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ABSTRACT
Context: Business processes have become a key asset in companies, since they allow them to

carry out their daily operations, and an appropriate business process management helps
companies to improve their competitiveness. Companies’ business processes are supported by many
enterprise information systems which undergo software erosion over time, thus leading them to become
legacy information systems. The volatile IT industry often tempts companies to replace legacy
information systems with new ones. However, these systems cannot always be completely discarded
because they gradually store a significant amount of valuable business knowledge as a result of
progressive maintenance over time. Evolutionary maintenance is the most suitable mechanism to deal
with the software ageing problem since it preserves business knowledge. But recovering the underlying
business knowledge from legacy systems is first necessary in order to preserve this vital heritage, which is
not present elsewhere.
Objective: This thesis proposes and validates MARBLE, a framework and a set of framed techniques
with which to recover and rebuild the business process models that are actually supported by legacy
information systems. MARBLE, which can be considered as a business process archeology method,
makes it possible to preserve the business knowledge buried in legacy information systems, thus allowing
it to be effectively used during software modernization.
Method: MARBLE is a generic framework based on ADM (Architecture-Driven Modernization), which
uses the KDM (Knowledge Discovery Metamodel) to represent the information retrieved in a common
and standard manner. MARBLE proposes a set of models at four different abstraction levels according to
the model-driven development principles, along with three model transformations between those levels to
progressively reduce the gap between legacy information systems and business process models. This
thesis proposes two particular techniques framed in MARBLE. The first technique statically analyses the
source code and represents the embedded knowledge in a KDM repository, which is then analyzed by
applying a pattern matching technique to discover business process models, while the second technique
analyzes the source code at runtime to obtain event logs which are then analyzed to retrieve business
processes. The research methodology includes the action research method combined with research based
on case studies. The proposed framework has been validated with several case studies involving real-life
industrial legacy information systems in different domains (health-care, education, e-administration, and
so forth).
Results: MARBLE, together with its supporting tools, proved to be suitable to obtain business process
models from legacy information systems with adequate levels of exactness and completeness. Similar
results were obtained for all the different MARBLE-framed techniques based on static or dynamic
analysis by considering different legacy software artifacts (e.g., source code, event logs, etc.).
Conclusion: The proposed method semi-automatically rebuilds the hidden business processes embedded
in legacy information systems. The business process archeology method therefore allows business experts
to attain a rapid and meaningful understanding of the organization’s business processes. This proposal is
less time-consuming and more exhaustive (since it considers the embedded business knowledge) than a
manual process redesigned by experts from scratch. As a result, MARBLE provides maintainers with a
mechanism with which to modernize legacy information systems in line with the actual business
processes of an organization.

CHAPTER 1

Introduction

’’

As a consequence of evolutionary maintenance over
time, new business knowledge and rules are
embedded in legacy information systems.

1.1. Background and Motivation
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1. INTRODUCTION
This PhD Thesis is presented as a collection of published papers. This chapter is therefore
devoted to presenting the motivation, description of the research hypotheses and research
objectives, along with an explanation of the research methods employed. Finally, a brief
summary of this Thesis is presented in order to comprehend the part that each paper presented
supports within the Thesis.

1.1. Background and Motivation
In the early 1990s, Business Process Management (BPM) arose as a mechanism with
which to maintain and improve the quality of processes and operations carried out by
enterprises and organizations (Hammer and Champy, 1993). A business process depicts a
sequence of coordinated activities, together with their roles and the data involved, that must be
carried out to achieve a business goal (Weske, 2007). Business processes have become a key
asset in organizations, since they allow them to carry out their daily operations. Business
process management also helps organizations to address technological and organizational
changes in order to consequently improve their competitiveness (Castellanos, Medeiros et al.,
2009).
Most business processes in organizations are supported by their enterprise information
systems. The optimal business process management is therefore achieved when organizations
additionally combine the management of their Legacy (existing) Information Systems (LIS)
(Jeston, Nelis et al., 2008). The configuration management of legacy information systems is
particularly important since these systems undergo a considerable amount of changes during
their lifecycles. Legacy information systems change as a result of evolutionary maintenance, in
which new business requirements and functionalities are incorporated into the system (Lehman,
1984; ISO/IEC, 2006).
As a consequence of the evolutionary maintenance over time, new business knowledge and
rules are embedded in legacy information systems. This embedded business knowledge may not
be existent anywhere else (Paradauskas and Laurikaitis, 2006). The evolution of information
systems in isolation consequently affects the evolution of business processes (see scenario 1 in
Figure 1). In this case, it is necessary to discover and reconstitute the underlying business
processes that are currently supported by legacy information systems (Heuvel, 2006).
However, there are many organizations that currently carry out a vast amount of daily
transactions through their enterprise information systems without having ever done their own
business process modeling. When these organizations deal with business process modeling for
the first time, a recurrent method by which to attempt this modeling is the extraction of business
processes from legacy information systems (van der Aalst, Reijers et al., 2007) (see scenario 2
in Figure 1). This is owing to the fact that legacy information systems are one of the few
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Scenario 1

Scenario 2
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* (BP – business processes, IS – information systems, LIS – legacy information systems)
Figure 1. Scenarios to discover and reconstitute business processes embedded in legacy information systems

knowledge assets in organizations that can be used to attain an accurate understanding of the
actual business process.

In both scenarios (see Figure 1), retrieving an up-to-date version of business processes
from legacy information systems allows organizations to take advantage of at least two main
benefits:




Benefits for business process modeling. Business processes can always be up-to-date.
Organizations may therefore conduct business process management by following the
continuous improvement process (Davenport, 1993). This kind of business process
management facilitates an agile adaptation of business processes to meet all the changes
that occur in the uncertain environment of a company. The rapid evolution of business
processes allows organizations to maintain, or even improve, their degree of
competitiveness (Weske, 2007; Jeston, Nelis et al., 2008).
Benefits for legacy information systems. Legacy information systems may continue to
be modernized on more occasions. A recent study by the SEI (Software Engineering
Institute) states that it is first necessary to retrieve embedded business knowledge in
order to modernize systems in line with the organization’s business processes (Lewis,
Smith et al., 2010). Organizations can thus modernize their legacy information systems
whilst they align the new systems with their actual business processes. Legacy
information systems are therefore evolved rather than being immediately retired and the
ROI (return of investment) on such systems is improved. This is because the lifecycles
of these systems are extended, which saves costs as regards new developments from
scratch (The Standish Group, 2010).

1.1. Background and Motivation
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There are two trends or approaches in literature that can be used to recover embedded
business processes. In the first approach, several business process mining techniques and
algorithms have been proposed (Medeiros, van Dongen et al., 2004; van der Aalst and Weijters,
2005; Medeiros, Weijters et al., 2007; Rozinat, Jong et al., 2009; Motahari-Nezhad, Saint-Paul
et al., 2011). Process mining takes event logs recorded during the execution of enterprise
information systems as input. All these approaches assume the presence of event logs and they
are not concerned with obtaining event logs from systems. In this respect, other works attempt
to obtain event logs from different kinds of Process-Aware Information Systems (PAIS). For
example, (Günther and van der Aalst, 2007) provide a generic import framework with which to
obtain event logs, while (Ingvaldsen and Gulla, 2008) focus on Enterprise Resource Planning
(ERP) systems to obtain event logs from the SAP’s transaction data logs.
Unfortunately, the main problem of business process mining is that there are no wellproven techniques with which to obtain event logs from traditional legacy information systems
(i.e., non-process-aware information systems) without an in-built logging mechanism. This is an
important challenge since there are a vast amount of legacy information systems in industry that
do not explicitly support business processes (i.e., non-process-aware information systems). The
provision of techniques with which to obtain event logs from traditional legacy information
systems may facilitate the application of all the efforts (techniques and algorithms) made in the
business process mining field (Pérez-Castillo, Weber et al., 2010).
In the second approach, several proposals consisting of the analysis and inspection of
different software artifacts have been proposed in literature. In this Thesis, these kinds of
approaches have been termed as Business Process Archeology (Pérez-Castillo, de Guzmán et
al., 2011). While business process mining relies on event logs produced at runtime, business
process archeology analyzes different artifacts (e.g., source code, databases, or even event
models) by means of reverse engineering in order to obtain the underlying embedded business
processes.
Some of these kinds of proposals are based on the static analysis of source code. One of
these proposals is that of (Zou and Hung, 2006), which statically analyses the source code and
applies a set of heuristic rules to discover business processes. (Paradauskas and Laurikaitis,
2006) present a framework to recover business knowledge through the static analysis of data
stored in databases. (Ghose, Koliadis et al., 2007) propose a set of text-based queries in source
code and documentation with which to extract business rules. The major disadvantage of these
proposals (which solely use static analysis as a reverse engineering technique) is that run-time
information is ignored. Other methods using dynamic analysis are therefore proposed. (Di
Francescomarino, Marchetto et al., 2009) discover business processes through the execution of
graphical user interfaces in Web applications. (Cai, Yang et al., 2009) propose an approach that
combines requirement reacquisition (to first provide a set of use cases) with dynamic analysis
techniques (tracing the system according to these use cases).
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The main weakness of the second approach, business process archaeology, is that most
efforts are ad hoc proposals, which are developed for particular platforms, technologies and
specific contexts. This lack of formalization and standardization leads to another challenge
related to the automation of such techniques, and the repeatability of business process
archaeology techniques in large-scale projects is therefore in doubt (Canfora, Di Penta et al.,
2011). In fact, a 2005 study (Sneed, 2005) states that 50% of reengineering projects (based on
reverse engineering techniques) fail owing to the lack of standardization and automation, which
often leads to overruns in costs.
Standardization and automation challenges limit the applicability of the aforementioned
techniques to large and complex legacy information systems. These challenges can be addressed
by Model-Driven Development (MDD) principles, i.e., (i) considering and treating all software
artifacts as models which conform to specific metamodels, and (ii) establishing automatic
transformations between models at different abstraction levels.
The Architecture Driven-Modernization (ADM) initiative (also known as software
modernization) launched by the OMG, particularly advocates carrying out a reengineering
process by following model-driven development principles. Traditional reengineering consists
of three main stages (Chikofsky and Cross, 1990): (i) reverse engineering, which analyzes
elements of existing systems and their relationships and obtains an abstract representation of the
system; (ii) the restructuring stage, which changes some internal features in the abstract
representation of the system (maintainability, understandability, performance, etc.) whilst the
external behavior is preserved; and finally (iii) the forward engineering stage, which obtains the
target, modernized system by decreasing the degree of abstraction. The ADM initiative
incorporates model-driven development principles into traditional reengineering in an attempt to
solve standardization and automation challenges. This is known as the horseshoe modernization
model (see Figure 2).

Source CIM model

Reverse Engineering

Abstract
Abstract

Recovery

Generate

Figure 2. Horseshoe Modernization Model

Define

Source Legacy System

ADM

Define

Source PSM model

Forward Engineering

Source PIM model
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(new business requirements)

Target PIM model

Target PSM model
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ADM solves the formalization problem since it represents all the artifacts involved in the
reengineering process as models, which are represented in accordance with specific
metamodels. The Meta Object Facility (MOF), a standard adopted from the OMG, is used for
this purpose to provide both a metadata management framework and a set of metadata services
to enable the development and interoperability of model and metadata driven systems. MOF has
made a significant contribution to some of the core principles of both the MDA and ADM.
ADM therefore treats all software artifacts homogenously, i.e., as models that can be
transformed into other models by using deterministic transformations. These transformations
can be formalized , for example, by means of the QVT (Query / Views / Transformations)
standard proposed by the OMG (OMG, 2008). The model transformations can consequently be
automated through their formalization. Furthermore, the model-driven development principles
make it possible to reuse models used in different modernization projects, since a computational
independent model (CIM) model can be transformed into several platform independent models
(PIM), and each PIM model can in turn be transformed into several platform specific models
(PSM) (see Figure 2).

1.2. Research Hypotheses and Objectives
Since the discovery and reconstitution of business processes from legacy information systems
can be considered as a reverse engineering method, the main hypothesis of this research is:

HYPOTHESIS
It is feasible to construct a framework by using the ADM
approach to retrieve business processes embedded in
different kinds of legacy information systems in a
standardized and automatic manner.

With regard to the research hypothesis, we believe that ADM can address the
standardization challenge since it treats all the artifacts involved in the recovery process
homogeneously, i.e., as models. The automation challenge can therefore be addressed thanks to
the automated transformations together with the reuse of models at different abstraction levels.
The main objective of this Thesis is, therefore:
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OBJECTIVE
To define an ADM-based framework with which to
discover and reconstitute business processes from legacy
information systems.

The attainment of the main objective will be based on the achievement of the following
partial objectives:
O1. To carry out an in-depth study of the business process mining and archeology field in the
context of software modernization which will provide the state-of-the-art of this Thesis.
O2. To define business process archeology techniques with which to extract embedded
business knowledge form different software artifacts (both static and dynamic
techniques)
O3. To establish a mechanism with which to generate event logs from traditional legacy
information systems in order to reuse existing business process mining techniques.
O4. To represent and integrate all the business knowledge analyzed in a common and
platform-independent model repository to be used to retrieve business process models.
O5. To establish a model transformation between the common knowledge repository and the
target business processes and define traceability methods between elements transformed
at different abstraction levels in order to facilitate feature location in business process
models.
O6. To propose a technique with which to discover cross-cutting business process views
according to different aspects or features of the legacy information systems.
O7. To develop software tools that will support and semi-automate the techniques proposed.
O8. To conduct an empirical validation of all the techniques through the use of the
supporting tools by applying the techniques to real-life information systems in industrial
case studies.
O9. To carry out a meta-analysis of the combined results obtained from all the case studies in
order to establish measures and indicators with which to assess the proposed techniques
in comparison to similar existing ones.

1.3. Research Method
Various research methods with which to achieve the goals established in the main research
hypothesis have been employed in this Thesis. Action Research is the main methodology used

1.3. Research Method
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throughout this Thesis. Action Research is a qualitative research method based on iterative
efforts (action) in order to progressively increment a knowledge base (research) (cf. Section
1.3.1). Apart from this qualitative research method, other empirical research methods such as
research based on case studies are used to validate all the techniques proposed (cf. Section
1.3.2). Quantitative research methods are also used to obtain strengthened conclusions by
aggregating the results of different case studies. Meta-analysis is a technique which statistically
analyzes the combination of results from different case studies (cf. Section 1.3.3). Finally, the
Bender method, based on the probabilistic and statistic theory, is used to obtain indicators of
measures from the results obtained in the cases studies (cf. Section 1.3.4).

1.3.1. Action Research
Action research is assumed by organizations or researchers with the aim of improving their
strategies, practices, and knowledge of the environments within which they practice (Avison,
Lau et al., 1999). Action research is a qualitative research method that is widely used in the
software engineering field (Santos and Travassos, 2009). Action research considers two main
entities: the customer of the research and the scientific community. These entities are often
opposed to each other, and the main challenge of the action research method is therefore to
satisfy the demands of both entities.
Action research is an iterative process which is oriented towards the progressive addition
of new research knowledge that entails an added-value or benefit for the research customer
(Wood-Harper, 1985). The iterative process of action-research consists of four stages (see
Figure 3). The first stage is planning, in which researchers define research question to be
answered. In this Thesis, the planning stage consists of the definition of hypotheses and
objectives. The second stage is action, in which researchers conduct the fieldwork regarding the
research questions in real environments. The third stage is observation, in which researchers
collect the data obtained after the action stage. Finally, the fourth stage is reflection, in which
researchers analyze the results observed after their actions. The reflection stage leads to the
generation of new knowledge with which the research customers are provided, and it is used to
redefine the research question in the next iteration (see Figure 3).
The research knowledge base is progressively populated with new knowledge in each
iteration. The addition of new research knowledge provides research customers with new
theoretical knowledge (e.g., models, process, techniques, etc.). However, this knowledge is
often proposed without an empirical validation, which generates a gap between theoretical
research and its practical application (Moody, 2000). This PhD Thesis therefore also follows a
research method based on the conduction of case studies.

1.3.2. Research based on Case Studies
A case study is an empirical enquiry that investigates a contemporary phenomenon within its
real-life context, especially when the boundaries between phenomenon and context are not

12
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Figure 3. Action research stages

clearly evident (Yin, 2003). While experiments follow a solely quantitative approach, case
studies are conducted by collecting qualitative information which is rich but lacks standardized
structure and analysis methods. The nature of a case study is inimitable, and such studies are
thus difficult to repeat with other cases. The most feasible subjects to validate with case studies
are therefore particular projects, processes, artifacts, etc. (Soares Cruzes, Dybå et al., 2011).
This nature signifies that case studies are sometimes criticized for being impossible to
repeat and generalize from, for being biased by researchers, and so on (Runeson and Höst,
2009). For example, cases studies do not generate the same results when they are repeated,
unlike analytical and controlled empirical experiments. However, the main advantage of case
studies is that they provide a deeper understanding of the phenomena under study.
In order to mitigate this problem, some formal methodologies have been proposed with
which to plan and conduct case studies in the software engineering field in a similar way to that
which has occurred in other disciplines (e.g., social sciences or medicine). The case studies
presented in this Thesis have been planned and conducted according to the well-proven
methodology proposed by (Runeson and Höst, 2009). Moreover, this methodology is usually
aided by the protocol and checklist for conducting software engineering cases studies provided
by (Brereton, Kitchenham et al., 2008). The steps defined in the aforementioned methodology
are the following:

1.3. Research Method
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1. Background. This stage identifies previous research on the subject topic in order to
establish the main research questions being addressed by the case study.
2. Design. This stage first identifies the object of the study (e.g., a new technique, feature,
method, etc.) and the purpose of the study through the evaluation of certain properties
(e.g., the effectiveness, efficiency, scalability, etc.). These properties are evaluated
through the definition of certain measures which are used as dependent variables.
Finally, this stage establishes the independent variable of the study by answering the
following questions: is the study a single-case or a multiple-case? Is it an embedded
(with various analysis units) or a holistic study?
3. Case selection. This stage establishes criteria with which to select a suitable case under
study.
4. Case study procedure. This defines a plan with which to execute the case study by
establishing execution steps, roles involved in each step, etc.
5. Data collection. This identifies the data to be collected and defines a data collection
plan with which to record all the relevant data generated during the study execution.
6. Analysis and interpretation. This stage inspects all the collected data and identifies
criteria with which to interpret the case study findings. Data analysis obtains the
evidence chains needed to answer research questions.
7. Validity evaluation. The validity of the results is assessed in order to verify that they
are unbiased and valid for the whole population to which researchers wish to generalize
the results. In addition to detecting threats to the validity, specific actions should be
proposed to mitigate all the threats detected.

1.3.3. Meta-Analysis
Case studies usually lack statistical significance and their results are difficult to generalize
to a large population. Several statistical methods (e.g., meta-analysis, significance level
combination or vote counting) are therefore used by researchers to accumulate and interpret a
set of results obtained from different empirical studies that are inter-related because they verify
similar hypotheses. In this Thesis, we have used meta-analysis (Miller, 2000; Pickard, 2004) to
strengthen the conclusions obtained from all the case studies conducted.
While simple analysis attempts to evaluate a sole study in isolation, meta-analysis
combines the results of several. Meta-analysis is a set of statistical techniques that combine the
different effect size measures (or treatment effect) of various individual studies. There are
several metrics with which to obtain this value, such as the mean difference or correlation
coefficients, among others (Hedges and Olkin, 1985). The objective is to obtain a global effect,
the treatment effect, of all the cases studies.
Since effect size measures may originate from different environments and heterogeneous
studies or experiments, Meta-analysis first obtains standardized measures of each one. The
global effect size is then obtained as a weighted average of standardized measures, in which the
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most commonly used weights are the sample size or the standard deviation. Finally, together
with the estimation of the global effect size, meta-analysis provides an estimated confidence
interval and a p-value which is used to decide the meta-analysis hypotheses.

1.3.4. The Bender Method
In addition to meta-analysis, other methods are also necessary to obtain indicators
concerning the measures used in case studies. Indicators allow researchers to interpret how good
a particular value of a measure is. Indicators are important when there are no benchmark values
for a measure in a particular area.
In this Thesis we use the Bender method (Bender, Parker et al., 1989) to extract thresholds
for defined measures. Thresholds help us to assess the numerical results of these measures, thus
making it probable that adequate results will be found. This method was developed to discover
thresholds in epidemiological studies. The Bender method assumes that the risk of an event
occurring is constant below a specific value (i.e., the threshold) and increases according to a
logistic equation. The Bender method defines a Value of an Acceptable Risk Level (VARL)
where
is the probability of an event occurring (Eq. 1). The
value is indicated by
researchers and can vary from 0 to 1. For example,
= 0.6 indicates that there is a probability
of 0.6 for considering the measure under study as appropriate. On the other hand, and are
coefficients of the logistic regression equation, which is shaped as (Eq. 2).
(

(

))

(1)
(2)

The independent variable in the logistic regression equation is the measure or measures
(denominated as measureX in (Eq. 2)), from which researchers wish to extract their thresholds.
The dependent variable must be a binary variable and is usually called a goodness variable. This
dependent variable indicates whether the independent variables are considered good by taking
into account certain factors such as error degree, suitability, and so on.
The Bender method usually works by extracting different VARLs with the specific values
of
,
,
,
. These four values of probability divide the measure distributions into five
groups, which are often associated with linguistic labels for an accurate interpretation (very low,
low, medium, high, and very high).

1.4. Summary of the Thesis
In order to achieve the main research goal, this PhD Thesis proposes MARBLE
(Modernization Approach for Recovering Business processes from LEgacy systems). MARBLE
is a reverse engineering framework based on ADM which is used to discover and retrieve

1.4. Summary of the Thesis
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business processes embedded in legacy information systems. MARBLE is a generic framework
that provides standard guidelines based on ADM specifications to develop methods and
techniques with which to retrieve business process models. In fact, together with MARBLE (the
generic framework), this Thesis proposes two particular techniques: a business process
archaeology technique based on the static analysis of source code, and a business process
mining technique that considers system execution information.

1.4.1. MARBLE
Since MARBLE is an ADM-based framework, it uses the KDM (Knowledge Discovery
Metamodel) (ISO/IEC, 2009) to represent all the knowledge involved, the cornerstone
specification of the ADM initiative (see Figure 4). The KDM specification defines a standard
metamodel that facilities an integrated representation and management of all the knowledge
extracted by reverse engineering from all the different software artifacts of legacy information
systems. MARBLE extracts legacy knowledge which is integrated into a common KDM
repository and it then gradually transforms this knowledge into business process models. The
abstraction gap between software artifacts (such as source code) and business process models
must be reduced progressively. MARBLE therefore defines four kinds of models at four
different abstraction levels. MARBLE additionally establishes, according to the ADM initiative,
three model transformations between the four abstraction levels (cf. Section 3.1).

Figure 4. An overview of the MARBLE framework
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The four generic abstraction levels proposed in MARBLE are the following:








Level L0. This is the lowest level of abstraction. L0 represents the legacy information
system in the real world as a collection of different software artifacts (e.g. source code,
database, documentation, etc.).
Level L1. This level consists of several specific models, i.e., one model for each
different software artifact involved in the archeology process, such as source code,
database, user interface, and so on. These models are considered to be PSM models
since they depict the software artifacts according to their specific technology or
platforms.
Level L2. This level consists of a common PIM model which represents the integrated
view of the set of PSM models at L1. The standard KDM metamodel is used for this
purpose, since it makes it possible to model all the artifacts of the legacy system in an
integrated and technological-independent manner. Firstly, we say that the L2 model is
obtained in an integrated manner because L2 works as a common KDM repository that
can be progressively populated with more and more knowledge extracted from an
organization’s various information systems. This is a key advantage since business
processes are usually executed by multiple, heterogeneous systems within an
organization. Secondly, we say that L2 is represented in a technological-independent
manner because the KDM standard abstracts all those details concerning the
technological viewpoint (e.g. the program language).
Level L3. This is the highest level of abstraction which represents a computational
independent model of the system. L3 depicts the business processes retrieved from the
knowledge concerning legacy information systems represented in the KDM repository
at L2. Business process models at L3 are represented according to the BPMN (Business
Process Model and Notation) metamodel (OMG, 2009).

MARBLE additionally defines the following three model transformations between the four
abstraction levels in order to incrementally obtain business process models (at L3) from legacy
information systems (at L0) (cf. Section3.1):




Transformation L0-to-L1. The first transformation obtains PSM models from each
legacy software artifact. Traditional reverse engineering techniques (Canfora, Di Penta
et al., 2011) such as static analysis, dynamic analysis, subsystem decomposition, and so
forth, are used to discover and extract knowledge from a software artifact and build the
respective PSM model (see Figure 4). Each PSM model is represented according to a
specific metamodel, e.g., a Java metamodel can be used to model source code, or an
SQL metamodel can be used to represent the database schema of a legacy information
system.
Transformation L1-to-L2. The second transformation consists of a set of model
transformations with which to obtain a common PIM model based on the KDM
metamodel. This PIM model is built from the PSM models from level L1. The L1-to-L2
transformation can be implemented by means of QVT scripts. These QVT scripts

1.4. Summary of the Thesis
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translate instances of metaclasses of respective metamodels used at L1 and metaclases
of the standard KDM metamodel. The transformation from the legacy information
system (at L0) to the KDM model (at L2) is made through the level L1 since in many
cases, the platform-specific knowledge at the intermediate level L1 might be used to
infer more business knowledge at L2. The semantic gap between the legacy information
system and the respective KDM model is thus reduced incrementally.
Transformation L2-to-L3. The last transformation is based on a set of business
patterns and a matching technique with which to identify them. When a particular
structure (according to a pattern) is detected in the KDM model (at L2), that pattern
indicates the respective structure of elements that must be built into the business process
model (at L3). MARBLE framework implements this pattern matching technique
through a model transformation also written in QVT. The L2-to-L3 transformation can
additionally be aided by business experts who know the organization. Experts provide
external information to refine the first sketch of the business processes obtained after
pattern matching. For example, business experts can detect and remove inconsistent or
incoherent pieces of business processes; they can refactor the business process models
to fit processes to the real behavior of the organization; or they can add manual business
activities that are not embedded in legacy information systems.

MARBLE can be used as standard guidelines to provide concrete techniques with which to
obtain business processes from legacy information systems. Each concrete technique is
characterized by (i) the legacy software artifacts that are considered at L0; (ii) the reverse
engineering technique used to extract embedded business knowledge from these artifacts; (iii)
the set of business patterns employed in the last transformation; and (iv) whether business
expert post-intervention does or does not take place.
This PhD Thesis provides two concrete techniques, which are summarized in Figure 5 and
are presented in detail in Sections 3.2 and 3.3 respectively. Although both techniques consider
legacy source code as the input software artifact, these techniques address business process
recovery from two different perspectives. On the one hand, the first technique statically
analyzes the source code and represents the embedded knowledge in a KDM repository, which
is then analyzed by applying a pattern matching technique to discover business process models.
On the other hand, the second technique analyzes the source code at runtime to obtain event
logs that are then analyzed in order to retrieve business processes. While the first technique
follows the business process archaeology approach (cf. Section 3.2), the second follows that of
business process mining (cf. Section 3.3).
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Figure 5. Static and dynamic techniques proposed in line with the MARBLE framework

1.4.2. Static Technique
The static technique framed in MARBLE considers legacy source code as the key software
artifact at L0 and static analysis as a reverse engineering technique with which to extract the
embedded knowledge at L0 and represent it at L1. The static analysis of source code consists of
the sequential, syntactic inspection of the all source code files.
This technique is supported by a tool that has been especially developed for this purpose.
The tool has a module with which to analyze source code files (Java files in particular) and
builds an abstract syntax tree of the source code, i.e. a code model at level L1 (see Figure 5).
The advantage of the static approach is that the syntactic parser that is used to analyze the
source code is easy and non-time-consuming to build. Moreover, the tool implements a QVT
model transformation to transform the code model into a KDM model at L2. The KDM model
provides a standard inventory of all the source code elements and their relationships, and can
therefore be used for other business process recovery techniques framed in MARBLE or any
other software modernization activity.
The static technique (see Figure 5) provides a set of business patterns to support the
discovery of business processes at L3 (Pérez-Castillo, García-Rodríguez de Guzmán et al.,
2010). The set of patterns is divided into three categories:
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Structural patterns, which deal with the structural elements (e.g., business activities or
tasks) and their combinations (such as sequence flows or gateways). There are four
patterns which transform: (i) packages, compilation units or other aggregation units
(e.g. Java classes or interfaces) into business process diagrams; (ii) methods into tasks;
(iii) calls between methods into sequence flows between the respective tasks; and (iv)
conditional branching, e.g. if-then-else or switch statements, into exclusive gateways
that branch the main sequence flow.
Data patterns, which deal with data objects and how these objects are related to other
structural elements. There are two data patterns, which transform: (i) read program
variables for a method into a data object with an association to the respective task; and
(ii) written program variables into data objects with an association from the task.
Event patterns, which build all the elements involved in the event management. There
are three patterns, which transform: (i) the start method into a start event and sequence
flow to the respective task; (ii) end tasks into sequence flows from such tasks to an end
event; and (iii) conditional calls into sequence flows with an intermediate conditional
event.

The pattern recognition and generation of business process models is implemented in the
tool developed by means of QVT transformations (Pérez-Castillo, García-Rodríguez de Guzmán
et al., 2010). The tool can also be used by business experts to refine the business processes
discovered, since it provides graphical model editors for both KDM and business process
models.

1.4.3. Dynamic Technique
The dynamic technique framed in MARBLE (see Figure 5) considers knowledge derived
from system execution. Hence, the reverse engineering technique considered in the L0-to-L1
transformation combines static analysis and dynamic analysis.
The static pre-analysis injects statements into certain places of the source code to register
execution events in a log when these statements are executed (see Figure 5). Each event
recorded in the log specifies the execution of an underlying business task supported by a certain
piece of source code. According to (Pérez-Castillo, Weber et al., 2010), the injection of these
tracing statements into the source code therefore entails five key challenges that must be
addressed: (i) process definitions are implicitly described in legacy source code and, thus, it is
not obvious which events should be recorded in the event log; (ii) the granularity of callable
units of an information system and activities of a business process often differs; (iii) legacy code
not only contains business activities, but also technical aspects which have to be discarded from
target business processes; (iv) since traditional systems do not explicitly define processes, it is
necessary to establish when a process starts and ends; (v) finally, owing to the missing processawareness, it is not obvious how the business activities and process instances executed should
be correlated.
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This technique partially addresses these challenges by considering information provided by
business experts and system analysts. This information is necessary to reduce potential noise in
the event log caused by the aforementioned challenges. Although manual intervention by
experts might appear to be a time-consuming task, this task is less time-consuming and even
less error-prone than business process modeling from scratch.
After static pre-analysis, the dynamic analysis records events during system execution (see
Figure 5). When the instrumented code is executed, the injected statements invoke a function
that records the respective event in the event log. The event log can then be used to discover the
business processes by taking the system execution information into account. In the same manner
as the static technique, this dynamic technique transforms the event log at L1 into a KDM
model at L2, and then transforms this model into business process models at L3. However, this
technique reuses existing process mining techniques such as those supported by ProMtool (Van
der Aalst, Van Dongenm et al., 2009) in order to discover business process models (at L3) from
event logs generated after dynamic analysis (see Figure 5).

1.5. Context of the Thesis
This section presents the research projects that constitute the framework in which this PhD
thesis was carried out. Figure 6 shows the timeline of the research projects that partially
supported this Thesis.
The research addressed in this PhD Thesis has been developed in the context of the
following six research projects. Table 1 provides the description of the supporting research
projects. The abbreviation of the sponsor organizations that funded these projects are: JCCM
(Regional Government of Castilla-La Mancha); MICIN (Spanish Research Ministry); FEDER
(European Funds for Regional Development) and CDTI (Center for the Development of
Industrial Technology).
Finally, it is worth mentioning that this PhD thesis has also been developed thanks to the
research fellowship granted to the author of the Thesis by the FPU (Formación de Profesorado
Universitario) Program of the Spanish Education Ministry.

1.6. Document Structure
The remainder of this PhD Thesis is organized as follows. Chapter 2 summarizes the stateof-the-art and work related to the research topic. Chapter 3 presents a detailed description of the
MARLE framework, which is the main proposal of this Thesis, in addition to the static and
dynamic techniques framed in MARBLE. Chapter 4 shows the supporting tool developed to
semi-automate the proposal. Chapter 5 provides the results of the empirical validation of the
research proposal. Finally, Chapter 6 shows a discussion of conclusions, implications and future
work of this PhD Thesis.
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PRALIN
INGENIO
ALTAMIRA
MAGO/PEGASO

MEDUSAS
MOTERO

Figure 6. Research project timeline during PhD Thesis development

Table 1. Description of research projects in which the PhD Thesis was carried out
Grant (€)

Project

Goal

Sponsored by

Duration

PRALIN

Testing in software product lines

JCCM

140,000

1/1/2008
31/12/2010

INGENIO

Application of software engineering practices to
improve business processes.

JCCM

130,000

1/1/2008
31/12/2010

ALTAMIRA

Application of techniques for modeling and
quantitative management of processes to improve
the maturity level of software factories

JCCM

240,000

1/4/2009
1/4/2012

MAGO/
PEGASO

Advanced improvement of global software
processes.

MICINN and
FEDER

489,100

1/10/2009
31/12/2012

MEDUSAS

Improvement and assessment of software design,
usability, security and maintenance.

CDTI

140,000

1/1/2009
1/1/2013

MOTERO

Software modernization to obtain software product
lines from legacy information systems.

JCCM and
FEDER

120,000

01/04/2011
31/3/2013

Since this Thesis is composed as a collection of papers, all the chapters (with the exception
of the introduction and conclusion) consist of one or more published research papers to cover
the purpose of each chapter.
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Eleven of the published research papers have been selected to be part of the core chapters
of this PhD thesis owing to both their scientific contribution and the relevance of these papers.
Bearing the selected papers in mind, the content of what remains of this document is organized
as follows. The name of each chapter is provided, along with a brief description of it and the
reference of the paper associated with the chapter.
Chapter 2. State of the Art. This chapter provides the background of the Thesis and
introduces all the key terms, such as legacy information system, software modernization,
business process, and so on. This chapter is divided into three subsections, which are supported
by three different research papers:


Section 2.1. Architecture Driven Modernization
Pérez-Castillo, R., I. García Rodríguez de Guzmán, and M. Piattini, Architecture-Driven
Modernization, in Modern Software Engineering Concepts and Practices: Advanced Approaches, A.H.
Dogru and V. Bier, Editors. 2011, IGI Global. p. 75-103.

This is a book chapter that presents the ADM initiative, its precursors, its current
standards, and the main implications. It also introduces how ADM is used to modernize
legacy information systems through business process recovery techniques.


Section 2.2. Knowledge Discovery Metamodel
Pérez-Castillo, R., I.G.-R.deGuzmán, and M. Piattini, Knowledge Discovery Metamodel-ISO/IEC
19506: A standard to modernize legacy systems. Computer Standards & Interfaces, 2011. 33(6): p. 519532. Impact factor: 0.825.

This is a journal paper which focuses on the use of the KDM standard to modernize
legacy information systems.


Section 2.3. Survey of Modernization Tools
Pérez-Castillo, R., I.G.-R.deGuzmán, M. Piattini, and C. Ebert, Reengineering Technologies. IEEE
Software Magazine, 2011. 28(6): p. 13-17. Impact factor: 1.511.

This is a journal paper that presents a survey of common current software
modernization tools.
Chapter 3. Proposal. This is the core chapter of the Thesis since it presents the research
proposal in detail. This chapter is divided into three sections: the generic MARBLE framework
which is supported by one paper; the particular static technique framed in MARBLE which is
supported by a second paper; and the dynamic technique which is supported by two additional
papers.


Section 3.1.Overview
Pérez-Castillo, R., I.G.-R.deGuzmán, and M. Piattini, Business Process Archeology using MARBLE.
Information and Software Technology, 2011. 53: p. 1023–1044. Impact factor: 1.507.

1.6. Document Structure

23

This is a journal paper that depicts the MARBLE framework. It provides a detailed
explanation of the abstraction levels of MARBLE and the model transformations
defined between them.


Section 3.2. Static Approach
Pérez-Castillo, R., I. García Rodríguez de Guzmán, M. Piattini, and Á.S. Places, A Case Study on
Business Process Recovery using an E-Government System. Software Practice & Experience Journal,
2011: 42(2): p. 159–189. Impact factor: 0.573.

This journal paper provides a particular technique framed in MARBLE which is based
on the static analysis of legacy source code. This paper also demonstrates its
applicability through an industrial case study with an e-government system.


Section 3.3. Dynamic Approach
Pérez-Castillo, R., B. Weber, I. García Rodríguez de Guzmán, and M. Piattini, Process Mining
through Dynamic Analysis for Modernizing Legacy Systems. IET Software Journal, 2011. 5(3): p.
304–319. Impact factor: 0.671.
Pérez-Castillo, R., B. Weber, I. García Rodríguez de Guzmán, and M. Piattini, Generating Event
Logs from Non-Process-Aware Systems Enabling Business Process Mining. Enterprise Information
System Journal, 2011. 5(3): p. 301–335. Impact factor: 0.786.

Both journal papers present details of a dynamic technique framed in MARBLE, which
obtains event logs from the execution of instrumented versions of legacy information
systems. While the first paper introduces a preliminary version of the dynamic
technique, the second presents an improved version of the technique. Both papers
provide empirical validation of the technique through two industrial case studies applied
to an author management system and a healthcare evaluation system, respectively.
Chapter 4. Supporting Tool. This chapter provides the relevant implementation details
regarding the supporting tool developed to instrument the static technique previously presented
in Section 3.2. This chapter is supported by the following conference paper.
Pérez-Castillo, R., M. Fernández-Ropero, I. García Rodríguez de Guzmán, and M. Piattini,
MARBLE. A Business Process Archeology Tool, in 27th IEEE International Conference on Software
Maintenance (ICSM'11). 2011, IEEE Computer Society: Williamsburg, Virginia, USA. p. 578-581.
ERA CORE A .

Chapter 5. Validation. This chapter focuses on the empirical validation of the research
proposal. Although most of the papers presented in the proposal (cf. Chapter 3) contain
industrial case studies, this chapter addresses the empirical assessment as a whole by
aggregating individual results.


Section 5.1. Precision and Recall Indicators
Pérez-Castillo, R., L. Sánchez-González, F. García, M. Piattini, and I. García Rodríguez de
Guzmán, Obtaining Thresholds for the Effectiveness of Business Process Mining, in 5th ACM/IEEE
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International Symposium on Empirical Software Engineering and Measurement (ESEM'11). 2011,
IEEE Computer Society: Banff, Alberta, Canada. p. 453-462. ERA CORE A.

This conference paper applies the Bender method in order to obtain indicators, i.e.,
reference values, with which to measure the precision and recall used in all the case
studies conducted. Indicators are necessary to compare the results obtained from
different case studies and different techniques.


Section 5.2. Meta-Analysis
Pérez-Castillo, R., J.A. Cruz-Lemus, I. García-Rodríguez de Guzmán, and M. Piattini, A Family of
Case Studies on Business Process Mining using MARBLE.Journal of Systems and Software, 2012.
86(6): p.1370–1385. Impact factor: 1.277.

This journal paper combines the results obtained from all the empirical studies by
applying meta-analysis techniques in order to integrate and obtain strengthened
conclusions.
Figure 7 summarizes the document structure as regards the parts of the proposal and
research topics of this PhD Thesis. Figure 7 will be used at the beginning of each section to
provide an overview of its scope.

Figure 7. Relationship between the chapters and research issues of this Thesis.
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Apart from the publications included in this Thesis, there are more contributions that
conform with some of its research objectives. Figure 8 shows a graph depicting the relationships
between the contributions included in this document (black nodes) and other preliminary,
precursor publications (gray nodes). The different research lines within this Thesis are noted
with different kinds of edges (i.e., the static and dynamic technique framed in MARBLE, the
empirical validation of these techniques, along with other contributions related to the state-ofthe-art) (see Figure 8).A detailed list of all the publications can be found in sub-section 6.5.
2010

2009

2011

2012
IGI Global

WCRE
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IEEE SW

REM

SP&E
IST

ICMT

IET SW
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Conferences (CORE A)
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Book Chapters
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Figure 8. Timeline of the most relevant contributions

Empirical Validation
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CHAPTER 2

State of the Art

’’

The KDM metamodel allows to represent all the
software

artifacts

recovered

during

reverse

engineering techniques at different abstraction
levels.

2.1. Architecture-Driven Modernization
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2. STATE-OF-THE-ART
This chapter provides the background to the Thesis and introduces all the key terms, such
as legacy information system, software modernization, business process, and so on. This chapter
is divided into three subsections.
Firstly, Section 2.1 provides an overview of the standard specifications provided by the
Architecture-Driven Modernization Initiative, which can be used to retrieve business processes
in a software modernization context. Secondly, Section 2.2 particularly focuses on the KDM
specification, which provides a Knowledge Discovery Metamodel to represent the business
knowledge extracted from legacy information systems. Finally, Section 2.3 provides a brief
survey of software modernization tools related to the research issues.

2.1. Architecture-Driven Modernization
This section provides a detailed description of the ADM initiative, its precursors, its
current standards, and the main implications. It also introduces how ADM is used to modernize
legacy information systems through business process recovery techniques. This section consists
of a book chapter published by IGI Global editorial in 2011. The reference to this chapter is:
Pérez-Castillo, R., I. García Rodríguez de Guzmán, and M. Piattini, Architecture-Driven
Modernization, in Modern Software Engineering Concepts and Practices: Advanced
Approaches, A.H. Dogru and V. Bier, Editors. 2011, IGI Global. p. 75-103.
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2.2. Knowledge Discovery Metamodel
This section focuses on the use of the KDM standard to modernize legacy information
systems. This section focuses on the use of KDM as a common repository to represent all the
business knowledge embedded in legacy information systems. This section also introduces how
KDM models can be used to retrieve business processes from information systems.
The content of this section is a paper published in the Computer Standards and Interfaces
Journal. This journal had an impact factor of 0.825 in 2010, according to Thomson’s Science
Citation Index (SCI). The reference of this paper is: Pérez-Castillo, R., I.G.-R. deGuzmán, and
M. Piattini, Knowledge Discovery Metamodel-ISO/IEC 19506: A standard to modernize legacy
systems. Computer Standards & Interfaces, 2011. 33(6): p. 519-532.
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2.3. Survey of Modernization Tools
The last section of the chapter concerning the state-of-the-art presents a brief survey of
common current software modernization tools. It analyzes eleven tools by comparing their main
functionalities. The survey also analyzes whether or not the tools implement the model-driven
development principles in order to address the formalization and automation of large scale
modernization projects.
The content of this section corresponds to a paper published in the IEEE Software
Magazine. This journal had an impact factor of 1.511 in 2010, according to Thomson’s Science
Citation Index (SCI). The reference of this paper is: Pérez-Castillo, R., I.G.-R. deGuzmán, M.
Piattini, and C. Ebert, Reengineering Technologies. IEEE Software Magazine, 2011. 28(6): p.
13-17.
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CHAPTER 3

Research Proposal

’’

MARBLE is a framework to recover business
processes from legacy systems following the
Architecture-Driven Modernization (ADM).

3.1. Overview
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3. RESEARCH PROPOSAL
This chapter provides a detailed description of the main contribution of this PhD Thesis.
Firstly, Section 3.1 provides an overview of MARBLE, an ADM-based framework with which
to retrieve business processes form legacy information systems. Secondly, Section 3.2
particularly provides a static technique framed in MARBLE. Finally, Section 3.3 provides a
dynamic technique by considering runtime information also framed in MARBLE.

3.1. Overview
This section depicts the generic MARBLE framework. It provides a detailed explanation of
the abstraction levels of MARBLE and the model transformations defined between these levels
(see Figure 9). This framework can be considered as the guidelines needed to develop
techniques with which to discover and retrieve business processes such as the static and
dynamic techniques presented in Sections 3.2 and 3.3, respectively. This paper also introduces
the business process archeology term as defined in this Thesis.
This section is presented through a journal paper published by the Information and
Software Technology in 2011. This journal had an impact factor of 1.507 in 2010, according to
Thomson’s Science Citation Index (SCI). The reference of this paper is: Pérez-Castillo, R., I.G.R. deGuzmán, and M. Piattini, Business Process Archeology using MARBLE. Information and
Software Technology, 2011. 53: p. 1023–1044.

Figure 9. Main contribution of Section 3.1 as regards the proposal of the PhD Thesis as a whole
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3.2. Static Approach
This section presents a business process archeology technique with which to discover and
retrieve business processes from legacy source code. This technique is framed in MARBLE and
statically analyzes source code in order to extract insights concerning business processes
embedded in source code (see Figure 10). The feasibility of this technique is demonstrated with
an industrial case study involving an e-government system.
This section is presented through a journal paper published by the Software: Practice and
Experience Journal in 2011. This journal had an impact factor of 0.573 in 2010, according to
Thomson’s Science Citation Index (SCI). The reference of this paper is: Pérez-Castillo, R., I.
García Rodríguez de Guzmán, M. Piattini, and Á.S. Places, A Case Study on Business Process
Recovery using an E-Government System. Software Practice & Experience Journal, 2011.42(2):
p. 159–189.

Figure 10. Main contribution of Section 3.2 as regards the proposal of the PhD Thesis as a whole
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3.3. Dynamic Approach
This section presents a dynamic technique framed in MARBLE, which obtain event logs
from the execution of instrumented versions of legacy information systems (see Figure 11). A
legacy information system is first instrumented by injecting a tracing statement in particular
callable units of the source code. The modified version of the systems is then executed and
events are recorded in logs. Finally, event logs are analyzed by process mining algorithms to
discover business process models.

Figure 11. Main contribution of Section 3.3 as regards the proposal of the PhD Thesis as a whole

This section is supported by two journal papers. The first paper introduces a preliminary
version of the dynamic technique. This paper provides a case study involving a real-life author
management system. This paper was published by the IET Software Journal in 2011. This
journal had an impact factor of 0.671 in 2010, according to Thomson’s Science Citation Index
(SCI). The reference of this paper is: Pérez-Castillo, R., B. Weber, I. García Rodríguez de
Guzmán, and M. Piattini, Process Mining through Dynamic Analysis for Modernizing Legacy
Systems. IET Software Journal, 2011. 5(3): p. 304–319.
The second paper presents an improved version of the technique and validates the proposal
by means of an industrial case study involving a healthcare evaluation system used in some
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Austrian hospitals. This paper provides a case study involving a real-life author management
system. This paper was published by the Enterprise Information System Journal in 2011. This
journal had an impact factor of 0.786 in 2010, according to Thomson’s Science Citation Index
(SCI). The reference of this paper is: Pérez-Castillo, R., B. Weber, I. García Rodríguez de
Guzmán, and M. Piattini, Generating Event Logs from Non-Process-Aware Systems Enabling
Business Process Mining. Enterprise Information System Journal, 2011. 5(3): p. 301–335.
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CHAPTER 4

Supporting Tool

’’

Due to the extensible nature of MARBLE, it is now
online available as an Eclipse plugin.
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4. SUPPORTING TOOL
This chapter provides relevant implementation details about the tool developed to support
the static technique presented in Section 3.2. This tool has been released as an Eclipse™
application. Its future extensibility and integration with other related tools is consequently
ensured (e.g., an Eclipse™ plug-in to support the dynamic technique or any other MARBLEbased technique).
This chapter consists of a paper published in the proceedings of the 27th IEEE International
Conference on Software Maintenance. This conference is considered as CORE A (the top
quality level) according to the ERA Conference Ranking. The reference of this paper is: PérezCastillo, R., M. Fernández-Ropero, I. García Rodríguez de Guzmán, and M. Piattini, MARBLE.
A Business Process Archeology Tool, in 27th IEEE International Conference on Software
Maintenance (ICSM'11). 2011, IEEE Computer Society: Williamsburg, Virginia, USA. p. 578581.
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CHAPTER 5

Empirical Validation

’’

This technique has been validated over a two-year
period in several industrial modernization projects.
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5. EMPIRICAL VALIDATION
This chapter focuses on the empirical validation of the research proposal presented in
Chapter 3. Although most of the papers presented in that chapter contain industrial case studies,
this chapter addresses the whole empirical assessment by aggregating individual results. The
aggregation and analysis of individual case studies is carried out by means of both the Bender
method and meta-analysis. Both research methods are mentioned in Section 1.3.

5.1. Precision and Recall Indicators
This section applies the Bender method in order to obtain indicators, i.e., reference values,
with which to measure the precision and recall used in all the case studies conducted. While
precision is used to evaluate the exactness of the business process models discovered, recall is
related to the completeness of the models obtained. Both measures are evaluated between 0 and
1. Indicators are necessary to compare results obtained from different case studies and different
techniques, since there is absence of thresholds to check whether or not the precision and recall
values obtained in a particular study are appropriate.
This chapter consists of a paper published in the proceedings of the 5th ACM/IEEE
International Symposium on Empirical Software Engineering and Measurement. This
conference is considered as CORE A (the top quality level) according to the ERA Conference
Ranking. The reference of this paper is Pérez-Castillo, R., L. Sánchez-González, F. García, M.
Piattini, and I. García Rodríguez de Guzmán, Obtaining Thresholds for the Effectiveness of
Business Process Mining, in 5th ACM/IEEE International Symposium on Empirical Software
Engineering and Measurement (ESEM'11). 2011, IEEE Computer Society: Banff, Alberta,
Canada. p. 453-462.
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5.2. Meta-Analysis
This section combines the results obtained from all the case studies by applying metaanalysis techniques. The objective is the integration of results in order to obtain strengthened
conclusions.
The content of this section is a paper published in the Journal of Systems and Software.
This journal had an impact factor of 1.277 in 2010, according to Thomson’s Science Citation
Index (SCI). The reference of this paper is:Pérez-Castillo, R., J.A. Cruz-Lemus, I. GarcíaRodríguez de Guzmán, and M. Piattini, A Family of Case Studies on Business Process Mining
using MARBLE. Journal of Systems and Software, 2012. 86(6): p. 1370–1385.
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CHAPTER 6

Conclusions

’’

The research proposal facilitates the extraction of
business

rules

(through

business

process

discovering) that must be incorporated into new
versions of information systems […] to extend the
lifespan of legacy information systems and,
therefore, it also help to improve the ROI.
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This chapter discusses the conclusions of this PhD Thesis, and is organized as follows:
Section 6.1 provides a brief summary of the Thesis. Section 6.2 then analyzes the initial
research hypothesis and the attainment of the research goals. Section 6.3 summarizes the main
contributions of the Thesis and its implication for academia and industry. Section 6.4 states
future research lines. Finally, Section 6.5 shows the whole set of papers published throughout
the PhD Thesis.

6.1. Summary
Business processes are a valuable asset for many companies since they provide them with
a means to comprehend and carry out their daily operations. Companies that appropriately
manage their business processes have advantages over other companies in terms of
competitiveness. Business process management allows companies to obtain a better
understanding of their intrinsic operations, thus allowing them to enhance and adapt these
operations according to new business goals or changes in the environment. Moreover, business
process activities are often automated by enterprise information systems. As a result, business
process management also facilitates the alignment between business processes and enterprise
information systems.
Despite the importance of business processes and their management, many companies and
organizations ignore this issue and have no available business process representations. When
these companies decide to represent and manage their business processes, they must deal with
the discovery of the implicit business processes that they carry out every day. One of the most
important sources of knowledge with which to discover business processes is legacy
information systems. Legacy information systems embed much business knowledge which is
often not available anywhere else as a consequence of the uncontrolled maintenance of legacy
information systems over time. An alternative source of knowledge is the organization’s
business experts who can carry out a green-field redesign of business processes. This manual
option is, however, time consuming and error-prone in comparison to semi-automatic business
process discovery from information systems. What is more, much of the business knowledge
that is embedded in legacy information systems might be ignored by manual redesign from
scratch.
This PhD Thesis addresses the challenge of discovering and reconstituting business
processes from legacy information systems in a semi-automatic manner. It particularly focuses
on two scenarios. The first scenario occurs when companies that have never explicitly
represented their business processes wish to adopt business process management. In this
scenario, the action consists of taking the existing information systems and obtaining business
processes from them. The second scenario occurs in companies or organizations that have
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already represented and managed their business processes. However, legacy information
systems evolve together with the implicit business process activities supported by these systems.
Unfortunately, business process representations do not evolve together with legacy information
systems and are misaligned with them. In this scenario, the goal is to discover and reconstitute
actual business processes in line with information systems. This scenario allows companies to
modernize their legacy information systems by taking into account the actual business processes
that they are currently carrying out.
In order to contribute to the solution of the aforementioned challenge, this Thesis proposes
MARBLE, a framework with which to discover and retrieve business processes from legacy
information systems. MARBLE follows the specifications and standards proposed by the ADM
initiative. This initiative advocates carrying out traditional reengineering by considering modeldriven development principles. There are basically two principles: (i) the homogeneous
treatment of all the artifacts involved as models, representing them at different abstraction
levels, and (ii) the automation of model transformations between these abstraction levels. These
principles help to solve the automation and formalization problems of traditional reengineering.
MARBLE is a generic framework based on ADM which focuses on the reverse engineering
stage to obtain business processes form different software legacy artifacts.
The generic framework signifies that MARBLE is able to define the guidelines with which
to develop the specific techniques of business process discovery. The key point that allows
MARBLE to be such a generic framework is the establishment of four abstraction levels (i.e.,
four kinds of models) and three model transformations between them. The four abstraction
levels are: L0, which defines the actual software artifacts of a legacy information system (e.g.,
source code or database); L1, which represents the PSM models of each of the software artifacts
considered (e.g., a code model, a database model); L2, which combines all the models retrieved
in a KDM repository representing a PIM model; and finally L3, which defines business process
models according to the BPMN specification. MARBLE-framed techniques must specifically
define the three model transformations between these levels.
This PhD Thesis presents two concrete techniques with which to discover business
processes framed in MARBLE. The first technique employs, as a reverse engineering technique,
static analysis, while the second uses dynamic analysis which takes advantage of runtime
information. The static technique syntactically analyzes source code and then recognizes a set of
patterns in KDM models in order to obtain a first sketch of business process models. The set of
business patterns can be extended with additional patterns. Business experts then analyze and
refine the first sketch to fit business process models to the actual business activity of the
organization. This technique is therefore considered to be a business process archeology
technique.
While the static technique implies manual intervention at the end of the process, the
dynamic technique first considers business expert intervention in order to instrument source
code. The instrumented version of a legacy information system is able to record events during
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system execution. These events represent the execution of business activities that are supported
by different parts of source code. Event logs are then analyzed in order to mine business process
models. This technique is therefore considered to be a process mining technique rather than a
business process archeology technique.
Both the static and the dynamic technique are supported by tools especially developed
during this Thesis. These tools support the whole framework and facilitate the demonstration of
the feasibility of the proposed techniques throughout a set of industrial case studies. These case
studies were rigorously planned and conducted by following a formal protocol especially
developed for software engineering case studies. These studies were conducted with a great
variety of cases, e.g., an author management system, an open source CRM system, an enterprise
information system of the water and waste industry, an e-government system used in a Spanish
local e-administration, a high school learning management system, and a healthcare evaluation
system used in Austrian hospitals. While the static technique proved to be more exhaustive than
the dynamic technique, the dynamic technique proved to be more accurate as regards the
number of business activities appropriately discovered. The results obtained from all these case
studies demonstrate that both the static and the dynamic technique are suitable to obtain
business processes form real-life legacy information systems. Furthermore, the combination of
both techniques proved to be more accurate and complete than either technique in isolation.

6.2. Research Hypothesis and Analysis of Goals
The objective of this section is to evaluate the achievement of the research goals
established at the beginning of this Thesis. The main research hypothesis of this PhD Thesis
was presented in Chapter 1.
It is feasible to construct a framework by using the ADM approach to retrieve
business processes embedded in different kinds of legacy information systems
in a standardized and automatic manner.
In order to evaluate the research hypothesis, this Thesis established the main research
objective:
To define an ADM-based framework with which to discover and reconstitute
business processes from legacy information systems.
A set of partial objectives which had to be addressed in order to achieve the main research
objective was also stated. A description of the achievement of each of these partial objectives is
presented hereafter:
O1. To carry out an in-depth study of the business process mining and archeology field in
the context of software modernization which will provide the state-of-the-art of this
Thesis.
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This objective has been fulfilled by carrying out a systematic literature review, which
was the knowledge base for the publications presented in Chapter 2.
O2. To define business process archeology techniques with which to extract embedded
business knowledge form different software artifacts (both static and dynamic
techniques).
This objective has been achieved by proposing the static and dynamic techniques
framed in MARBLE. In addition, MARBLE defines the guidelines needed to consider
additional software artifacts and reverse engineering techniques in future techniques
(see Chapter 3).
O3. To establish a technique with which to generate event logs from traditional, legacy
information systems in order to reuse existing business process mining techniques.
This objective has been addressed by the dynamic techniques, which partially obtain
standardized event logs that can be used as the input for a wide variety of process
mining techniques and algorithms in order to discover business processes (see Section
3.3).
O4. To represent and integrate all the business knowledge analyzed in a common and
platform-independent model repository to be used to retrieve business process models.
Both MARBLE and the particular techniques have been defined by using the KDM
standard as the mechanism to represent independent-technology repositories of
knowledge (see Section 3.1).
O5. To establish model transformation between the common knowledge repository and the
target business processes and define traceability methods between elements
transformed at different abstraction levels in order to facilitate feature location in
business process models.
This objective has been fulfilled since KDM repositories populated by the proposed
techniques are used homogeneously through the discovery of business processes models
by applying a set of business process patterns. The proposed transformations also
introduce traceability information in the business processes generated, which is used to
locate features (see Chapter 3).
O6. To propose a technique with which to discover cross-cutting business process views
according to different aspects or features of the legacy information systems.
This objective has been addressed by the combination of static and dynamic techniques
to provide partial views of business processes. Each view represents a fragment of the
business processes that are obtained as regards a particular piece of source code.
O7. To develop software tools to support and semi-automate the techniques proposed.
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Both the static and the dynamic techniques have been fully supported by tools
especially developed in this Thesis. Chapter 4 particularly shows a supporting tool for
the static technique, which has been used in several real projects.
O8. To conduct an empirical validation of all the techniques used through the supporting
tools by applying the techniques to real-life information systems in industrial case
studies.
This objective has been attained by carrying out seven case studies with real-life
information systems. The supporting tools assisted in the realization of all these studies.
O9. To carry out a meta-analysis of the combined results obtained from all the case studies
in order to establish measures and indicators with which to assess the proposed
techniques in comparison with similar existing ones.
The isolated results obtained from these case studies have also been analyzed in
combination (cf. Chapter 5). Meta-analysis techniques and the Bender method have
been used to aggregate the individual results.
Based on the attainment and fulfillment of the partial objectives, the main objective of the
Thesis has been fulfilled. An ADM-based framework has been proposed to retrieve business
processes embedded in different kinds of legacy information systems. The MARBLE
framework has additionally been defined in a standardized and semi-automatic manner. In
conclusion, the main research hypothesis can be answered positively.

6.3. Main Contributions and Implications
The main contribution of this PhD Thesis is MARBLE, a generic ADM-based framework
with which to obtain business processes from legacy information systems. The main implication
of this contribution is that MARBLE is generic and based on international standards, and is not
therefore limited to only one concrete technique or platform. This is the key difference with
regard to related works in literature, which often present ad hoc or/and non-standard solutions.
The use of MARBLE as a generic framework allows concrete techniques to be instantiated by
following the standards and principles of MARBLE. This fact implies the future extension of
MARBLE by proposing new techniques.
Both the static and the dynamic techniques demonstrate the possibility of defining concrete
techniques from MARBLE. Unlike most proposals in literature, both techniques have been
successfully applied to various real-life legacy information systems, thus demonstrating its
applicability in real environments. In fact, the conduction of different industrial case studies is
another important contribution since these studies facilitates the transference of technology to
industry.
The conduction of different case studies has provided some evidence with which to
compare the static and the dynamic techniques. The static and dynamic approaches are the two

246

6. CONCLUSIONS

main choices with which to discover the current business processes. The main difference
between both approaches is whether or not the technique considers the system execution
information. Despite the solutions proposed in literature, there are no previous empirical studies
showing evidence of which approach is better, and under what conditions. Case studies have
employed recall and precision measures to evaluate how techniques obtain business processes.
Recall and precision respectively mean the completeness and accuracy of the business process
models obtained. Case studies show that the completeness of business processes obtained with
the static technique (around 75%) is higher than the completeness obtained with the dynamic
technique (50% on average). However, the dynamic solution provides a higher accuracy (around
80%) than the static technique (60% on average). With regard to the efficiency of both
techniques, the static technique is better since the dynamic technique often needs to instrument
existing source code, which implies additional manual intervention.
The result of the comparison between the static and dynamic techniques has certain
implications. Dynamic analysis is more powerful and accurate than static analysis.
Nevertheless, the applicability of dynamic analysis has some limitations in real organizations
since it frequently requires source code modifications in order to aggregate traces to collect
system execution information. In practice, source code modifications are not always possible
since legacy information systems may be in the production stage. This is a controversial point
related to the usage of the dynamic technique in companies that have systems that manage
confidential and sensitive information (e.g., bank, healthcare or e-government systems). Many
of these organizations might not accept the usage of an automatically modified version of their
information systems. The static technique can therefore be used in companies to ensure that the
discovery of business processes is carried out without affecting the behavior of the original
information system, i.e. in a non-invasive manner.
Moreover, there exist implications regarding all the possible usages of business processes
obtained by applying the MARBLE-based techniques. As was introduced in Chapter 1, business
processes discovered from legacy information systems can be used with two main objectives.
Firstly, the business processes retrieved represent the actual, current processes carried out by an
organization. These business processes may be used to discover (if it is the first discovery) or
align business processes (when a previous version exists) with the actual business activities of a
company. Unfortunately, there are manual business activities that might not be retrieved. This is
why this Thesis proposes semi-automatic techniques to obtain business processes by focusing
on legacy information systems. Nevertheless, in comparison to other approaches that follow
manual redesign from scratch, MARBLE-based techniques inspect business knowledge
embedded in legacy information systems, which may ignore manual business activities.
The second usage of business processes consists of the software modernization of legacy
information systems. When a legacy information system is modernized, evolved or migrated,
the whole behavior must be preserved in the new version. The research proposal facilitates the
extraction of business rules (through business process discovery) which must be incorporated
into new versions of information systems. A further implication of this Thesis is consequently
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its contribution towards extending the lifespan of legacy information systems, and the fact that it
therefore also helps to improve the ROI.

6.4. Future Research Lines
The future research lines related to this PhD Thesis are:










To improve the precision of the business process models retrieved. The first sketch
of business processes obtained by reverse engineering is often fine-grained and very
intricate. The development of clustering techniques will therefore help to obtain more
accurate, understandable and less complex business processes. Thanks to this automatic
refinement, the effort related to manual post-intervention by business experts will be
minimized or even avoided, and the precision of business process models will in turn be
increased.
To refactorize the business process models retrieved. Refactoring techniques can be
employed to obtain alternative business processes, thus reducing the complexity of the
business process models retrieved while preserving the external behaviour. Refactoring
techniques allow more precise and understandable business process models to be
obtained.
To incorporate alternative business knowledge sources. MARBLE is a large
framework which advocates considering different legacy software artifacts. Indeed,
KDM facilitates the representation of knowledge extracted from different artifacts at
different abstraction levels. This research line will provide alternative techniques
framed in MARBLE which will consider, for example, legacy relational databases or
user interfaces. On the one hand, databases can provide all the data objects used by
business activities. Additionally, business process models can be mapped with the
legacy data model, which is a valuable insight to align business processes with
modernized information systems. On the other hand, user interfaces together with
dynamic analysis is a powerful mechanism by which to discover the real sequence of
operations carried out by users who actually interact with the legacy information
system.
To strengthen empirical validation. In order to mitigate the aforementioned threats to
the validity of the case studies, a third research line will focus on case study replication
with different configurations and different cases. The case studies will be conducted
with different legacy information systems (e.g., different programming languages,
technologies, size, complexity, etc.); by applying different process mining tools and
algorithms to the event logs retrieved; and so forth.
To develop and maintain supporting tools. In line with these future research lines, we
have planned to develop and maintain supporting tools. Since MARBLE Tool has been
released as an Eclipse™ plug-in, it can be easily extended and integrated into other
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related tools, e.g., tools supporting both future MARBLE-based techniques and other
related modernization and mining tools.

6.5. Results
Despite the fact that this PhD Thesis is presented as a collection of ten papers, the results
of the research performed in this PhD Thesis have been published in others papers in diverse
journals, conferences and books related to Software Engineering. Table 2 shows all the research
works that have been published during the PhD Thesis in addition to other submitted
publications under review.
Table 2. Summary of research works published during the PhD Thesis

Published Submitted
Indexed International Journals
8
4
International Conferences (CORE A)
2
International Conferences (CORE B)
12
Other International Conferences
7
1
International Book Chapters
2
Latin American Journals
3
Latin American Conferences
8
Latin American Book Chapters
1
TOTAL
42
6

Total
12
2
12
8
2
3
8
1
48

6.5.1. Published Papers
This section presents the research works that have already been published or accepted for
publication. It divides the publications into various categories: JCR 1 , indexed international
journals; ITA, international CORE 2 A conferences; ITB, International CORE B conferences;
ITC, other international conferences and workshops; CHP, book chapters; LAJ, Latin-American
journals; and finally, LAC, Latin-American conferences.
Indexed International Journals
JCR-1.Pérez-Castillo, R., I.G.-R.deGuzmán, and M. Piattini, Business Process Archeology
using MARBLE. Information and Software Technology, 2011. 53: p. 1023–1044.
Impact factor: 1.507.

1

http://ip-science.thomsonreuters.com/
http://www.core.edu.au/

2
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JCR-2.Pérez-Castillo, R., I. García Rodríguez de Guzmán, M. Piattini, and Á.S. Places, A Case
Study on Business Process Recovery using an E-Government System. Software Practice
& Experience Journal, 2011: p. 42(2): p. 159–189. Impact factor: 0.573.
JCR-3.Pérez-Castillo, R., B. Weber, I. García Rodríguez de Guzmán, and M. Piattini, Process
Mining through Dynamic Analysis for Modernizing Legacy Systems. IET Software
Journal, 2011. 5(3): p. 304–319. Impact factor: 0.671.
JCR-4. Pérez-Castillo, R., B. Weber, I. García Rodríguez de Guzmán, and M. Piattini,
Generating Event Logs from Non-Process-Aware Systems Enabling Business Process
Mining. Enterprise Information System Journal, 2011. 5(3): p. 301–335. Impact factor:
0.786.
JCR-5.Pérez-Castillo, R., I.G.-R.deGuzmán, and M. Piattini, Knowledge Discovery MetamodelISO/IEC 19506: A standard to modernize legacy systems. Computer Standards &
Interfaces, 2011. 33(6): p. 519-532. Impact factor: 0.825.
JCR-6.Pérez-Castillo, R., I.G.-R.deGuzmán, M. Piattini, and C. Ebert, Reengineering
Technologies. IEEE Software Magazine, 2011. 28(6): p. 13-17. Impact factor: 1.511
JCR-7. Pérez-Castillo, R., J.A. Cruz-Lemus, I. García Rodríguez de Guzmán, and P. Mario, A
Family of Case Studies on Business Process Mining using MARBLE.Journal of
Systems and Software.86(6): p. 1370–1385.Impact factor: 1.277.
JCR-8.Pérez-Castillo, R., I. García Rodríguez de Guzmán, I. Caballero, and P. Mario, Software
Modernization by Recovering Web Services from Legacy Databases. Journal of
Software: Evolution and Process: Research and Practice. In Press (DOI:
10.1002/smr.1554). Impact factor: 0.606.
International Conferences (CORE A)
ITA-1.Pérez-Castillo, R., L. Sánchez-González, F. García, M. Piattini, and I. García Rodríguez
de Guzmán, Obtaining Thresholds for the Effectiveness of Business Process Mining, in
5th ACM/IEEE International Symposium on Empirical Software Engineering and
Measurement (ESEM'11). 2011, IEEE ComputerSociety: Banff, Alberta, Canada. p.
453-462.
ITA-2. Pérez-Castillo, R., M. Fernández-Ropero, I. García Rodríguez de Guzmán, and M.
Piattini, MARBLE. A Business Process Archeology Tool, in 27th IEEE International
Conference on Software Maintenance (ICSM'11). 2011, IEEE Computer Society:
Williamsburg, Virginia, USA. p. 578-581.
International Conferences (CORE B)
ITB-1. Pérez-Castillo, R., B. Weber, I. García Rodríguez de Guzmán and P. Mario (2012).
Improving Event Correlation for Non-Process Aware Information Systems. 7th
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International Conference on Evaluation of Novel Approaches to Software Engineering
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