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ABSTRACT

Context: Business processes have become a key asset in companies, since they allow them
carry out their daily operatien and an appropriate business process management helps
companies to improve their competitivene8smpanie§business processes are goted bymany
enterpriseinformation systemsvhich undergo software erosiawver time thusleading them tdecone

legacy information systemsThe volatile IT industry often tempts companieso replace legacy
information systemswith new onesHowever these systemsannotalwaysbe completelydiscarded
because theygradually store a significant amount of valuable business knowlesgea result of
progressive maintenanaever time Evolutionary maintenance is the most suitable mechanism to deal
with the sdtware ageing problem since it preserves business knowledge. But recovering the underlying
business knowledgleom legacy systems ifirst necessary in order to preserve this vital heritagéch is

not presentlsevhere

Obijective: This thesisproposes lad validatesMARBLE, a framework and a set of framed techniques
with which to recover and rebuildhe business processiodek that are actually supported tggacy
information systemsMARBLE, which can be considereas a business process archeolaggthod
makes it possible to preserve the business knowledgedin legacy informatiorsystemsthus allowing

it to be effectively used during software modernization.

Method: MARBLE is a generic framework based on ADM (Architectiddven Modernization), whic

uses the KDM (Knowledge Discovery Metamodia)represent the informatiomtrievedin a common

and standardnanner MARBLE proposes a set of modelsfatir different abstraction levelsccording to

the modeldriven development principlealong with thhee mockl transformations betweehose leveldo
progressively reduce the gap between legacy information systems and business processlhiwdels.
thesis proposes two particular technigtrasned in MARBLE The first technique statically analyses the
sour@ code and represents the embedded knowledge in a KDM repository, which is then analyzed by
applying a pattern matching technique to discover business process mduielthe second technique
analyes the source code at runtime to obtain event Wagsh are then analyzetb retrieve business
processesTheresearch methodology includes the action research method combined with research basec
on case studies. Tl@oposedrameworkhas beewalidatedwith severalcase stui@s involvingreatlife
industriallegacyinformationsystens in different domais (healthcare, education,-administration, and

so forth)

Results: MARBLE, together withits supportingtools, proved to be suitable obtainbusiness process
models from legacynformation systems with aeuate levels oéxactness and completeness. Similar
resultswere obtainedfor all the different MARBLEframed techniques based on static or dynamic
analysisby considering different legacy software artifacts (e.g., source code, event logs, etc.)

Conclusion: The proposed method semnitomatically rebuilds the hidddnusiness processes embedded

in legacyinformationsystens. The business process archeology methedeforeallows business experts

to attainarapid andmeaningful understanding of the orgamiz i onds busi ness proce
less timeconsuming and more exhaustive (since it considers the embedded business knowledge) than |
manual process redesgphby experts from scratcis a result MARBLE providesmaintainerswith a
mechanismwith which to modernize legacy information systems in line witie actual business

processesf an organization.
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Introduction

P\ As a consequence of evolutionary maintenance
time, new business knowledge and rules

embeddedh legacy information systems
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1. Il NTRODUCTI ON

This PhD Thesis is presented as a collection of published papers. This chapter is therefor
devoted topresentingthe 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 théhatsebchpaperpresented
supports within the Thesis.

1.1. Background and Motivation

In the early 1990s, Business Pracddanagement (BPM) arose as a mechanigth
which to maintain and improve the quality of processes and operations carried out by
enterprises and organizatioidammer and Champy, 1993A business process depicts a
sequence of coordinated activities, together with their roleshedhta involved, that must be
cariied out to achieve a business g@aleske, 200Y. Business processes have become a key
asset in organizations, since they allow them to carry out their daily operdBiosiness
process managemertiso helps organizations to address technological and organizational
changesn orderto corsequently improve their competitiveng€zastellanos, Medeiros et al.,
2009.

Most business process@s organizationsare supported by their enterprise information
systems. The optimal business process management is therefore achieved when organizatio
additionally combine the managementtbéir Legacy (existing) Information Systems (LIS)
(Jeston, Nelis et al., 20p8The configuration management of legacy information systems is
particularly important sinc¢hesesystemsundergo aconsiderable amourdf changes during
their lifecycles. Legacy information systems change as a result of evolutionary maintenance, in
which new business requirements and functionalities are incorpantdetie systenfLehman,

1984 ISO/IEC, 20086.

As a consequence of the evolutionary maintenance over time, new business knowledge an
rules are embedded in legacy information systems. This embedded business knowledge may n
be existentanywhere els¢Paradauskas and Laurikaitis, 2D0&he evolution of information
systems in isolation coeguently 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 informatitenss($leuvel, 200%.

However, there are mg 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 f
the first time, a recurrent method by which to attempt this modeling is the extraction of business
processes from legacy information systgwen der Aal§ Reijers et al., 20Q7see scenario 2
in Figure 1). This is owing to the fact that legacy information systems are one of the few
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automated by : execute

Scenario 1 Scenario 2

Organizations Organizations

execute

\ 4

| 9 evc;)Ive

* (BP¢ businesgprocessesS¢ informationsystems LIS legacyinformationsystem$

Figure 1. Scenarios to discover and reconstitute business processes embedded in legacy information systen

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

In both scenarios (sdéigure 1), retrieving an ugio-date version of Wisiness processes

from legacy information systems allows organizations to take advantage of at least two main
benefits:

1 Benefitsfor business process modelindBusiness processeanalwaysbe up-to-date.

Organizations mayhereforeconduct business prosnanagement by following the
continuous improvement proceg¢Bavenport, 1998 This kind of business process
management facilitates an agildaptation of business processes to meet all the changes
that occurin the uncertain environment of a company. Téeid evolution of business
processes allows organizations to maintain, or even improve, tegree of
competitivenesgWeske, 2007Jeston, Nelis et al., 208

Bernefits for legacy information systemslLegacy information systems may continue to

be modernizedn more occasions A recent studyy the SEI (Software Engineering
Institute) states that it idirst necessary to retrievembedded business knowledige
ordert o moderni ze systems in | ine wliewidh t he
Smith et al., 2010 Organizations cathusmodernize their legacy information systems
whilst they align the new systems with their actual business processes. Legacy
information systems are therefore evolved rather thamgl@mediately retired and the

ROI (return of investment) on such sysis is improved. This isecausehe lifecycles

of these systems are extended, which saves essegard new developments from
scratch(The Standish Group, 2010
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There are two trends or approaches in literathed can be used taecover embedded
business processes. In the first approach, several business process mining techdiques a
algorithms have been propos@dedeiros, van Dongen et al., 20&n der Aalst and Weijters,

2005; Medeiros, Weijters et al., 200Rozinat, Jong et al., 200MotahariNezhad,SaintPaul

et al., 2011 Process mining takes event logs recorded during the execution of enterprise
information systemsas input All these approaches assume the presence of event logs and they
are not concerned with obtaining event logs from systémihis respect other works attempt

to obtain event logs from different kinds of Procésgre Information Systems (PAISkor
example (Gunther and van der Aalst, 20Q3tovide a generic import framewowkith which to

obtain event logswhile (Ingvaldsen and Gulla, 20p&8-cus on Enterprise Resource Planning
(ERP) systems to obtain event | ogs from t h

Unfortunately, the main problem of business process mining is that there are no well
proven techmjueswith whichto obtain event logs from traditional legacy information systems
(i.e., nonprocessaware information systems) without anbuilt logging mechanism. This is an
important challenge since there are a vast amount of legacy information siystechsstry that
do not explicitly support business processes (i.e ;pmooessaware information systemsphe
provision oftechniqueswith which to obtain event logs from traditional legacy information
systems may facilitate the application of all #féorts (techniques and algorithms) madehe
business process mining figlBérezCastillo, Weber et al., 2010

In the second approach, several proposals consisting of the analysis and inspection ©
different software artifacts have been proposed in literature. In this Thesis, these kinds of
approaches have been termed as Business Process Arch@doggCastillo, de Guzman et
al., 201). While business press mining réks on event logs produced at runtime, business
process archeology analyzdifferent artifacts (e.g., source code, databases, or even event
models) by means of reverse engineeiingrderto obtain the underlyingmbeddedusiness
processs.

Some of these kirgdof proposals are based tme static analysis of source cod@ne of
these proposals that of (Zou and Hung, 20Q6 which statically analyses the source code and
applies a set oheuristic rules to discover business proces@esaradauskas and Laurikaitis,
2009 present a framework t@cover business knowledge through the static analysis of data
stored in database@hose, Koliadis et al., 20Dpropose a set of tektased querigin source
code and documentatiamth which toextract business rules. The major disadvantage of these
proposals (which solely use static analysigasverse engineering technique) is that-tinme
information is ignored Other methods using dynamic aysis arethereforeproposed.(Di
Francescomarino, Marchetto et al., 2D@&cover business processbhsoughthe execution of
graphical user interfaces Web applications(Cai, Yang et al., 20Q9ropose an approacthat
combiresrequirement reacquisition (to first provide a set of use cases) with dynamic analysis
techniques (tracing the system according &séluse cases).
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The main weakness of the second approach, business process archaeology, is that most
efforts are ad hocproposals, 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 bugireess
archaeology techniques in largeale projects ishereforein doubt(Canfora, Di Penta et al.,

2011)). In fact, a 2005 studgSneed, 200bstates that 50% of reengineering projects (based on
reverse engineering techniques) taaling to the lack of standardization and autom@tiwhich
often leads to overruns costs

Standardization and automation challenges limit the applicabityhe aforementioned
techniques to large and complex legacy information syst&mese challenges can be addressed
by ModelDriven Development (MDD) principles, i.e., (i) considering and treating all software
artifacts as models which conforto specific metamodelsand (ii) establishing automatic
transformations between models dtetent abstraction levels.

The Architecture DriveiModernization (ADM) initiative (also known as software
modernization) launched by the OMG, particularly advocates carrying out a reengineering
process by following modealriven development principles.raditional reengineering consists
of three main stage@Chikofsky and Cross, 19%0(i) reverse engineeringyvhich 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, ensthndability, 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 modedrivendevelopment principles into traditional reengineering in an attempt to
solve standardization and automation challenges. This is known as the horseshoe modernization
model (sed-igure?2).

SourceCIMmodel / Refactoring & ommzat> TargetCIMmodel
(new business requirements)
A= g == o
SourcePIM model % 2 % TargetPIM model
i o )
M T = GE) 5
g ) =
SourcePSMmodel | 3 b = ! g ! TargetPSMmodel
< () =] 3
— &2 Q
2 o )
VAMG ¢ ® o
Source Legacy Syste 8 a & |Target Improved System
g 2
@ @

Figure 2. Horseshoe Modernization Model
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ADM solves the formalization problem simdt represents all the artifacts involved in the
reengineering process as models, which are represented in accordance with specifi
metamodels. The Meta Object Facility (MOF), a standard adopted from the OMG, is used for
this purpose to provide both a radata management framework and a set of metadata services
to enable the development and interoperability of model and metadata driven systems. MOF ha
made a significant contribution to some of the core principles of both the MDA and ADM.

ADM therefore teats all software artifacts homogenously, i.e., as models that can be
transformed into other modelyy using deterministic transformations. These transformations
can be formalized , for example, by means of the QVT (Query / Views / Transformations)
standad proposed by the OM@OMG, 200§. Themodel transformations can consequently be
automated through their formalization. Furthermore, the mdidetn development principles
make it possible to reuse models used in different modernization projects, since a computationz
independent model (CIMnodel can be transformed into several platform independent models
(PIM), and each PIM model can in turn be transformed into several platform specific models
(PSM) (sedrigure?).

1.2. Research Hypotheses and Objectives

Since the disogery 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 sysins in a
standardized and automatimanner.

With regard to the research hypothesis, we believe that ADM aatdressthe
standadization challengesince it treats all the artifacts involved in the recovery process
homogeneouslyi.e., as modelshe automatiorchallengecantherefore beaddressethanks to
the automated transformations together with the reuse of maiddierentabstraction levels
The main objective of this Thesis is, therefore:
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OBJECTIVE

To define an ADMbased frameworkwith 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.

02.

03.

O4.

05.

O6.

o7.
08.

00.

To carry out an hlepth study of the business process mining and daziefield in the
context of software modernization which will provide the stdtehe-art of this Thesis.

To definebusiness process archeologgchniqueswith which to extract embedded
business knowledge form different software artifacts (both cstatid dynamic
techniques)

To establisha mechanismwith which to generate event logs from traditional legacy
information systema orderto reuse existing business process mining techniques.

To represent and integrate all the business knowladggzed in a common and
platformindependent model repository to be used to retrieve business process models.

To establisla model transformation between the common knowledge repositdrihan
target business processes and ddfimeecability methodsdiween elements transformed

at different abstraction levels in order to facilitate feature location in business process
models.

To propose a technigueith which to discover crossutting business process views
according to different aspects or featuof the legacy information systems.

To develop software toothat will support and serautomate the techniques proposed.

To conductan empirical validation of all the techniques through thge of the
supporting tools by applying the techniqueseatlife information systems in industrial
case studies.

To carry out a metanalysis of the combined results obtained from all the case studies in
order to establish measures and indicatitis whichto assess the proposed techniques
in comparisa to similarexisting ones.

1.3. Research Method

Various research methods with whicchachieve the goals establisiedhe main research
hypothesis have been employed in this Thesis. Action Research is the main methodology used
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throughout this Thesis. ActioResearch is a qualitative research method based on iterative
efforts (action)in orderto progressively increment a knowledge base (research) (cf. Section
1.3.7). Apart from this qualitative research method, other empiricdaieh methagdsuch as
research based on case studiesused to validate all the techniques proposed (cf. Section
1.3.2. Quantitative research methods akso used to obtain strengthened conclusions by
aggregatingheresuts of different case studies. Maaalysis is a technigughich statistically
analyzes the combination of results from different case studies (cf. S&@&i@n Finally, the
Bender method, based on the probabilistic andstatheory, is used to obtain indicators of
measures frortheresults obtained ithe cases studies (cf. SectitrB.4).

1.3.1. Action Research

Action research is assumed by organizations or researchers with the aim of imprewing th
strategies, practices, and knowledge of the environments within which they p(Acti®en,
Lau et al., 199P Action research is a qualitative research metthad iswidely used in the
software engineering fiel{Santos and Travassos, 2DP0Action research considers twaain
entities: the customer of the research #melscientific community. These entitiese often
oppo®d to each otherandthe main challenge dhe action research method tkerefae to
satisfythedemands of both entities.

Action research is an iterative procedsich isoriented tovardsthe progressive addition
of new research knowledge that entails an ad@ddae or benefifor the research customer
(WoodHarper, 198k The iterative process of activesearch consists of four stageed
Figure 3). The first stage iplanning in which researchers define research question to be
answered. Inthis Thesis, the ginning stage consists of the definition of hypotkeand
objectives. The second stageddion, in which researchers conduct the fieldwoelgarding the
research questioria real environments. The third stageolsservation in which researchers
collectthe data obtained after the action stage. Finally, the fourth stagdldstion in which
researchers analyzbe results observed after their actions. Tieélection stage leads to the
generation of new knowledgeith whichthe research customease povided,andit is used to
redefinetheresearch question in the next iteratieadFigure3).

The research knowledge base is progressively populated with new knowledge in each
iteration. The addition of new research knowledgeviges research customers with new
theoretical knowledge (e.g., models, process, techniques, etc.). However, this knowledge i
often proposed without an empirical validation, which generates a gap between theoretical
research and its practical applicatidvioody, 2000. This PhD Thesishereforealso follows a
researchmethodbased on theonduction 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
reatlife context, especially when the boundaries between phenomenon and context are no
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clearly evident(Yin, 2003. While experiments follow aolely quantitative approach, case
studies are conducted by collecting qualitatiiermation which is rich but lacks standardized
structure and analysis methods. The nature of a case study is ifemitadsuch studies are
thusdifficult to repeat with other caseBhe most feasible subjects to validate with case studies
aretherefae particular projects, processes, artifacts, (8oares Cruzes, Dyba et al., 2D11

This naturesignifies thatcase studies are sometimes criticized for being &sipte to
repeat and generalize frorfgr being biased by researchers, and so(Runeson and Host,
2009. For example, cases studies do not gdeeitze same results whehey 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 b mitigate this problem,mne formal methodologies have been proposihd
which toplan and conduct case studies in the software engineering field in a similéy thay
which has occurred inther disciplines (e.g., social sciences or medicilibg @se studies
presented in iB Thesis have been planned and conducted according to therawedh
methodology proposed bjruneson and Host, 200Moreover this methodologys usually
aided by the protocol and checklist for conducting software engineering cases studies provided
by (Brereton, Kitchenham et al., 2008 he steps defined ithe aforanentioned methodology
are the following:
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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 objedtthe study (e.g., a new technique, feature,
method, etc.andthe purpose of the study through the evaluationeofainproperties
(e.g., the effectiveness, efficiency, scalability, etGhese propertiesre evaluated
through the definition of certaimeasureswhich are usedhs dependent variables.
Finally, this stage establishes the independent variable of the study by answering the
following questionsis the study a singlease ora multiple-case? Isit an embedded
(with various analysis units) a holistic study?

3. Case selectionThis stage establishes critevi@h which toselect a suitable case under
study.

4. Case study procedure This defines a plarwith which to execute the case study by
establishing execution steps, roles involved in each diep, e

5. Data collection This identifies the data to be collected and defines a data collection
planwith which torecord all the relevant data generated during the study execution.

6. Analysis and interpretation. This stage inspects all the collected data aedtifies
criteria with which to interpret the case study findings. Data analysis obtains the
evidence chainseededo answer research questions.

7. Validity evaluation. The validity of the results is assess$edrderto verify thatthey
are unbiased and vdlfor the whole populatioto which researchers wish to generalize
the results. In addition to deteugi threats to the validity, specific actions should be
proposed to mitigate all the threats detected.

1.3.3. Meta-Analysis

Case studies usually lack statistisgynificance and their results are difficult to generalize
to a large populationSeveral statistical methods (e.g., matalysis, significance level
combination or vote countingre therefore used bgsearcherso accumulate and interpret a
set of results obtained from different empirical studies that are rgiated because therify
similar hypotheses. In this Thesis, we have used-awadysis(Miller, 2000 Pickard, 200%to
strengtherthe conclusions obtained from all the case studies conducted.

While simple analysis attempts to evaluate a sole study in isolation-amaigis
combinegheresults of several. Metanalysis is a saif statistical techniques that combine the
different effect size measures (or treatment effect) of various individual studies. There are
several metricavith which to obtain this valuesuch as the mean difference or correlation
coefficients, among othefsledges and Olkin, 1985The objective is to obtain a global effect,
the treatment effect, of all the cases studies.

Since effect size measures mayginatefrom different environments and heterogeneous
studies or experiments, Megmalysis first obtains standardized measures of eachTdmwe.
global effect size ithenobtained as a weighted average of standardized nesasumwhich 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, matalysis provides an estimated confidence
interval and g-valuewhich is used to decide the ta@nalysis hypotheses.

1.3.4. The Bender Method

In addition to metanalysis, other methods amdso necessary to obtain indicators
concerning theneasures used in case studies. Indicators allow researchers to interpret how good
a particular value of a measuse Indicators are important when there are no benchmark values
for a measure in a particular area.

In this Thesis we use tligendermethod(Bender, Parker et al., 198® extract thresholds
for defined measures. Thresholds helpaiagsess the numerical results of these meashuess,
making it probable thaadequate resultsill be found This method was developed to discover
thresholds in epidemiological studies. TRendermethod assumes that the risk of an event
occuring is corstant below a specific value (i.e., the threshold) and increases according to a
logistic equation. Thé8endermethod defines a Value of an Acceptable Risk Level (VARL)
wherer) is the probability of an event occurring (Egq. 1). Tpevalue is indicéed 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 othér aadd,are
coefficients of the logistic regression equatiwhjch isshaped as (Eq. 2).

i}

OB YOO a e | (1)

w | 1BdQNi 601 Qk (2)

The independent variable in the logistic regression equation is the measure or measures
(denominated ameasureXn (Eq. 2)),from which reseateerswish to extract their thresholds.
The dependent variable must be a binary variable and is usually zgthedinesvariable. This
dependent variable indicatesetherthe independent variables are considered good by taking
into accountertainfactors such as error degree, suitability, and so on.

The Bendermethod usually works by extracting different VARLs with the specific values
off s, N r,N k. N . 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 psoptsBBLE
(Modernization Approach for Recovering Business processes from LEgacy syStARBLE
is a reverse engineering framework based on ABMch is usedto discover ad retrieve
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business processes embedded in legacy information systems. MARBLE is a generic frameworl
that provides standard guidelines based on ADM specifications to develop methods and
techniquesvith whichto retrieve business process models. In facettogy with MARBLE (the
generic framework), this Thesis proposes two particular techniques: a business proces:
archaeology technigue based the static analysis of source code, and a business process
mining techniguehatconsides system execution infornian.

1.4.1. MARBLE

Since MARBLE is an ADMbased framework, it useéhe KDM (Knowledge Discovery
Metamodel) (ISO/IEC, 2009 to represent all the knowledgmvolved the cornerstone
specification of the ADM initiative (seEigure4). The KDM specification defines a standard
metamodel that facilities an integrated representation and management of all the knowledge
extracted by reverse enginggy from all the different software artifacts of legacy information
systems. MARBLE extractéegacy knowledgewhich is integrated itb a common KDM
repository andt thengradually transforms this knowledge into business process models. The
abstraction gappetween software artifacts (such as source code) and business process model
must be reducedprogressively. MARBLEtherefore defines four kinds of models at four
different abstraction levels. MARBLE additionally establishes, according to the ADM irgtiativ
three model transformations between the four abstraction leve®e@tion3.1).

QVT transformations based on
pattern matching and business
expert refinement

PSM to PIM model
transformation L2 % L3
implemented through QVT
Reverse engineering techniques MM
L3

applied to different software L 1 L2
artifacts as static/dynamic ) (BPMN)

analysis, slicing, and so on

LO —> L]. (KDM)

MM,
(Java MM)

code{

1

LO. . L2. L3.
LIS LIS models KDM models ' BP models

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

1 Level LO. Thisis the lowest level of abstraction. LO represehtslegacy information
system in the real world as a collection of different software artifacts (e.g. source code,
database, documentation, etc.).

1 Level L1. This level consists of several specific models, i.e., one model for each
different software artifactnvolved in the archeology processuch assource code,
database, user interface, and so on. These models are considbrdSM models
since they depict the software artifacts according to their specific technology or
platforms.

1 Level L2. This level onsists 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 technala@aklindependentmanner Firstly, we say that the L2 model is
obtained in an integratedannerecause L2 works as a common KDM repository that
can be progressively populated with more and more knowledge extractedafrom
organi zat iiafaindaon systems. dhissis 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 technologiependent
manner becauséhe KDM standard abstractall those details concerning the
technological viewpoint (e.g. the program language).

1 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
knowledgeconcerninglegacy 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) metamo@@MG, 2009.

MARBLE additionallydefines the following thremodel transformations between the four
abstraction levelg orderto incrementallyobtainbusiness process models (at L3) from legacy
information systems (at LO) (cf. Sectid):

I Transformation LO-to-L1. The first transform&n obtains PSM models from each
legacy software artifact. Traditional reverse engineering techn{@s¥ora, Di Penta
et al., 201} such as static analysis, dynamic analysis, subsystem decomposition, and so
forth, are used to discover and extract knowledge from a software artifact anthbuild
respective PSM model (sddégure4). Each PSM model is represented according to a
specific metamodel, e.g., a Java metamadelbe used to model source code, or an
SQL metamodetan be usetb represent the database schema [ggacy information
system.

 Transformation L1-to-L2. The second transformation consists of a set of model
transformationswith which to obtain a common PIM model based on the KDM
metamodel. This PIM model is built from the PSM models from level L1. Thie1 2
transformation can be implemented by means of QVT scrigiese QVT scripts
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translate instances of metaclasses of respective metamodels used at L1 and metaclas
of the standard KDM metamodel. The transformation from the legacy information
system(at LO) to the KDM model (at L2) is made through the level L1 since in many
cases, the platforrmpecific knowledge at the intermediate level L1 might be used to
infer more business knowledge at L2. The semantic gap between the legacy information
system andhe respective KDM model ihusreduced incrementally.

1 Transformation L2-to-L3. The last transformation is based on a set of business
patterns and a matching technigwéh which to identify them. When a particular
structure (according to a pattern)dstected in the KDM model (at L2), that pattern
indicates the respective structure of elements that must be built into the business proces
model (at L3). MARBLE framework implements this pattern matching technique
through a model transformation also waittin QVT. The L2o-L3 transformation can
additionally be aided by business experts who know the organization. Experts provide
external information to refine the first sketchtbe business processes obtained after
pattern matching. For example, businegpertscandetect and remove inconsistent or
incoherent pieces of business processes; they can refactor the business process mode
to fit processes to the real behavior of the organization; orcidnegdd manual business
activities that are not embedtm legacy information systems.

MARBLE can be used as standard guidelines to provide concrete technittuadich to
obtain business processes from legacy information systems. Each concrete technique i
characterized by (i) the legacy software artgatttat are considered at LO; (ii) the reverse
engineering technique used to extract embedded business knowledgedsenartifacts; (iii)
the set of business patterns employed in the last transformation; angh@therbusiness
expert posinterventiondoesor doesnottake place

This PhD Thesis provides two concrete techniques, which are summarkzigdria5 and
are presented in detail in Sectich® and 3.3 respetively. Although both techniques consider
legacy source code as the input software artifact, these techniques address business proce
recovery from two different perspectives. On the one hand, the first technique statically
analyzes the source code angresents the embedded knowledge in a KDM repository, which
is then analyzed by applying a pattern matching technique to discover business process model
On the other hand, the second technique analyzes the source code at runtime to obtain eve
logs thatare then analyzed in order to retrieve business processes. While the first technique
follows the business process archaeology approach (cf. S8®omhe second follows that of
business process mining (cf. Sectk8).
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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 LOand static analysis asreverse engineering techniquéth which to extract the
embedded knowledge at LO and represent it aifbg. $atic analysis of source code consists of
the sequential, syntactic inspection of the all source code files.

This techimgue is supported by a tool that has been especially developed for this purpose.
The tool has a moduleith 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 lesetEire5).

The advantage of the static approach is thatsyntactic parsethat is used tanalyz the
source code is easy and Amme-consuming to build. Moreover, the tool implements a QVT
model transformation to transfarthe code model io a KDM model at L2. The KDM model
provides a standard inventory of all the source code elements and their relaticesthipan
thereforebe used for other business process recovery techniques framed in MARBLE or any
other software maernization activity.

The static technique (sdeigure 5) provides a set of business patterns to support the
discovery of business processes at (P&rezCastillo, GarcieRodriguez de Guzman et.,a
2010. The set of patterns divided into three categories:
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1 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 fou
patternswhich transform: (i) packages, compilation units or other aggregation units
(e.g. Java classes or interfaces) into business process diagrams; (i) methods into task:
(i) calls between methods into sequence flows between the respective tasks; and (iv)
conditional branching, e.gf-thenelse or switch statements, into exclusive gateways
that branch the main sequence flow.

1 Data patterns, which dealwith data objects and how these objects are related to other
structural elements. There are two data pattenisch transform: (i) read program
variables for a method into a data object with an association to the respective task; anc
(ii) written program variables into data objects with an association from the task.

1 Event patterns, whichbuild all the elements involdein the event management. There
are three patterns, which transform: (i) the start method into a start event and sequenc
flow to the respective task; (ii) end tasks into sequence flows from such tasks to an end
event; and (iii) conditional calls into seence flows with an intermediate conditional
event.

The pattern recognition and generation of business process models is implemented in th
tool developed by means of QVT transformati¢RérezCastillo, GarcieRodriguez de Guzman
et al., 201). The tool can also be used by business experts to refinkeuieess processes
discovered since it provides graphical model editors for both KDM and business process
models.

1.4.3. Dynamic Technique

The dyramic technique framed in MARBLE (s&égure5) considers knowledge derived
from system execution. Hence, the reverse engineering technique considered intdHel L0
transformation combines static analysis and dynamic analysis.

The static praanalysis injects statementgarcertain places of the source code to register
execution events in a log when these statements are executeBigae=5). Each event
recorded in the log specifies the execution ofiaderlying business task supported by a certain
piece of source codéccording to(PérezCastillo, Weber et al., 20)0the injection of these
tracing statements to the source cod¢hereforeentails five key chllenges that must be
addressed: (i) process definitions are imgiicitescribed 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 adies of a business process often differs; (iii) legacy code
not only contains business activities, but also technical aspects which have to be discarded fror
target business processes; (iv) since traditional systems do not explicitly define procésses, it
necessary testablish when a process starts and ends; (v) firadling to the missing process
awareness, it is not obvious hdlae business activities and process instareecutedshould
be correlated.
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This technique partially addresses theselehges by considering information provided by
business experts and system analysts. This information is hecessary to reduce potential noise in
the event logcaused by theaforementioned challenges. Although manual interventogn
experts might appedo bea timeconsuming task, this task is less tig@nsuming and even
less errotprone than business process modeling from scratch.

After static preanalysis, the dynamic analysis records evdating system execution (see
Figure5). When the instrumented code is executed, the injected statements invoke a function
that records the respective event in the event log. The event Idlgerdre used to discover the
business processby taking the system execution information into ac¢olmthe same manner
asthe static technique, this dynamic technique transforms the event log at L1 into a KDM
model at L2, and themansformgthis model into business process models at L3. However, this
technique reuses existing process mining techsigueh as those supportedRrpMtool (Van
der Aalst, Van Dongenm et al., 2008 order to discover business process models (at L3) from
event logs geerated after dynamic analysis ($egureb).

1.5. Context of the Thesis

This section presents the research projects that constitute the framework in which this PhD
thesis was carried oufFigure 6 shows thetimeline 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 project§.able 1 provides the decription of the supporting research
projects. The abbreviation of the sponsor organizations that funded these projects are: JCCM
(Regional Government of Castillaa Mancha); MICIN (Spanish Research Ministry); FEDER
(European Funds for Regional Developmeand 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 Fé&tbhdcion de Profesorado
Universitario) Program of thé&panish Education Ministry

1.6. Document Structure

The remainder of this PhD Thesis is organized as foll@Rsapter2 summarizes the state
of-the-art and work related to the research tofiicapter3 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 MARBLEhapter4 shows the supporting toaleveloped to
semiautomate the proposaChapter5 provides the results of the empirical validation of the
research proposal. Finally, Chapéeshows a discussion of conclusions, implicationsfahae
work of this PhD Thesis.
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Figure 6. Research project timeline during PhD Thesis development

Table 1. Description of research projects in which the PhD Thesis was carried out

Project Goal Sponsoredby | Gr a n t | Duration
N . 1/1/2008
PRALIN Testing in software product lines JCCM 140,000 31/12/2010
Applicati f i i i 1/1/2
INGENIO / pplication 9 software engineering practices to JCCM 130,000 /1/2008
improve business processes. 31/12/2010
Application of techniques fanodeling and 1/4/2009
ALTAMIRA | guantitative management of processes to improy JCCM 240,000 1/4/2012
the maturity level of software factories
MAGO/ Advanced improvement of global software MICINN and 489 100 1/10/2009
PEGASO processes. FEDER ' 31/12/2012
MEDUSAS Impr(?yement gnd assessment of software desig CDTI 140,000 1/1/2009
usability, security and maintenance. 1/1/2013
MOTERO $OMare modernlgatlom o.btaln software product| JCCM and 120,000 01/04/2011
lines from legacy information systems. FEDER 31/3/2013

Since this Thesis is composed as a collection of papers, all the chapters (with the exceptiol
of the introduction and conclusion) consist of one or more published research papers to cove
the purpose of each chapter.
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Eleven of the published reseanghpers have been selected to be part of the core chapters
of this PhD thesis owing tboth their scientific contributiorandthe relevance of these papers.
Bearingthe selected papens mind, the content ofvhat remairs of this document is organized
as fdlows. The nameof each chapter is provided, along wilbrief descriptiorof it andthe
reference of the paper associated with the chapter.

Chapter 2. State of the Art. This chapter provides the backgroundtioé Thesis and
introduces all the key termsuch 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:

1 Section2.1 Architecture Driven Modernization

PérezCastillo, R., |. Garcia Rodriguez de Guzman, and M. Piattini, Arciieoture
Modernization, in Modern Software Engineering Concepts and Practices: Advanced Approaches,
Dogru and V. Br, Editors. 2011, IGI Global. p-I153.

This is a book chapter that presents the ADM initiatit®,precursors,ts current
standards, anthe main implications. It also introduces how ADM is used to modernize
legacy information systems through busepsocess recovery technigques.

1 Section2.2 Knowledge Discovery Metamodel

PérezCastillo, R., I.&R.deGuzman, and M. Piattini, Knowledge Discovery Mel&0didaC
19506: A standard to modernize legacy systems. Computkr Stanerfaces, 2011. 33(6): p- 519
532. Impact factor: 0.825.

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

1 Section2.3. Surveyof Modernization Tools

PérezCastillo, R., .GR.deGuzman, M. Piattini, and C. Ebert, Reengineering Technologies. IEEE
Software Magazine, 2011. 28(6): pl .3mpact factor: 1.511.

This is a journal paper that presents a surwdy 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 bgne paper; he particular static technique framed in MARBLE which is
supported by a second paper; and the dynamic technique which is supported by two additional
papers.

9 Section3.1L0verview

PérezCastillo, R., 1.&R.deGuzman, and M. Piait Business Process Archeology using MARBLE.
Information and Software Technology, 2011. 53: @ld#923mpact factor: 1.507.
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This is a journal paper that depicts the MARBLE frameworkpritvides a detailed
explanation ofthe abstraction levels of MABRLE and the model transformations
defined between them.

Section3.2 Static Approach

PérezCastillo, R., |. Garcia Rodriguez de Guzman, M. Piattini, and A.S. Places, A Case Study
Business Process Recovery usinganeEhnme System. Software Practice & Experience Journal,
2011:42(2): p159189 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 demongiates
applicability through an industrial case study with egogernment system.

Section3.3. Dynamic Approach

PérezCastillo, R., B. Weber, |. Garcia Rodriguez de Guzméan, and M. Piattini, Process Minil
through Dynamic Analy$or Modernizing Legacy Systems. IET Software Journal, 2011. 5(3): p
3049319. Impact factor: 0.671.

PérezCastillo, R., B. Weber, |. Garcia Rodriguez de Guzman, and M. Piattini, Generating Eve
Logs from NotProcesdware Systems Enabling Businesss®muiieing. Enterprise Information
System Journal, 2011. 5(3): pd38A. Impact factor: 0.786.

Both journal papers present desailf a dynamic technique framed in MARBLE, which
obtairs event logs from the execution of instrumented versions of legacymafion
systems. While the first paper introduces a preliminary version of the dynamic
technique, the second presents an improved version of the technique. Both paper:
provide empirical validation of the technique through two industrial case studiedapplie
to an author management system and a healthcare evaluation, sgsigeatively.

Chapter 4. Supporting Tool. This chapter provides the relevant implementation details
regarding the supporting tool developed to instrumensthic technique previously presented
in Section3.2 This chapter is supported by the following conference paper.

PérezCastillo, R., M. FernandBopero, |. Garcia Rodriguez de Guzméan, and M. Piattini,
MARBLE. A Business Rress Archeology Tool, in 27th IEEE International Conference on Softwa
Maintenance (ICSM'11). 2011, IEEE Computer Society: Williamsburg, Virginia, USB8%. 578
ERA COREA.

Chapter 5. Validation. This chapter focuses ohet empirical validation of the research
proposal. Although mosbf the papers presented in the proposal (cf. Chafjecontain
industrial case studies, this chapter addresses the empirical assessmantvholeby
aggregatingndividual results.

I Section5.1 Precision and Recall Indicators

PérezCastillo, R., L. Sanchéonzalez, F. Garcia, M. Piattini, and |. Garcia Rodriguez de
Guzman, Obtaining Thresholds for the Effectiveness of BusinddmiPgcesSth ACM/IEEE
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International Symposium on Empirical Software Engineering and Measurement (ESEM'11). 2011
IEEE Computer Society: Banff, Alberta, Cana8&-462 ERA CORE A.

This conference paper applies the Bender methoorderto obtain imlicators, i.e.,
reference valuesyith which to measurehe precision and recall used in all the case
studies conducted. Indicators are necessary to contpareesults obtained from
different case studies and different techniques.

1 Section5.2 MetaAnalysis

PérezCastillo, R., J.A. Crlzemus, |. GarciRodriguez de Guzman, and M. Piattini, A Family of
Case Studies on Business Process Mining using MARBLE.Journal of Systems and Software, 2(
86(6): fL37®M1385 Impact factat:277.

This journal paper combinethe results obtained from all the empirical studies by
applying metaanalysis techniques in order to integrate and obtain strengthened
conclusions.

Figure 7 summarizes the document structwreregard the parts of the proposal and
research topics of this PhD Thedigure 7 will be used at the beginning of each section to
provide an overview of its scope.
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Figure 7. Relationship betweerthe 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 somef its research objectivefigure8 showsa graph depicting the relationships
between the contributions included in this document (black nodes) and other preliminary,
precursorpublications(gray nodes). The different research lines within this Thesis are noted
with different kind of edges (i.e., the static and dynamic technigaséd in MARBLE, the
empirical validation of these techniquedong withother contributions related to the stafe
the-art) (sed-igure8).A detailedlist of all the publications can Heundin subsection6.5.
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Figure 8. Timeline of the most relevant contributions
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2. STATEFTHERART

This chapter provides the backgroundhe Thesis and introduces all the keyms such
as legacy information system, software modernization, business process, and so on. This chapt
is divided into three subsections.

Firstly, Section2.1 provides an overview of the standard specifications provijethe
ArchitectureDriven Modernization Initiative, which can be used to retrieve businesesses
in a software modernization context. Secondly, Sec@@wparticularly focuses on the KDM
specification, which provides a Knowledge Discovery Metamdadetepresent the business
knowledge extracted frorfegacy information systems. Finall§gection2.3 providesa brief
surveyof software modernization tools related to the research issues.

2.1. Architecture-Driven Modernization

This sectionprovides a detailed degation of the ADM initiative, its precursors,its
current standards, anle main implications. It also introduces how ADM is used to modernize
legacy information systems through business process recovery techniques. This section consis
of a book chaptepublished byiGI Global editorial in 2011.The reference to this chapter is:
PérezCastillo, R., I. Garcia Rodriguez de Guzman, and M. Piattini, Archite@uren
Modernization, in Modern Software Engineering Concepts and Practices: Advanced
ApproachesA.H. Dogru and V. Bier, Editors. 2011, IGI Global. p-¥83.
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