than a pattern (O’Cinneide and
Nixon 1999)
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transformations12 was achieved. Design patterns usually reduce coupling within a system (O’Cinneide 2001) hence increasing the likelyhood of cohesive regions of code
existing within the software that could possibly be identied as components.

12

A formal process of infering the behaviour of a minipattern (O’Cinneide and Nixon 1999)

Chapter 4
Tool Support for Software
Reengineering
The processes and techniques described in section 2 are implemented by a broad variety
of software tools (Sartipi 2001, Heuzeroth et al. 2003, Urschler 1975, O’Cinneide and
Nixon 2000, Biggerstaff 1989, Komondoor and Horwitz 2003, Quilici and Yang 1996,
Girard and Koschke 1997, Cordy et al. 2001, Schwanke 1991, Storey and Muller 1995,
Murphy and Notkin 1997, Storey et al. 1997, Goldman 2000, Chiricota et al. 2003,
Gallagher and Lyle 1991, Vestdam and Normark 2002, Wilde and Scully 1995, Linos
et al. 1993, Cleary and Exton 2004, Buckley 1994). Some of these are prototype tools
used only in experiment, while others are intended for commercial reengineering use.
The following subsections describe aspects of functionality and design that are common
to many existing tools.

4.1 Preferences and Requirements for Tool Adoption
Apart from being practical and correct in functionality, a tool must also be suited to
its users. End user requirements for reengineering tools generally center around how
31
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the reengineering methods provided are visualized in the software, and how applicable
the tool is to the reengineering task (Bassil and Keller 2001, Tilley and Huang 2002,
Cordy 2003). Bassil and Keller (2001) undertook a comprehensive survey of software
visualization tools where they identied user preferences for both their functional and
practical aspects. Here a number of tool functions were identied as “absolutely essential”:
1. Ability to search for graphical or textual elements represented by the software
tool.
2. Visualization of source code (textual views).
3. Hierarchical representations (subsystems, classes, packages, components, control
structures).
4. The use of colours.
5. Source code browsing.
6. Navigation across the hierarchies described in 3.
7. Easy access from the symbol list (elements identied in the software), to the
corresponding source code.
From a practicality point of view, the following six aspects were identied as being
absolutely essential:
1. Tool reliability (absence of bugs).
2. Ease of use of tool (no cumbersome functionality).
3. Ease of visualizing large-scale software.
4. Quality of user interface.
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5. Availability of on-line documentation.
6. Content and quality of documentation.
Tilley and Huang (2002) take a higher level approach and identify topics that are usually
examined by a company when choosing to adopt a particular tool for a reengineering
task. These are:
Corporate-wide policies, including:
– Cost of adopting the tool.
– What hardware and platform is it built for.
– How well will it integrate with existing software in the company.
Project Specic Requirements, including:
– Organization of source code.
– How does the software and hardware interface.
– How does the product behave at runtime.
The reengineering techniques discussed in section 2 are all valid and usable techniques.
However, getting companies to adopt these processes is not completely straightforward.
In Cordy’s paper (Cordy 2003), on the barriers to industrial adoption of automated
software maintenance techniques, he identies business risk as the single largest factor
of inuence. For example, bad programming practices,as specied by academics and
researchers, like cloning of code, are shown to be common place and preferable to use
in industry. Options that reduce cloned sections of code into a single procedure are
viewed as high risk since the potential to adversely affect the system is far higher. One
of the major challenges of reengineering is to bring it’s techniques to industries where
business risk is addressed during maintenance.
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4.2 Tool Architectures
Software reengineering tool designs can vary. Three major architectural paradigms for
software reengineering tools include the parser-viewer, repository and programmable
reverse engineering architectures. The parser-viewer architecture has been implicitly
covered in section 2.1. The repository and programmable architectures are discussed
here.
Repository Architectures
This architecture was employed by the REDO project (Zuylen 1993, Bowen et al.
1993) in the early 1990’s and later commercialized by Piercom Ltd. 1 in their reengineering toolsets. The design centers around storing any parsed information in a common
repository of information, which again can be used by any number of view composers.
Figure 4.1 illustrates the concept of a repository based architecture. Here we can see
several apparant benets:
Language independence.
Views may be generated independent of the subject systems language.
Parsers may be written independent of previously programmed view composers.
The modular architecture facilitates extensibility.

A Programmable Reverse Engineering Architecture
Although based upon the repository architecture, the Rigi reengineering tool has
evolved over time towards a programmable reverse engineering environment (Tilley
et al. 1994). This architecture specically provides for ease of extension and evolution
1

Plassy Technological Park, Limerick, Ireland.
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Figure 4.1: The Repository Architecture
of the tool. Figure 4.2 demonstrates the programmable reverse engineering architecture
used by Rigi.
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Chapter 5
Summary
Software maintenance is now recognized as an unavoidable, large step in the software
development process (Bowen et al. 1993). Software reengineering is useful in addressing many of these concerns. This report has comprehensively reviewed the topic of
reengineering and its associated techniques. In particular, focus in the review was directed towards the potenial to reengineer towards components in legacy software. Based
upon this, three possible research routes were identied:
1. Reexion modelling (Murphy et al. 1995, 2001, Murphy and Notkin 1997) - a
program understanding technique whose basis is grounded in modern software
comprehension theory.
2. Applying dynamic analysis to component identication - A method for identifying components in software based upon software reconaissance (Wilde and
Scully, 1995).
3. Automatic introduction of design patterns (O’Cinneide and Nixon, 2000, O’Cinneide,
2001, O’Cinneide and Nixon, 2001, 1999).
Based upon discussions with our industrial partner a single method or combination of
these methods will be chosen, implemented and empirically evaluated.
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