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C H A P T E R R 

Introduction n 

explorerr /ikspbir3r/. An explorer is someone who travels to places about 
whichh very little is known, in order to discover what is there. 

CollinsCollins COBUILD English Language Dictionary 

ustust like traditional exploring is about traveling to unknown places for dis-
covery,covery, software exploration is about investigating the unknown aspects of 

aa software system to find out what is there. The objectives of these investiga-
tionstions can range from obtaining a birds eye view of the system (cf. reconnaissance 
flights)flights) to a detailed examination of a system's "white spots" (cf. surveying previ-
ouslyously uncharted territory). 

InIn this chapter, we motivate why software exploration is needed by describing 
howhow software evolution causes degradation of (knowledge about) a system after 
itit  is built. We investigate the analogy between software exploration and urban 
explorationexploration which results in the concept of legibility of a software system and 
aa collection of principal elements responsible for this legibility. Next we describe 
howhow these ideas are related to previous work in the areas of program compre-
hensionhension and reverse engineering. We conclude by posing a number of research 
questionsquestions that are investigated in this thesis. 

1.11 Software Evolution 

Onee might wonder why software exploration is needed, and how these unknown areas 
appearr in a software system. After all, a software system only exists because it was 
designedd and created by people who clearly must know what is there, or the system 
couldd never have been built in the first place. In the remainder of this section, we will 
investigatee the forces that operate on a software system and cause the appearance of 
whitee spots. 
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AA typical software system is modified and extended a number of times during its 
lifetimee to keep it operational. In fact, the majority of software engineers today are not 
involvedd with the production of new systems but are busy with changing and extending 
existingg software systems [Jon98]. This process of keeping a software system in sync 
withh the ever-changing needs after it was put in production is called software evolution 
orr software maintenance. 

Inn the 1970s, Belady and Lehman studied the evolution of several large software 
systemss (such as IBM's OS/360). Based on these studies, they formulated their Laws 
ofof Program Evolution Dynamics that model the dynamic behavior of a software system 
duringg the evolution of that system [BL76, Leh8oa, Leh8ob]. Recent case studies report 
onn further evidence for the validity of these laws [Leh.97, LPR98]. The first two of 
theirr laws consider the software system itself and are the most relevant for our work 
sincee they describe the inevitability that parts of a system become less known and need 
exploring: : 

1.. Continuing Change: any software system that is actually used will undergo con-
tinuouss modification or it becomes useless. 

Commonn reasons for these modifications include: removal of program defects, im-
provementt of the system's performance, adaptation to a new hardware or software 
environmentt and extensions or changes to the functionality of the system.1 

2.. Increasing Complexity: as a result of these modifications, the complexity of a 
systemm will increase unless specific actions are undertaken to prevent this. 

Recurringg changes and extensions to a system deteriorate its structure and pollute 
originallyy "clean" designs. Gradually, the relation between the system and its design 
documentationn diminishes and the system becomes less and less maintainable. When 
lesss information is available, subsequent changes will have an even more damaging 
impactt on structure and maintainability. 

Thiss kind of resistance to change is not unique to software systems. For example, 
itt was also observed in architecture [Bra95]. In his book "How Buildings Learn: What 
Happenss After They're Built", Brand states: "Almost no buildings adapt well They're 
designeddesigned not to adapt; also budgeted and financed not to, constructed not to, administered 
notnot to, maintained not to, regulated and taxed not to, even remodeled not to. But all 
buildingsbuildings (except monuments) adapt anyway, however poorly, because the usages in and 
aroundaround them are changing constantly" [Brags]. Although software systems are designed 
too be flexible, in practice they often turn out to resist change just as strong as buildings 
do,, especially in the case of legacy software systems. In fact, Brodie and Stonebreaker 
definee a legacy system as: "any information system that resists change" [BS95]. To over-
comee this resistance, software engineers need techniques that help them manage the 
increasingg complexity that results from evolution. An example of such a technique is 
aa software exploration tool that assists engineers in collecting up-to-date information 
aboutt what is going on in the system. 

11 Extensions that result from changing user requirements have later been distinguished as a separate law of 
ContinuousContinuous Growth which states that the functional content of a program must be continually increased 
overr its lifetime to maintain user satisfaction [Leh97]. 
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1.1.11 Software Immigration 

Anotherr complicating factor in software maintenance is the feet that these mainte-
nancee tasks are often performed by others than the original developers of the software 
(whoo might actually still remember how and why a particular piece of code was writ-
ten).. Such newcomers to the system have been called software immigrants since they 
aree faced with the difficult task of finding their way in an existing software system, an 
experiencee similar to that of people who arrive in a new country and need to learn a 
neww language and understand a new culture [SH98]. 

Wee can identify two main sources for software immigration: the first turnover 
happenss after development when a system is transitioned to a different (part of the) 
organizationn that does the maintenance. Arguments for such a transition are that soft-
waree maintenance requires specific skills that not necessarily correlate with the skills of 
goodd software developers. Moreover, "fresh" maintainers are more apt to make signifi-
cantt changes since they will be less attached to the program than its original developers 
[Pig97].. A second type of turnover happens whenever new employees are added to an 
existingg software project (either in the development or in the maintenance stage) to 
makee up for staff turnover, replace personnel, or to disengage senior team members. 
Inn both cases the new maintainers are confronted with an existing software system that 
theyy need to familiarize themselves with and investigate all its unknown aspects to find 
outt what is there. 

Thee result of all these complications is that software maintenance is an expensive 
partt of the software life-cycle. Several studies report that the bulk of today's soft-
waree budgets are being spent on software maintenance. Estimates range from approx-
imatelyy 70% [Bens>o] up to 90% [Pig97] of the total software costs. Consequently, 
researchh that improves the maintenance process can make a tremendous contribution 
too decreasing the total costs of software. 

Bohnerr and Arnold report that the two most expensive activities in software main-
tenancee are understanding the software system that has to be maintained and deter-
miningg the impact of proposed change requests [BA96]. It is our objective to lower 
thee cost of these activities by improving the support for exploring software systems by 
softwaree engineers. 

1.22 Exploring Software Systems 

Inn this thesis, we investigate various possibilities of providing software engineers with 
toolss that help them explore the software system at hand and survey the uncharted 
terrainn that results from software evolution and immigration. We introduce the issues 
surroundingg software exploration by drawing the analogy with traditional exploration. 

Historically,, exploration is associated with people that go on a voyage of discov-
eryy and examine uncharted territory. This rarely happens these days since most of 
earth'ss geographical areas have been visited by man.2 However, there is a related type 

11 One could argue that geographic exploration is replaced by space exploration. 
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off  exploration that is very common in our everyday life and has been researched ex-
tensively:: whenever we visit a new city or building, we use exploratory techniques to 
orientt ourselves and get to the places we want to visit 

Below,, we will first look at the traditional exploring metaphor and then investigate 
howw urban planning techniques can help software exploration. 

1.2.11 A Voyage of Discovery 

Whenn explorers went on a voyage of discovery, they traveled to areas for which they did 
nott have a map or at best only had a rough map that was based on hearsay information 
orr focused on different aspects of the region. A similar situation occurs in software 
engineeringg when the engineer has to deal with a software system for which no up-to-
datee or relevant documentation is available. 

Wee can ask ourselves how this problem was solved by traditional explorers? When 
examiningg a given terrain, the explorer typically starts at a known point and investi-
gatess possible routes that leave from that point. These routes can be existing trails or 
coursess determined by taking the bearings of features that are visible from the current 
position.. Generally, the selection of routes of interest is based on the goal of the ex-
pedition,, for example the mountain to climb or the desert to cross, and the terrain 
surveyy is a by-product of that expedition. 

Iff  we translate this approach to the software domain, we get the following descrip-
tionn of the exploration process: a software explorer starts at a known point and in-
vestigatess possible routes that leave from that point. However, because software is not 
tangible,, it is much harder to identify what suitable starting points are, what routes 
thee explorer can follow, and which features can be used to set out a new course. These 
conceptss need to be made manifest in a software system before it can be examined by 
aa software explorer using the approach described above. 

Too illustrate the general idea of software exploration, we will give a few examples 
off  routes and features here: When we start exploring a software system at a given pro-
gram,, features of interest might be all other programs that are affected by this program. 
Inn that case, potential routes to explore are the calls from this program to other pro-
grams.. A different set of interesting routes originate from data flow relations that result 
fromm database entries that are written by one and read by the other program. Another 
potentiall  starting point could be a certain variable type (e.g. date or currency) with 
routess that lead the explorer to all program locations in which that type is used. 

1.2.22 Urban Exploration 

Wheneverr we visit a new city or building, we use exploratory techniques to learn about 
thee space and get to the places we want to visit. The process that people apply during 
suchh visits can be thought of as continually trying to answer the following three ques-
tions: : 

1.. Orientation: Where am I? 

2.. Discovery: What else is out there? 

6 6 
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3.. Navigation: How do I get there? 

Thiss process of spatial exploration is referred to as wayfinding. 
Wayfindingg and spatial cognition are studied intensively in architecture and city 

planning.. The goal is to collect principles and guidelines that can be applied in the 
designn of cities and public buildings to allow its users to better orient themselves and 
improvee how they navigate through the space. 

Legibilityy of the city 

Thee foundations for wayfinding research were laid out by city planner Kevin Lynch in 
hiss book "The Image of the City" [Lyn6o]. In this book, he uses the concept of legi-
bilitybility  of a city to develop a theory of city planning and urban design where he defines 
legibilityy as "the ease with which its parts may be recognized and can be organized into a 
coherentcoherent pattern". 

Lynchh studied how people organize spatial information about their environment 
byy asking them to draw simple maps of their hometowns. Based on these surveys, he 
identifiedd five principal elements that are used to build a mental model of a city: 

Landmarks:Landmarks: The outstanding (static) features in a city. Examples include prominent 
buildings,, monuments, and shop-fronts. Landmarks are used as reference points 
byy the observer: they give a sense of location and bearing. 

Paths:Paths: Streets or footpaths that allow the observer to travel through the city. 

Nodes:Nodes: The important points of interest along paths, for example, street intersections, 
bridgess or town squares. 

Districts:Districts: The areas in a city that have a common property allowing them to be viewed 
ass a single entity. Examples of districts are shopping areas, residential areas, but 
alsoo the historic center or the business district. 

Edges:Edges: The boundaries to areas. They form a physical barrier to travelers. Examples 
includee rivers and major roads (for pedestrians). 

Thesee structural elements can be used to divide a complex environment into smaller, 
connectedd and more manageable pieces that can be used directly to create a mental 
mapp detailing spatial knowledge about that environment. People generally start their 
orientationn in a new environment using landmarks and gradually extend their knowl-
edgee using the other elements until a mental map is constructed. 

Lynchh discovered that in cities in which these elements are not manifest, people 
havee much more trouble with creating mental overviews of their surroundings and 
relatingg their position to the total system. Using that knowledge, he proposes a design 
methodologyy that helps to design or improve cities so people can easier find their way. 
Basicallyy this is done by ensuring that all these elements are used and can be easily 
recognized. . 
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Wayfindingg in Architecture 

AA followup study was done by architect Romedi Passini, who investigated how people 
navigatee in large public buildings and malls [Pas84]. He describes wayfinding as an 
iterativee three-staged process consisting of mental mapping to create cognitive maps of 
thee environment, decision making to formulate action plans and decision execution to 
executee those plans. Passini identified many environmental factors that influence the 
process,, such as building symmetry, user expectations, behavior of other people in the 
building,, and old memories of being in that environment. Based on these results, he 
proposess a number of design guidelines that help to improve legibility of buildings. 

Inn his guidelines, Passini uses the two structural elements of Lynch that he con-
siderss to be the most important: paths and landmarks, and introduces the notion of 
enclosuresenclosures (or containers) to replace nodes and districts. These containers are used as 
aa more general "node" element that itself can consist of a collection of organized ele-
ments.. Since the user's ability to understand and orient in the environment is affected 
byy the (apparent) logic of how the elements are arranged, Passini argues that it should 
followw a known organizational scheme. For example, the streets and canals in the cen-
terr of Amsterdam are organized in a circular pattern, whereas the streets in Manhattan 
aree organized as a grid. When we know the organizational scheme, it becomes easier 
too navigate, determine our location and memorize a route. 

Togetherr with graphic designer Paul Arthur, Passini studied how wayfinding in 
existingg buildings can be improved by adding signage and if such signage can be incor-
poratedd in the architecture of a building (so called "environmental communication") 
[AP92].. An example of such incorporation is using the burbling sound of a foun-
tainn to help people find and recognize the lobby of a building as public space. Their 
conclusionn is that the addition of signs can be an efficient way to improve wayfind-
ingg in an existing space but since there are other factors that limit people's wayfinding 
capabilitiess (discussed above), the addition of signs alone does not suffice. 

Applicationn to Software 

Wee can define legibility of software using the same terms as Lynch used for legibility 
off  the city: "the ease with which its parts may be recognized and can be organized into a 
coherentcoherent pattern". Improving the legibility of software is an important aspect of sup-
portingg the exploration of software systems because legible systems are more memo-
rablee and generate stronger mental models, which makes them easier to explore, and 
thereforee easier to maintain. 

However,, in urban environments legibility is defined in the context of solving the 
spatiall  exploration problem that has a rather static nature. The set of structural ele-
mentss for a given space are largely fixed (although there will be some variation between 
peoplee based on cultural backgrounds and mobility). In contrast, the legibility of a 
softwaree system is much more dependent on the particular problem that an engineer 
hass to solve [Bro83]. For example, the elements of interest that are used to explore the 
impactt of a Euro conversion on a software system will differ significantly from the ele-
mentss for exploring quality aspects of that same system. Consequently, our focus will 
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bee on flexible techniques that allow us to improve the legibility of software in respect 
too a given task instead of aiming at overall legibility improvement 

Somee examples of software legibility elements are: 

Landmarks:Landmarks: Particular variable types such as dates, account numbers, and currencies. 
Codee characteristics such as code smells and points at which a certain «factor-
ingg can be applied. 

Nodes:Nodes: "Structural" entities in software systems such as programs, modules, functions, 
types,, classes, methods, variables. 

Paths:Paths: Relations that can exist between nodes such as call relations, inheritance, links 
betweenn variables of the same type, etc. 

Districts:Districts: Separation of the so-called business logic or business rules that describe how 
thee system contributes to an organization's bottom line from the technical as-
pectss such as database access, communication with the environment, user inter-
facing,, etc. 

Thee modules in a software architecture, for example, the Linux operating system 
kernell  can be thought of as consisting of separate districts for process schedul-
ing,, memory management, file system access, network interfacing, and inter-
processs communication [BHB99]. 

Edges:Edges: The boundary between libraries (both system libraries and third party libraries) 
andd the application code written by the developers, boundaries between parts 
thatt were produced by different teams that have code ownership, or the bound-
ariess between client and server code. 

Beforee we can investigate how these ideas can be applied in concrete software ex-
plorationn tools, we need to take a more detailed look at the cognitive and technical 
issuess of program comprehension. 

1.33 Program Comprehension 

Thee overall goal of software exploration is to gain a better understanding of a software 
system.. It is a widely accepted fact that software engineers spend a large amount of 
theirr time on understanding the system that they are working on. Corbi reports that at 
leastt 50% of a software engineers' time is spent on trying to figure out what is actually 
goingg on in the system [Cor89]. Effective understanding is needed before one can 
findfind and fix defects, add new functionality, improve the implementation, etc. Because 
programm comprehension (or program understanding) is such an important aspect of 
thee software engineering process, numerous studies have been performed to come to 
aa theory of program comprehension and identify techniques that can assist engineers 
withh this task. 

Comprehensionn is characterized as the construction of mental models that rep-
resentt the objects in a text and the relationships between them [DK83]. In program 
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comprehension,, these mental models represent the examined software system at vari-
ouss levels of abstraction. They can range from models of the code itself (e.g. the main 
componentss of the system and their relation to each other) to models of the underly-
ingg application domain (e.g tasks performed by the system). Software engineers need 
thesee models during the maintenance, evolution, and re-engineering of the system. 

Comprehensionn is an incremental process: software engineers gradually build up 
theirr knowledge by studying various aspects of the system, possibly at different times, 
andd possibly by revisiting previously examined parts. They make use off  comprehension 
strategiesstrategies which help them manage information and reach a particular goal. 

AA number of people have studied the cognitive processes that are involved with 
programm comprehension and the strategies that are used to build the mental models. 
Detailedd surveys of these processes are presented by von Mayrhauser and Vans [MV95] 
andd Storey [St.098]. Here, we will give a short overview of the three main approaches 
thatt can be distinguished: 

1.. Top-down: this approach tries to reconstruct the mappings from the problem 
domainn into the programming domain that were made when programming the 
system.. This reconstruction is an expectation driven process: understanding 
startss with some pre-existing hypotheses about the functionality of the system 
andd the engineer investigates whether they hold, should be rejected or refined in 
aa hierarchical way (Brooks [Bro83], Soloway and Ehrlich [SE84]). 

2.. Bottom-up: this approach starts understanding from the source code, construct-
ingg higher level abstractions using chunking and concept assignment (Shneider-
mann and Mayer [SM79], Pennington [Pen8/]). Chunking creates new higher 
levell  abstractions from lower level structures. When higher level structures are 
recognized,, they replace the more detailed lower level ones. This helps to over-
comee the limitations of the human memory when confronted with too many 
piecess of information [MÜ56]. The term concept assignment was introduced 
byy Biggerstaff et al. for the process of describing the intent of certain parts of 
thee system using terms at a higher level of abstraction than the source code 
[BMW93]. . 

3.. Opportunistic combinations of top-down and bottom-up: according to this theory, 
programmerss frequently change between top-down and bottom-up approaches 
(Letovskyy [Let86]), or even combine them at the same time (von Mayrhauser 
andd Vans [MV95, MV96, MV97]), to create mental representations of a software 
system. . 

Alll  these approaches have in common that they are based on the recognition of certain 
featuress in the code3 that are used for both abstraction and orientation. Brooks in-
troducess the notion of beacons which are (sets of) easily recognizable features that ap-
pearr in the code and are used for the generation and validation of hypotheses [Bro83). 

33 We use the word "features" in its English meaning which refers to the traits, characteristics, elements, 
aspects,, and properties of a system in contrast to software jargon where the meaning of features is limited 
too the functional aspects of a software system. 
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Solowayy and Ehrlich describe the use of programming plans to capture the intent of 
thee code: plans are patterns of features that indicate that a piece of code has a specific 
task.. BiggerstafT et al. introduce the notion of signatures to describe sets of features that 
togetherr signal the occurrence of a specific concept [BMW93]. 

Thesee notions described above are all examples of software elements that can be 
usedd as landmark elements for the application of the wayfinding theories of Lynch 
andd Passini. One of the goals of our work is to enable automatic detection and man-
ifestationn of such landmarks in a software system. Such automatic detection can be 
performedd using reverse engineering. 

1.44 Reverse Engineering 

Reversee engineering techniques are often used to support program comprehension. 
Reversee engineering is defined as the process of analyzing a subject system to identify 
thethe system's components and their interrelationships and, create representations of the 
systemsystem in another form or at a higher level of abstraction [CC90]. The goal of reverse 
engineeringg is identification and recovery of the design artifacts of a system, such as 
itss requirements, specifications, and architecture. In most cases, the process starts 
withh analyzing the system's source code. From there, several higher-level abstractions 
cann be derived such as its major building blocks (components), their relations and 
dependencies,, architectural views of the system structure, etc. This information can 
bee used to support comprehension of the system since such higher-level views help the 
maintainerr to manage the complexity of the lower (source) levels. 

AA typical application of this technique deals with the (automatic) redocumentation 
off  software systems. There, reverse engineering techniques are used to generate (tech-
nical)) documentation from the sources of a software system to support maintenance 
activitiess [DK99a]. The obvious advantage of automatic redocumentation is that the 
documentationn can be regenerated whenever the source is changed so it will never be 
out-of-date.. Furthermore, the quality of the functional part of the documentation 
(whichh cannot be generated) will generally improve since maintainers don't have to 
spendd time on the (boring) technical part of the documentation. 

Manyy reverse engineering tools make use of compiler technologies such as lexical, 
syntactic,, and semantic (static) analysis [BKV97]. Static analysis is a technique for 
computingg approximate information about the dynamic behavior of computer pro-
grams.. Static analysis of computer programs can for example be used to infer types, 
identifyy unreachable code, detect variable aliasing and find uninitialized variables. An 
overvieww of the major approaches to static program analysis is given by Nielson et al. 
inn [NNH99]. 

Figuree 1.1 presents a general architecture that can be found in the majority of re-
versee engineering tools. It consists of three phases: 

1.. Extraction: Each reverse engineering effort starts with extracting facts (also re-
ferredd to as source models) from a software system's artifacts such as its source 
code,, build scripts and configuration files. It is also possible to collect informa-

11 1 
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Figuree 1.1: General architecture of a reverse engineering toolset. 

tionn using dynamic analysis of a system during its execution (e.g. using instru-
mentationmentation to trace execution steps in a log). The resulting source models are 
storedd in some kind of repository (either in memory, in files, or in a database 
managementt system). 

2.. Abstraction: In the next phase, new knowledge about the system is inferred by 
queryingg and manipulation of the data that is available in the repository. Gen-
erally,, the results of this step are also stored in the repository to allow for an 
iterativee abstraction process that can combine raw facts with previously inferred 
informationn to create new knowledge. 

3.. Presentation: In the final phase, the information in the repository is presented to 
thee user in a suitable form. For a software redocumentation tool, this form may 
resemblee printed technical documentation. In a development environment, one 
couldd think of decorating an editor with extra warnings which indicate that 
methodss or classes possess certain bad characteristics. 

1.55 Research Questions 

Thee work described in this thesis concerns the creation of tools that support explo-
rationn of software systems using reverse engineering techniques and the application of 
suchh tools to perform particular maintenance tasks. The research is structured around 
fourr central questions discussed below. 

1.5.11 Effective Extraction 

QuestionQuestion 1: How can we effectively extract information from a software systems 
artifactsartifacts that can be used in a software exploration tool? 

Onee of the first challenges that a software exploration tool has to cope with is parsing 
thee artifacts during the extraction phase. These artifacts typically contain irregularities 
thatt make it hard (or even impossible) to parse the code using common parser based 
approaches.. Examples of such irregularities are syntax errors, programming language 
dialects,, missing parts, etc. Furthermore, since the information needed to improve 
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legibilityy is task dependent, one can not a priori determine what type of source model 
shouldd be extracted. Consequently, we should investigate techniques for robust pars-
ingg of artifacts that allow flexible specification of the extracted models. 

1.5.22 Creating New Knowledge 

QuestionQuestion 2: How can we combine and abstract facts about a software system to 
createcreate new knowledge? 

Thee challenge is to find (new) abstraction levels that are not explicitly available in the 
codee and help software engineers gain knowledge about the system. There are two 
wayss in which abstractions can contribute to the knowledge about a system: (1) they 
identifyy new landmarks that act as beacons for comprehension, and (2) they disclose 
neww routes for navigation through the system. Example abstractions one can think 
off  are: architectural views that show the modules in a system and how they depend 
onn each other, dataflow that shows how data propagates through the statements in a 
programm and between the programs in a system (for example via program calls, but 
alsoo via databases), and types that group the variables in a system to make them more 
manageable.. Since a lot of legacy systems are written in a language without types, an 
interestingg issue is whether we can infer "substitute" types for the variables in those 
systems,, and if they can be used like ordinary types in the exploration process. 

1.5.33 Supporting Maintenance 

QuestionQuestion 3: How can we use the information obtained in the first two questions 
toto support maintenance? 

.. _^_^_ — -

Severall  issues have to be addressed before the information obtained in the first two 
questionss can be used to support maintenance tasks: What are useful methods for 
presentingg the results of our analysis to the user? How to deal with the differences 
betweenn the conceptual view in the programmer's mind and the technical view used 
byy the machine (e.g. in a compiler, but also in a reverse engineering tool like ours)? In 
orderr to address these issues, we need to perform a number of case studies that inves-
tigatee how software exploration techniques can be used to support particular tasks. 

1.5.44 Software Quality Assurance 

QuestionQuestion 4: How can we use software exploration tools to investigate and im-
proveprove the quality of a software system? 

Ourr final question addresses the use of software exploration tooling for the purpose 
off  software quality assurance. In particular, software exploration may be used to find 
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placess in the code that can be improved using refactoring. "Refactoring is the process 
ofof changing a software system in such a way that it does not alter the external behavior of 
thethe code yet improves its internal structure" [F0W99]. The places that could benefit from 
refactoringg are identified using so-called code smells. Code smells are a metaphor for 
patternss in code that are generally associated with bad program design and bad pro-
grammingg practices. As such, code smells are landmarks that can be used to assess and 
exploree the quality of a software system: when a system possesses a lot of smells, it's 
qualityy is questionable and the smells guide the way to the places that need to be im-
proved.. Some examples of code smells are: duplicated code, methods that are too long, 
classess that perform too much tasks, classes that violate data hiding or encapsulation 
ruless or classes that delegate the majority of their functionality to other classes. 

1.66 Organization of this Thesis 

Thee subsequent chapters of this thesis were originally written as a separate articles that 
investigatee various issues in software exploration. As a result of this, there is a small 
amountt of overlap between some chapters in the form of reiteration of definitions 
andd examples. We have deliberately chosen to leave this overlap in place to make the 
workk more accessible and to ensure that the chapters can still be read as self-contained 
papers. . 

Thiss thesis consists of three parts: In the first part, we consider automated extrac-
tionn of source models from software artifacts and the use of those models in impact 
analysis.. One of the major challenges of source model extraction is dealing with ir-
regularitiess in the artifacts that are typical for the reverse engineering domain (e.g. 
syntacticc errors, incomplete source code, language dialects and embedded languages). 
Chapterr 2 presents a solution in the form of island grammars that are used to generate 
robustt parsers which combine the detail and accuracy of syntactical analysis with the 
flexibilit yy and development speed of lexical approaches. In Chapter 3, we motivate 
thatt lightweight impact analysis is needed for the planning and estimation of software 
maintenancee projects and present a technique for the generation of lightweight impact 
analyzerss from island grammars. We demonstrate this technique using a real-world 
casee study that concerns the impact of mass transformation in the software portfolio 
off  a large bank. 

Thee second part of the thesis considers inferred types as an abstraction that groups 
thee variables that occur in a software system. Types are a natural abstraction in pro-
grammingg languages and form a good starting point for software exploration and 
re-engineeringg tasks. Unfortunately, the software systems that require re-engineering 
mostt desperately are often written in languages without an adequate type system (such 
ass COBOL). Additionally, in languages that do have typess (such as C), developers often 
onlyy use the same built-in type (e.g. char, int or float) to represent different "logical" 
typess (e.g. amount and age). As a result, types cannot be used as abstractions since 
theyy group variables that should be different. To solve these issues, Chapter 4 presents 
aa method of automated type inference that considers the way in which types are actu-
allyy used in a software system. We present the formal type system and inference rules 
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forr this approach, show their effect on various real life COBOL fragments, and describe 
thee implementation of these ideas in a prototype type inference tool for COBOL. 

Wee continue our study in Chapter 5 with the analysis of type pollution, the phe-
nomenonn that inferred types become too large and contain variables that intuitively 
shouldd not belong to the same type. We present an improved type inference mecha-
nismm that uses subtyping and provide empirical evidence that this is an effective way 
forr dealing with pollution. In Chapter 6, we combine type inference and mathemati-
call  concept analysis to logically group the procedures in a legacy system together with 
thee data types they operate on. The results are abstractions that are very similar to 
abstractt data types. These abstractions can be used for exploration and are the starting 
pointt for an object oriented re-design of the system. Finally, Chapter 7 investigates 
howw an invented abstraction as inferred types can be presented meaningfully to soft-
waree engineers. We describe the construction of TYPEEXPLORER: a tool that supports 
explorationn of COBOL software systems based on inferred types and illustrate how it 
cann be used by examining an industrial COBOL legacy system of 100,000 lines of code. 

Inn the third and last part of this thesis, we explore the quality aspects of a software 
systemm from a refactoring and testing perspective. In Chapter 8, we present a method 
forr the automatic detection and visualization of code smells in JAVA code. These results 
cann be applied in two ways: (1) to support automatic code inspections where smells 
aree used to guide the inspection process; and (2) the creation of intelligent refactoring 
toolss that not only perform the transformation (as currently is state-of-the-art) but 
alsoo suggest that a refactoring can be applied at a given point. Chapter 9 argues that 
refactoringg test code is different from refactoring production code. We present a set of 
badd smells that indicate trouble in test code and a collection of test specific refactorings 
too remove these smells. In Chapter 10, we explore the relation between testing and 
refactoringg and investigate how they become intertwined when refactorings invalidate 
testss (e.g. by removing a method that is expected by a test). We describe the conditions 
underr which such invalidation can occur and survey which of the refactorings from 
[F0W99]]  affect the test code. Finally, we present the notion of "test-first refactoring": 
aa method for improving the quality of software that uses smells in the test code as 
landmarkss to explore where production code may be improved. 

1.77 Origins of the Chapters 

Thee chapters in this thesis have appeared as a paper in a journal or in the proceedings 
off  an international conference. Only minor changes have been made to each published d 
paper.. The remainder of this section gives an overview of the earlier publications. 

Chapterr 2 L. Moonen. Generating Robust Parsers using Island Grammars. In Pro-
ceedingsceedings of the 8th Working Conference on Reverse Engineering (WCRE 2001). 
IEEEE Computer Society Press, October 2001. 
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Chapterr 3 L. Moonen. Lightweight Impact Analysis Using Island Grammars. In 
ProceedingsProceedings of the 10th International Workshop on Program Comprehension 
(IWPC2002).(IWPC2002). IEEE Computer Society Press, June 2002. 

Chapterr 4 A. van Deursen and L. Moonen. Type Inference for Co BOL Systems. In 
ProceedingsProceedings of the 5th Working Conference on Reverse Engineering (WCRE 
1998)>1998)> pages 220-230. IEEE Computer Society Press, October 1998. 

Chapterr 5 A. van Deursen and L. Moonen. An Empirical Study into COBOL Type 
Inferencing.. Science of Computer Programming, 4o(2-3):i89-2ii, July 2001. 

Chapterr 6 T. Kuipers and L. Moonen. Types and Concept Analysis for Legacy Sys-
tems.. In Proceedings of the International Workshop on Programming Com-
prehensionprehension (IWPC2000). IEEE Computer Society Press, June 2000. 

Chapterr 7 A. van Deursen and L. Moonen. Exploring Legacy Systems Using Types. 
Inn Proceedings of the 7th Working Conference on Reverse Engineering (WCRE 
2000),2000), pages 32-41. IEEE Computer Society Press, October 2000. 

Chapterr 8 E. van Emden and L. Moonen. Java Quality Assurance by Detecting Code 
Smells.. In Proceedings of the 9th Working Conference on Reverse Engineer-
inging (WCRE 2002). IEEE Computer Society Press, October 2002. 

Chapterr 9 A. van Deursen, L. Moonen, A. van den Bergh and G. Kok. Refactoring 
Testt Code. In Proceedings of the 2nd International Conference on Extreme 
ProgrammingProgramming and Flexible Processes in Software Engineering (XP 2001), May 
2001. . 

Thiss chapter will also appear in the book eXtreme Programming Perspec-
tives,tives, edited by M. Marchesi, G. Succi, D. Wells, and L. Williams. Addison-
Wesley.. Scheduled for release in August 2002. 

Chapterr 10 A. van Deursen and L. Moonen. The Video Store Revisited — Thoughts 
onn Refactoring and Testing. In Proceedings of'the3nd International Confer-
enceence on Extreme Programming and Agile Processes in Software Engineering 
(XP(XP 2002), May 2002. 
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