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FOREWORD

This book contains the proceedings of the 18th International Conference on Enterprise Information Systems
(ICEIS 2016), which was sponsored by the Institute for Systems and Technologies of Information, Control
and Communication (INSTICC), held in cooperation with the Association for the Advancement of Artifi-
cial Intelligence (AAAI), IEICE Special Interest Group on Software Interprise Modelling (SWIM), ACM
SIGMIS - ACM Special Interest Group on Management Information Systems, ACM SIGAI - ACM Special
Interest Group on Atrtificial Intelligence, ACM SIGCHI - ACM Special Interest Group on Computer Human
Interaction, the Spanish Association for Artificial Intelligence (AEPIA), the Informatics Research Center
(IRC) and technically co-sponsored by IEEE SMC (Systems, Men, and Cybernetics) Technical Committee
on Enterprise Information Systems (TCEIS). This year ICEIS was held in Rome, Italy from 25 - 28 April,
2016.

The purpose of the 18th International Conference on Enterprise Information Systems is to bring together
researchers, engineers and practitioners from the areas of “Databases and Information Systems Integration”,
“Artificial Intelligence and Decision Support Systems”, “Information Systems Analysis and Specification”,

“Software Agents and Internet Computing”, “Human-Computer Interaction” and “Enterprise Architecture”,
interested in the advances and business applications of information systems.

ICEIS 2016 received 257 paper submissions from 42 countries in all continents, which makes it one of the
largest conferences in the World in the area of Information Systems, thus demonstrating the success and
global dimension of this conference. From these, 42 papers were selected for publication and presentation
at the Conference as full papers. These numbers, leading to a full-paper acceptance ratio of 16%, show the
intention of preserving a high quality forum for this conference, a quality that we intend to maintain in the
future, for the next editions of this conference.

The high number and high quality of the received papers imposed difficult choices in the selection process.
To evaluate each submission, a double blind paper review was performed by the Program Committee, whose
members are highly qualified researchers in ICEIS topic areas.

All presented papers will be available at the SCITEPRESS Digital Library and will be submitted for in-
dexation by Thomson Reuters Conference Proceedings Citation Index (ISI), INSPEC, DBLP, EI (Elsevier
Index) and Scopus.

Additionally, a short list of presented papers will be selected to be expanded into a forthcoming book of
ICEIS 2016 Selected Papers to be published by Springer in the LNBIP Series.

The technical program of the conference included a panel and 4 invited talks delivered by internationally
distinguished speakers, namely: Claudia Loebbecke (University of Cologne, Germany), Sergio Gusmeroli
(TXT e-solutions SPA, Italy), Wil Van Der Aalst (Technische Universiteit Eindhoven, Netherlands) and
Jan Vom Brocke (University of Liechtenstein, Liechtenstein). Their participation positively contributes to
reinforce the overall quality of the Conference and to provide a deeper understanding of the fields addressed
by the conference.

Moreover, ICEIS 2016 had a Doctoral Consortium on Enterprise Information Systems and 1 tutorial. We are
thankful to the Conference Co-chairs (Olivier Camp and José Cordeiro) and Program Co-chairs (Slimane
Hammoudi, Leszek Maciaszek and Michele M. Missikoff) for their dedication and hard work in organizing
these events.

We sincerely thank all the authors for their submissions and participation in ICEIS 2016. Furthermore, we
would like to thank all the members of the program committee and reviewers, who helped us with their
expertise, dedication and time. We would also like to thank the invited speakers for their excellent contri-
bution in sharing their knowledge and vision and the workshop/special session chairs whose collaboration
with ICEIS 2015 was much appreciated. Finally, we gratefully acknowledge the professional support of the
ICEIS 2016 team for all organizational processes.
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We hope that all colleagues find this a fruitful and inspiring conference. We hope to contribute to the
development of the Enterprise Information Systems community and look forward to having additional
research results presented at the next edition of ICEIS, details of which are available at http://www.iceis.org.

Slimane Hammoudi
ESEO, MODESTE, France

Leszek Maciaszek
Wroclaw University of Economics, Poland and Macquarie University, Sydney, Australia

Michele M. Missikoff
Institute of Sciences and Technologies of Cognition, ISTC-CNR, Italy

Olivier Camp
MODESTE/ESEO, France

José Cordeiro
Polytechnic Institute of Setibal / INSTICC, Portugal
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Just More or Conceptually Different?

Claudia Loebbecke
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Abstract: In the era of so-called big data, analytics for designing and delivering innovative services and actionable
insights goes beyond dealing faster and smarter with more data. Done well, harnessing big data analytics
will drive fundamentally transformed approaches to value creation — in business, industry sectors, society,
higher education, and research.

This presentation will outline how big data analytics can empower organizations in the big data era and
hopefully open the discussion on proactively shaping of new opportunities.
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Abstract:

The Sensing Enterprise
Enterprise Information Systems in the Internet of Things

Sergio Gusmeroli
TXT e-solutions SPA, Italy

The keynote aims at describing how recent IT innovations in the field of 10T (e.g. cyber physical systems,
smart networks, edge computing, smart objects, business intelligence, data analytics) are influencing the
evolution of Enterprise Information Systems. Thanks to the advent of 10T, Enterprise PLM systems are
abandoning the walled garden of Design and Engineering, while embracing the whole product lifecycle,
including post-sales services and addressing circular economy challenges, becoming this way “Things
Lifecycle Management Systems”. At the same time, MES (Manufacturing Execution Systems) need to
consider Industry 4.0 evolution in production systems and the advent of Cyber Physical and Systems. What
it is not fully clear up to now is the IOT-driven evolution of ERP and SCM systems and how decision
making at the level of configuration, planning and scheduling of enterprises’ resources could be
implemented by distributed edge-computing architectures. We call this new concept “The Sensing Proactive
Enterprise”. The speech is inspired by several EC-funded R&I projects in the field of “IOT for Enterprise”
under the FP7 and H2020 Framework Programmes in the Net Innovation unit E3 of the Future Internet (DG
CNECT).
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Green Data Science
Using Big Data in an “Environmentally Friendly” Manner

Wil M. P. van der Aalst

Eindhoven University of Technology, Department of Mathematics and Computer Science,
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Data Science, Big Data, Fairness, Confidentiality, Accuracy, Transparency, Process Mining.

The widespread use of “Big Data” is heavily impacting organizations and individuals for which these data are
collected. Sophisticated data science techniques aim to extract as much value from data as possible. Powerful
mixtures of Big Data and analytics are rapidly changing the way we do business, socialize, conduct research,
and govern society. Big Data is considered as the “new oil” and data science aims to transform this into new
forms of “energy’: insights, diagnostics, predictions, and automated decisions. However, the process of trans-
forming “new oil” (data) into “new energy” (analytics) may negatively impact citizens, patients, customers,
and employees. Systematic discrimination based on data, invasions of privacy, non-transparent life-changing
decisions, and inaccurate conclusions illustrate that data science techniques may lead to new forms of “pollu-
tion”. We use the term “Green Data Science” for technological solutions that enable individuals, organizations
and society to reap the benefits from the widespread availability of data while ensuring fairness, confiden-
tiality, accuracy, and transparency. To illustrate the scientific challenges related to “Green Data Science”, we
focus on process mining as a concrete example. Recent breakthroughs in process mining resulted in powerful
techniques to discover the real processes, to detect deviations from normative process models, and to analyze
bottlenecks and waste. Therefore, this paper poses the question: How to benefit from process mining while

avoiding “pollutions” related to unfairness, undesired disclosures, inaccuracies, and non-transparency?

1 INTRODUCTION

In recent years, data science emerged as a new and
important discipline. It can be viewed as an amal-
gamation of classical disciplines like statistics, data
mining, databases, and distributed systems. We use
the following definition: “Data science is an inter-
disciplinary field aiming to turn data into real value.
Data may be structured or unstructured, big or small,
static or streaming. Value may be provided in the form
of predictions, models learned from data, or any type
of data visualization delivering insights. Data science
includes data extraction, data preparation, data ex-
ploration, data transformation, storage and retrieval,
computing infrastructures, various types of mining
and learning, presentation of explanations and pre-
dictions, and the exploitation of results taking into
account ethical, social, legal, and business aspects.”
(Aalst, 2016).

Related to data science is the overhyped term “Big
Data” that is used to refer to the massive amounts
of data collected. Organizations are heavily invest-
ing in Big Data technologies, but at the same time

Aalst, W.
Green Data Science - Using Big Data in an “Environmentally Friendly” Manner.

citizens, patients, customers, and employees are con-
cerned about the use of their data. We live in an
era characterized by unprecedented opportunities to
sense, store, and analyze data related to human ac-
tivities in great detail and resolution. This introduces
new risks and intended or unintended abuse enabled
by powerful analysis techniques. Data may be sensi-
tive and personal, and should not be revealed or used
for proposes different from what was agreed upon.
Moreover, analysis techniques may discriminate mi-
norities even when attributes like gender and race are
removed. Using data science technology as a “black
box” making life-changing decisions (e.g., medical
prioritization or mortgage approvals) triggers a vari-
ety of ethical dilemmas.

Sustainable data science is only possible when
citizens, patients, customers, and employees are pro-
tected against irresponsible uses of data (big or
small). Therefore, we need to separate the “good”
and “bad” of data science. Compare this with envi-
ronmentally friendly forms of green energy (e.g. so-
lar power) that overcome problems related to tradi-
tional forms of energy. Data science may result in
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unfair decision making, undesired disclosures, inac-
curacies, and non-transparency. These irresponsible
uses of data can be viewed as “pollution”. Abandon-
ing the systematic use of data may help to overcome
these problems. However, this would be comparable
to abandoning the use of energy altogether. Data sci-
ence is used to make products and services more reli-
able, convenient, efficient, and cost effective. More-
over, most new products and services depend on the
collection and use of data. Therefore, we argue that
the “prohibition of data (science)” is not a viable so-
lution.

In this paper, we coin the term “Green Data Sci-
ence” (GDS) to refer to the collection of techniques
and approaches trying to reap the benefits of data sci-
ence and Big Data while ensuring fairness, confiden-
tiality, accuracy, and transparency. We believe that
technological solutions can be used to avoid pollution
and protect the environment in which data is collected
and used. Section 2 elaborates on the following four
challenges:

e Fairness — Data Science without prejudice: How
to avoid unfair conclusions even if they are true?

e Confidentiality — Data Science that ensures con-
fidentiality: How to answer questions without re-
vealing secrets?

e Accuracy — Data Science without guesswork:
How to answer questions with a guaranteed level
of accuracy?

e Transparency — Data Science that provides trans-
parency: How to clarify answers such that they
become indisputable?

Concerns related to privacy and personal data protec-
tion triggered legislation like the EU’s Data Protec-
tion Directive. Directive 95/46/EC (*on the protection
of individuals with regard to the processing of per-
sonal data and on the free movement of such data”) of
the European Parliament and the Council was adopted
on 24 October 1995 (European Commission, 1995).
The General Data Protection Regulation (GDPR) is
currently under development and aims to strengthen
and unify data protection for individuals within the
EU (European Commission, 2015). GDPR will re-
place Directive 95/46/EC and is expected to be final-
ized in Spring 2016 and will be much more restrictive
than earlier legislation. Sanctions include fines of up
to 4% of the annual worldwide turnover. GDPR and
other forms of legislation limiting the use of data, may
prevent the use of data science also in situations where
data is used in a positive manner. Prohibiting the col-
lection and systematic use of data is like turning back
the clock. Next to legislation, positive technological
solutions are needed to ensure fairness, confidential-
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ity, accuracy, and transparency. By just imposing re-
strictions, individuals, organizations and society can-
not exploit data (science) in a positive way.

The four challenges discussed in Section 2 are
quite general. Therefore, we focus on a concrete
subdiscipline in data science in Section 3: Process
Mining (Aalst, 2011). Process mining seeks the con-
frontation between event data (i.e., observed behav-
ior) and process models (hand-made or discovered au-
tomatically). Event data are related to explicit process
models, e.g., Petri nets or BPMN models. For exam-
ple, process models are discovered from event data or
event data are replayed on models to analyze com-
pliance and performance. Process mining provides
a bridge between data-driven approaches (data min-
ing, machine learning and business intelligence) and
process-centric approaches (business process model-
ing, model-based analysis, and business process man-
agement/reengineering). Process mining results may
drive redesigns, show the need for new controls, trig-
ger interventions, and enable automated decision sup-
port. Individuals inside (e.g., end-users and workers)
and outside (e.g., customers, citizens, or patients) the
organization may be impacted by process mining re-
sults. Therefore, Section 3 lists process mining chal-
lenges related to fairness, confidentiality, accuracy,
and transparency.

In the long run, data science is only sustainable
if we are willing to address the problems discussed
in this paper. Rather than abandoning the use of data
altogether, we should find positive technological ways
to protect individuals.

2 FOUR CHALLENGES

Figure 1 sketches the “data science pipeline”. Individ-
uals interact with a range of hardware/software sys-
tems (information systems, smartphones, websites,
wearables, etc.) @. Data related to machine and in-
teraction events are collected ® and preprocessed
for analysis ®. During preprocessing data may be
transformed, cleaned, anonymized, de-identified, etc.
Models may be learned from data or made/modified
by hand @. For compliance checking, models are of-
ten normative and made by hand rather than discov-
ered from data. Analysis results based on data (and
possibly also models) are presented to analysts, man-
agers, etc. © or used to influence the behavior of in-
formation systems and devices @. Based on the data,
decisions are made or recommendations are provided.
Analysis results may also be used to change systems,
laws, procedures, guidelines, responsibilities, etc. @.

Figure 1 also lists the four challenges discussed
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Figure 1: The “data science pipeline” facing four challenges.

in the remainder of this section. Each of the chal-
lenges requires an understanding of the whole data
pipeline. Flawed analysis results or bad decisions
may be caused by different factors such as a sampling
bias, careless preprocessing, inadequate analysis, or
an opinionated presentation.

2.1 Fairness - Data Science without
Prejudice: How to Avoid Unfair
Conclusions Even if they are True?

Data science techniques need to ensure fairness: Au-
tomated decisions and insights should not be used to
discriminate in ways that are unacceptable from a le-
gal or ethical point of view. Discrimination can be de-
fined as “the harmful treatment of an individual based
on their membership of a specific group or category
(race, gender, nationality, disability, marital status, or
age)”. However, most analysis techniques aim to dis-
criminate among groups. Banks handing out loans
and credit cards try to discriminate between groups
that will pay their debts and groups that will run into
financial problems. Insurance companies try to dis-
criminate between groups that are likely to claim and
groups that are less likely to claim insurance. Hos-
pitals try to discriminate between groups for which
a particular treatment is likely to be effective and
groups for which this is less likely. Hiring employ-
ees, providing scholarships, screening suspects, etc.
can all be seen as classification problems: The goal
is to explain a response variable (e.g., person will pay

back the loan) in terms of predictor variables (e.g.,
credit history, employment status, age, etc.). Ideally,
the learned model explains the response variable as
good as possible without discriminating on the basis
of sensitive attributes (race, gender, etc.).

To explain discrimination discovery and discrimi-
nation prevention, let us consider the set of all (poten-
tial) customers of some insurance company specializ-
ing in car insurance. For each customer we have the
following variables:

e name,
e birthdate,

e gender (male or female),

e nationality,

e car brand (Alfa, BMW, etc.),

e years of driving experience,

e number of claims in the last year,

e number of claims in the last five years, and
e status (insured, refused, or left).

The status field is used to distinguish current cus-
tomers (status=insured) from customers that were re-
fused (status=refused) or that left the insurance com-
pany during the last year (status=left). Customers that
were refused or that left more than a year ago are re-
moved from the data set.

Techniques for discrimination discovery aim to
identify groups that are discriminated based on sen-
sitive variables, i.e., variables that should not matter.
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For example, we may find that “males have a higher
likelihood to be rejected than females” or that “for-
eigners driving a BMW have a higher likelihood to be
rejected than Dutch BMW drivers”. Discrimination
may be caused by human judgment or by automated
decision algorithms using a predictive model. The
decision algorithms may discriminate due to a sam-
pling bias, incomplete data, or incorrect labels. If ear-
lier rejections are used to learn new rejections, then
prejudices may be reinforced. Similar “self-fulfilling
prophecies” can be caused by sampling or missing
values.

Even when there is no intent to discriminate, dis-
crimination may still occur. Even when the auto-
mated decision algorithm does not use gender and
uses only non-sensitive variables, the actual decisions
may still be such that (fe)males or foreigners have a
much higher probability to be rejected. The decision
algorithm may also favor more frequent values for a
variable. As a result, minority groups may be treated
unfairly.

analysis results
and model are
non-discriminating

situation
(impossible)

possible compromise

accuracy

fairness

analysis results and

model are created

without considering
discrimination

I
I
I
|
[
between fairness and :
I
I
I
[
|

low accuracy highest accuracy

accuracy possible using all data

without constraints

Figure 2: Tradeoff between fairness and accuracy.

Discrimination prevention aims to create auto-
mated decision algorithms that do not discriminate us-
ing sensitive variables. It is not sufficient to remove
these sensitive variables: Due to correlations and the
handling of outliers, unintentional discrimination may
still take place. One can add constraints to the deci-
sion algorithm to ensure fairness using a predefined
criterion. For example, the constraint “males and fe-
males should have approximately the same probabil-
ity to be rejected” can be added to a decision-tree
learning algorithm. Next to adding algorithm-specific
constraints used during analysis one can also use pre-
processing (modify the input data by resampling or
relabeling) or postprocessing (modify models, e.g.,
relabel mixed leaf nodes in a decision tree). In gen-
eral there is often a trade-off between maximizing ac-
curacy and minimizing discrimination (see Figure 2).
By rejecting fewer males (better fairness), the insur-
ance company may need to pay more claims.

Discrimination prevention often needs to use sen-
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sitive variables (gender, age, nationality, etc.) to en-
sure fairness. This creates a paradox, e.g., informa-
tion on gender needs to be used to avoid discrimina-
tion based on gender.

The first paper on discrimination-aware data min-
ing appeared in 2008 (Pedreshi et al., 2008). Since
then, several papers mostly focusing on fair classifica-
tion appeared: (Calders and Verwer, 2010; Kamiran
et al., 2010; Ruggieri et al., 2010). These examples
show that unfairness during analysis can be actively
prevented. However, unfairness is not limited to clas-
sification and more advanced forms of analytics also
need to ensure fairness.

2.2 Confidentiality - Data Science that
Ensures Confidentiality: How to
Answer Questions without
Revealing Secrets?

The application of data science techniques should not
reveal certain types of personal or otherwise sensi-
tive information. Often personal data need to be kept
confidential. The General Data Protection Regula-
tion (GDPR) currently under development (European
Commission, 2015) focuses on personal information:

“The principles of data protection should apply to any
information concerning an identified or identifiable natural
person. Data including pseudonymized data, which could
be attributed to a natural person by the use of additional in-
formation, should be considered as information on an iden-
tifiable natural person. To determine whether a person is
identifiable, account should be taken of all the means rea-
sonably likely to be used either by the controller or by any
other person to identify the individual directly or indirectly.
To ascertain whether means are reasonably likely to be used
to identify the individual, account should be taken of all ob-
Jjective factors, such as the costs of and the amount of time
required for identification, taking into consideration both
available technology at the time of the processing and tech-
nological development. The principles of data protection
should therefore not apply to anonymous information, that
is information which does not relate to an identified or iden-
tifiable natural person or to data rendered anonymous in
such a way that the data subject is not or no longer identifi-
able.”

Confidentiality is not limited to personal data.
Companies may want to hide sales volumes or pro-
duction times when presenting results to certain stake-
holders. One also needs to bear in mind that few infor-
mation systems hold information that can be shared
or analyzed without limits (e.g., the existence of per-
sonal data cannot be avoided). The ‘“data science
pipeline” depicted in Figure 1 shows that there are dif-
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ferent types of data having different audiences. Here
we focus on: (1) the “raw data” stored in the informa-
tion system @, (2) the data used as input for analysis
©, and (3) the analysis results interpreted by analysts
and managers ©@. Whereas the raw data may refer to
individuals, the data used for analysis is often (partly)
de-identified, and analysis results may refer to aggre-
gate data only. It is important to note that confiden-
tiality may be endangered along the whole pipeline
and includes analysis results.

Consider a data set that contains sensitive infor-
mation. Records in such a data set may have three
types of variables:

o Direct Identifiers: Variables that uniquely identify
a person, house, car, company, or other entity. For
example, a social security number identifies a per-
son.

e Key Variables: Subsets of variables that together
can be used to identify some entity. For example,
it may be possible to identify a person based on
gender, age, and employer. A car may be uniquely
identified based on registration date, model, and
color. Key variables are also referred to as implicit
identifiers or quasi identifiers.

o Non-identifying Variables: Variables that cannot
be used to identify some entity (direct or indirect).

Confidentiality is impaired by unintended or mali-
cious disclosures. We consider three types of such
disclosures:

e [dentity Disclosure: Information about an entity
(person, house, etc.) is revealed. This can be done
through direct or implicit identifiers. For exam-
ple, the salaries of employees are disclosed unin-
tentionally or an intruder is able to retrieve patient
data.

o Attribute Disclosure: Information about an entity
can be derived indirectly. If there is only one male
surgeon in the age group 40-45, then aggregate
data for this category reveals information about
this person.

e Partial Disclosure: Information about a group of
entities can be inferred. Aggregate information
on male surgeons in the age group 40-45 may dis-
close an unusual number of medical errors. These
cannot be linked to a particular surgeon. Never-
theless, one may conclude that surgeons in this
group are more likely to make errors.

De-identification of data refers to the process of re-
moving or obscuring variables with the goal to min-
imize unintended disclosures. In many cases re-
identification is possible by linking different data
sources. For example, the combination of wedding

date and birth date may allow for the re-identification
of a particular person. Anonymization of data refers to
de-identification that is irreversible: re-identification
is impossible. A range of de-identification methods is
available: removing variables, randomization, hash-
ing, shuffling, sub-sampling, aggregation, truncation,
generalization, adding noise, etc. Adding some noise
to a continuous variable or the coarsening of values
may have a limited impact on the quality of analysis
results while ensuring confidentiality.

no sensitive
data disclosed

ideal

situation
(impossible)

possible compromise
between confidentiality
and utility

confidentiality

full disclosure
of sensitive
data

full use of data
potential possible

no meaningful
analysis possible

data utility
Figure 3: Tradeoff between confidentiality and utility.

There is a trade-off between minimizing the dis-
closure of sensitive information and the usefulness of
analysis results (see Figure 3). Removing variables,
aggregation, and adding noise can make it hard to pro-
duce any meaningful analysis results. Emphasis on
confidentiality (like security) may also reduce conve-
nience. Note that personalization often conflicts with
fairness and confidentiality. Disclosing all data, sup-
ports analysis, but jeopardizes confidentiality.

Access rights to the different types of data and
analysis results in the “data science pipeline” (Fig-
ure 1) vary per group. For example, very few peo-
ple will have access to the “raw data” stored in the
information system @. More people will have access
to the data used for analysis and the actual analysis
results. Poor cybersecurity may endanger confiden-
tiality. Good policies ensuring proper authentication
(Are you who you say you are?) and authorization
(What are you allowed to do?) are needed to protect
access to the pipeline in Figure 1. Cybersecurity mea-
sures should not complicate access, data preparation,
and analysis; otherwise people may start using illegal
copies and replicate data.

See (Monreale et al., 2014; Nelson, 2015; Presi-
dent’s Council, 2014) for approaches to ensure confi-
dentiality.
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2.3 Accuracy - Data Science without
Guesswork: How to Answer
Questions with a Guaranteed Level
of Accuracy?

Increasingly decisions are made using a combina-
tion of algorithms and data rather than human judge-
ment. Hence, analysis results need to be accurate
and should not deceive end-users and decision mak-
ers. Yet, there are several factors endangering accu-
racy.

First of all, there is the problem of overfitting the
data leading to “bogus conclusions”. There are nu-
merous examples of so-called spurious correlations
illustrating the problem. Some examples (taken from
(Vigen, 2015)):

e The per capita cheese consumption strongly cor-
relates with the number of people who died by be-
coming tangled in their bedsheets.

e The number of Japanese passenger cars sold in
the US strongly correlates with the number of sui-
cides by crashing of motor vehicle.

e US spending on science, space and technol-
ogy strongly correlates with suicides by hanging,
strangulation and suffocation.

e The total revenue generated by arcades strongly
correlates with the number of computer science
doctorates awarded in the US.

When using many variables relative to the number of
instances, classification may result in complex rules
overfitting the data. This is often referred to as the
curse of dimensionality: As dimensionality increases,
the number of combinations grows so fast that the
available data become sparse. With a fixed number
of instances, the predictive power reduces as the di-
mensionality increases. Using cross-validation most
findings (e.g., classification rules) will get rejected.
However, if there are many findings, some may sur-
vive cross-validation by sheer luck.

In statistics, Bonferroni’s correction is a method
(named after the Italian mathematician Carlo Emilio
Bonferroni) to compensate for the problem of multi-
ple comparisons. Normally, one rejects the null hy-
pothesis if the likelihood of the observed data under
the null hypothesis is low (Casella and Berger, 2002).
If we test many hypotheses, we also increase the like-
lihood of a rare event. Hence, the likelihood of in-
correctly rejecting a null hypothesis increases (Miller,
1981). If the desired significance level for the whole
collection of null hypotheses is o, then the Bonfer-
roni correction suggests that one should test each in-
dividual hypothesis at a significance level of ¢ where
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k is the number of null hypotheses. For example, if
o= 0.05 and k = 20, then ¢ = 0.0025 is the required
significance level for testing the individual hypothe-
ses.

Next to overfitting the data and testing multiple
hypotheses, there is the problem of uncertainty in the
input data and the problem of not showing uncer-
tainty in the results.

Uncertainty in the input data is related to the
fourth “V” in the four “V’s of Big Data” (Volume,
Velocity, Variety, and Veracity). Veracity refers to the
trustworthiness of the input data. Sensor data may be
uncertain, multiple users may use the same account,
tweets may be generated by software rather than peo-
ple, etc. These uncertainties are often not taken into
account during analysis assuming that things “even
out” in larger data sets. This does not need to be the
case and the reliability of analysis results is affected
by unreliable or probabilistic input data.

When we say, “we are 95% confident that the
true value of parameter x is in our confidence inter-
val [a,b]”, we mean that 95% of the hypothetically
observed confidence intervals will hold the true value
of parameter x. Averages, sums, standard deviations,
etc. are often based on sample data. Therefore, it is
important to provide a confidence interval. For exam-
ple, given a mean of 35.4 the 95% confidence interval
may be [35.3,35.6], but the 95% confidence interval
may also be [15.3,55.6]. In the latter case, we will
interpret the mean of 35.4 as a “wild guess” rather
than a representative value for true average value. Al-
though we are used to confidence intervals for numer-
ical values, decision makers have problems interpret-
ing the expected accuracy of more complex analysis
results like decision trees, association rules, process
models, etc. Cross-validation techniques like k-fold
checking and confusion matrices give some insights.
However, models and decisions tend to be too “crisp”
(hiding uncertainties). Explicit vagueness or more ex-
plicit confidence diagnostics may help to better inter-
pret analysis results. Parts of models should be kept
deliberately “vague” if analysis is not conclusive.

2.4 Transparency - Data Science that
Provides Transparency: How to
Clarify Answers Such that they
become Indisputable?

Data science techniques are used to make a variety of
decisions. Some of these decisions are made automat-
ically based on rules learned from historic data. For
example, a mortgage application may be rejected au-
tomatically based on a decision tree. Other decisions
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According to Bonferroni’s principle we need to avoid treating random observations as if they are real and sig-
nificant (Rajaraman and Ullman, 2011). The following example, inspired by a similar example in (Rajaraman
and Ullman, 2011), illustrates the risk of treating completely random events as patterns.

A Dutch government agency is searching for terrorists by examining hotel visits of all of its 18 million citizens
(18 x 10%). The hypothesis is that terrorists meet multiple times at some hotel to plan an attack. Hence, the
agency looks for suspicious “events” {p1,p2} 1 {di,d2} where persons p; and p, meet on days d; and d5.
How many of such suspicious events will the agency find if the behavior of people is completely random? To
estimate this number we need to make some additional assumptions. On average, Dutch people go to a hotel

every 100 days and a hotel can accommodate 100 people at the same time. We further assume that there are

6 . .
% = 1800 Dutch hotels where potential terrorists can meet.

The probability that two persons (p; and p;) visit a hotel on a given day d is 1(')—0 X ﬁ = 10~*. The probability

that p; and p; visit the same hotel on day d is 107* X g5 = 5.55 x 1073, The probability that p; and p; visit

the same hotel on two different days d; and d, is (5.55 x 107%)2 = 3.086 x 10~1. Note that different hotels
may be used on both days. Hence, the probability of suspicious event {py, p2} T {d;,d>} is 3.086 x 10713
How many candidate events are there? Assume an observation period of 1000 days. Hence, there are 1000 x
(1000 —1)/2 = 499,500 combinations of days d; and d,. Note that the order of days does not matter, but the
days need to be different. There are (18 x 10%) x (18 x 10° —1)/2 = 1.62 x 10'* combinations of persons p;
and p,. Again the ordering of p; and p, does not matter, but p; # p,. Hence, there are 499,500 x 1.62 x 10!4 =
8.09 x 10" candidate events {p;, p2} 1 {d1,d2}.

The expected number of suspicious events is equal to the product of the number of candidate events {pi, p2 } T
{dy,d>} and the probability of such events (assuming independence): 8.09 x 10'® x 3.086 x 10~15 = 249,749,
Hence, there will be around a quarter million observed suspicious events {pi,p2} 1 {di,d>} in a 1000 day
period!

Suppose that there are only a handful of terrorists and related meetings in hotels. The Dutch government agency
will need to investigate around a quarter million suspicious events involving hundreds of thousands innocent
citizens. Using Bonferroni’s principle, we know beforehand that this is not wise: there will be too many false
positives.

Example: Bonferroni’s principle explained using an example taken from (Aalst, 2016). To apply the principle, compute the
number of observations of some phenomena one is interested in under the assumption that things occur at random. If this
number is significantly larger than the real number of instances one expects, then most of the findings will be false positives.

are based on analysis results (e.g., process models or
frequent patterns). For example, when analysis re-
veals previously unknown bottlenecks, then this may
have consequences for the organization of work and
changes in staffing (or even layoffs). Automated de-
cision rules (@ in Figure 1) need to be as accurate

as possible (e.g., to reduce costs and delays). Anal- name=lohn
ysis results (@ in Figure 1) also need to be accurate. gelizfsmsale
However, accuracy is not sufficient to ensure accep- e
tance and proper use of data science techniques. Both
decisions @ and analysis results ® also need to be
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Figure 4 illustrates the notion of transparency.
Consider an application submitted by John evaluated
using three data-driven decision systems. The first
system is a black box: It is unclear why John’s appli-
cation is rejected. The second system reveals it’s deci-
sion logic in the form of a decision tree. Applications
from females and younger males are always accepted.
Only applications from older males get rejected. The
third system uses the same decision tree, but also ex-
plains the rejection (“because male and above 507).
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Figure 4: Different levels of transparency.

Clearly, the third system is most transparent. When
governments make decisions for citizens it is often
mandatory to explain the basis for such decisions.

Deep learning techniques (like many-layered neu-
ral networks) use multiple processing layers with

—_—
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complex structures or multiple non-linear transforma-
tions. These techniques have been successfully ap-
plied to automatic speech recognition, image recogni-
tion, and various other complex decision tasks. Deep
learning methods are often looked at as a “black box”,
with performance measured empirically and no for-
mal guarantees or explanations. A many-layered neu-
ral network is not as transparent as for example a deci-
sion tree. Such a neural network may make good deci-
sions, but it cannot explain a rule or criterion. There-
fore, such black box approaches are non-transparent
and may be unacceptable in some domains.

Transparency is not restricted to automated deci-
sion making and explaining individual decisions, it
also involves the intelligibility, clearness, and com-
prehensibility of analysis results (e.g., a process
model, decision tree, regression formula). For exam-
ple, a model may reveal bottlenecks in a process, pos-
sible fraudulent behavior, deviations by a small group
of individuals, etc. It needs to be clear for the user
of such models (e.g., a manager) how these findings
where obtained. The link to the data and the analysis
technique used should be clear. For example, filtering
the input data (e.g., removing outliers) or adjusting
parameters of the algorithm may have a dramatic ef-
fect on the model returned.

Storytelling is sometimes referred to as “the last
mile in data science”. The key question is: How to
communicate analysis results with end-users? Story-
telling is about communicating actionable insights to
the right person, at the right time, in the right way.
One needs to know the gist of the story one wants
to tell to successfully communicate analysis results
(rather than presenting the whole model and all data).
One can use natural language generation to transform
selected analysis results into concise, easy-to-read, in-
dividualized reports.

To provide transparency there should be a clear
link between data and analysis results/stories. One
needs to be able to drill-down and inspect the data
from the model’s perspective. Given a bottleneck one
needs to be able to drill down to the instances that
are delayed due to the bottleneck. This related to data
provenance: it should always be possible to reproduce
analysis results from the original data.

The four challenges depicted in Figure 1 are
clearly interrelated. There may be trade-offs between
fairness, confidentiality, accuracy and transparency.
For example, to ensure confidentiality we may add
noise and de-identify data thus possibly compromis-
ing accuracy and transparency.
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3 EXAMPLE: GREEN PROCESS
MINING

The goal of process mining is to turn event data into
insights and actions (Aalst, 2016). Process mining is
an integral part of data science, fueled by the avail-
ability of data and the desire to improve processes.
Process mining can be seen as a means to bridge
the gap between data science and process science.
Data science approaches tend to be process agonistic
whereas process science approaches tend to be model-
driven without considering the “evidence” hidden in
the data. This section discusses challenges related to
fairness, confidentiality, accuracy, and transparency in
the context of process mining. The goal is not to pro-
vide solutions, but to illustrate that the more general
challenges discussed before trigger concrete research
questions when considering processes and event data.

3.1 What is Process Mining?

Figure 5 shows the “process mining pipeline” and can
be viewed as a specialization of the Figure 1. Pro-
cess mining focuses on the analysis of event data
and analysis results are often related to process mod-
els. Process mining is a rapidly growing subdiscipline
within both Business Process Management (BPM)
(Aalst, 2013a) and data science (Aalst, 2014). Main-
stream Business Intelligence (BI), data mining and
machine learning tools are not tailored towards the
analysis of event data and the improvement of pro-
cesses. Fortunately, there are dedicated process min-
ing tools able to transform event data into action-
able process-related insights. For example, ProM
(www.processmining.org) iS an open-source pro-
cess mining tool supporting process discovery, con-
formance checking, social network analysis, organi-
zational mining, clustering, decision mining, predic-
tion, and recommendation (see Figure 6). Moreover,
in recent years, several vendors released commercial
process mining tools. Examples include: Celonis
Process Mining by Celonis GmbH (www.celonis.
de), Disco by Fluxicon (www.fluxicon.com), Inter-
stage Business Process Manager Analytics by Fu-
jitsu Ltd (www.fujitsu.com), Minit by Gradient
ECM (www.minitlabs.com), mylnvenio by Cogni-
tive Technology (www.my-invenio.com), Perceptive
Process Mining by Lexmark (www.lexmark.com),
QPR ProcessAnalyzer by QPR (www.qgpr.com), Ri-
alto Process by Exeura (www.exeura.eu), SNP Busi-
ness Process Analysis by SNP Schneider-Neureither
& Partner AG (www.snp-bpa.com), and PPM web-
Methods Process Performance Manager by Software
AG (www.softwareag.com).
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process models (e.g.,
BPMN, UML AD/SDs, Petri
nets, workflow models)

data in databases,
files, logs, etc.
having a temporal
dimension

data used as
input for
analytics

dataina
variety of
systems

extract, load,

transform, clean,
anonymize, de-

identify, etc.

event data
(e.g., in XES
format)

techniques for process discovery,
conformance checking, and
performance analysis

report, discover,
mine, learn, check,
predict, recommend, etc.

operational support,
e.g., predictions,
recommendations,
decisions, and alerts

people and devices
generating a
variety of events

results include process models
annotated with frequencies,
times, and deviations

Figure 5: The “process mining pipeline” relates observed and modeled behavior.

3.1.1 Creating and Managing Event Data

Process mining is impossible without proper event
logs (Aalst, 2011). An event log contains event data
related to a particular process. Each event in an event
log refers to one process instance, called case. Events
related to a case are ordered. Events can have at-
tributes. Examples of typical attribute names are ac-
tivity, time, costs, and resource. Not all events need
to have the same set of attributes. However, typically,
events referring to the same activity have the same set
of attributes. Figure 6(a) shows the conversion of an
CSV file with four columns (case, activity, resource,
and timestamp) into an event log.

Most process mining tools support XES (eXten-
sible Event Stream) (IEEE Task Force on Process
Mining, 2013). In September 2010, the format was
adopted by the IEEE Task Force on Process Mining
and became the de facto exchange format for pro-
cess mining. The IEEE Standards Organization is cur-
rently evaluating XES with the aim to turn XES into
an official IEEE standard.

To create event logs we need to extract, load,
transform, anonymize, and de-identify data in a va-
riety of systems (see © in Figure 5). Consider for
example the hundreds of tables in a typical HIS (Hos-
pital Information System) like ChipSoft, McKesson
and EPIC or in an ERP (Enterprise Resource Plan-
ning) system like SAP, Oracle, and Microsoft Dynam-
ics. Non-trivial mappings are needed to extract events
and to relate events to cases. Event data needs to be
scoped to focus on a particular process. Moreover, the
data also needs to be scoped with respect to confiden-
tiality issues.

3.1.2 Process Discovery

Process discovery is one of the most challenging pro-
cess mining tasks (Aalst, 2011). Based on an event
log, a process model is constructed thus capturing the
behavior seen in the log. Dozens of process discov-
ery algorithms are available. Figure 6(c) shows a pro-
cess model discovered using ProM’s inductive visual
miner (Leemans et al., 2015). Techniques use Petri
nets, WF-nets, C-nets, process trees, or transition sys-
tems as a representational bias (Aalst, 2016). These
results can always be converted to the desired nota-
tion, for example BPMN (Business Process Model
and Notation), YAWL, or UML activity diagrams.

3.1.3 Conformance Checking

Using conformance checking discrepancies between
the log and the model can be detected and quantified
by replaying the log (Aalst et al., 2012). For exam-
ple, Figure 6(c) shows an activity that was skipped
16 times. Some of the discrepancies found may ex-
pose undesirable deviations, i.e., conformance check-
ing signals the need for a better control of the process.
Other discrepancies may reveal desirable deviations
and can be used for better process support. Input for
conformance checking is a process model having ex-
ecutable semantics and an event log.

3.1.4 Performance Analysis

By replaying event logs on process model, we can
compute frequencies and waiting/service times. Us-
ing alignments (Aalst et al., 2012) we can relate cases
to paths in the model. Since events have timestamps,
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Figure 6: Six screenshots of ProM while analyzing an event log with 208 cases, 5987 events, and 74 different activities. First,
a CSV file is converted into an event log (a). Then, the event data can be explored using a dotted chart (b). A process model
is discovered for the 11 most frequent activities (c). The event log can be replayed on the discovered model. This is used to
show deviations (d), average waiting times (e), and queue lengths (f).
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we can associate the times in-between events along
such a path to delays in the process model. If the
event log records both start and complete events for
activities, we can also monitor activity durations. Fig-
ure 6(d) shows an activity that has an average waiting
time of 18 days and 16 hours. Note that such bottle-
necks are discovered without any modeling.

3.1.5 Operational Support

Figure 6(e) shows the queue length at a particular
point in time. This illustrates that process mining can
be used in an online setting to provide operational
support. Process mining techniques exist to predict
the remaining flow time for a case or the outcome of
a process. This requires the combination of a discov-
ered process model, historic event data, and informa-
tion about running cases. There are also techniques to
recommend the next step in a process, to check con-
formance at run-time, and to provide alerts when cer-
tain Service Level Agreements (SLAs) are violated.

3.2 Challenges in Process Mining

Table 1 maps the four generic challenges identified in
Section 2 onto the six key ingredients of process min-
ing briefly introduced in Section 3.1. Note that both
cases (i.e., process instances) and the resources used
to execute activities may refer to individuals (cus-
tomers, citizens, patients, workers, etc.). Event data
are difficult to fully anonymize. In larger processes,
most cases follow a unique path. In the event log
used in Figure 6, 198 of the 208 cases follow a unique
path (focusing only on the order of activities). Hence,
knowing the order of a few selected activities may
be used to de-anonymize or re-identify cases. The
same holds for (precise) timestamps. For the event
log in Figure 6, several cases can be uniquely iden-
tified based on the day the registration activity (first
activity in process) was executed. If one knows the
timestamps of these initial activities with the preci-
sion of an hour, then almost all cases can be uniquely
identified. This shows that the ordering and times-
tamp data in event logs may reveal confidential infor-
mation unintentionally. Therefore, it is interesting to
investigate what can be done by adding noise (or other
transformations) to event data such that the analysis
results do not change too much. For example, we can
shift all timestamps such that all cases start in “week
0”. Most process discovery techniques will still re-
turn the same process model. Moreover, the average
flow/waiting/service times are not affected by this.
Conformance checking (Aalst et al., 2012) can be
viewed as a classification problem. What kind of

cases deviate at a particular point? Bottleneck analy-
sis can also be formulated as a classification problem.
Which cases get delayed more than 5 days? We may
find out that conformance or performance problems
are caused by characteristics of the case itself or the
people that worked on it. This allows us to discover
patterns such as:

e Doctor Jones often performs an operation without
making a scan and this results in more incidents
later in the process.

e Insurance claims from older customers often get
rejected because they are incomplete.

e Citizens that submit their tax declaration too late
often get rejected by teams having a higher work-
load.

Techniques for discrimination discovery can be used
to find distinctions that are not desirable/acceptable.
Subsequently, techniques for discrimination preven-
tion can be used to avoid such situations. It is impor-
tant to note that discrimination is not just related to
static variables, but also relates to the way cases are
handled.

It is also interesting to use techniques from de-
composed process mining or streaming process min-
ing (see Chapter 12 in (Aalst, 2016)) to make process
mining “greener”.

For streaming process mining one cannot keep
track of all events and all cases due to memory con-
straints and the need to provide answers in real-time
(Burattin et al., 2014; Aalst, 2016; Zelst et al., 2015).
Hence, event data need to be stored in aggregated
form. Aging data structures, queues, time windows,
sampling, hashing, etc. can be used to keep only the
information necessary to instantly provide answers to
selected questions. Such approaches can also be used
to ensure confidentiality, often without a significant
loss of accuracy.

For decomposed/distributed process mining event
data need to be split based on a grouping activities in
the process (Aalst, 2013b; Aalst, 2016). After split-
ting the event log, it is still possible to discover pro-
cess models and to check conformance. Interestingly,
the sublogs can be analyzed separately. This may be
used to break potential harmful correlations. Rather
than storing complete cases, one can also store shorter
episodes of anonymized case fragments. Sometimes
it may even be sufficient to store only direct succes-
sions, i.e., facts of the form “for some unknown case
activity a was followed by activity b with a delay of 8
hours”. Some discovery algorithms only use data on
direct successions and do not require additional, pos-
sibly sensitive, information. Of course certain ques-
tions can no longer be answered in a reliable manner
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Table 1: Relating the four challenges to process mining specific tasks.
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Data Science that How to ensure that

provides  transparency:
How to clarify answers
such that they become

indisputable?

to the event data they
are based on.
ever, this may con-
flict with confidential-
ity concerns.

How-

parameter settings and
choice of discovery
algorithm. How to en-
sure that the process
model is interpreted
correctly? End-users
need to understand
the relation between
data and model to
trust analysis.

conformance diagnos-
tics are interpreted
correctly?

and what the possi-
ble causes are. Ani-
mating event logs on
models helps to make
problems more trans-
parent.

possible, these models
should be transparent.
Moreover, expla-
nations should be
added to predictions,
recommendations
and decisions (“We
predict that this case
be late, because ...”).
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(e.g., flow times of cases).

The above examples illustrate that Table 1 iden-
tifies a range of novel research challenges in process
mining. In today’s society, event data are collected
about anything, at any time, and at any place. Today’s
process mining tools are able to analyze such data and
can handle event logs with billions of events. These
amazing capabilities also imply a great responsibility.
Fairness, confidentiality, accuracy and transparency
should be key concerns for any process miner.

4 CONCLUSION

This paper introduced the notion of “Green Data Sci-
ence” (GDS) from four angles: fairness, confidential-
ity, accuracy, and transparency. The possible “pollu-
tion” caused by data science should not be addressed
(only) by legislation. We should aim for positive,
technological solutions to protect individuals, orga-
nizations and society against the negative side-effects
of data. As an example, we discussed “green chal-
lenges” in process mining. Table 1 can be viewed as
a research agenda listing interesting open problems.
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The Power of Text Mining

How to Leverage Naturally Occurring Text Data for Effective Enterprise

Abstract:
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This lecture shows how the design and use of Enterprise Information Systems can benefit from text mining
techniques. It is estimated that more than 80 percent of today’s data is stored in unstructured form (e.g., text,
audio, image, video); and much of it is expressed in rich and ambiguous natural language. ERP systems
store, for instance, piles of texts in the form of documents, E-mails, or service tickets. And comments on
corporate social networks can be used to learn about work practices and preferences of users. We call this
data naturally occurring data, since it is generated as a by-product of running IT-enabled business processes,
and not provoked by analysts. Natural language processing has advanced over the past decades and today
tools are available to analyze large amounts of unstructured texts in order to extract topics or sentiments
buried in these. The talk gives examples on how successful companies leverage text mining to support
important decisions as well as process, product and service innovations. It also shows how text mining can
be applied as a new strategy of inquiry in EIS research, when e.g. online customer reviews are evaluated in
order to learn about factors driving the ease of use or usefulness of EIS for specific user groups at specific
times. The talk also presents a tool, which makes text mining accessible in the cloud both for practitioners

and researcher, called MineMyText.com.
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An Allegory on the Role of the Action Researcher to Enable User
Engagement and Change Management in the Early Phases of
Information Systems Implementation
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Abstract: Genres of communications significantly influence the evolution of a field of research. In the Information

Systems (IS) domain, a debate has recently emerged on the chance to implement alternative genres to
generate unconventional ways of looking at IS-related issues. This study hence proposes to apply allegory
as an alternative genre to write publications accounting IS research. To exemplify the use of the allegory
genre, the study tackles the role of the action researcher to enable user engagement and change management
in the early phases of Information Systems implementation. The allegory is applied to the case of a Small-
Medium-Enterprise undergoing ERP implementation. Reflecting on the allegory and its interpretation, it is
argued that the action researcher can take a paramount role in IS change management as “user engagement
enabler”; from a writing genre perspective, it is claimed that allegory is particularly suitable for writing
action research accounts.

per se, but they become significant once they are
fruitfully applied to writing studies on relevant IS
issues, propose the adoption of alternative genres to
tackle a significant problem in IS research: user
engagement and change management in the early
phases of Information Systems implementation —
with specific reference to Enterprise Resource
Planning (ERP) systems. To address this problem, I
take the methodological perspective of an action
researcher directly involved in the problem’s
observation and solution, and propose to employ the
alternative genre of “allegory” to allegorically
describe the role action researchers can play in
enabling user engagement and change management
in the early phases of ERP implementation.
Reflecting on the allegory and its interpretation,
this study argues that the action researcher can take a
paramount role in the IS change management

1 INTRODUCTION

The evolution of a field of research like that on
Information Systems (IS) inherently relates not only
to the content of investigation — in either its
theoretical or empirical forms — and to the
methodologies applied to conduct the research
endeavor; it is also significantly shaped by the
writing genre traditionally applied as a vehicle to
report its content and findings.

In the last years, an intriguing debate has
emerged with regards to the genres to be applied
when writing academic publications (Rowe,2012).
IS scholars and practitioners are currently discussing
the opportunity to apply alternative genres in IS
research representation. According to Mathiassen et
al (2012), the term “alternative genres” refers to
unconventional forms of thinking, doing, and

communicating  scholarship and practice. In
particular, it is related to innovation with respect to
epistemological perspectives, research methods,
semantic framing, literary styles, and media of
expression.

Provided that alternative genres are not valuable

Ghezzi, A.

process as “user engagement enabler”; from a
writing genre perspective, the study also proposes
that allegory can be beneficially applied as a genre
to write action research accounts, due to the genre’s
peculiar characteristics.
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2 THEORY: CHANGE
MANAGEMENT AND USER
ENGAGEMENT IN IS
IMPLEMENTATION

Change is an ever-present feature of organizational
life both at an operational and strategic level
(Burnes, 2004), and since information technology
and organizational change show an inherent strong
relationship (Markus and Robey, 1988), the issue of
managing change determined by the introduction of
new IS within an organizational setting has been a
core theme in Information Systems (IS) research and
practice (e.g. Aladwani, 2001; Lim et al., 2005)

In general terms, change management could be
defined as “the process of continually renewing an
organization’s direction, structure, and capabilities
to serve the ever-changing needs of external and
internal customers” (Moran and Brightman, 2001).
Both Organizational and IS theories widely
recognize how Information Technology (IT)
influences the nature of work, thus catalysing
innovation while forcing incremental or radical
organizational redesign (Thach and Woodman,
1994).

Through implementing IT, organizations aim at
increasing process efficiency and effectiveness (with
a possible beneficial impact on outward
performance), although they also trigger inward
organizational effects that mostly reflect on
employees’  routines, practices, habits and
perceptions (Thach and Woodman, 1994): these
non-trivial, subtle effects require dedicated effort to
be understood and handled.

Focusing on the IS field, change management
hence tackles the problem of how to govern the
organizational transition determined by the
introduction of new information technologies and
systems (Markus and Robey, 1988).

Several studies have tackled the issue of user
engagement in IS implementation, finding that such
engagement is influenced by different factors. In his
seminal work  “Psychology of innovation
resistance”, Sheth (1981) argued that there are two
main sources of resistance to IS innovations:
perceived risk, which refers to one’s perception of
the risk associated with the decision to adopt the
innovation; and habit, which refers to current
practices that one is routinely doing. Joshi (1991)
applied equity theory to IS implementation and
found that individuals attempt to evaluate all
changes on three levels: (i) gain or loss in their
equity status; (ii) comparison between personal and
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organizational relative outcomes; and  (iii)
comparison between personal and other user’s
relative outcome in the reference group. They only
resist to changes they see unfavourable, while
changes that are favourable are sought after and
welcomed. Gefen (2002) identified users’ trust as a
key determinant for their engagement in the complex
process of ERP system customization: trust was
increased when the vendor behaved in accordance
with client expectations by being responsive, and
decreased when it behaved in a manner that
contradicted these expectations by not being
dependable. Lim et al. (2005) investigated user
adoption behavior and motivation dynamics of ERP
systems from an expectancy perspective, and
claimed that managerial actions shall target different
levels of motivational factors to avoid counter-
productive dissonances. Wang and Chen (2006)
found that assistance of outside experts in ERP
implementation is inevitable: competent consultants
can facilitate communication and conflict resolution
in the ERP consulting process and assist in
improving ERP system quality.

Beyond identifying the factors behind wuser
engagement, particularly relevant to this study are
also two process models designed to obtain and
enhance engagement.

According to organizational theory, change
management aimed at cognitive redefinition of
users’ attitude and behaviour should follow a
process model called the force field model, made of
three stages (Schein and Bennis, 1965; Schein,
1999): (i) unfreeze the existing condition and apply
a force to it in the attempt to motivate users to
change; (ii) change and movement to a new state, by
focusing on training and communication; and (iii)
re-freeze to make new behaviours become habitual
or institutionalized routines.

In assessing the complex social problem of
users’ resistance to ERP implementation, Aladwani
(2001), elaborates on Sheth’s (1981) model and
proposed a process-oriented conceptual framework
consisting of three phases: (i) knowledge
formulation (where insight is gathered on needs,
values, beliefs and interests of future IS users); (ii)
strategy implementation (where change management
leverages tools such as communication, endorsement
and training to create awareness, stimulate feelings
and drive adoption, by constantly confronting habits
with perceived risks; and (iii) status evaluation
(where the progress of ERP change management
effort is monitored).
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3 RESEARCH SETTING

The company this study considers is a Small
Medium Enterprise (SME) operating as an artistic
exhibition designer and manufactured, run and
owned by a Chief Executive Officer who inherited it
from his father. The company began operations in
the early fifties and in 2012 it had gained worldwide
recognition, being involved in several projects with
renown institutions, such as the British Museum, the
Tower of London Museum, the Louvre in Paris, the
Museum of Modern Arts and the Metropolitan
Museum in New York.

As the company grew globally, however, it was
shaped by two diverging thrust: on the one hand, the
CEO aimed at maintaining the company’s
inheritance of a SME and its craftsman approach
towards each activity and work; on the other, a
compelling need for organic development and
structuration was perceived by the management. As
a result, the organizational evolution was to some
extent convoluted and not fully consistent: while
some functions (e.g. design and manufacturing)
operated with a high degree of structuration and
technology support, others (e.g. administration,
procurement, project management and marketing)
were almost completely unstructured. Furthermore,
Information Technology did not evolve alongside
the company’s manufacturing technologies. The
little IT function was largely focusing on
maintaining the computers used for running
Computer Aided Design and Computer Aided
Manufacturing software; data analysis and storing
was either based on mere spreadsheets, or more
frequently, on paperwork.

In late 2012, when the action research process
began, it was time to make a strategic decision about
IT. The management team had been consulting a
shortlist of IT vendors for three months, and the
most promising solution proposed was that of
implementing an Enterprise Resource Planning
(ERP) system to centralize and support information
management and workflow throughout the
functions. However, the CEO had profound doubts
about this change, and his worries were somewhat
justifiable. The CEO foresaw the introduction of
such a pervasive system would determine radical
modifications in several areas, with unpredictable
results; he also he expected some of his employees
to eventually resist to or impair the IT project. On
top of this, he held a Philosophy and Literature
background, which gave him an anti-conformist and
original perspective on many strategic or
organizational issues, including technology: he had
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contrasting feelings concerning IT, which he liked to
philosophically define as “a robot with huge
potential to enhance human’s capabilities, but after
all, a robot with no will and no creative value in
itself other than that of the human utilizing it”.

The CEO’s and his top management’s primary
concern was hence to adequately set and manage
this IS transition.

4 ACTION RESEARCH
METHODOLOGY

Action Research (AR) was primarily developed
from the work of Kurt Lewin and his colleagues, and
is based on a collaborative problem-solving
relationship between the researcher and the client
system, aiming at both managing change and
generating new knowledge (Coghlan, 2000).

As a form of qualitative research (Myers, 1997),
AR is described as a setting in which a client is
involved in the process of data gathering, which is
prevailingly under the charge of a researcher.
Avison et al. (1999) define AR as an iterative
process involving researchers and practitioners
acting together on a particular cycle of activities,
including problem diagnosis, action intervention,
and reflective learning. According to Rapoport
(1970), “action research aims to contribute both to
the practical concerns of people in an immediate
problematic situation and to the goals of social
science by joint collaboration within a mutually
acceptable ethical framework”. Indeed, action
Research is perhaps the most widely discussed
collaborative research approach (see Baskerville and
Wood-Harper 1998, Davison et al. 2004).

The collaboration this study depicts by means of
the allegory alternative genre is set in an artistic
exhibition design Small Medium Enterprise (SME)
and began with the identification of a problem, i.e.
the need to support the SME’s CEO and Project
Manager in enabling and managing change from a
basic and piecemeal approach towards technology to
the implementation of a broader ERP system. More
specifically, the CEO and the Project Manager were
concerned with user engagement, resistance to
change and communication issues that could burden
the early implementation phases.

This complex problem brought together multiple
participants, all of whom had an interest in solving
it. The set of participants included: Chief Executive
Officer; the management team; the internal Project
Manager; the SME’s employees (also referred to as
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users); the IT Vendor’s Marketing Manager; and the
team of three Action Researchers.

The problem that needed a solution was not
casily solvable within the current community of
practice inside of the company, who lacked specific
IS and change management competencies, and
furthermore called for the combination of
knowledge from multiple perspectives, expertise,
and disciplines (Mohrman et al., 2008). Hence, a
problem-focused research approach like AR could
provide a natural home for and evoke a need for
collaboration that brought together multiple
perspectives, including those of theory and practice.
In part, this is because problems represent
anomalies, and present a need to step outside of the
daily reality that is driven by implicit theories, and
to try to achieve a detachment that enables the
search for new understandings that can guide action
(Coghlan, 2000).

In order to solve the previously identified
problem, from December 2011 to March 2012, the
researchers who are authoring this study where
directly involved in the early stages of the
implementation process of an Enterprise Resource
Planning system within the SME (thus following the
direct involvement principle of the action research
methodology), with the planned overarching
objective to apply change management and
organizational communication practices supporting
the early phases of ERP implementation — with a
focus on enhancing user engagement. Although the
whole implementation project lasted till April, 2013,
this study focuses on allegorically describing its first
four months, where change management practices
and user engagement dynamics where at the heart of
the discussion.

The AR process was organized through a series
of weekly meetings (for a total of 21 meetings, each
lasting 2 hours 40 minutes on average) that the
action researchers alternatively held with all the
actors involved (including users). The content of
such meetings was previously planned with and
agreed upon by the CEO and the Project Manager,
and these actors were open to the researchers’
proposed lines of intervention. In the meetings, the
action researcher set a flexible agenda, checked the
progress status of previously identified actions,
gathered insights from the participants, provided
new content for discussion, set and explained new
action points and assignments and instructed
participants on how to act upon them.

In parallel, action researchers were involved in
supporting  the change  management and
communications activities and observing the user
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engagement process almost of a daily basis, in order
to gather further information relevant to the
research; they also operated “shoulder to shoulder”
with the CEO and the Project Manager, and the
result of this was that the researchers not only gained
a deeper understanding of the company, its culture
and its management’s approach, but also gradually
became accepted as a non-threatening and legitimate
presence (Coghlan, 2000).

S ALLEGORY AS ALTERNATIVE
GENRE: DEFINITIONS,
STRUCTURE AND
PRINCIPLES

An allegory is “the representation of abstract ideas
or principles by characters, figures, or events in
narrative, dramatic, or pictorial form”, and “a story,
picture, or play employing such representation”
(American Heritage Dictionary, 2011), where “the
apparent meaning of the characters and events is
used to symbolize a deeper moral or spiritual
meaning” (Collins English Dictionary, 2003).

The term derives from the Greek allégoria,
derivative of allegorein, i.e. to speak so as to imply
something other. As a rhetorical device, an allegory
is a figure of speech that makes wide use of
metaphors (i.e. “a figure of speech in which a word
or phrase is applied to an object or action that it does
not literally denote in order to imply a resemblance”
— Collins English Dictionary, 2003) and symbols
(i.e. “something that represents or stands for
something else, usually by convention or
association, especially a material object used to
represent something abstract” — Collins English
Dictionary, 2003), though extending them to a
complete and sense-making piece where complex
ideas are illustrated by means of text or images that
can be understood by the reader or viewer.

The very definition of allegory as a genre may be
controversial. As the concept of genre represents a
meaningful pattern of communication which consists
of a sequence of speech acts (Yetim, 2006), and
provided that “a genre is a category of art
distinguished by a definite style, form or content”
(American Heritage Dictionary, 2011), allegory is
hard to fix since its convention are less formal or
external, they are rather informal, skeletal or
structural.

However, Quilligan (1979) in her book “The
language of allegory: Defining the genre” argued
that allegory is a genre, i.e. “a legitimate critical
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category of a prescriptive status similar to that of the
generic term ‘epic’”. Quilligan identifies the four
main features that define the genre of allegory and
its structure:

i.Text — the textual nature of the allegorical
narrative, which unfolds as a series of punning
commentaries related to one another;

il. Pretext — which addresses the question of
that source of which always stands outside any
allegorical narrative and becomes the key to its
interpretability  (though not always to its
interpretation). The relation between the text and the
pretext is necessary slippery, yet by gauging its
dimensions, we can begin to articulate the affinity of
allegory as literary criticism to allegory as literary
composition;

iii.  Context — which addresses the question of
formal evolution by tracking the cultural causes of
allegory (allegories from different period may differ,
since linguistic assumptions differed as well);

iv.  Reader — which represents the final focus
of any allegory, and the real action of any allegory is
the reader’s learning to read the text properly.
“Other genres appeal to readers as human beings;
allegory appeals to readers as readers of a system of
signs, so it appeals to them in terms of their most
distinguishing characteristics: as readers of, and
therefore as creatures finally shaped by, their
language” (Quilligan, 1979: 21).

The text and pretext hence focus on what the
texts themselves say about the genre; the context
provides the historical milieu out of which the
author may write an allegory; and the reader is the
ultimate producer of meaning (Nelson, 1968).

Considering that the primary characteristic of
allegory as a genre is to separate the representation
meaning from the inner and implied meaning, a
mode of analysis for allegory can rely on
hermeneutics (Myers, 1997). Hermeneutics is a
classical discipline primarily concerned with the
meaning of a text, and provides approaches to
interpret it. The most common of such approaches is
known as the “hermenecutic circle”, which refers to
the dialectic between the understanding of the text as
a whole (a theory) and the interpretation of its details
(single words), where the two dimensions are
reciprocally validating and help deciphering the
hidden meaning from the apparent meaning of
narrative (Gadamer, 1976).

In the allegory this study presents, the whole
story should be hermeneutically interpreted from the
theoretical lenses of change management and user
engagement in ERP implementation, while the
details refer to specific aspects that influence and
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make sense within such context.

6 ALTERNATIVE GENRE
APPLICATION: THE
ALLEGORY OF THE SMALL
VILLAGE

A small village was located in a wood and
surrounded by a barriers of trees. The barrier was
so thick nobody could actually see what was beyond
it, and although it could be trespassed, no one had
ever been bold enough to make the attempt. Rays of
light made it through the ceiling of trees’ branches,
but branches were so many and intricate that the
village was most of the time dark and surrounded by
shades.

In the village lived a small community, who
gathered to follow the lead of one whose visions
were so fascinating and original that their heart was
captured by them: he believed that human beings
were meant to create works of art, and
craftsmanship was mankind’s deepest and essential
virtue. The people from the village called him the
Father, and once they stopped wandering in the dark
of the wood to share his vision, the Father welcomed
them in his community and taught them his idea of
art as a form of beauty all men should pursue. From
that time on, the Villagers’ highest aspiration hence
became to put such beautiful vision into practice.

They began collecting or even manufacturing
tools they could use from what the wood offered
them, and gathered into smaller groups of people
whose abilities lied in one piece of art or another. As
time went by, the Father selected a few chosen to
help him lead his community that was growing, he
called them the Wise Men and placed them at the
lead of those smaller groups. The results of all their
efforts were extraordinary, and notwithstanding the
hardship they were confronted with, their masterful
hands created objects of rare beauty.

Passers-by who were wandering nearby the
village through the thick woods were fascinated by
their works of art, and started asking for them: in
return, they offered rewards coming from outside of
the village they had been collected, and the village
grew richer.

Word of the beauty of the crafts the community
created spread, and soon many passers-by reached
to the village to demand for the Villagers’ pieces of
art. At first, the Father and the Wise Men met these
requests with joy, but soon they all realized the
requests could not be met: the tools and instruments
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their Villagers assembled to craft their art were
incapable to perform the complex activities passers-
by started asking for,; and the wood, with his almost
perennial darkness, was a difficult place to work in.

In the long nights in the wood, the Father tried to
find a solution: however, his wisdom and art lied
elsewhere, and the problem remained unanswered.

Then came the Wizard. He wore a cloak who
concealed his figure, and he spoke a language no
one in the village could understand. But he brought
light: a light he could control, he could lit and stop
at his will; a light Villagers could use to assemble
new tools, to perform new works of art, and to
illuminate the gloomy darkness of their village.

Still, the Wizard’s mysterious light was met with
doubt, or even fear: Villagers did not know where it
came from, how to use it, and they were frightened
by it. The Father perceived an inner power in that
light, but it was something he could not fully
comprehend himself: so he decided to host the
Wizard in the village until he could unveil his
mystery.

Some time passed, and a small group of
Travelers, packed with big rucksacks on their
shoulders, reached the village. These Travelers had
seen some of the outer world and visited other
villages before: but most shockingly, they seemed to
understand part of what the Wizard was saying.
While all other passers-by just came and went, the
Father asked the Travelers to stay and help him
disclosing the power of light.

The Travelers spent their days with the Father,
to learn about the Villagers’ habits; soon, they
sympathized with them, and began understanding
their fear for the new source of light, as well as their
frustrations for the way they had been performing
their activities till that day. The Travelers also
attempted to speak with the Wizard, to understand
his light’s potential.

Villagers were afraid of relating with the Wizard,
and were ashamed to talk to their Father about their
dissatisfaction, but they felt they could confide in the
Travelers and be open with them: after all, the
Father introduced them, and it seemed a
comfortable aura surrounded them.

Since the Father had many duties to perform as a
leader of his community, he entitled a Wise Man to
accompany the Travelers for all the time of their
stay. The chosen Wise Man made sure all Villagers
paid attention to the Travelers’ questions and
requests, and eventually learnt to understand some
of the things the Wizard said or did.

It took many days to the Travelers to see,
understand, reflect and learn; often, they were also

34

seen walking around the village with awkward
objects they pulled out of their rucksacks;, but
eventually they told the Father and his Wise Men
that there was nothing to be feared about the light,
although they needed them and all the Villagers to
see this with their own eyes. And the Father agreed.

First, the Travelers convinced the Wizard to
remove his cloak, to show everyone in the village he
was a man like all the others; then, they helped him
showing how the light could be used in the village to
help or change what Villagers currently did. A big
brazier was placed in the center of the village, and
the light coming from it was strong and warm; the
brazier could be a main source of light, but many
other lights could be lit from it, and they could be
used by the smaller groups of Villagers to perform
their specific activities, shining from darkness; also,
that light could alter forever the way the Villagers
crafted their beautiful objects.

The Villagers were indeed impressed, but many
of them were still frightened. The light could burn,
they were used to darkness, and they had been using
their skills in a certain fashion since they first joined
the community. The Travelers hence knew that
demonstrating the light’s power was not enough:
they needed to stay longer.

Almost each day since the brazier of light was
brought in the village, the Travelers met with each
Villagers, and then with the smaller groups of
Villagers, reminding them of how dark their days
were before the light came; they once again pulled
some of their awkward objects out of their rucksacks
and explained they came from their previous travels
— many of them they even inherited form Travelers
who lived in the past — and used them to show how
the light helped others before the Villagers, and, by
applying small changes to the objects, they could
also show how the light could possibly help their
own village. Then they asked the Villagers to tell
stories on how the light could change their activities,
the art they craft, and their lives, exposing their
fears but also their hopes, and although several
Villagers and even a few Wise Men were reluctant
or shy to make up their own story, eventually the
Father and the Travelers could convince them; and
all these stories were reported to the Father and the
Wizard, to make sure no voice would be left
unheard. The Wizard was himself reluctant, as he
could not see the reason why he should listen to the
Villagers stories told in a different language than his
own, but once again the Travelers were able to
persuade him to change his perspective of reality
and see it with the Villagers’ eyes.

When a Villager complained or seemed to be left
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apart, the Travelers spent time with her or him to
understand the reasons, and all were treated the
same way. The Travelers also got the Wizard to
share his knowledge, and they translated while he
taught the Villagers how to employ the light in many
different ways. Those who proved remarkable skills
at the mew activities were also rewarded and
indicated as examples to follow; some Villagers even
passed from one smaller group to another. The
Father and the Wise Men themselves showed
passion and interest in these new activities, and took
part to many of these gatherings.

Although the Villagers were still afraid of talking
to the Wizard alone, they trusted the Travelers, since
they never disguised themselves, they spoke a
language similar to theirs, they listened to everyone
and they had always treated everyone equally and
fairly.

Once the lights were used everywhere in the
village, the Father gathered all his community and
said the dark age was over and would never return.
A new era had started for those who lived in the
village: craftsmanship had eventually found a new
and more sophisticated instrument to be pursued.

The Travelers could hence leave the village,
towards another endeavor.

7 DISCUSSION

7.1 Contribution to IS Practice

Applying the hermeneutical mode of text analysis
(Gadamer, 1967) to the allegorical representation of
ERP implementation allows to individuate two
layers of meaning: (i) the apparent meaning, i.e., the
way the narration is presented and appears as such;
and (ii) the hidden meaning, i.e., the implied sense
of the narration in the light of the IS issue tackled.
Table 1 shows the apparent and hidden meaning
for each of the allegory’s characters and elements.

Table 1: Apparent and hidden meanings in the small
village allegory.

Apparent meaning | Hidden meaning
Allegory characters
The Father The CEO
The Wise Men The Top Management
The chosen Wise Man | The Project Manager
The Villagers The Employees
The Passers-by The Customers
The Wizard The ERP Vendor’s
Marketing Manager
The Travelers The Action Researchers

Systems Implementation

Allegory elements

Small village SME

Wood Environmental complexity

Barrier of trees Closed approach

Darkness Lack of technology

Works of art SMEs products

Craftsmanship Working skills

Smaller groups of | SME’s division of

villagers labor/functions

Rewards Revenue streams

Wizard’s language IT language

Wizard’s cloak IT Professionals’ different
background

Villagers’ language Natural language
Light Technology

Travelers’ rucksacks Action Researchers’
theoretical background
Travelers’ aura Academic credibility
Travelers’ objects | Action Researchers’
pulled out of the | theoretical models
rucksack
Father’s community | CEO’s managerial tasks
duties

Big brazier at the
center of the village
Smaller sources of | ERP modules supporting
light springing from | SME’s functions

the brazier

ERP system

New instruments New technological
applications
Villagers’, Wise | Communication resistance

Men’s and Wizard’s | to storytelling
reluctance and
shyness

The action research methodology and the change
management theory provide the theoretical framing
to decipher the hidden meaning of the allegory,
whose implications for IS practice are various.

The allegory shows how action researchers acted
in the empirical setting of a SME where the
introduction of an ERP system was determining
significant changes in the way users organized and
performed their work and interpreted their
organizational self.

The company was held together by the CEO’s
passion and eclectic leadership, although it started
encountering significant issues as demand increased
and became varied; moreover, the technological
skills at hand were insufficient to govern a
growingly complex company, but the CEO and his
Top Management had little or no knowledge of IT.
They perceived the opportunity represented by the
ERP system, but were not capable of grasping it and
a management-vendor leap appeared: this situation
was similar to what Wang and Chen (2006) reported,
where the lack of internal IT skills makes way for
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external support. However, instead of looking for
external consultancy firms or vendors to obtain such
support, the company’s CEO turned to action
researchers. The involvement of action researchers
in the project hence came with several advantages,
and their role was crucial in key stages of the change
management and user engagement process.

Action researchers first acted to demystify the
new IS, by supporting the IT vendor in translating
the IT language into natural language users could
understand; by being almost ever-present they were
responsive, and made sure the IT vendor removed
his cultural “cloak” to become dependable and
trustworthy (Gefen, 2002). Because of their
academic status, an “aura” of credibility surrounded
them from the management’s and the users’
standpoint, so they were seen as a much more
reliable listeners than the IT vendor himself or any
external consultancy firm could ever be: this aspect
paved the way for open discussion, communication
and sharing, all key elements in change management
(Schein and Bennis, 1965; Gallivan and Keil, 2003).

Action researchers also played an intermediate
role between the CEO, the Project Manager and
users. They received endorsement from the CEO and
worked shoulder to shoulder with him and the
Project Manager to govern the change, so that the
management could keep indirect control over the IS
implementation’s early stages without the risk to
either abandon other managerial tasks supporting the
business as usual (the “community duties”) or be
perceived as poorly committed to the innovation
taking place; the researchers also had the CEO and
the Top Management be involved in milestone steps
of the project (e.g. kick-off meeting and regular
meeting) and play as committed “ERP champions”
to boost motivation for user adoption (Lim et al.,
2005; Brown and Jones, 1998). Users did not enjoy
complaining with their managers, and appreciated
the role of the action researchers as trusted third
parties they could rely on, as they perceived the
researchers could collect their thoughts and feelings,
relate them, add their own expertise and present
them to the CEO and Project Manager in an
organized, sound and apparently impartial mode.

Action researchers performed in a way that
aimed at closing all the communication leaps and
lapses (Gallivan and Keil, 2003) at three levels: (i)
users-management; (ii) users-IT vendor; and (ii) user
group-user group. In this process, action researchers
became a sort of central buffer between the “Father”
and the “Wise Men”, the “Villagers” and the
“Wizard”, to solve all possible controversies arising.
Consistently with the tenets of the equity-
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implementation model (Joshi, 1991), action
researchers took the role of “organizational
equalizers” and used communication devices to
support the idea that no inequalities or loss of
equities were perpetrated, so that the transition could
be accepted and welcomed, rather than resisted.

User engagement was a priority in the change
management process, and action researchers acted
following a contingent approach that mixed
rationalism (e.g. IS and change management theories
and models) and experiments (e.g. hands-on
training, exemplification, learning by doing and
trial-and error approach) on the basis of their
acquired knowledge of the specific research setting
(Saarinen and Vepsildinen, 1993) to enable it. They
based their actions on the constant confrontation of
users’ habits and perceived risks (Sheth, 1981) to
drive ERP adoption.

They were eventually the main actors to trigger
and govern the unfreezing, change, re-freezing
stages of the force field process model (Schein and
Bennis, 1965; Schein, 1999), by: (i) sympathetically
and empathically gathering knowledge on the needs,
values, beliefs and interests of future IS users
(Aladwani, 2001), feeding dissatisfaction over the
“dark days” when IT was not available while clearly
illustrating the benefits of the new solution; (ii)
providing constant communication support to the IT
Vendor as he tangibly started introducing the ERP
system in the company, while listening to the voices
of the internal customers and taking an active role on
training; and (iii) setting the basis for a re-freezing
of the newly acquired routines into institutionalized
practices that the top management agreed upon.

Most originally, this study illustrates how the
CEO and action researchers made wuse of
“storytelling” as a communication device to create
shared consensus on the IS transition:
employees/users were requested to express their
working expectations and feelings related to the new
IS, and this made for better interiorizing of change
and reduced long-term resistance. By doing so, the
CEO and the action researchers performed an
interesting paradigm shift in the classical approach
to change management (Kettinger and Grover,
1995): they created and inflated an initial
“communication resistance” aimed to lessen the
impact of any future “user resistance”. As the
allegory discloses, the process of approaching ERP
implementation through personal stories created
early inter and intra-organizational tensions, which,
however, in the short term eased participation,
involvement and commitment to use the newly
introduced system. Storytelling could hence become
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part of IS change management practice, as a
valuable communication device to support the early
unfreezing and knowledge formulation phases where
information on the users’ habits and perceived risks
should be gathered.

7.2 Contribution to IS Publication

This study also suggests to employ allegory as an
alternative writing genres in IS publication.

An allegory can contain several layers of
meanings, thus making the narration
multidimensional and flexible and allowing to hide a
deeper moral behind a literal interpretation of the
text. The work of the IS action researcher/writer to
add these layers to the traditional representation of
her or his studies (as commonly reported in IS case
studies) certainly requires and additional narrative
effort: however, such work also forces the writer to
dialectically move from the meaning to its symbol,
from the symbol to a whole metaphor and then to the
extended metaphor represented by the allegory itself.
In this dialectic and iterative process, the
researcher/writer has the chance to: deeply elaborate
and reflect on the field data he collected; resort to a
combination of expertise, intuition and creativity to
develop an enlightening sensitivity towards the IS
problem investigated (e.g. IS change management);
describe such problem in a lively way where the
explicit and the implicit perspectives coexist and
both add to the account; and encourage the reader to
empathically embark in the same interpretation
process.

Thus, the allegory genre stimulates the
construction of many apparently different though
integrative narrations that can help the reader in the
gradual activity of disentangling multifaceted and
multidimensional IS problems and discover the
action researcher’s findings. A sense of empathic
“discovery” will then permeate the allegory and
accompany the reader during the interpretation
process, and this will make for better interiorizing of
the inner meanings — that is, the study’s findings.

Paradoxically, an allegory could hence tell more
of a writer’s insight, understanding and perspective
on a given IS phenomenon than a plain case
description would: the allegory has the power to
manage and convey the action researcher’s intended
meaning and personal insights which would have
largely been “lost in translation” in traditional
scientific writings. By properly framing the allegory
in a methodological and contextual background (like
this study attempts to do, by presenting the IS
change management and user engagement theory
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and the action research methodology), the
researcher/writer could offer an hermeneutical tool,
a key to help the reader to translate metaphorical
concept into real-world IS phenomena and elements.
The theoretical and methodological frame would
hence serve as the allegory’s pre-text and con-text to
stimulate a profound understanding of the literal text
(Quilligan, 1979).

Due to its peculiarity, the alternative genre of
allegory could show further characteristics. It could
provide a narrative language that is appealing for a
wider range of readers (other than researchers or IS
specialists), possibly enlarging the target audience of
IS studies towards different disciplines like
Management; it could leverage symbolism and
metaphors to nuance critical messages (e.g. IT
vendor’s scarce dependability) and convey positive
or negative messages (e.g. “light” and “darkness”
equated to the presence or absence of technology)
that stay with the reader; and it could eventually
place the reader into a position of self-denying self-
consciousness (Quilligan, 1979), where he is more
open to discovery and learning of the allegory’s
moral.

This study contends that allegory as an
alternative genre could be most indicated to report
action research endeavors, considering this research
methodology’s  inner  characteristics. ~ Action
researchers’ activity is inherently multi-layered (as
the allegory is): action researchers mix observation
and action, detachment and involvement, description
and normativity; they need to craft a narrative that
draws from multiple perspectives and possibly
unifies them into a single narrative; and their role is
intimately hermeneutical, as they strive to help
interpreting details in the light of the whole and
validate the whole by means of details. The
“Travelers” undertake journeys not only from
company to company, but also cross-domain travels
from theory to practice (and back to theory), from
literal meaning (i.e. empirical events) to hidden
revelations (theoretical and practical implications).
Eventually, they can provide the sound theoretical
and pragmatic key to read the allegory, always
keeping in mind that an invisible thread shall relate
the metaphor and the case they experienced (see
Table 1).

Exploiting allegory as an alternative genre would
constitute a normative breach that enables IS
publications based on action research cases to
overcome the limitations of canonical scientific
writing (i.e. constraints on figures of speech,
rhetorical devices and styles available; structural
rigidity; limited accountability of internal responses
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and motives, and limited perception of the
intentional state vs. external response dualism;
limited empathy and involvement evoked in the
reader), thus providing a truly multifaceted account
of the “organizational drama” (Avital and
Vandenbosch, 2000) behind IS adoption.

8 CONCLUSIONS

This study’s possible contribution is twofold.

Concerning IS practice, the allegory shows that a
contingent approach that combines communication,
endorsement, cognitive understanding and training
can enable change management where change is
caused by IS implementation. The study also
proposes to include “user storytelling” as a valuable
communication device to help the management and
the researchers reveal employees’ habits and
perceived risks related to technological change,
while buying them in in an emotional and empathic
way that helps leapfrogging traditional resistance to
change.

The first core claim from this study is that Action
Researchers can play a paramount role in enabling
and governing IS change management and users
engagement. The mediation between theoretical
detachment and professional involvement that
characterizes action researchers, together with the
“aura” springing from their academic background,
make them a trusted and dependable party users can
refer to in the often painful change process. Action
researchers can support the key stages of the change
management cycle by means of proper instruments
like communication, managerial endorsement and
training supervision, combined with their theoretical
and practical IS endowment, to create a comfort
zone for users where awareness is increased,
empathy is stimulated, conflicts are resolved and
adoption is driven.

The second core claim this study presents is that
allegory is an alternative genre that could be
beneficially employed to account for action research
endeavors. Allegory as a genre shows similarities
with the action researcher’s multi-layered and
multidimensional activity, and could force the
researcher/writer into a reflection, abstraction and
transposition cycle that could support his elaboration
of his study’s findings. The risk action researchers
run is to be so involved in the project they observe
and operate in that they eventually become incapable
to get detached from it and grasp its deeper findings
(that may be hiding below the surface of the
operational activities performed). Writing the action
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research account in the form of an allegory demands
to reinterpret a factual case in the light of symbols
and metaphors that should connect to reality, while
offering the reader a set of interpretation lenses
borrowed from IS theory and practice. The positive
result of this process is an enhanced ability to
highlight the story’s findings. And the hidden
meaning of the allegory, once revealed and made
apparent to the reader through an hermeneutical text
analysis, could also allow deeper interiorizing of
such findings and meanings.
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Global competition in the manufacturing industry is characterized by ever shorter product life cycles, increas-
ing complexity and a turbulent environment. High product quality, continuously improved processes as well
as changeable organizational structures constitute central success factors for manufacturing companies. With
the rise of the internet of things and Industrie 4.0, the increasing use of cyber-physical systems as well as the
digitalization of manufacturing operations lead to massive amounts of heterogeneous industrial data across
the product life cycle. In order to leverage these big industrial data for competitive advantages, we present the
concept of the data-driven factory. The data-driven factory enables agile, learning and human-centric manu-
facturing and makes use of a novel IT architecture, the Stuttgart IT Architecture for Manufacturing (SITAM),
overcoming the insufficiencies of the traditional information pyramid of manufacturing. We introduce the
SITAM architecture and discuss its conceptual components with respect to service-oriented integration, ad-
vanced analytics and mobile information provisioning in manufacturing. Moreover, for evaluation purposes,
we present a prototypical implementation of the SITAM architecture as well as a real-world application sce-
nario from the automotive industry to demonstrate the benefits of the data-driven factory.

1 INTRODUCTION

Global competition in the manufacturing industry is
characterized by ever shorter product life cycles, in-
creasing complexity and a turbulent environment.
High product quality, continuously improved pro-
cesses as well as changeable organizational structures
constitute critical success factors for manufacturing
companies (Westkdmper, 2014).

With the rise of the internet of things, initiatives
like Industrie 4.0 (MacDougall, 2014), respectively
Smart Manufacturing (Davis et al., 2012), signifi-
cantly foster the use of cyber-physical systems (CPS)
(Shi et al., 2011) as well as the digitalization of man-
ufacturing operations and promote the vision of de-
centralized self-control and self-optimization of prod-
ucts and processes (Brettel ez al., 2014). This leads to
enormous amounts of heterogeneous industrial data
across the entire product life cycle, representing big
industrial data (Kemper et al., 2013). These data are
both structured and unstructured, ranging, e.g., from
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machine sensor data on the shop floor to data on prod-
uct usage as well as from data on customer complaints
in social networks to data on failure reports of service
technicians. Exploiting these data, that is, extracting
valuable business insights and knowledge from these
data, is one of the central challenges in Industrie 4.0
(Golzer et al., 2015). For example, these data can be
used for optimization of product design, manufactur-
ing execution and quality management.

However, the prevailing manufacturing IT archi-
tecture in practice, the information pyramid of manu-
facturing (ISA, 2000), prevents comprehensive data
exploitation due to the following limitations:
(1) complex point-to-point integration of heterogene-
ous IT systems limits a flexible integration of new
data sources; (2) strictly hierarchical aggregation of
information prevents a holistic view for knowledge
extraction; (3) isolated information provisioning for
the manufacturing control level and the enterprise
control level impedes employee integration on the
factory shop floor.
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To address these issues, we present the concept of
the data-driven factory which is based on the results
of several research projects we have undertaken at the
Graduate School of Excellence advanced Manufac-
turing Engineering (GSaME) at the University of
Stuttgart in cooperation with various industry part-
ners. The data-driven factory leverages big industrial
data for agile, learning and human-centric manufac-
turing and makes use of a novel IT architecture, the
Stuttgart IT Architecture for Manufacturing (SITAM),
overcoming the insufficiencies of the traditional in-
formation pyramid of manufacturing. The data-driven
factory combines service-oriented integration, ad-
vanced analytics as well as mobile information provi-
sioning in a holistic approach in order to exploit big
industrial data for competitive advantages.

The remainder of this paper is organized as fol-
lows: First, we analyze the limitations of the infor-
mation pyramid of manufacturing with respect to big
industrial data and further discuss related work in
Section 2. Next, we introduce the concept of the data-
driven factory in Section 3 and derive technical re-
quirements. Section 4 focuses on the SITAM archi-
tecture and its components in order to address these
requirements and provide a technical framework for
the data-driven factory. For evaluation purposes, we
present a prototypical implementation of the SITAM
architecture and discuss a real-world application sce-
nario in Section 5 demonstrating the benefits of the
data-driven factory. Finally, we conclude in Section 6
and highlight future work.

2 BIG INDUSTRIAL DATA AND
THE INFORMATION PYRAMID
OF MANUFACTURING

In this section, first, we analyze the limitations of the
traditional information pyramid of manufacturing
with respect to big industrial data in Section 2.1.
Next, we discuss related work, especially recent man-
ufacturing IT architectures addressing these limita-
tions in Section 2.2.

2.1 Limitations of the Information
Pyramid of Manufacturing

The information pyramid of manufacturing, also
called the hierarchy model of manufacturing, repre-
sents the prevailing manufacturing IT architecture in
practice (Vogel-Heuser et al., 2009). It is used to
structure data processing and IT systems in manufac-
turing companies and it is standardized in ISA 95

(ISA, 2000). In a simplified version, the information
pyramid is comprised of three hierarchical levels (see
Figure 1): the enterprise control level refers to all
business-related activities and IT systems, such as en-
terprise resource planning (ERP) systems, the manu-
facturing control level focuses on manufacturing op-
erations management especially with manufacturing
execution systems (MES) and the manufacturing
level refers to the machines and automation systems
on the factory shop floor.

Enterprise
Control Level

B

Manufacturing Control Level
MES

S

Manufacturing Level

L G

- o el

Figure 1: Information pyramid of manufacturing.

Data processing in the information pyramid is based
on three fundamental principles (Vogel-Heuser ef al.,
2009):

e Central Automation to control all activities top-
down starting from the enterprise control level

o [nformation Aggregation to condense all data bot-
tom-up starting from the manufacturing level

o System Separation to allow only IT systems at ad-
jacent levels to directly communicate with each
other

The digitalization of manufacturing operations as
well as the massive use of CPS lead to big industrial
data, i.e., enormous amounts of heterogeneous indus-
trial data at all levels of the information pyramid and
across the entire product life cycle (Kemper et al.,
2013). For instance, besides huge amounts of struc-
tured machine data and sensor data resulting from the
shop floor, there are unstructured data on service re-
ports and customer opinions in social networks. Ex-
ploiting these data, that is, extracting valuable busi-
ness insights and knowledge, enables comprehensive
optimization of products and processes (Golzer et al.,
2015). For instance, customer satisfaction can be cor-
related with product design parameters using CAD
data and CRM data or root causes of process quality
issues can be analyzed using machine data and ERP
data.

However, data processing according to the infor-
mation pyramid of manufacturing prevents
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comprehensive data exploitation due to the following
major technical limitations (L;):

e L: Central automation and system separation lead
to a complex and proprietary point-to-point inte-
gration of IT systems, which significantly limits a
flexible integration of new data sources across all
hierarchy levels (Minguez et al., 2010). For exam-
ple, integrating an additional machine typically re-
quires the costly and time-consuming adaptation of
interfaces for a specific MES.

e [, Strictly hierarchical information aggregation
leads to separated data islands preventing a holis-
tic view for knowledge extraction (Kemper ef al.,
2013). For instance, historic machine data at the
manufacturing level is separated from ERP data at
the enterprise control level, which prevents a ho-
listic process performance analysis correlating,
e.g., machine parameters and details on product
configurations.

e L3: Central control and information aggregation
lead to isolated information provisioning focusing
on the manufacturing control level and the enter-
prise control level and thus impede employee inte-
gration on the manufacturing level (Bracht et al.,
2011). For example, process execution data is typ-
ically aggregated for MES and ERP systems with-
out information provisioning for shop floor work-
ers.

To conclude, the function-oriented and strictly hier-
archical levels of the information pyramid of manu-
facturing support a clear separation of concerns for
the development and management of IT systems.
However, the information pyramid lacks flexibility,
holistic data integration and cross-hierarchical infor-
mation provisioning. These factors significantly limit
the exploitation of big industrial data and necessitate
new manufacturing IT architectures, which are dis-
cussed in the following section.

2.2 Related Work: Manufacturing IT
Architectures

We did a comprehensive literature analysis on recent
architectural approaches for IT-based manufacturing.
As result, we identified the following two major
groups of work:

o Abstract Frameworks for Industrie 4.0 and Smart
Manufacturing, which represent meta models and
roadmaps for standardization issues, especially the
Reference Architectural Model Industrie 4.0
(ZVEI, 2015) as well as the SMLC framework for
Smart Manufacturing (Davis et al., 2012)
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e Concrete Manufacturing IT Architectures, which
structure IT components and their relations in and
across manufacturing companies on a conceptual
level, especially (Vogel-Heuser et al., 2009;
Minguez et al., 2010; Holtewert et al., 2013; Pa-
pazoglou et al., 2015)

The above frameworks are defined on a significantly
higher abstraction level than the information pyramid
of manufacturing. Hence, we concentrate on existing
manufacturing IT architectures and analyze them
with respect to the technical limitations of the infor-
mation pyramid identified in Section 2.1. The com-
mon core of all of the above IT architectures is a ser-
vice-oriented architecture (SOA) (Erl, 2008) in order
to enable a flexible integration of IT systems — i.e. IT
services — across all hierarchy levels (Minguez ef al.,
2010; Holtewert ef al., 2013). In addition, in (Vogel-
Heuser et al., 2009), the need for a common data
model standardizing the interfaces and the data of the
IT services is underlined. In (Holtewert et al., 2013;
Papazoglou ef al., 2015), a marketplace with IT ser-
vices is proposed in addition. In (Papazoglou et al.,
2015), a knowledge repository is part of the architec-
ture. However, no concrete concepts for data integra-
tion, data analytics or data quality are presented.

All in all, these existing manufacturing IT archi-
tectures mainly address the limitation of a complex
and proprietary point-to-point integration of IT sys-
tems in the information pyramid of manufactur-
ing (L1). Yet, they lack manufacturing-specific ap-
proaches for data analytics and information provi-
sioning to fully address the limitations of separated
data islands (L) as well as of isolated information
provisioning (L3). In contrast, our concept of the data-
driven factory and the SITAM architecture address all
three limitations in a holistic approach as detailed in
the following sections.

3 THE DATA-DRIVEN FACTORY

The data-driven factory is a holistic concept to exploit
big industrial data for competitive advantages of man-
ufacturing companies. For this purpose, the data-
driven factory addresses central economic challenges
of today’s manufacturing (Westkdmper, 2014), par-
ticularly agility, learning ability as well as employee
orientation, and makes use of a novel IT architecture,
the Stuttgart IT Architecture for Manufacturing
(SITAM), overcoming the insufficiencies of the tra-
ditional information pyramid of manufacturing.

The data-driven factory takes a holistic view on
all data generated across the entire product life cycle,
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from product design over manufacturing execution
until service and support, including both structured
data and unstructured data. Structured data generally
refers to data in a relational form whereas unstruc-
tured data comprises text, audio and video files as
well as images. In contrast to earlier integration ap-
proaches, especially Computer Integrated Manufac-
turing (Groover, 2008), the data-driven factory does
not aim at totally automating all operations and deci-
sion processes but explicitly integrates employees in
order to benefit from their knowledge, creativity and
problem-solving skills.

In the following, we highlight the characteristics
of the data-driven factory in Section 3.1 and derive
corresponding technical requirements in Section 3.2
as a basis for the development of the SITAM archi-
tecture in Section 4.

3.1 Characteristics

From a manufacturing point of view, the data-driven
factory is defined by the following core characteris-
tics (see Figure 2):

e The data-driven factory enables agile manufactur-
ing (Westkdmper, 2014) by exploiting big indus-
trial data for proactive optimization and agile
adaption of activities. For instance, machine fail-
ures and turbulences can be predicted near real-
time and manufacturing processes can be proac-
tively adapted.

e The data driven factory enables learning manufac-
turing (Hjelmervik and Wang, 2006) by exploiting
big industrial data for continuous knowledge ex-
traction. For instance, concrete action recommen-
dations can be learned from historic process exe-
cution data to optimize a specific metric, e.g., qual-
ity rate.

e The data driven factory enables human-centric
manufacturing (Zuehlke, 2010) by exploiting big
industrial data for context-aware information pro-
visioning as well as knowledge integration of em-
ployees to keep the human in the loop. For exam-
ple, shop floor workers are immediately informed
about performance issues of the machine they are
currently working at and can digitally create corre-
sponding improvement suggestions, e.g., by re-
cording a video.

To conclude, the data-driven factory leverages big in-

dustrial data for agile, learning and human-centric

manufacturing. In this way, it creates new potentials
for competitive advantages for manufacturing com-
panies, especially with respect to efficient and at the
same time agile processes, continuous and proactive

improvement as well as the integration of knowledge
and creativity of employees across the entire product
life cycle.

Technical Requirements

¢ Flexible Integration of
Heterogeneous IT
Systems

Data-Driven Factory

NSNS

Learning | | - o Holicti .
Holistic Data Basis and
DDDD Advanced Analytics
DDDD * Mobile Information

Centric

Provisioning

Figure 2: Characteristics and technical requirements
of the data-driven factory.

3.2 Technical Requirements

Based on the above characteristics and taking into ac-
count the limitations of the information pyramid of
manufacturing (see Section 2.1), we have derived the
following technical core requirements (R;) for the re-
alization of the data-driven factory (see Figure 2):

e R;: Flexible Integration of Heterogeneous IT Sys-
tems to rapidly include new data sources for agile
manufacturing, e.g., when setting up a new ma-
chine

e Ru: Holistic Data Basis and Advanced Analytics
for knowledge extraction in learning manufactur-
ing, e.g., to prescriptively extract action recom-
mendation from both structured and unstructured
data

e Rs3: Mobile Information Provisioning to ubiqui-
tously integrate employees across all hierarchy
levels for human-centric manufacturing, e.g., in-
cluding service technicians in the field as well as
product designers

In order to realize these requirements, a variety of IT
concepts and technologies has to be systematically
combined in an overall IT architecture. As we ana-
lyzed in Sections 2.1 and 2.2, the information pyra-
mid of manufacturing lacks flexibility, holistic data
integration and cross-hierarchical information provi-
sioning (R;-R3). Thus, a novel manufacturing IT ar-
chitecture is necessary, which is detailed in the next
section.

4 SITAM: STUTTGART
IT ARCHITECTURE
FOR MANUFACTURING

The SITAM architecture is a conceptual IT architec-
ture for manufacturing companies to realize the data-
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driven factory. The architecture is based on the results
and insights of several research projects we have un-
dertaken in cooperation with various industry part-
ners, particularly from the automotive and the ma-
chine construction industry.

In the following, we present an overview of the
SITAM architecture in Section 4.1 and detail its com-
ponents in Sections 4.2-4.6.

4.1 Overview

The SITAM architecture (see Figure 3) encompasses
the entire product life cycle: Processes, physical re-
sources, e.g., CPS and machines, IT systems as well
as web data sources provide the foundation for sev-
eral layers of abstracting and value-adding IT.The in-
tegration middleware (see Section 4.2) encapsulates
these foundations into services and provides corre-
sponding data exchange formats as well as mediation
and orchestration functionalities.

The analytics middleware (see Section 4.3) and
the mobile middleware (see Section 4.4) build upon
the integration middleware to provide predictive and
prescriptive analytics for structured and unstructured
data around the product life cycle and mobile inter-
faces for information provisioning.

Together, the three middlewares enable the com-
position of value-added services for both human users

A 2

and machines (see Section 4.5). In particular, services
can be composed ad-hoc and offered as mobile or
desktop apps on an app marketplace to integrate hu-
man users, e.g., by a mobile manufacturing dashboard
with prescriptive analytics for workers. The added
value from these services feeds back into the product
life cycle for continuous proactive improvement and
adaptation.

Cross-architectural topics (see Section 4.6) repre-
sent overarching issues relevant for all components
and comprise data quality, governance as well as se-
curity and privacy.

In the following, the components of the SITAM
architecture are described in greater detail.

4.2 Integration Middleware:
Service-oriented Integration

The SITAM’s integration middleware represents a
changeable and adaptable integration approach,
which is based on the SOA paradigm (Erl, 2008). The
integration middleware is specifically tailored to
manufacturing companies, providing the much
needed flexibility and adaptability required in today’s
aforementioned turbulent environment with a perma-
nent need of change.
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Figure 3: Overview of the Stuttgart IT Architecture for Manufacturing (SITAM).
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To enable those benefits, it builds on a concept of
hierarchically arranged Enterprise Service Busses
(ESBs) following (Silcher et al., 2013). Each one of
these ESBs is responsible for the integration of all ap-
plications and services of a specific phase of the prod-
uct life cycle.

All phase-specific ESBs are connected via a su-
perordinate Product-Lifecycle-Management-Bus
(PLM Bus). The PLM Bus is responsible for commu-
nication and mediation between phase-specific bus-
ses as well as for the orchestration of services.

This concept enables, for example, the easier inte-
gration of external suppliers without opening up too
much of a company’s internal IT systems to them by
just “plugging” their own ESB into the PLM Bus. Be-
sides, it also reduces the complexity by abstraction
over the introduced integration hierarchy.

A dedicated sub-component providing real-time
capabilities is used in the manufacturing phase to con-
nect CPS and other real-time machine interfaces to
the overall ESB compound.

The ESB hierarchy effectively abstracts and de-
couples technical systems and their services into a
more business-oriented view, which we call value-
added services. Value-added services use the basic
services providing access to application data, orches-
trate and combine them.

This decoupling also evens out different speeds in
the development and change of applications or ser-
vices. Companies often face the problem of having to
integrate, e.g., legacy mainframe applications with
modern mobile apps, which inherently have very dif-
ferent development speeds. By decoupling business-
oriented services from the technical systems/services,
each application can be developed separately and at
its own pace, while the integration middleware han-
dles all transformations and mediations that might be
necessary to maintain compatibility.

Each phase-specific ESB also utilizes its own
phase-specific data exchange format to handle the
different requirements of each phase. For example,
engineering has to be able to exchange large amounts
of data, e.g., CAD models, whereas manufacturing re-
quires the quick exchange of a large amount of
smaller data chunks, e.g., MES production data. Af-
tersales on the other hand needs to handle both large
CAD data as well as small, lightweight data struc-
tures, e.g., live car data.

The separation into different phase-specific ESBs
allows each department or business unit to make use
of specialized data exchange formats tailored to
phase-specific needs.

To sum up, the hierarchical composition of phase-
specific ESBs across the entire product life cycle and

the changeable service-oriented abstraction of IT sys-
tems address requirement R; (flexible integration of
heterogeneous IT systems) of the data-driven factory.

4.3 Analytics Middleware: Advanced
Analytics

The analytics middleware is service-oriented and
comprises several manufacturing-specific analytics
components which are crucial for a data-driven fac-
tory: The manufacturing knowledge repository for
storing source data and analytics-derived insights, in-
formation mining on structured and unstructured data,
management of key performance indicators (KPIs),
and visual analytics. The analytics middleware in-
cludes functionalities for descriptive, predictive and
prescriptive analytics, with prescriptive analytics be-
ing a novel introduction which provides actionable
problem solutions or preventative measures before
critical conditions lead to losses (Evans and Lindner,
2012). In providing integrative, holistic and near-real
time analytics on big industrial data of all data types,
the SITAM analytics middleware transcends the ana-
lytics capabilities of existing approaches (see Sec-
tion 2). This significantly contributes to the learning
and agile characteristics of the data-driven factory.

Source data are extracted using predefined ETL
functions from the integration middleware. Integrated
data of structured and unstructured type from around
the product life cycle are stored in the manufacturing
knowledge repository along the lines of (Groger et al.,
2014b) for maximum integration, minimum infor-
mation loss and flexible access. Over the course of the
product life cycle, this repository is enriched with var-
ious knowledge artefacts, e.g., analytics results like
data mining models, business rules and free-form
documents such as improvement suggestions. To
store structured and unstructured source data in a
scalable manner, the repository combines SQL and
NoSQL storage concepts. It also includes the func-
tionality for flexibly creating semantic links between
source data and knowledge artefacts to support rea-
soning and knowledge management (see (Groger et
al., 2014b)).

The information mining component can be subdi-
vided into classical data mining and machine learning
tools for structured data on the one hand, and tools for
various types of unstructured data — text, audio,
video — on the other hand.

We will discuss text analytics (Aggarwal and
Zhai, 2012) in more detail since its use in a frame-
work for integrative data analytics is novel and since
text data harbor a wealth of hitherto untapped
knowledge. Typically, text analytics applications
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have been focused on one isolated unstructured data
source and one analytical purpose, without integrat-
ing the results with analytics on structured data and
with the disadvantage of information loss along the
processing chain (Kassner et al., 2014).

To secure flexibility of analytics and easy integra-
tion of data from different sources, we propose a set
of basic and custom text analytics toolboxes, includ-
ing domain-specific resources for the manufacturing
and engineering domains and on an individual prod-
uct domain level. This type of toolbox is similar to the
generic and specific text analytics concepts proposed
in (Kassner et al., 2014). Value-added applications of
these text analytics tools fall into two main catego-
ries: (1) information extraction tasks and (2) direct
support of human labor through partial automation.
For example, presenting the top ten errors for a spe-
cific time span based on text in shop floor documen-
tation is an information extraction task which helps
workers gain insights into weaknesses of the produc-
tion setup. Using features of text reports, for example
occurrences of particular domain-specific keywords,
to predict the likelihood of certain error codes which
a human expert must manually assign to these text re-
ports, constitutes an example of a direct support ana-
lytics task (see (Kassner and Mitschang, 2016) for an
implementation and proof of concept of this use case
within the SITAM architecture).

Information mining can then be applied to dis-
cover knowledge, which is currently hidden in a com-
bination of structured data and extracts from unstruc-
tured data. For example, process and machine data
from the shop floor can be matched up with
timestamps and extracted topics or relations from un-
structured error reports to discover root causes for
problems which have occurred. Real-time process
data from the shop floor can be compared to historical
data to discover indicators for problematic situations
and prescribe measures for handling them, for exam-
ple speeding up a machine when a delayed process
has been discovered.

In order to constitute the backbone of a truly data-
driven factory, information mining has to be con-
ducted near real-time, on a variety of data sources as-
needed, and manufacturing processes, sales, delivery,
logistics and marketing campaigns have to adjust to
meet the prescriptions derived from analytics results.

The management of key performance indicators is
another important component and can be greatly im-
proved by readily available and flexible analytics on
a multitude of data sources. Instead of being an off-
line process conducted by the executive layer based
on aggregated reporting data, KPI management can
become a continuous and pervasive process, as data
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analytics feedback loops are in place for all processes
around the product life cycle and at any level of the
process hierarchy.

Finally, the analytics middleware also includes
visual analytics for data exploration through human
analysts: This type of analytics mainly combines in-
formation mining and visualization techniques to pre-
sent large data sets to human observers in an intuitive
way, allowing them to make sense of the data beyond
the capabilities of analytics algorithms. Thus, visual
analytics keep the human in the loop according to hu-
man-centric manufacturing.

Thus, the analytics capabilities of our reference
architecture for the data-driven factory transcend
those of related conceptual work in several aspects:
(1) They include prescriptive, not just predictive or
descriptive analytics, (2) they fully integrate struc-
tured and unstructured data beyond the manufactur-
ing process, (3) they stretch across the entire product
life cycle and provide a holistic view as well as holis-
tic data storage, and (4) they are decentralized yet in-
tegrative, since analytics services are combined as-
needed to answer questions or supervise processes
and keep the human in the loop. Advanced analytics
mostly contribute to the fulfillment of requirement
R,, but also R3 and R, of the data-driven factory.

4.4 Mobile Middleware: Mobile
Information Provisioning

The mobile middleware enables mobile information
provisioning and mobile data acquisition by facilitat-
ing the development and integration of manufactur-
ing-specific mobile apps. Mobile apps (Clevenger,
2011) are running on smart mobile devices, such as
smartphones, tablets, and wearables, and integrate hu-
mans into the data-driven factory. Due to their high
mobility, workers on the shop floor have to have ac-
cess to the services of the factory anywhere and any-
time, e.g., viewing near real-time information or cre-
ating failure reports on-the-go, supported by the mo-
bile devices’ cameras and sensors. Workers can also
actively participate in the manufacturing process,
e.g., they can control the order in which products are
produced. Furthermore, mobile apps offer an intuitive
task-oriented touch-based design and enable users to
consume only relevant data. Mobile devices also al-
low for the collection of new kinds of data, e.g., posi-
tion data or photos. This enables new kinds of ser-
vices such as context-aware apps and augmented-re-
ality apps (Hoos et al., 2014).

However, the development of mobile apps differs
from the development of stationary applications due
to screen sizes, varying mobile platforms, unstable
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network connections and other factors. In addition,
manufacturing-specific challenges arise (Hoos et al.,
2014), e.g., due to the complex data structures as well
as the high volume of data. In contrast to existing ap-
proaches (see Section 2.2), the mobile middleware
addresses these manufacturing-specific needs.

The mobile middleware comprises three compo-
nents: mobile context-aware data handling, mobile
synchronization and caching as well as mobile visu-
alization.

The mobile context-aware data handling compo-
nent provides manufacturing-specific context models
describing context elements and relations, e.g., on the
shop floor, as well as efficient data transfer mecha-
nism so that only relevant data in the current context
is transmitted to the mobile device. For instance, a
shop floor worker specifically needs information on
the current machine he is working at.

The mobile synchronization and caching compo-
nent supports offline usage of mobile apps. This is
important because a network connection cannot al-
ways be guaranteed, particularly on the factory shop
floor. The components offers mechanisms to deter-
mine which data should be cached using context in-
formation provided by the context models.

The mobile visualization component provides tai-
lored visualization schemas for manufacturing data,
e.g., for CAD product models. For example, it pro-
vides a visualization schema to represent a hierar-
chical product structure and to browse it via touch
gestures. Various screen sizes and touch-based inter-
action styles are considered.

To sum up, the mobile middleware enables the in-
tegration of the human by supporting the develop-
ment and integration of mobile apps. This is done by
offering manufacturing-specific services for data
handling and visualization. Thus, by addressing re-
quirement R3 (mobile information provisioning), the
mobile middleware contributes to the human-centric
characteristic of the data-driven factory, i.e., keeping
the human in the loop.

4.5 Service Composition and
Value-added Services

The service-based and integrative nature of the
SITAM architecture allows it to provide value-added
services in several ways. We define value-added ser-
vices as services which provide novel uses and thus
create value by transcending the limitations of the in-
formation pyramid of manufacturing (see Section
2.1): By providing flexible interfaces for data and ser-
vice provisioning (addressing limitation L,), by inte-
grating, analyzing and presenting data from several

phases around the product life cycle (addressing lim-
itation L,) and by providing access to information in
all the contexts in which it is needed and in which the
traditional model may fail to do so (addressing limi-
tation L3). The value-added services offered in the
SITAM architecture cut across the architectural lay-
ers, packaging and combining functionalities of the
integration middleware, the analytics middleware and
the mobile middleware.

In the SITAM architecture, services are composed
and adapted on the basis of user roles and the infor-
mation needs and permissions associated with them.
For example, a shop floor worker receives detailed
alerts related to the process step he is responsible for,
whereas his production supervisor is concerned with
the aggregated state of the entire manufacturing pro-
cess across all process steps.

Ad-hoc service composition is enabled by the app
composer. The app composer offers this functionality
for users in all roles, regardless of their educational
background or their ability to code. For example, data
sources and analytics services can be mashed up and
composed via drag-and-drop in a graphic user inter-
face. Atomic or composed services can then be of-
fered and distributed as apps in the app marketplace
for all types of devices, both stationary and mobile.

To sum up, flexible service composition contrib-
utes to the fulfillment of requirement R; (flexible in-
tegration of heterogeneous IT systems) and the provi-
sioning of composed services as mobile apps helps to
fulfill requirement R3 (mobile information provision-
ing) of the data-driven factory.

4.6 Cross-architectural Topics

Security and privacy, governance and data quality are
overarching topics which must be considered at all
layers of the architecture: at the data sources, in ana-
lytics and mobile middleware as well as in the appli-
cations. In the following, we focus on SOA govern-
ance and data quality as they require specific con-
cepts for the data-driven factory. For general security
and privacy issues in data management, we refer the
reader to (Whitman and Mattord, 2007).

The governance of complex service-oriented archi-
tectures is often neglected in existing manufacturing IT
architectures, such as (Papazoglou ef al., 2015), even
though a lack of governance is one of the main reasons
for failing SOA initiatives (Meehan, 2014).

SOA governance covers a wide range of aspects (a
list of key aspects can be found in (Konigsberger et
al., 2014)). With more and more systems being inte-
grated — especially CPS, but also for example social
media services — it is becoming difficult to keep track
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of planned changes to those systems and services. For
this reason, service change management and service
life cycle management governance processes track
and report those changes to service consumers and
providers, governed for example via consumer and
stakeholder management processes.

When setting up those governance processes, it is
important to keep them as lightweight and unobtru-
sive as possible in order to minimize complexity and
managerial effort. To support this, the SITAM archi-
tecture contains a central SOA governance repository,
which is built on a specific SOA governance meta
model described in (Kdnigsberger et al., 2014). The
repository uses semantic web technologies that allow
for example the use of semantic reasoning to detect
new dependencies or missing information. The SOA
Governance Repository also contains service data as
well as operations data, spanning and providing sup-
port during all phases of the service life cycle, and
therefore also supporting novel software develop-
ment concepts like DevOps.

Apart from SOA governance, the need for high
quality data is a direct consequence of the concept of
the data-driven factory. A data quality framework for
the data-driven factory needs to enable data quality
measurement and improvement (1) in near real-time
(2) at all analysis steps from data source to user (3)
for all types of data accumulating in the product life
cycle, especially structured data as well as unstruc-
tured textual, video, audio and image data.

Existing data quality frameworks, e.g., (Wang and
Strong, 1996; Sebastian-Coleman, 2013), fail to sat-
isfy these requirements. Hence, we translate these re-
quirements into an extended data quality framework,
which allows a flexible composition of data quality
dimensions (e.g., timeliness, accuracy, relevance and
interpretability) at all levels of the SITAM architec-
ture (see (Wang and Strong, 1996) for an example list
of data quality dimensions). Furthermore, we define
sets of concrete indicators considering data consum-
ers at all levels, from data source to user, and we al-
low for near real-time calculation of data quality (e.g.,
the confidence or accuracy of machine learning algo-
rithms, language of text and speech, author of data
sources and the distribution of data points on a time-
line). This makes the quality of data and of resulting
analytics results transparent at all levels and therefore
enables holistic data quality improvement.

To sum up, we have seen that SOA governance
and data quality are crucial factors across all layers of
the SITAM architecture. A flexible composition of IT
systems and services can be offered using service-ori-
ented architectures. But complex service-oriented ar-
chitectures are prone to fail without systematic SOA
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governance. Besides, a holistic data quality frame-
work forms the basis to measure and improve data
quality from data source to user, including the gener-
ated analytics results.

S IMPLEMENTATION AND
EVALUATION

In the following, we present current work on the real-
ization of the SITAM architecture in a prototypical
implementation in Section 5.1. Moreover, we intro-
duce a real-world application scenario from the auto-
motive industry using the SITAM architecture in Sec-
tion 5.2 and finally evaluate the benefits of the
SITAM architecture and the concept of the data-
driven factory in Section 5.3.

5.1 Implementation Strategy
and Prototype

Our current prototype covers core components in
every layer of the SITAM architecture, in particular
with respect to analytics, governance, mobile and re-
pository aspects. In the following, we sketch major
solution details and technologies we utilized. The lat-
ter were chosen from the large available pool of free
and open source software to underline the broad ap-
plicability of the SITAM architecture and make the
implementation easily adaptable to various industrial
real-world settings.

The integration middleware relies on WSO2’s
Application Server and Business Process Server, to
realize the hierarchical ESB structure as well as the
orchestration of basic services and mediation between
phase-specific ESBs as described in (Silcher et al.,
2013). Services within the prototype are implemented
as either conventional SOAP web services or REST
services. Data exchange formats are realized as XSD
documents and stored in the SOA governance repos-
itory. The repository itself relies, as mentioned in
Section 4.6, on semantic web technologies, mainly
the resource description framework (RDF) and pro-
vides a web-accessible as well as a Web Service in-
terface as described in (Konigsberger et al., 2014).

In the analytics middleware, the manufacturing
knowledge repository is implemented as a federation
of a relational database and a NoSQL system — we
used the content management system Alfresco
CMS — to store structured and unstructured data.
These systems are integrated by a specific link store
using a graph database such as Neo4j. The infor-
mation mining component includes tools from the
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Apache UIMA framework (Ferrucci and Lally, 2004)
for unstructured data analytics, with the uimaFit ex-
tension (Ogren and Bethard, 2009) for rapidly build-
ing analytics pipelines to allow for on-the-fly analyt-
ics service composition. Structured data mining capa-
bilities are taken for instance from the WEKA data
mining workbench (Hall ez al., 2009). On this basis,
manufacturing-specific predictive and prescriptive
analytics are realized using various data mining tech-
niques, especially decision tree induction, as de-
scribed in (Groger et al., 2014a, 2014b).

Regarding the mobile middleware, we imple-
mented several mobile apps, e.g., a mobile analytics
dashboard for shop floor workers (Groger et al.,
2014b) and a mobile product structure visualizer for
engineers. We have implemented native apps for An-
droid and for Windows as well as platform independ-
ent web apps using standardized web technology such
as HTMLS.

An app marketplace and a graphical interface for
intuitive access to the app composer are currently un-
der development, with inspiration coming from
mashup platforms (Daniel and Matera, 2014) and app
generator tools, such as (Francese et al., 2015).

5.2 Application Scenario: Quality
Management and Process
Optimization in the Automotive
Industry

To demonstrate the concept of the data-driven factory
as well as the SITAM architecture, we have cooper-
ated with an OEM to develop a real-world application
scenario for the automotive industry. The scenario fo-
cuses on quality management and process optimiza-
tion as critical success factors for OEMs especially in
the automotive premium segment.

An automotive manufacturer collects big indus-
trial data, including structured sales and machine
data, sensor and text data around the product life cy-
cle. These data originally reside in isolated databases;
for instance, text reports about product and part qual-
ity from development, production and aftersales are
all gathered via different IT systems. To ensure a re-
alistic representation of source data and processes, on
the one hand, we take advantage of publicly available
data sources, such as the records of automotive com-
plaints covering the US market and maintained by the
NHTSA (NHTSA, 2014). On the other hand, we
make use of anonymized data and internal knowledge
resources of our industry partner.

On this basis, the SITAM architecture is applied
to exploit these data for quality management and pro-

cess optimization. In the following, we give an over-
view of representative value-added services and role-
based apps across the product life cycle which are en-
abled by the SITAM architecture (see Figure 4). We
focus on car paint quality as a recurring example (all
data samples in the following are fictitious for reasons
of confidentiality).

During product development and testing, quality
data are collected through the mobile dev Q app by
engineers and test drivers on the go, including text re-
ports and image material. The affersales Q app is
used to collect aftersales quality data for the warranty
and recovery process of damaged car parts in the form
of unstructured text reports (e.g., “customer states that
car paint is coming off after washing”, “flaking paint
on fender during extreme summer heat”). It has differ-
ent profiles for quality engineers (whose primary task
is the definition of new error codes), for quality expert
workers (whose task it is to assign error codes to dam-
aged parts) and for executives (who are interested in
comparing aggregated error code data over time). In
addition, quality data come in the form of customer
complaints and via social media crawling services.
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Figure 4: Value-added services and role-based apps
in the application scenario.

After aggregating these data into the manufactur-
ing knowledge repository via the integration middle-
ware, topic recognition on the text data is performed
as an information mining step. The topics (e.g., “paint
flaking — heat”, “paint damage — washing”) are pre-
sented to a human analyst via visual clustering to pick
the most pressing ones or perform minor reclassifica-
tion. This constitutes a value-added service of recur-
ring issue identification and is performed via the fopic
visualizer app, which makes use of the mobile graph
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visualizer from the mobile middleware.

Next, the problem topics are combined with his-
torical data from the production phase, especially ma-
chine data, shop floor environment data, and struc-
tured error counts for root cause identification (e.g.,
elevated humidity in the paint shop leading to a lower
quality of paint and a higher risk of flaking when ex-
posed to harsh environmental conditions). This ana-
lytics step is executed in an analytics and data mashup
dashboard app, where data sources and analytics al-
gorithms are combined ad-hoc, but can also be stored
for recurring use.

Identified root causes and condition patterns serve
as input for proactive process optimization. It makes
use of prescriptive analytics to automatically identify
potentially problematic situations (e.g., critical hu-
midity in paint shops) during process execution and
recommend actions to on-duty workers through a
shop floor notifier app (e.g., to air the paint shops to
decrease humidity) or trigger automatic machine re-
configuration (e.g., increasing air conditioning and
heating to decrease humidity).

5.3 Evaluation and Benefits

Taking the above application scenario, we conceptu-
ally evaluate the SITAM architecture by analyzing
the fulfillment of the technical requirements of the
data-driven factory and contrasting it with the tradi-
tional information pyramid of manufacturing. More-
over, we summarize the resulting benefits of the data-
driven factory.

In the application scenario, diverse systems across
the product life cycle, such as machines, social media
sources as well as sensors, are encapsulated as ser-
vices and are uniformly represented in the SOA gov-
ernance repository to ease integration and access in
the integration middleware. By this service-oriented
abstraction, the SITAM architecture enables a flexible
integration of heterogeneous data sources as well as a
flexible service composition fulfilling requirement R;.
This enables agile manufacturing, the first characteris-
tic of the data-driven factory. Accessible service-based
and role-based information provisioning also works to-
wards keeping the human in the loop (human-centric
manufacturing). In contrast, a proprietary point-to-
point integration according to the information pyramid
of manufacturing would not scale up to the entire prod-
uct life cycle in terms of complexity and costs.

To merge structured and unstructured data from
different life cycle phases, e.g., aftersales quality data
and machine data in the application scenario, all data
are integrated in the manufacturing knowledge repos-
itory of the analytics middleware. Moreover, predict-
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tive and prescriptive analytics are provided, for in-
stance, to derive action recommendations for process
optimization according to the application scenario.
Thus, the SITAM architecture provides a holistic data
basis encompassing the product life cycle as well as
advanced analytics for knowledge extraction ful-
filling requirement R,. This analytics capability pro-
vides functionalities for learning manufacturing,
such as learned improvements for the quality-optimal
design of both processes and products. It also is a pre-
requisite for agile process adaptations (agile manu-
facturing), such as the near real-time adaptation of
production conditions to prevent known product qual-
ity issues. In contrast, the information pyramid of
manufacturing is limited by separated data islands
due to strictly hierarchical information aggregation.

In the application scenario, various mobile apps
support seamless integration of employees, e.g., for
data acquisition by test drivers using the dev Q app or
for notifications of shop floor workers using the shop
floor notifier. The mobile middleware facilitates the
development of such manufacturing-specific apps us-
ing predefined manufacturing context models as well
as specific visualization components, especially for
product models. These apps can be easily deployed
on various devices using the app marketplace. In this
way, the SITAM architecture enables mobile infor-
mation provisioning and fulfills requirement R3 of the
data-driven factory to ubiquitously integrate employ-
ees across all hierarchy levels. Thus, it provides the
framework for human-centric manufacturing in keep-
ing the human expert in the loop through data provi-
sioning and data gathering. In contrast, central control
and information aggregation lead to isolated infor-
mation provisioning in the information pyramid of
manufacturing.

To sum up, the SITAM architecture enables flex-
ible system and data integration, advanced analytics
and mobile information provisioning and thus fulfills
all technical requirements (R;-R3) of the data-driven
factory. In doing so, it exhibits the three characteris-
tics of the data-driven factory, agile manufacturing,
learning manufacturing and human-centric manufac-
turing.

6 CONCLUSION AND
FUTURE WORK

In this article, we have presented the data-driven fac-
tory, an important contribution on the way to the re-
alization of Industrie 4.0 and Smart Manufacturing.
This concept completely alters the ways in which IT
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systems are used and data are processed in manufac-
turing companies, thereby enabling agile, learning
and human-centric manufacturing by leveraging big
industrial data. The data-driven factory provides a
stark contrast to the traditional information pyramid
of manufacturing, which is fraught with the central
weaknesses of proprietary point-to-point integration
of IT systems, separated data islands and isolated in-
formation provisioning. Instead, the data-driven fac-
tory collects, analyzes and uses data holistically
around the product life cycle and across all hierarchy
levels of manufacturing. Thus, continuous data-
driven optimization of processes and resources with
the active participation of the ‘human in the loop’ is
facilitated.

To realize the data-driven factory, we have devel-
oped the SITAM architecture which (1) flexibly inte-
grates heterogeneous IT systems, (2) provides holis-
tic data storage and advanced analytics covering the
entire product life cycle, and (3) enables mobile in-
formation provisioning to empower human workers
as active participants in manufacturing. We have pro-
totypically implemented core components of the
SITAM architecture in the context of a real-world ap-
plication scenario concerned with quality and process
management in the automotive industry. Our concep-
tual evaluation shows that the SITAM architecture
enables the realization of the data-driven factory and
the exploitation of big industrial data across the entire
product life cycle.

In the future, we will extend our current prototype
and further investigate the benefits of the data-driven
factory on the example of additional industrial case
studies, e.g., to concretize resulting competitive ad-
vantages in specific industries.
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Abstract: Anticipating resources consumption is essential to ptofmust database infrastructures able to support trans-
actions to be processed with certain quality levels. In Dasa-as-a-Service (DBaaS), for example, it could
help to construct Service Level Agreements (SLA) to intediate service customers and providers. A proper
database resources assessment can avoid mistakes wheimgtheohnology, hardware, network, client pro-
files, etc. However, to be properly evaluated, a databassaction usually requires the physical system to
be measured, which can be expensive an time consuming. Asimi@snation about resource consumption
are useful at design time, before developing the whole systeessential to have mechanisms that partially
open the black box hiding the in-operation system. This vates the adoption of predictive evaluation mod-
els. In this paper, we propose a simulation model that carsbd to estimate performance and availability
of database transactions at design time, when the systelifi i81g conceived. By not requiring real time
inputs to be simulated, the model can provide useful inféiengor resources planning. The accuracy of the
model is checked in the context of a SLA composition processshich database operations are simulated
and model estimations are compared to measurements edllieom a real database system.

1 INTRODUCTION The effects of not being able to fulfill a database
SLA are many. This kind of transaction commonly

Transaction processing is a crucial part of the de- appears in the context of a service composition, as a
velopment of modern web systems, such as thoseparticular stage of an SOA application. Therefore, if it
based orgervice-Oriented ArchitectufSOA), anew fails to fulfill the metrics accorded in an SLA, this will
paradigm to compose distributed business models. Inprobably affect the overall web service behavior and,
SOA, an entire transaction is usually composed by as a consequence, the overall service orchestration, in
distinct phases, such as networking, service process-a ripple effect, breaching one or more SLAs. Thus,
ing, database processing, third-part processing, etc.for an entire SOA process, it is important to prevent
For resources planning, it is usual that each particular a database transaction to fail or, at least, to be able to
phase is individually approached. In this paper, we anticipate when it is susceptible to happen.
concentrate on evaluating database transaction pro- This task may not be so easy, as the ratio of load
cessing, especially for SOA systems (although not variation in web applications can reach the order of
only), complementing previous results focused on the 300% (Chase et al., 2001), making it difficult to an-
other phases of SOA (Rud et al., 2007; Bruneo et al., ticipate QoS. What is observed is that applications
2010; Teixeira et al., 2015). are entirely developed to be then stressed and mea-

In SOA, transactions are directly relatedQoial- sured, which can be quite expensive and time consum-
ity of Service(QoS), andService Level Agreements ing. Recent works have suggested that SOA QoS can
(SLAs) are mechanisms used to legally express com-be estimated by modeling (Rud et al., 2007; Bruneo
mitments among service customers and providerset al., 2010; Teixeira et al., 2015), but they have ba-
(Sturm et al., 2000). Performance and availability of sically focused on networking and processing stages,
database operations are examples of clauses that caassuming that database time consumption is implicit,
be agreed in SLA, specially when the database itself which may be a strong assumption, as illustrated in
is provided as a service (DBaaS). (Teixeira and Chaves, 2011).
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In this paper, we propose a stochastic model- 2 RELATED LITERATURE

ing approach to estimate performance and availability

of database transactions susceptible to intense wWork-paformance of databases has been a concern since
loads. By adoptingseneralized Stochastic Petri Nets ¢ firty proposed technologies and relational mod-

(GSPNs) as modeling formalism, we construct a for- go (Elhardt and Bayer, 1984; Adams, 1985). From
mal structure that can be simulated and estimationsy,« \veh advent, however, advanced features have
can be used to anticipate resource consumption ofjyaq compined to the existent DBMSs, attempting to
database operations running under different load PrO-support emergent requirements such as parallelism,
files. Based on these estimations, it is furthermore yicirinution (Dewitt and Gray, 1992), object (Kim
shown how to construct, at modeling time, realistic o 51 " 2002) and service-orientation (Tok and Bres-
contracts for database transactions, which can be nat,, 2006), etc. Although the interest on new tech-

urally combined as part of the estimations provided nologies has recently grown, it has become more and
in works such as in (Rud et al., 2007; Bruneo et al., e difficult to estimate their behavior.

2010; Teixeira et al., 2015). . . .
i . . In particular, when a database is part of a service,
The main advantage of our approach is not requir- L : - oF o
or when it is provided as a service itself, it is usu-

ing real-time measurements nor the complete systema" exposed to a highly variable and data-intensive
implementation to be simulated. These information y exp A ighly variable . )
environment, which makes it critical to estimate its

may not be available at design-time, when resourcesQos levels. In (Ranganathan et al.. 1998), it has been

allocation is conducted. Instead, the model SlJpportsdiscussed the impact of radically different workload
high level parameters collected from tbata Base P y .
levels on the database performance and how it be-

Management Syste(@BMS) and statistics collected - i
: ._comes a concern when the database is immersed in
from samples of database query execution. For this QoS-aware frameworks that require QoS guarantees
reason, database technology, infrastructure or particu-(l_in and Kavi, 2013). In eneralq the IiteratSre tackle
lar type of operation to be simulated, are implicitinto . ' -ng .
this concern using run-time policies to filter and bal-

the simulation scheme. ance the database load (Lumb et al., 2003; Schroeder

An example of a contract composition process is )
presented to illustrate the proposed approach. Usinget al., 2.006’ Krompas; etal., 2008). When cpnnect-
ing business partnerships, however, the negotiation of

parts of a real database system and samples of rela- L . 4 .
tional database operations, we collect the input pa- QoS criteria starts much earlier, at the service design

rameters to the model, which is then simulated and phase, as it is necessary to plan and compose SLA

estimations are collected. Afterwards, we validate clauses to, be agreed. . . ) .
the estimations. This could be done by comparing AN optionto cover this gap is by adopting analytic

them to benchmark data. In this paper, however, we Models. For example, in (Tomov et al., 2004) it has
are more interested on the uncertainty observed in theP&eN Proposed a queuing network model to estimate
real-time behavior of transactions, e.g., how transac- (€ response time of database transactions. Further-
tions behave when parameters change, or what is thd"0re; in (Osman and Knottenbelt, 2012) it has been
performance degradation when workload increases,compared the performance of different database de-
or what is the rate of requests queueing for a load pro- SI9ns via modeling. Queue time is predicted by us-
file, etc. These informations are not directly available N9 heuristic rules in (Zhou et al., 1997). Besides

from benchmarks, since they focus mostly on best and "t Peing natively constructed for web environments,
worst cases, for example. To be possible to check this approaches are also predominantly deterministic,
the accuracgl of the proposed model so, we Comparewhich often does not match the characteristics of the

its estimations to measurements collected from a real"€@l Web environments (Teixeira et al., 2011) and can
database system. Results indicate that it is possibleCOMPromise the accuracy when estimating transac-

to trace the real behavior keeping a stochastically- 1ONS with variable workloads. In addition, they are
reasonable average of 80% accuracy. not usually flexible enough to be quickly converted in
The paper is organized as follows: Section 2 dis- practical tools, or to be modified to analyze different

cusses the related work; Section 3 introduces the basicSYStem orchestrations, etc. .
concepts of SOA, SLA and GSPN; Section 4 presents  Thus, the need for supporting database QoS es-
the proposed GSPN model. Section 5 presents an exiimation remains. This is a quite challenging task,

ample and some final comments are discussed in Secas Web environments practically lack execution pat-
tion 6. terns and can present highly variable workloads, mak-

ing it critical for a transaction to be estimated (Nicola
and Jarke, 2000). In the same way, it is conceivably
difficult to ensure that database queries will execute
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quickly enoughto keep the process flow, avoiding itto lows to represent time-dependent processes, such as

be delayed more than expected (Reiss and Kanungocommunication channels, code processing, hardware

2005). The modeling approach to be presented in thisdesigns, system workflows, e@eneralized Stochas-

paper is an option to face these challenges and imple-tic Petri Nets(GSPNs) (Kartson et al., 1995), for ex-

ment database resources planning. ample, is an extension that combines timed and non-
timed PNs. In GSPNimeis represented by random
variable, exponentially distributed, which are associ-

3 RELATED CONCEPTS a_lted totim_ed t_rar)sitions When, for a given_ transi-
tion, the time is irrelevant, then one can simply use

. . non-timed(orimmediatg transitions.

SOA comprises a set of principles for software devel- Formally, a GSPN is a 7-tup@SPN= (P, 7,1,

opment, fundamentally based on the concepseast 1,0,M,W), where:

vice (Josuttis, 2008). A service is a self-contained =~ "’ o

component of software that receives a request, pro- ® P={P1,P2,...,Pn} is afinite set of places;

cesses it, and returns an answer. Eventually, a par- ¢ 7= {t1,tz,...,tm} is a finite set of transitions;

ticular step of a service execution involves to access o .7, Nis the priority function, where:

a database structure an process a data transaction. It

may happen that a database transaction is itself of- M) = > 1, ifteT isimmediate;

fered as a service (DBaaS). In this case, the transac- 0, if t € 7 is timed.

tion processing is even more critical, as it is suscepti-

ble to a data-intensive environment, and its behavior ® ! : (7> P) = Nis the input function that defines
becomes difficult to be estimated. the multiplicities of directed arcs from places to

In SOA, legal commitments on services, including ~ ransitions;

database transactions, are expressed by a mechanisme O: (7x P) — Nis the output function that defines
known asService Level Agreemen(SLA) (Sturm the multiplicities of directed arcs from transitions
etal., 2000). An SLA expresses obligations and rights to places;

regarding levels of QoS to be delivered and/or re- o M- P_s Nis the initial marking functionM indi-
ceived. SLA clauses usually involve metrics such as cates the number of tokeh each place, i.e., it
response time, availability, cost, etc., and also estab-  {efines the state of a GSPN model:

lish penalties to be applied when a delivered service

] 4 . .
is below the promised standard (Raibulet and Mas- ® W TR 1S the yve|ght f“’.“?“O” tha.t represents
sarelli, 2008). either the immediate transitions weights; ) or

In practice, ensuring that a SOA system will be- the timed transitions ratea{, where:

have as expected is very difficult, and so it is difficult w >0, ifte 7 isimmediate;
to compose, at design time, realistic SLAs. An alter- W(t) = { At >0, ifte T istimed.
native to probabilistically estimate the behavior of a
service is given by modeling approaches. A model The relationship between places and transitions is
enables to observe the service behavior under “pres-established by the setsandt®, defined as follows.
sure”, without exactly constructing the whole system. Definition 1. Given a transition t 7, define:

The model described in this paper serves to this

purpose and it is modeled by Petri netBetri net ¢ t:. {pEP[I{t,p) > O} as the pre-conditions

of t
(PN) (Reisig and Rozenberg, 1998) is a formalism . -
that combines a mathematical foundation to an in- *® :)ft_ {p€P|O(t,p) > 0} as the post-conditions

tuitive modeling interface that allows to model sys-

tems characterized by concurrency, synchronization, A state of a GSPN changes when an enabled tran-

resources sharing, etc. These features appear quite ofsition fires. Only enabled transitions can fiteame-

ten in SOA systems, which make PNs a natural mod- diatetransitions fire as soon as they get enabled. The

eling choice. enabling rulefor firing and thefiring semanticsare
Structurally, a Petri net is composed pjaces  defined in the sequel.

(modeling  states), transitions (modeling state  Definition 2 (Enabling Rule) A transition te T'is
changes), andlirected arcs(connecting places and  sajd to be enabled in a marking M if and only if:
transitions). To express the conditions that hold in a o

e Vpe *t,M(p) = I(t, p).

given state, places are marked witfkens

Extensions of Petri nets have been developed to 1Bjack dots are usually used to graphically represent a token
include the notion of time (Murata, 1989), which al- in a place.
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When an enabled transition fires, it removes to- A
kens from input to output places (jpse andpostcon- :
ditions).

Definition 3 (Firing Rule) The firing of transition &

T enabled in the marking M leads to a new marking
M’ suchthatype (°t Ut®), M’'(p) =M(p)—1(t,p)+
O(t, p).

A GSPN is said to béoundedif there exists a
limit k > 0 for the number of tokens in every place.
Then, one ensures that the state-space resulting from:._.
a bounded GSPN is finite.

When the number of tokens in each input place
p of t is N times the minimum needed to enaltle
(Vp € °t,M(p) >N xI(t,p), whereN € NandN > 1
), it enables the transition to fire more than once. In

Trail

Processing

Timeout

Buf fering

IF (#P5 = 0) : 0OELSE1 T

Figure 1: GSPN model.

Table 1: Notation of the GSPN model.

Places
expectation of tokens to be processed;

this situation, the transitianis said to be enabled with
degreeN > 0. Transition firing may use one of the
following dynamic semantics:

e single-serverN sequential fires;
¢ infinite-server N parallel fires;

resources available for buffering;
B input buffer;

output buffer;

resources available for processing;
R requests stored before processing;

Po requests stored after processing;
e k-server the transition is enabled up totimes Pa requests successfully attended,
in parallel; tokens that enable the transition to a P: requests that have failed.
degree higher thak are handled after the firgt Transitions
firings. Ty requests arrivals (delal);

It can be shown (Kartson et al., 1995; Marsan Ta requests processing (deldy
et al., 1984) that GSPNs are isomorphic to Tsia | requestsifailing (‘_jelays'-A)’
Continuous-Time Markov Chaif€ TMC). However, b processing Input, )
it is more expressive, as it allows to compute metrics to processmg_Out_pu.t,
by both simulation and analysis of the state space. In tend process exit point;
the last case, GSPN are indeed converted into CTMC __1Fai timeout exit point.
for analysis. Furthermore, GSPNs allow to combine
exponential arranges to model different time distribu-
tions (Desrochers, 1994), which is useful to capture
specific dynamics of systems.

of tokens to be received iB) is controlled by the
number of tokens available in the plaBg, which
are also shared with the output buffgs. In order
to count the expectation of tokens into the model, and
consequently to be able to estimate their performance,
we create a place namé&kp, that receives a copy of
each token arriving in the system, and loses a token
whenever the transitioq fires.
The modeling proposed in this paper starts when Processing StructurezromB;, tokens are moved
a given web service requests a database operationto the placeP,, which models the processing phase.
When received in the DBMS, this request is buffered, The placeRp controls the number of requests that can
processed and buffered again, when an answer isbe concurrently processed. Tokens remairRiras
ready to be replied back to requestor. When this long as it takes for them to be processed, which is
happens, our modeling finishes. For this scenario, modeled by the delad of the transitionTy. After
we model the subphases of a database transaction irprocessed]y fires moving tokens t&, from where
GSPN:BufferingandProcessingas shown in Fig. 1. the immediate transitioty transfers them to the out-
Table 1 summarizes the model’s notation. put bufferBo. Remark that tokens leave the process-
Buffering Structure:The model firstly runs when ing phase if and only if there exist enough resources
the timed transitiorT, fires tokens toward the place in Rg. On the contrary they remain iRy, waiting
B,. Fired tokens model database requeststandod- for buffering resources. FromBp, tokens immedi-
els the DBMS buffer. The firing rate is defined by ately leave the model (btng), which represents the
1/d,, whered, is the delay assigned . The limit requestor being answered.

4 PROPOSED MODEL
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Timeout StructureWhen the transitior, firstly according to the real buffer size, measured in the
fires, besides to send a token Bp (performance  DBMS. Remark that each DBMS defines a particu-
model), it also copiesiitin the pla¢®. The ideaisto  lar amount of memory to be used for database opera-
be able to estimate how many requests delay longertions and this can be tuned. The parameters we have
than a predefined response time. For that purpose, weto collect from the DBMS are:

assign taXs a the time we intend to wait until count- o Memory Page¢MP): number of blocks of mem.-
ing a failure. If the performance model reachgg ory allocated for database operations:

first, Pa loses the token and the transaction is success- ) by

fully completed. 1fXsa fires first, the transaction is ~ ® Memory Page Siz¢’): amount of bytes as-

also completed (because the @uwail gets 0), but a signed to eacki".

failure is registered, i.e., a token reacles Remark that the greater the number of memory
Repository of ResourcesTwo repository com-  pages, the faster is the transfer from disk to memory,

prise our model: Rg (buffering resources) an&p but the greater is rate of I/O communication, which is

(processing resources). FromRg andRp, we con- usually time expensive. On the other hand, the larger

nect arcs representing the number of tokens simulta-the memory page, the slower the transfer to memory.
neously moved when a source transition fires. We de-  As from
note bylRg andIRp the resources consumption and AM = P P

by ORs andORe the resources refunding from/Ry we have the amount of memory available to store

andRe, respectively. We assume that the number of yessages fromito the database system, then the mark-
tokens moved from/to the repositories is conservative. ing of Rg is such that

Blocking: By sharingRg with two consumers,
B, and Bo, we actually design a possibly blocking #Rg = Av™.
model. In fact ifB; consumes all resources Ry, OnceRg is marked, we model its resources con-
then tokens cannot leave the processing phase. At thesumption by assigniné weights to the ail® and

same time ) cannot fire any more tokens B and, R, " 7o define those values, we have to collect the
so0, the model is deadlocked. We avoid this by assign- mean size (bytes) of:

ing two logical conditions(f) and(ii)) to the arcs that

lead to the placo, where: e Q": messages received in the database system;
o . . e QOUt: messages produced by the system as an-
(i): IF (#Rg < IRg):0 ELSE IR; wer.
(i) :IF (#Rg <IRg):0 ELSE 1. Thus,IRg = Q" andORs = Q°Ut. Q" and QO

The formulas (i) and (i) are syntactically compli- can be derived from samples of database transactions.
ant to theTimeNETtool, adopted in this paper. Essen- After assigning g, IRg andOR;s to the GSPN,
tially, the condition (i) avoids the deadlock by firing it becomes already possible to estimate the database
to even without enough resourcesRa. When this  Buffering Response Tin(@R), taking into account
is the case, the condition (i) assigns O to the arc that the concept oMean Response Tin(®RT). In Petri
leads toBo and the token leaves the system. In prac- net,MRT results from theexpectation(€) of marking
tice, this models a situation when the DBMS rejects in a given placeX (§(X)), with respect to: (i) the rate
new transactions while the system is completely full, (A) of requests; or (i) the delaylf between requests,
but as soon as any request is processed, transactionse.,

get to be received again. £(X)
(i) MRT = > or. equivalentlyji) MRT =&(X)-d.
Tools likeTimeNETsyntactically implement these

formulas respectively by

4.1 Model Parameters

To be simulated, the GSPN model requires to be set
up with parameters that connect it to the behavior of (i) MRT =&(X)/A and (ii) MRT = E{#X} -d.
the system that has been modeled. We show in the

: . So,BRT can be estimated as follows:
following how such parameters can be derived.

BRT E(BI ) + E(BO)

4.1.1 Buffering Parameters A :

Note thatA simply results from 1d,, whered, is
the delay of the timed transitiofy. In practice BRT
represents the average of time spent by transactions

24" denotes the marking of a plage for #p € N. before and after processing.

We first define a markirfgfor Rg, i.e., the number
of resources available for buffering. This is defined
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4.1.2 Processing Parameters not rare to observe services delaying longer than the
minimum necessary to match their contracts, which
This phase starts wheip fires tokens towards the can entail legal penalties for providers, bad reputa-
place B, finishing when the transitioty releases  tion for services, money loses for customers, and so
them. There are basically four processing parameterson. Our goal here is to anticipate the behavior of the
to be derived: the delagl for the transitionTy, the database service when it is variably accessed.
marking forRp and the weights for the ar¢®p and

OR», which connect the model from/to the repository 5.1 Database Construction

Rp of processing resources.

Marking Rp requires to measure the system in or- For the experiments that follow, we consider a partial
der to collect the major number of operations simul- structure of a relational database system, composed
taneously supported by the DBMS, without queueing by the following structures:
requests. This can be done by gradually increasing the
workload of requests until the point where the system
starts to queue. This specific point can be detected
by a sudden increase in the response time, when the * INVO CE  (InvID, InvDate, InvValue, ShipmentDate, DeadlineDate,
processing resources are at all consumed. FKClient)

Thus, #Rp receives the value of the workload — FKClient references CLIENT
applied before observing evidences of queue, and 1iS « movi NG CE (Quant, Discount, Unitvalue, Label, Status, FKinvdice
assigned to the weight of the and® andORs. FKProduct)

e PRODUCT (ProdID, ProdDesc, ProdColor)
e CLI ENT (CliID, CliName, CliAddress)

— FKilnvoice references INVOICE,
— FKProduct references PRODUCT

In order to access the database, we implement the

Processing Response TirfRRT):
pRT _ E(P)+&(Po)

A ’ following operations irRelational Algebra.
where,§(P) and&(Po) are respectively the expecta- C < nclien
tion of marking inP, andPo. |« n*(Invoice
4.1.3 Database Mean Response Time M« I (Movinvoicg

P« M*(Product

From BRT and PRT, one can estimate theverall
database M by: Define query 1:
SRT _ E(E)\Xp) or, equivalently, sRT — BRT 4 PRT, M*( o (l.ShipmentDate <= '10/08/2018

A l.DeadlineDate <= 11/05/2018))

Cx! xMxP)
5 MODEL ASSESSMENT
Define query 2:

Consider the process shown in Fig. 2.

A« " (o (M.Unitvalue >= 5.00000

;"SLA Buffer

Service

2 :
Service
n i

Figure 2: Evaluated Process.

{" " pBMms|

The process starts when remote users invoke an
orchestration service, via a web browser. Requests
are organized according to the process workflow, and
prepared to access remote services, which may access
other services or interact with databases (dashed cir-
cle). Between a service and its consumer, a SLA reg-

ulates the QoS that is to be offered. Usually, this SLA

...................................... _ A

M.FKProduct = 23)) (M)

M+ I QuantDiscountUnitValue Status

Label« 'Profitabl€ (A)

Define query 3:

A <« M1InvID,l.InwalueP.ProdID, Delayed, Sold
(o (l.DeadlineDate<= 'CurrentDaté
A |.ShipmentDate>= '10/10/2015
A lInwalue >= 100000 00))
(I M xP)

M« M U {QuantDiscountA}.

is empirically constructed and, as a consequence, it is®Notation* refers to all attributes from a relation.
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Query 1 returns the clients and their respective in- relevant, usually evidencing a tendency for a station-
voices, admitting that: (i) the products had already ary behavior. Remark also that every different query
been shipped; (ii) the deadline for payment will be in to be evaluated may lead to a different valued@and,
at most a month. Query 2 updates the status of a finan-therefore, has to be individually measured.
cial transaction (RelatiodOVl NVO CE), labeling it as

profitableif a given price matches. Finally, Query 3 5.3 Contract Compositions
inserts into a relation results brought from another re-

lation, in a nested instruction. ~ Now we exemplify our approach in the context of
For simulation, we have considered the respective three challenging questions that are usually faced by
query versions irStructured Query Languad®QL).  engineers when composing SLA contracts. Then, we

Optimization and relevance have not been consideredsimulate the model to answer them.
when implementing these queries, as we are actually
more interested on their timed behavior. 5.3.1 Response Time

5.2 Database Measurements Consider the following service contract:

Contract 1: Let W= {wq,wo,---,wn} be a set
Now, we feed our GSPN model. We use Apache of workloads (requests per second - req/s) possibly
tool calledJMeter(Apache, 2014) to build a test plan  arriving at a given DBMS. Which contract for mean
that repeatedly executes each query. Then, we gradusesponse time (") could be guaranteed forjwi =
ally increase the workload of requests to observe thel,---,n? As workload variation is quite common
point when queues start to appear. That is the point over a database structure, whenewechanges it be-
when input parameters are collected. Table 2 presentscomes more and more difficult to predict tN&T of

the inputs to our GSPN model. a transaction, as the system gets to behave nonde-
terministically, buffering and releasing requests, con-
Table 2: GSPN Input Parameters. suming parallel resources, etc. This makes the rate of
GSPNInput] Query 1 Query 2 Query 3 performance degradation and recovery unpredictable
Buffering parameters a priori. However, independently of this variable en-
#Rg MP x M = 1000- 4096 vironment, a service provider is required to deliver
IRs A ORg 1435 12 142 his services wittMRT no less than the promised stan-
Processing parameters dard. Then, it is valuable to know, for eaah, how
#Rp 2 3 1 many reg/s the application supports before exceeding
IRp A ORp ! 1 ! its contract.
d 286 215 122

We use our model to find out this information. Af-
ter feeding the model with the statistical data in Table
2, we simulate it for eachy; € W, applied over each
proposed query. For the sake of clarity, we cluster
our evaluations in three classes of workloadgigh,
Wwvid andWeavys Meaning respectively 1, 5 and 10
req/s. TimeNettool (Zimmermann, 2014) has been
used to perform the simulations, considering a confi-
dence level of 95% and a relative error of 10%. In or-
; . der to check the accuracy of our estimations, we com-
Processing parameters assign values R, #Re, pare the estimatedRT to theMRT measured from the

ORe andd. The marking ofRe models how many o gatabase system, using the same workload levels.
instances of a given transaction is supported by theThe results are presented in Table 3.

database server. ThdRp andOR» model the impact
of each transaction orRp, andd represents the mean
time required to simultaneously proce$®#with no

Buffering parameters assign values fd®g# |Rg
andORg. The marking ofRg is defined according
to the DBMS configurations fo" and M. The
impact of each operation when allocating resources
from Rg, is modeled by the conservative weight of
the arcsiRg and ORs. By definition, IRg and ORs
are the measured input and output message <¥es,
andQOU respectively.

Table 3: Performance evaluation.

queue formation). Query | Source [ '\\,/'VR_T “nsven"" -
Remark thatl represents the probability function 1 System o5 T 1606 T

that bridges the modeled behavior to the structure that select | Model 329 | 405| 1989 | 81%

stochastically represents this behavior. Therefore, the™ 2 System 278 | 640 | 1475

value to be assigned tbis obtained by measuringthe  Update | Model 218 | 482 1661 | 73%

MRT of samples running in the real system. The num- 3 System| 177 | 815] 1995

ber of samples to be considered has to be statistically__nsert | Model 210 | 646 | 2193 | 92%
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The accuracies of our estimations are respectively
on the order of 81%, 73% and 92%, reaching 82% in
a general case, which certainly is reasonable from a
stochastic point of view.

For query 1, for example, we have estimated a
MRT of 329 ms when simulating withwignt, while
the measureMRT has been of 26ts When increas-
ing the workload tawig, it has been estimated\aRT
of 405msagainst the measured 688 With Wxeavy
we estimate that a transaction takes 19&9to an-
swer, while the real transaction has taken 1885

As it can be seen, when we increagethe system

becomes less deterministic due to presence of queues.

Nevertheless, the estimat&tfRT keeps tracking the
real system behavior.

Using our estimations, one can construct realistic
contract clauses for services. Two examples are intro-
duced next.

e Suppose, for example, that a service is required to
be delivered in at most 70@®s In this case, the

Table 4: Failure evaluation for query 1.

Suggested SLA for th®IRT (mg
W 100 [ 200 [ 300 | 400 [ 500 | 600 [ 700
Estimated failure rate (%)
Wi 67| 45| 33| 22| 17| 12| 10
Wi 52| 32| 25| 18| 14 9 7
WL 43 | 24| 21| 14| 10 8 6

MRT to the delayXs a of our availability structure.
Afterwards, we simulate the model, variating for
each configuration, collecting the percentage of fail-
ure as an answer.

For example, by using the workloasligh, we
have estimated (Table 3)MRT of 329ms Never-
theless, one can observe in Table 4 that B&0s the
minimum MRT that ensures a failure rate of at most
10%. Forwyig, equivalent condition is reached us-
ing aMRT of 600 ms while Wieavy requires at least
700msto satisfy the contract 2.

5.3.3 Contracts with Acceptable Unavailability

model suggests that keeping the system under this

contract requires to admit at mostgig work-
load of requests.

Now, suppose that we know the mean rate of
requests arriving in the system. Consider that
Wheavy iS €xpected. In this case, the construction
of a contract for théRT would be quite easy. For
example, for query 1 it could be definedwRR™
contract of 2000ns for query 2 theViRT contract
would be 1700ns and, for query 3 th&RT con-
tract would be 220@ns

5.3.2 Contracts with Acceptable Violations

Now, consider the following service contract:

Contract 2: For a given workload level;ywhich
agreement for the K" could be guaranteed, in a way
to admit at mosiL0%of contract violation?

Now, instead of purely estimating théRT, we de-
rive a refined version of it, admitting a certain per-
centage of contract violation. This may be a common
clause to be defined by lawyers, but this is a quite
complex decision for engineers. We show next how
to estimate contract 2 by combining our performance
and availability models.

For each workload level w;, i =
Light,Mid,Heavy we gradually increase the
MRT assigned to the transitiok_a of our availability
model. Intuitively, by increasing the acceptam&’

we decrease the failure rate. Table 4 presents the

estimationsw have obtained for query 1. A similar

proceeding can be naturally adopted for the others.
In the second row, we present a range of possible

SLA for the MRT. Then we individually assign each

60

Now, consider the following service contract:

Contract 3: Given a prefixed agreement for the
MRT which is the highest workload supported by the
system such that the contract is not violated more than
10%?

Contract 3 inversely approaches the problem with
respect to contracts 1 and 2. It supposes that the ser-
vice will be delivered in at mosmRT, and the aim
is to discover which workload could break this rule.
Moreover, it considers to accept a failure rate of at
most 10%.

Once again we use query 1 to illustrate the con-
tract 3. We firstly show the contract options tdRT.

As query 1 takes 28fsto answer under minimum
(Table 2), then we start our simulations by consider-
ing aMRT of 300ms Afterwards, we increase this
parameter for eight more scenarios and the results are
shown in Table 5.

Table 5: Workload evaluation for query 1.

SLA Estimated Workload| Failure Rate
MRT (ms) (Reg/sec) (£ 10%
300 0,91 10,00%
400 1,11 9,98%
500 1,43 8,68%
600 1,92 9,99%
700 2,12 9,99%
800 4,76 9,86%
900 10,53 9,89%
1000 1176 8,97%

Consider, for example, that a service has to be de-
livered in at most 700ns In this case, we inform
to the service supplier that his system can support, at
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Process model discovery is a significant research topic in the business process mining area. However, existing
workflow discovery techniques run into a stone wall while dealing with event logs generated from highly flex-
ible environments because the raw models mined from such logs often suffer from the problem of inaccuracy
and high complexity. In this paper, we propose a new process model abstraction technique for solving this
problem. The proposed technique is able to optimise the quality of the potential high level model (abstraction
model) so that a high-quality abstraction model can be acquired and also considers the quality of the sub-
models generated where each sub-model is employed to show the details of its relevant high level activity in

the high level model.

1 INTRODUCTION

Business process mining techniques aim at discover-
ing, monitoring and improving real processes by ex-
tracting knowledge from event logs recorded by enter-
prise information systems (van der Aalst et al., 2003).
The starting point of these techniques is usually an
event log which is a set of cases. A case is an instance
of a business process and has an attribute trace which
is a set of ordered events (each event is an instance
of a specific activity). In the event log both cases and
events are uniquely marked by case id and event id
respectively (van der Aalst, 2011).

As one of the most important learning tasks in
business process mining area, the current process
model discovery techniques encounter great chal-
lenges in the context of real-life event logs. Such
logs that usually contain a tremendous number of
trace behaviors (expressed by the activities and their
precedence relations in the trace) stem from the busi-
ness processes executed in highly flexible environ-
ments, e.g., healthcare, customer relationship man-
agement (CRM) and product development (Weerdt
et al., 2013). As a result, ”spaghetti-like” business
process models are often generated while mining real-
life event logs with existing workflow discovery tech-
niques. Such models are often inaccurate (in the pro-
cess mining area the fitness is utilised to express the
accuracy of a mined model which measures the pro-

Sun, Y. and Bauer, B.

A Graph and Trace Clustering-based Approach for Abstracting Mined Business Process Models.

portion of behaviors in the event log possible accord-
ing to the model) and difficult to be comprehended
because of their high complexity. Accordingly, two
main pioneering approaches have been developed in
the literature to solve this problem: trace clustering
technique (Weerdt et al., 2013; Bose and van der
Aalst, 2009; Bose and van der Aalst, 2010; Song
et al., 2009; Ferreira et al., 2007) and process model
abstraction-based technique (Bose and van der Aalst,
2009; Baier and Mendling, 2013; Conforti et al.,
2014).

Trace clustering techniques divide the raw event
log into several sub-logs where each sub-log contains
the traces with similar behaviors and helps gener-
ate a more accurate and comprehensible sub-model.
Generally, these techniques perform well for handling
the logs with a moderate amount of trace behaviors.
Nevertheless, the limitation of current trace cluster-
ing techniques will be revealed while dealing with
event logs containing massive trace behaviors. For
instance, the event log of a Dutch academic hospi-
tal from Business Process Intelligence Contest 2011
(BPIC 2011) contains 624 activities among which a
large number of relations are exhibited (the average
out-degree for each activity is 6.2564) and most of
the classical trace clustering methods can not bring a
significant improvement on the mining result for this
hospital log (as shown in Section 4).

Process model abstraction-based approaches
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Figure 1: Illustration of the basic ideas of the approach proposed in this paper.

make the assumption that the raw models mined from
real-life logs contain low level sub-processes which
should be discovered in the form of sub-traces in
the original event logs and abstracted into high level
activities so that the insignificant low level process
behaviors can be hidden in the high level activities.
Thus, more accurate and simpler high level process
models can be obtained. However, most of the
present process model abstraction-based techniques
focus mainly on the discovery of sub-processes and
can not ensure the accuracy of the high level process
models generated.

In this paper, we put forward a new method which
inherits the characteristics of the trace clustering tech-
niques and the process model abstraction-based ap-
proaches for solving the problem of “’spaghetti-like”
process models. The proposed technique is able to
optimise the quality of the potential high level pro-
cess model through a new abstraction strategy based
on graph clustering technique (Schaeffer, 2007). As
a result, a high-quality abstraction model can be built.
Furthermore, the quality of the sub-models discov-
ered for showing the details of their related high level
activities (used for building the final high level model)
is also considered by our approach. The structure of
the main contents in this paper is organised as:

- A new strategy for abstracting the raw models
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mined from real-life event logs is discussed in
Section 2.

- In Section 3.1, several important concepts that
support the method proposed in this paper are re-
viewed. In Section 3.2, a three-stage model ab-
straction method based on the strategy proposed
in Section 2 is elaborated.

- To test the efficiency of our method, we carry out a
case study in Section 4 by applying our approach
to three event logs: the repair log from (van der
Aalst, 2011), the hospital log from Business Pro-
cess Intelligence Contest (BPIC) 2011 and the log
of the loan and overdraft approvals process from
BPIC 2012.

2 BASIC IDEAS

In the real world, seemingly “spaghetti-like” busi-
ness process models mined from event logs might still
have some rules to follow. Sometimes, the main rea-
son for the structurelessness of these mined models
is that they contain several extremely complex sub-
structures. However, the relations among these sub-
structures may be straightforward (this is proven in
the case study in Section 4). While turning to a spe-
cific event log, such kind of phenomenon mentioned
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above can be reflected by the existence of several clus-
ters of activities from an event log where the activi-
ties in the same cluster are densely connected and the
activities in different clusters are sparsely connected
(this is also the assumption for our method). For in-
stance, in Figure 1 an event log E contains 22 activi-
ties and a causal activity graph G can be established
by employing the activities from E as vertices and the
casual relations (Hompes et al., 2014) among these
activities as edges. The definitions about casual ac-
tivity graph and casual relations of activities are in-
troduced in detail in Section 3.1. According to Figure
1, the vertices in G can be grouped into three clusters
by considering the edge structure in such a way that
there should be many edges within each cluster and
relatively few edges among the clusters.

With the assumption mentioned above, we put for-
ward a new strategy for solving the problem of com-
plex and inaccurate process models mined from real-
life event logs. The basic idea is to generate the clus-
ters of activities firstly by following the same rule
utilised in the example shown in Figure 1. After-
wards, for each cluster one or several sub-models are
generated where each sub-model only contains the ac-
tivities from its relevant activity cluster. In the exam-
ple from Figure 1, the sub-models for cluster A are
built by using the activities from cluster A. Then, for
a complex and inaccurate sub-model, trace clustering
technique is employed to split it into several simple
and accurate sub-sub-models so that the sub-model
can be well comprehended. Finally, these sub-models
(not including the sub-sub-models) generated are ab-
stracted into high level activities with which a sim-
ple and accurate ultima high level process model is
formed. In this paper the high level process model
together with the sub-models (each sub-model is re-
lated to one high level activity in the high level model
built) are used to show the details of the whole busi-
ness process recorded in event log.

Basically, two major benefits could be acquired
from the strategy proposed above. On one hand, the
original tough problem (deal with the entire model)
met by current trace clustering techniques is trans-
formed into small sub-problems (deal with the sub-
models). Specifically, the raw mined model from
event log may contain too many behaviors which
might be far beyond the abilities of existing trace clus-
tering techniques. However, by distributing the huge
amount of behaviors from the original mined model
to several small sub-models (each sub-model contains
less behaviors but still might be complex and inaccu-
rate) the trace clustering techniques can provide better
results while being applied on these sub-models. On
the other hand, the number of activity relations among

the clusters is kept as small as possible (which means
the relations among the high level activities created
are kept as few as possible). As a result, the quality of
the potential high level process model is optimised to
a large extent because it contains a limited number of
behaviors among its activities.

3 APPROACH DESIGN

In this section, we propose a new approach that
utilises the strategy introduced in Section 2 for solv-
ing the problem of “spaghetti-like” process models
mined from event logs. In Section 3.1, several impor-
tant basic concepts and notations related to our tech-
nique are discussed. In Section 3.2, the details of our
technique are elaborated.

3.1 Preliminaries

Event logs (van der Aalst, 2011) play the significant
part of data sources for various kinds of process min-
ing techniques. The basic concepts related to event
logs are conveyed by the following definitions.

Definition 1. (Case)

Let C be the set of cases. A case ¢ € C is defined as
a tuple ¢ = (N;, ©.), where N, = {ny, na, ..., ni} is
the set of names of case attributes, . : N, — A, is an
attribute-transition function which maps the name of
an attribute into the value of this attribute, where A, is
the set of attribute values for case c.

A case is an instance of a specific business pro-
cess and uniquely identified by case id. Each case
may have several attributes such as trace, originator,
timestamp and cost, etc. As one of the most important
case attributes, the trace of a case is defined as:

Definition 2. (Trace)

Let AT be the set of activities, EV be the set of events
and each event ev € EV is an instance of a particular
activity ar € AT. A trace is a sequence of ordered
events from EV.

Definition 3. (Event Log)
An event log is defined as £ C C, for any c¢y,c; € E
such that ¢ # c;.

Take a simple event log E; = [< a,b,c >13 <
a,c,b>" <a,b>3 <a,c>°] for example. This log
contains 38 cases (only the case attribute trace is ex-
hibited) and four kinds of trace!. There are totally

'A trace and a kind of trace are two different concepts.
Each trace belongs to a unique case. A kind of trace con-
tains several traces which have the same sequence of events.

65



ICEIS 2016 - 18th International Conference on Enterprise Information Systems

3-15+3-1542-342-5 =106 events and three ac-
tivities (activity a, b and c¢) in this log.

In (Hompes et al., 2014) the fundamental theory
for activity clustering is developed. Two important
concepts that support this theory are demonstrated:
Causal Activity Relations and Causal Activity Graph.
The technique proposed in this paper will use these
concepts for generating the clusters of activities from
event logs.

Definition 4. (Direct and Casual Activity Relations)
Let AT be the set of activities of an event log E. Sym-
bol > represents a direct relation between two activ-
ities from AT and symbol =g represents a causal re-
lation between two activities from AT. Let a,b € AT
be two activities, 0 € [—1.0,1.0] be a threshold, a >
b =trueif |a>gb| > 0, where |a>g b| is the number
of times that a is directly followed by b in E. a>g
b =true if |a =g b| > ¢, where |a =g b| € [-1.0,1.0]
is the value of casual relation between a and b.

In our approach we utilise the
DependencyMeasure method introduced in (Weijters
et al,, 2006) for calculating the value of casual
relation between any two activities which is defined

as:
‘a>Eb|7‘b>Ea‘ .
|a>Egb|+|b>Egal+1 1fa7é b
la=Egb| = (1

la-Eal e
la>Egal+1 ifa=>b

A |a>g b| value close to 1.0 implies a high possi-
bility that there exists a direct casual relation between
a and b while a value close to —1.0 signifies a high
possibility that there exists no casual relation between
a and b. A value close to 0 means uncertainty. Take
two activities a and ¢ from event log E/ created above
as an example, |a >, c|=15+5=20, [¢ >, a| =0,
0 |a>=g ¢|=(20—-0)/(20+0+1) ~ 0.95. Let the
threshold ¢ = 0.9, then a casual relation is judged to
exist between a and ¢ because |a>g, ¢| > 0.

Definition 5. (Casual Activity Graph)

Let AT be a set of activities from event log E, Y(AT)
denotes the set of casual activity graphs over AT. A
causal activity graph G € Y(AT) is a tuple G = (V,L)
where V € AT is the set of vertices and L € (V x V)
is the set of edges. Each edge in G represents a casual
relation between two activities.

In our method we employ an existing graph
clustering technique (based on energy model) from
(Noack, 2007) for mining the casual activity graphs
following the rule that the activities in the same clus-
ter should be densely connected and the activities in
different clusters should be sparsely connected. The
main reason for us to select this graph clustering tech-
nique is that it is able to automatically generate a suit-
able number of clusters of vertices according to the
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edge structure of a graph and also has a good perfor-
mance. The basic knowledge related to graph cluster-
ing technique is well introduced in (Schaeffer, 2007).

3.2 A Three-step Algorithm

In this section a process model abstraction algorithm
that consists of three main stages is put forward. This
algorithm applies the strategy mentioned in Section
2 which considers the quality of both the potential
high level model and sub-models generated. Let IT:
(SE,STH) — SG be a casual activity graph building
method, where SE is the set of event logs, STH is the
set of values of thresholds for judging casual relations
among activities and SG is the set of casual activity
graphs, I' : SG — SC be the graph clustering algo-
rithm from (Noack, 2007), where SC is the set of all
sets of activity clusters. The details of our method is
described in Algorithm 1.

Algorithm 1: Abstracting the raw models mined (AM).

Input: an event log E, the threshold ¢ for judging
the causal relations among activities, the
threshold o for judging if a high level activity
generated should be removed or not, the
threshold B for searching for merging modes,
a sub-model complexity threshold T and a
sub-model accuracy threshold ¥, a trace
number threshold «, cluster number 7.

Let G be a casual activity graph.

Let C,. be a set of activity clusters.

G < Null

Cuc + Null

G=TI(E,0) # build the casual activity graph

Cac =T(G) # mine the activity clusters

Stage 1: Find multi-cluster activities and

extract sub-logs.

input: E, Cye.

output: a new set of activity clusters MC—Cy,, a

set of sub-logs SSE.
6: Stage 2: Generate high level activities and high
level model.
input: SSE, E, o, .
output: a high level model HL—M, a set of high
level activities H—SA, a set of sub-logs
H—SSE.
7. Stage 3: Deal with complex and inaccurate
sub-models from H—SSE.
input: H—SSE, T, ), K, n.
output: a set of sub-models SSM.

QOutput: a high level model HL—M, a set of

sub-models SSM.
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3.2.1 Find Multi-cluster Activities and Extract
Sub-logs

In this subsection we make the assumption that a set
of activity clusters C,. = {c1, ¢, ..., ¢} for event
log E has been acquired by Algorithm 1. Sometimes,
an activity a € ¢ € C, may also have a lot of casual
relations with the activities from other clusters. For
instance, in the casual activity graph G from Figure
1, the activity a that pertains to cluster C is also con-
nected to many activities in cluster A. In the graph
clustering research area most of the classical methods
developed presume that a vertice of a graph only be-
longs to one specific cluster. The graph clustering al-
gorithm utilised in our approach also has the same as-
sumption. However, it is a normal situation that some
activities in a casual activity graph should pertain to
more than one clusters according to the edge struc-
ture of the graph. Based on this fact, we develop a
new concept named Multi-cluster Activity which is
defined as:

Definition 6. (Multi-cluster Activity)

Let @ : SG — SV be a graph density calculation
schema, where SG is the set of casual activity graphs
and SV is the set of values of graph density. Given a
set of activity clusters C,c = {c1, ¢2, ..., ¢n }, an activ-
ity a € ¢ € Cg 1s a multi-cluster activity if dc;,;, € Cye
such that ®(G,,) > ®(G,,), where G,, = (V, L) rep-
resents the casual activity graph built by using the ac-
tivities from activity cluster ¢,, and G,, = (V;, Ua, L)
is a new graph generated by adding the activity a in
Gp.

Given a graph G = (V,L), ®(G) = |L|/(|V] x
(V] —1)), where |L| and |V| stand for the total num-
ber of edges and the total number of vertices in graph
G respectively. The main reason to use graph den-
sity for judging a multi-cluster activity is that densely
connected activities are more likely to cause com-
plex process behaviors that can’t be expressed by the
utilised workflow discovery algorithms (our approach
leave these potential complex behaviors to trace clus-
tering techniques). Our method detects all of the
multi-cluster activities in C,. and then distributes each
of them to the eligible activity clusters in C,, so that a
new set of activity clusters MC—C,. can be generated.
For example, let C, = {c,c2,c3} be a set of activ-

ity clusters mined from event log E', ¢; = {a,b,c},
¢y ={d,e} and c3 = {f,g, h}, pretend that ®(G,,) =
0.5, ®(G.,) =0.8, CIJ(sz) =0.63 and <I>(GC+3) =0.7,
where G, is the casual graph for cluster ¢;, G, for
cluster c3, sz is the casual graph generated by adding
the activity a € ¢y in G, and Gj3 generated by adding
the activity a in G,,. According to Definition 6, a is a

multi-cluster activity because ®(G,) > ®(G,,). Af-

terwards, a new activity cluster ¢, = {a,d, e} is gener-
ated by adding a in ¢;. Activity a should not be added
in c3 because ®(G/,) < ®(G.,). Let’s presume that a
is the only multi-cluster activity found, then the new
set of activity clusters MC—C,, = {61,6;,63} can be
generated.

An intuitive proof about the benefit for locating
the multi-cluster activities is shown in the example in
Figure 1. We assume that the activity a in cluster C is
a multi-cluster activity corresponding to cluster A. By
adding a to cluster A the original casual graph G can
be transformed into G as shown in Figure 2. In G/,
the interrelations between cluster A and C are further
decomposed which helps improve the quality of the
potential high level model.

Whereafter, the stage 1 of Algorithm 1 creates
a sub-log for each activity cluster in MC —C,e =
{mcy, mey, ..., mc,}. For example, for the activ-
ity cluster mcy € MC—Cye a new log Ey, is built
which contains all of the sub-traces extracted from
the original event log E where each sub-trace only
include/s the activities from mc,. For instance, let
MC—C,. = {{a,b,v,c,d},{u,v,x,z}} be a set of ac-
tivity clusters generated by stage 1 of Algorithm 1
executed on an event log E = {< a,b,c,d,v,x,z>%
,<a,c,d,u,v,x,z2>"0 <a b,v,cdu,vz>>2} (pre-
tend that v is a multi-cluster activity). For the activity
cluster {a,b,v,c,d} € MC—C,,. a new sub-log SE; =
{<ab,c,d,v>% <ac,d>" <ab,vcd>>"
can be created by extracting all the sub-traces in
E' where these sub-traces only contain the activities
from {a,b,v,c,d}. Similarly, the sub-log SE; = {<
W, X,2Z >80, <U,v,Xx,z >150, <u, v,z>200} can be gener-
ated for activity cluster {u,v,x,z}.

Casual Activity
Graph G

Casual Activity
Cluster Graph G’ Cluster
A ’

%
Ko D

Cluster
B

Figure 2: Further decompose the interrelations between
cluster A and cluster C.

3.2.2 Generate High Level Activities and High
Level Process Model

We presume that the set of sub-logs SSE =
{Eme,+ Eme, - -, Eme, } has been output by the stage
1 of Algorithm 1. Let ¥ : SE — SS—SE be a method
which splits an event log into several sub-logs where
each sub-log contains the traces with the same start
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activity and end activity, SE represents the set of event
logs and SS—SE represents the set of all set of sub-
logs. Take the simple event log E = {<a,b,c>"
,<a,d,c> <a, f>3 <ae,d>>} as an example,
Y(E) = {E;,E;,Eé} where Ei ={<a,b,c>P <
a,d,c>"}, E; ={<a,f>3} and E; ={<a,e,d>>
}. The high level activity generation method for the
stage 2 of Algorithm 1 is depicted in Algorithm 2.

Algorithm 2: Generate high level activities (GHLA).

Input: the set of sub-logs SSE, the original log E,
a threshold a,, a threshold .

Let A be a trace merging technique which is
described in Algorithm 3.

Let H—SSE be a set of sub-logs where each
sub-log HE; € H—SSE is relevant to one
potential high level activity.

Let H—SA be a set of high level activities.

Let M—SSE be a set of event logs with merged

traces.

1: H—SSE < Null

2: H—SA < Null

3: M—SSE < Null

4: for each log E,,., € SSE do

5:  M—SSE <~ M—SSE UA(E,,SSE,E,B)

# generate log with merged traces.

6: end for

7: for each log ME,, € M—SSE do

8: H-SSE + H-SSEUWY(ME,)

9: end for
10: for each log HE, € H—SSE do
11:  H—SA + H—SAUHL—Activity(q)

# create a high level activity called
# HL—Activity(q) and put it in H—SA.
12: end for
13: for each HL—Activity(p) € H—SA do
14:  if |[HL-Activity(p)| < o then
15: remove HL—Activity(p) from H—SA
16: remove HE), from H—SSE
# |HL—Activity(p)| represents the
# frequency of occurrence for the
# high level activity HL—Activity(p).
17:  endif
18: end for
Output: the set of high level activities H—SA, the set
of sub-logs H—SSE.

To explain Algorithm 2 explicitly, an example
is employed here (for the rest part of this sub-
section). Let MC—C,, = {{a,b,c,d},{u,v,x,z}}
be a set of activity clusters generated by stage
1 of Algorithm 1 executed on an event log
E = {< a,b,d,u,x,z >'% < a,b,c,d,v,x,z >
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7< a7c7d7u7v7x7z >1507< a7b7v7c’d7u’x7z >8}’
!/ / /
SSE = {E,;,,Epc,} be a set of sub-logs generated

m

by stage 1 of Algorithm 1 with inputs MC—C;C
and E , where sub-log E;;w. = {<a,b,d > <
a,b,c,d >3 < a,c,d >0 < a,b >¥ < c,d >8},
sub-log E,l,w2 = {< ux,z >'% < vxz >80 <
u,v,x,z >0 <y >8} A set of sub-logs H-SSE' =
{{<a,b,d >'"° < ab,c,d >, < a,c,d >}y {<
a,b>8} {<c,d >3} {<u,x,z>1% <u v x,z>10
b {< vx,z >80, {< v >%}5} can be generated
if SSE is directly dealt with by the steps 7—9 of
Algorithm 2 (replace the set M—SSE in step 7 by
using SSE/). Afterwards, according to the steps
10— 12 of Algorithm 2 a set of high level activities
H—-SA" = {HL-Activity(0)33°, HL-Activity(1)®, HL—
Activity(2)8, HL — Activity(3)*3%, HL —
Activity(4)8°,  HL — Activity(5)8} is generated
where each high level activity is related to a specific
sub-log in H—SSE . In our method a high level activity
will replace all the sub-traces that exist in its relevant
sub-log in H —SSE' in the original event log E'. For
instance, the high level activity HL—Activity(0)
will replace all the sub-traces from the sub-log
{< a,b,d >'"° < ab,c,d >3 < a,c,d >'}
in E. Finally, a high level event log
E, = {< HL— Activity(0),HL — Activity(3) >'%
,< HL — Activity(0),HL — Activity(4) >% <
HL — Activity(0), HL — Activity(3) >"° < HL —
Activity(1),HL — Activity(5),HL — Activity(2),HL —
Activity(3) >3} is acquired. The steps 13—18 of
Algorithm 2 remove all the infrequent high level
activities generated and their relevant sub-logs in
H—SSE' either. Removing infrequent activities which
is in accordance with the main idea of most advanced
process model mining techniques can make the
potential model mined concentrate on exhibiting the
most frequent process behaviors. In our example,
given a threshold oo = 20, the high level activity
HL—Activity(1), HL—Activity(2) and HL—Activity(5)
are removed from H—SA" and E,,l because the value
of their frequency is eight which is smaller than
o. At the same time, the sub-logs {< a,b >3},
{<¢,d>8} and {<v>8} are removed from H—SSE .
Afterwards, a high level model can be built by mining
the generated high level event log E//1 with an existing
process model discovery algorithm (this is the way
for our method to generate a high level model). Each
sub-log in H —SSE" will be used to build a sub-model
for indicating the details of its relevant high level
activity.

Such a design for generating the high level activ-
ities will help maintain the precision (van der Aalst,
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2011) (precision quantifies the ratio of the behaviors
that can be generated by the mined models which are
also recorded in the event logs) of the potential high
level model together with the sub-models generated
compared with the precision of the model mined by
using the original log E (the interested reader can
think about it more deeply). Furthermore, our method
might generate a huge amount of high level activi-
ties while encountering the event logs that have ca-
sual graphs with uniform structures. So we make the
assumption that the casual graphs of the event logs
processed by our method have structures with natural
clusters.

Three infrequent high level activities ( HL—
Activity(1), HL—Activity(2) and HL—Activity(5)) are
generated in the example mentioned above. This is
because activity v happens between activity b and ¢
in some traces in E infrequently and v belongs to a
different activity cluster from b and c. As a result,
three kinds of infrequent sub-trace <a,b>, <v> and
<c,d>in H-SSE are generated by our method. The
Algorithm 2 will remove all infrequent high level ac-
tivities and also the sub-logs related to these activities.
A lot more activities like activity v might lead to the
situation that a huge amount of process behaviors in
the original event logs will get lost because of being
distributed into many infrequent sub-logs in H—SSE
which then will be removed. In this paper we propose
a trace merging approach (called A which appears in
the step 5 of Algorithm 2 and helps preserve the pro-
cess behaviors recorded in the original logs as many
as possible) for fixing this problem by employing the
following definitions:

Definition 7. (merging mode)

Let SSE = {Euc,; Emcys - - - » Emc, } be a set of sub-logs
output by stage 1 of Algorithm 1 executed on an event
log E. Let st and st; be two sub-traces from E,,, €
SSE, saj be the starting activity of s7; and ea; be the
ending activity of stp. The pair (st1,stp) is called a
merging mode for E,,, if (1) |st;| < B x |Epy,| and
|stz| < B X |Epe,| where |st; | represents the total num-
ber of traces in E,,., which have the same event se-
quence as sty, |stp| represents the total number of
traces which have the same event sequence as st, and
|Epc, | represents the total number of traces in E,y,,
(2) st; and st appear in the same trace from E in the
way <sti, ..., st >, (3) the number of traces in E,,,
which have sa; as starting activity and ea; as end-
ing activity at the same time is larger than or equal to
B X ‘Enle |‘

Definition 8. (minimum merging mode)

Let (st1,st2) be a merging mode for a sub-log E,., €
SSE, sa; be the starting activity of st; and ear be
the ending activity of sty, <sty, ..., st > be a sub-

trace from the original log E. The merging mode
(st1,st2) is called a minimum merging mode if there
exists no other merging modes in the sub-trace <
st1, ... |sty> orin the sub-trace <st |..., st, >, where
<sty, ... |sty > represents a sub-trace generated by re-
moving st from <sty, ..., st > and <st{|..., st >
by removing st; from <st1, ..., st >.

For the example mentioned above, given a thresh-
old B = 0.05, the pair (<a,b>,<c,d>) from E,,,
is a merging mode (there are eight of such merging
modes) because there are 330 traces in E,’,wl that have
activity a as starting activity and activity d as ending
activity which is larger than B x |E,,. | = 17.3. In the
meantime, | <a,b>|=8<17.3 and\ <c,b>|=8<
17.3. Furthermore, the way for the sub-traces <a,b>
and <c,d > to appear in the trace <a,b,v,c,d,u,x,z>
from E' also satisfies the condition proposed in Defi-
nition 7. The merging mode (<a,b>,<c,d>) is also

a minimum merging mode according to Definition 8.

Algorithm 3: Merging Traces (A).

Input: the set of sub-logs SSE, a sub-log Ej,., € SSE,
a threshold p.
Let SMD be a set of merging modes.
1: SMD < Null
2: for each sub-trace st, € E,,, do
3:  if st, doesn’t pertain to any merging mode in

SMD then

4: if there exists another sub-trace s, € Ey,
and (st,,st,) is a merging mode then

5: put (st,, st,) in SMD

6: put the related sub-trace <stp, ..., st; >
from E in Ey,,

7: remove st, and st, from Ejp,,

8: remove the sub-traces that appear be-
tween st, and st; in <stp, ..., st; > from

their original places in SSE

9: end if
10:  else
11: continue
12:  end if
13: end for

Output: the sub-log E,,., with merged traces.

With the two definitions created above, the de-
tails of the trace merging technique A is described in
Algorithm 3. Here we still use the last example to
explain how A works. As is shown that three infre-
quent high level activities are generated by running
the Algorithm 2 directly starting from step 7 in our
example. One intuitive method to solve this prob-
lem is to find all minimum merging modes in SSE'
and then merge the sub-traces in the same merging
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mode (reflected by the steps 2—13 of Algorithm 3
and the steps 4—9 of Algorithm 2). For example,
eight merging modes (< a,b>,< c,d >)8 for E;,wl
can be constituted (given a threshold = 0.05) and
each pair of the sub-traces should be merged into a
single sub-trace < a,b,v,c,d > (eight of such merged
sub-traces can be generated). Then, a new set of sub-
logs M—SSE' = {ME,,ME,} can be formed, where
ME; ={<a,b,d>'"" <a,b,c,d>% <a,c,d>"" <
a,b,v,c,d >3} and ME; ={<u,x,z>'0% <y x,7>8
, < UV X, 2 >150} (ME; doesn’t contain the kind of
sub-trace < v > any more because all of them are
merged into the kind of sub-trace < a,b,v,c,d > in
ME;). Afterwards, by using the steps 7—18 of Al-
gorithm 2 to deal with the M —SSE' a new set of
sub-logs H—SSE' = {{< a,b,d >'®° < a,b,c,d >%
< a,c,d >0 < a,byv,e,d >3}o, {< u,x,z >18 <
u,v,x,2>9% 1 {<v,x,2>80},} and a new set of high
level activities H—SA'" = {HL—Activity(0)*38, HL—
Activity(1)?8 HL—Activity(2)3°} can be generated.
Now no infrequent high level activities exist in H-SA'
any longer.

3.2.3 Deal With Complex and Inaccurate
Sub-models

In this subsection we presume that a set of sub-logs
H—SSE has been output by the stage 2 of Algorithm
1. For each sub-log in H—SSE a sub-model is mined
with existing workflow discovery technique to depict
the details of the sub-log’s relevant high level activ-
ity. In our approach, the business process recorded in
an event log is expressed by the generated high level
model and the sub-models together. However, the
strategy (mentioned in Section 2) used in our method
try to decrease the number of behaviors in the poten-
tial high level model by hiding most of the original
process behaviors inside the high level activities gen-
erated. As a result, the sub-models for the high level
activities might still be complex and inaccurate. Trace
clustering technique is utilised for solving this prob-
lem.

Let Q: S—E — S—M be a workflow discovery al-
gorithm, where S—M is the set of process models and
S—E is the set of event logs, ®uccuracy @ (S—E,S—
M) = Viccuracy be a process model accuracy eval-
uation method, where SViceuracy 1 the set of accu-
racy values of the mined process models, Ocomplexiry
S—M — Veompiexiry be a process model complexity
evaluation method, where SVioupiexiry s the set of
complexity values of the mined process models. Let
Teiustering © (S—E, Venumper) — SS—E be a trace cluster-
ing algorithm, SS—FE is the set of all sets of sub-logs
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and SVumper 18 the set of numbers of the clusters gen-
erated. The main procedure for dealing with the low-
quality sub-models mined is depicted in Algorithm 4.

Algorithm 4: Deal with low-quality sub-models.

Input: the set of sub-logs H—SSE, a sub-model
complexity threshold T and a sub-model
accuracy threshold 7, a trace number
threshold «, cluster number 7.

Let SSM, SSM, be two sets of sub-models.
Let S—E, be a set of sub-logs.

Let m;, m; be two variants of float type.
Let m3 be a variant of int type.

1: SSM < Null, SSM,. < Null
2: S—E. < Null
3: m <+ 0,m<+0
4: m3 <0
5: for each sub-log SE € H—SSE do
6:  if Ouccuracy(QSE),SE) < % ||
Ocomplexity(SE),SE) >t &&
|SE| >k then
T S—E. = Tclusrering(SEa I’l)
8: for each sub-log SE. € S—E. do
9: SSM,. + SSM. UQ(SE,)
10: my <—mj+ ®accuracy(Q(SEc)7SEC)|SEL'|
11: m3<—m3—|—|SEC|
12: end for
13: my < mj/m3 # calculate weighted average
# accuracy
14: if m> > Ouccuracy(Q(SE), SE) then
15: for each sub-model SM, € SSM, do
16: SSM < SSM U SM
17: end for
18: else
19: SSM < SSM U Q(SE)
20: end if
21: my < 0, m3 < 0, SSM, < Null
22:  else
23: SSM + SSM U Q(SE)
24:  end if
25: end for

Output: the set of sub-models SSM.

According to Algorithm 4, a sub-log SE from
H—SSE that leads to a low-quality sub-model M (the
quality is judged by using the sub-model accuracy and
complexity thresholds 7y and T in the step 6 of Algo-
rithm 4) will be divided into n sub-sub-logs by us-
ing the trace clustering technique if the number of the
traces inside SE is larger than or equal to a threshold
K. Afterwards, for each sub-sub-log a sub-sub-model
is built (in the step 9 of Algorithm 4). If the weighted
average accuracy of the sub-sub-models generated is
larger than or equal to the accuracy of the original
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sub-model then these sub-sub-models are added to the
set of sub-models SSM which will be finally output
by Algorithm 4 (Algorithm 4 will not use the sub-
sub-models if their weighed average accuracy is lower
than the accuracy of their related original sub-model).
If a sub-log SE" from H—SSE leads to a good-quality
sub-model M then add M in SSM (step 23 of Algo-
rithm 4).

The authors in (Weerdt et al., 2013) develop a met-
ric called Place/Transition Connection Degree (PT-
CD) for quantifying the complexity of a Petri net
which is defined as:

Llal | 1]a]
2|p| 2T

In Equation 2, |a| represents the total number of
arcs in the process model, |P| is the number of places
and |T| is the number of transitions. The greater the
PT-CD is, the more complicated the model will be.

In this paper, we utilise the Heuristics Miner
(HM) (Weijters et al., 2006) for generating the process
models. The ICS fitness developed in (de Medeiros,
2006) is utilised for evaluating the accuracy of the
mined heuristic net. Then, the Heuristic Net to Petri
Net plugin in ProM 67 is used for transforming the
heuristic net mined into a Petri net. Afterwards, the
PT-CD is employed for evaluating the complexity of
the Petri net obtained. The trace clustering technique
GED from (Bose and van der Aalst, 2009) is utilised
for dividing the sub-logs in H—SSE into sub-sub-logs
(step 7 of Algorithm 4).

PT—CD = )

4 CASE STUDY

We tested the effectiveness of our approach on three
event logs: the repair log (Repair) from (van der
Aalst, 2011), the hospital log (Hospital) from BPIC
2011 (in our experiment an artificial start activity and
end activity are added in the traces from the hos-
pital log) and the log of the loan and overdraft ap-
provals process (Loan) from BPIC 2012. The basic
information about the three logs is shown in Table
1. The quality information of the models mined from
the three logs by using HM is listed in Table 2. Ex-
cept for Place/Transition Connection Degree (PT-CD)
mentioned in the last section, another process model
complexity metric is also used for evaluating the com-
plexity of the mined models in our experiment which
is Extended Cardoso Metric (E-Cardoso) (Lassen and
van der Aalst, 2009).

Firstly, six classical trace clustering techniques
are executed on the three logs which are 3-gram

Zhttp://www.promtools.org.

Table 1: Basic information of the evaluated logs.

Log Traces | Events | Event types
Repair 1000 10827 12
Loan 13087 | 262200 36
Hospital | 1143 | 150291 624

Table 2: Evaluation results for the models mined by using
the log Repair, Loan and Hospital.

Log ICS E —Cardoso | PT —CD
Repair | 0.6768 31 2.3656
Loan 0.7878 148 3.1478
Hospital | 0.6058 2108 2.703

(Song et al., 2009), MR and MRA (Bose and van der
Aalst, 2010), ATC (Weerdt et al., 2013), GED (Bose
and van der Aalst, 2009) and sequence clustering
(SC) (Ferreira et al., 2007). For each trace cluster-
ing approach six sub-logs are generated for every of
the three logs utilised. The assessment results on
these techniques are shown in Table 3. The metric
W; — ICS stands for the weighted average ICS fit-
ness based on the number of traces and W, — ICS
represents the weighted average ICS fitness based
on the number of events. For example, let S—E =
{E\,E»,E3,E4,E5,Eq} be a set of sub-logs output by
a trace clustering technique carried out on event log
E. For a sub-log E; € S—E, |E;|, represents the total
number of traces in Ey, |Ey|. represents the total num-
ber of events in E; and ICSE, represents the value of
ICS fitness for the sub-model mined from sub-log E.
Then, the W; — ICS for the sub-logs in S—E is equal to
(X8, |Exle < ICSE,)/ XS_, |Ex|: and the W, — ICS is
equal to (Y._, |Ex|e x ICSE,)/ X.8_, |Ex|e. According
to the evaluation results shown in Table 3, most trace
clustering techniques perform well on the log Repair
which contains the least trace behaviors among the
three logs. Nevertheless, for the logs Loan and Hos-
pital which have more trace behaviors most trace clus-
tering techniques employed could not bring a signifi-
cant improvement on the accuracy of the mined mod-
els (especially for the log Hospital).

Whereafter, the approach proposed in this paper
is evaluated by using the three logs mentioned above.
The threshold ¢ for judging the casual relations is set
to zero (such a setting will help find more complete
activity clusters), the threshold o for judging whether
a high level activity generated should be removed or
not is set to 20, the threshold B for searching for the
merging modes is set to 0.05, the sub-model complex-
ity threshold t (for PT-CD) is set to 2.5, the sub-model
accuracy threshold y (for ICS fitness) is set to 0.8, the
trace number threshold K is set to 100 and the number
of clusters for the trace clustering technique GED is
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Table 3: Evaluation results for the six classical trace cluster-
ing techniques executed on the log Repair, Loan and Hospi-
tal.

Log Method | W; —ICS | W, —ICS

Repair 3-gram 0.9299 0.9326
MR 0.8123 0.814

MRA 0.8056 0.8055

ATC 0.9971 0.996

GED 0.7908 0.7907

SC 0.9823 0.9802

Loan 3-gram 0.7965 0.7282
MR 0.7828 0.6984

MRA 0.8181 0.7285

ATC 0.7653 0.5665

GED 0.8038 0.7992

SC 0.9255 0.9164

Hospital | 3-gram 0.6153 0.69

MR 0.5785 0.6622

MRA 0.5629 0.6844

ATC 0.7583 0.705

GED 0.6003 0.6837

SC 0.7354 0.7129

set to 6. The quality information of the sub-models
generated is shown in Table 4, the quality informa-
tion of the three high level models (for the log Repair,
Loan and Hospital) output by our technique is shown
in Table 5 and the basic information of the three high
level logs created by our technique is shown in Table
6.

According to Table 6, the generated high level
logs H-Repair and H-Hospital contains fewer activi-
ties than their related raw event logs Repair and Hos-
pital. The main reason is that the activities in the orig-
inal repair log and hospital log can form high qual-
ity activity clusters (more activity relations inside the
cluster and fewer among the clusters). In the exper-
iment about 1% events from log Hospital and 0.5%
events from log Loan are removed together with the
infrequent high level activities generated and for the
log Repair no events are removed (very few events are
removed because of the effects of the trace merging
technique proposed in Section 3).

According to Table 5, all of the three high level
models generated have high accuracy which benefits
from the abstraction strategy put forward in Section
2. For the high level activities in the three built high
level models, the average accuracy of their relevant
sub-models is also generally good.
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S RELATED WORK

Trace clustering technique is one of the most effective
approaches for dealing with the negative impacts from
high variety of behaviors recorded in event logs. Sev-
eral classical trace clustering approaches have been
proposed in the literature. In (Song et al., 2009) the
authors put forward an approach which is able to ab-
stract the features of the traces from event logs into
five profiles that includes activity profile, transition
profile, case attributes profile, event attributes profile
and performance profile. Afterwards, these profiles
are converted into an aggregate vector so that the dis-
tance between any two traces can be measured. The
main advantage of this technique is that it considers
a complete range of metrics for clustering traces. In
(Bose and van der Aalst, 2010) and (Bose and van der
Aalst, 2009) the context-aware trace clustering tech-
niques are proposed which try to improve the output
results of trace clustering by employing the context
knowledge that can be acquired from event logs. In
(Bose and van der Aalst, 2010) the authors point out
that the feature sets based on sub-sequences of traces
are context-aware and can express some process func-
tions. The traces that have many common conserved
features should be put in the same cluster. The authors
in (Bose and van der Aalst, 2009) develop an edit
distance-based trace clustering algorithm. The con-
text knowledge mined from event logs are integrated
in the calculation procedure for the cost of edit opera-
tions. The Markov trace clustering method is put for-
ward in (Ferreira et al., 2007). This method calculates
a potential first-order Markov model for each cluster
based on an expectation-maximization algorithm. A
trace is sent to a cluster which has a Markov model
that can generate this trace with a high probability. In
(Weerdt et al., 2013) a novel technique named active
trace clustering is presented. This technique tries to
optimise the fitness of each cluster’s underlying pro-
cess model during the run time without employing the
vector space model for the clustering process. It sim-
ply distributes the traces to the suitable clusters by
considering the optimization of the combined accu-
racy of the potential models for these clusters. Most
trace clustering techniques perform well for dealing
with the event logs with a moderate amount of trace
behaviors. However, such techniques can not assure
a good result while being executed on the logs with
massive behaviors (as is shown in the case study in
Section 4).

Process model abstraction approach is also effec-
tive for dealing with the ”spaghetti-like” business pro-
cess models mined. In (Bose and van der Aalst, 2009)
the authors develop a two-step approach for mining



Table 4: The weighted average quality of the sub-models generated by our method.
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Log W, —-ICS | W,—ICS | W; — E—Cardoso | W,— E—Cardoso | W, — PT—CD | W, — PT—CD
Repair 0.9738 0.9687 11.57 12.46 2.0688 2.0929
Loan 0.9514 0.9297 21.934 26.4995 2.1729 2.2238
Hospital | 0.8891 0.902 467.84 465.2 3.1257 3.0956

Table 5: The quality information of the high level models

generated for each log by our technique.

Log ICS | E—Cardoso | PT-CD
Repair | 0.978 33 2.483
Loan 0.9671 137 3.378
Hospital | 0.95 192 2.4328

Table 6: Basic information of the generated high level logs.

H-Log Traces | Events | Event types
H-Repair 1000 2700 10
H-Loan 13087 | 40783 44
H-Hospital | 1143 37740 65

hierarchical business process models. This approach
searches for the sub-traces that repeatedly happen in
event logs. Two kinds of such sub-traces are defined
which are tandem arrays and maximal repeats. This
approach firstly searches for all the tandem arrays and
the maximal repeats in the event logs and then replace
them in the original event logs by using high level ac-
tivities (each high level activity is an abstraction of a
tandem array or a maximal repeat found) so that the
high level event logs can be generated. Finally, the
high level models (more accurate and simpler) could
be mined by using existing workflow discovery algo-
rithms executed on the high level logs. The authors
in (Baier and Mendling, 2013) indicate that the low
level events recorded in the event logs may be too
granular and should be mapped to the high level ac-
tivities predefined in the enterprise process specifica-
tions. Hence, they put forward a mapping method that
combines the domain knowledge captured from these
specifications. With the high level activities generated
the better models on the higher abstraction level can
be built. The authors in (Conforti et al., 2014) present
an automated technique for mining the BPMN mod-
els with subprocesses. This technique analyses the
dependencies among the data attributes attached to
events. The events that are judged to have high depen-
dencies will be put in the same subprocesses. Most
of the classical process model abstraction approaches
presented focus mainly on searching for the subpro-
cesses and can not assure the quality of the built high
level models. It is possible that the high level activi-
ties in the underlying abstracted models may still have
a large amount of relations among each other.

6 CONCLUSION

In this paper we proposed a new method which com-
bines the characters of the classical model abstrac-
tion techniques and the trace clustering techniques
for solving the problem of inaccurate and complex
process models mined. This method is able to opti-
mise the quality of the underlying high level models
through an efficient abstraction strategy and also con-
siders the quality of the sub-models generated through
trace clustering techniques. Finally, the details of the
business processes recorded in the event logs are re-
vealed by the high level models built together with the
generated sub-models where each sub-model shows
the details of its relevant high level activity. Though
the results of the case study we demonstrated the ef-
fectiveness of our technique.

Our future work will mainly be focused on devel-
oping new trace clustering techniques with higher per-
formance to help deal with the complex and inaccu-
rate sub-models generated for the high level activities.
We will also validate our method on some other real-
life cases.
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A critical task in data cleaning and integration is the identification of duplicate records representing the same

real-world entity. A popular approach to duplicate identification employs similarity join to find pairs of similar
records followed by a clustering algorithm to group together records that refer to the same entity. However,
the clustering algorithm is strictly used as a post-processing step, which slows down the overall performance
and only produces results at the end of the whole process. In this paper, we propose SjClust, a framework to
integrate similarity join and clustering into a single operation. Our approach allows to smoothly accommo-
dating a variety of cluster representation and merging strategies into set similarity join algorithms, while fully
leveraging state-of-the-art optimization techniques.

1 INTRODUCTION

The presence of multiple records representing the
same real-world entity plagues practically every large
database. Such records are often referred to as fuzzy
duplicates (duplicates, for short), because they might
not be exact copies of one another. Duplicates arise
due to a variety of reasons, such as typographical er-
rors and misspellings during data entry, different nam-
ing conventions, and as a result of the integration of
data sources storing overlapping information.

Duplicates degrade the quality of the data deliv-
ered to application programs, thereby leading to a
myriad of problems. Some examples are mislead-
ing data mining models owing to erroneously inflated
statistics, inability of correlating information related
to a same entity, and unnecessarily repeated opera-
tions, e.g., mailing, billing, and leasing of equipment.
Duplicate identification is thus of crucial importance
in data cleaning and integration.

Duplicate identification is computationally very
expensive and, therefore, typically done offline. How-
ever, there exist important application scenarios that
demand (near) real-time identification of duplicates.
Prominent examples are data exploration (Idreos
et al., 2015), where new knowledge has to be effi-
ciently extracted from databases without a clear def-

Ribeiro, L., Cuzzocrea, A., Bezerra, K. and Nascimento, B.
SJClust: Towards a Framework for Integrating Similarity Join Algorithms and Clustering.

inition of the information need, and virtual data inte-
gration (Doan et al., 2012), where the integrated data
is not materialized and duplicates in the query result
assembled from multiple data sources have to be iden-
tified — and eliminated — on-the-fly. Such scenarios
have fueled the desire to integrate duplicate identifi-
cation with processing of complex queries (Altwaijry
etal., 2015) or even as a general-purpose physical op-
erator within a DBMS (Chaudhuri et al., 2006).

An approach to realize the above endeavor is to
employ similarity join in concert with a clustering al-
gorithm (Hassanzadeh et al., 2009). Specifically, sim-
ilarity join is used to find all pairs of records whose
similarity is not less than a specified threshold; the
similarity between two records is determined by a
similarity function. In a post-processing step, the
clustering algorithm groups together records using the
similarity join results as input.

For data of string type, set similarity join is an ap-
pealing choice for composing a duplicate identifica-
tion operator. Set similarity join views its operands as
sets — strings can be easily mapped to sets. The cor-
responding similarity function assesses the similarity
between two sets in terms of their overlap and a rich
variety of similarity notions can be expressed in this
way (Chaudhuri et al., 2006). Furthermore, a num-
ber of optimization techniques have been proposed
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over the years (Sarawagi and Kirpal, 2004; Chaud-
huri et al., 2006; Bayardo et al., 2007; Xiao et al.,
2008; Ribeiro and Hérder, 2011) yielding highly effi-
cient and scalable algorithms.

The strategy of using a clustering algorithm
strictly for post-processing the results of set similar-
ity join has two serious drawbacks, however. First,
given a group of n, sufficiently similar, duplicates, the
set similarity join performs (;) similarity calculations
to return the same number of set pairs. While this
is the expected behavior considering a similarity join
in isolation, it also means that repeated computations
are being performed over identical subsets. Even
worse, we may have to perform much more additional
similarity calculations between non-duplicates: low
threshold values are typically required for clustering
algorithms to produce accurate results (Hassanzadeh
et al., 2009). Unfortunately, existing filtering tech-
niques are not effective at low threshold values and,
thus, there is an explosion of the number of the com-
parison at such values. Second, the clustering is a
blocking operator in our context, i.e., it has to con-
sume all the similarity join output before producing
any cluster of duplicates as result element. This fact is
particularly undesirable when duplicate identification
is part of more complex data processing logic, possi-
bly even with human interaction, because it prevents
pipelined execution.

In this paper, we present SJClust, a framework
to integrate set similarity join and clustering into a
single operation, which addresses the above issues.
The main idea behind our framework is to repre-
sent groups of similar sets by a cluster representative,
which is incrementally updated during the set simi-
larity join processing. Besides effectively reducing
the number similarity calculations needed to produce
a cluster of n sets to O (n), we are able to fully lever-
age state-of-the-art optimization techniques at high
threshold values, while still performing well at low
threshold values where such techniques are less ef-
fective. Moreover, we exploit set size information to
identify when no new set can be added to a cluster;
therefore, we can then immediately output this clus-
ter and, thus, avoid the blocking behavior. On the
other hand, improving performance of clustering al-
gorithms is critical for next-generation big data man-
agement and analytics applications (e.g., (Cuzzocrea
et al., 2013b; Cuzzocrea, 2013; Cuzzocrea et al.,
2013a)).

Furthermore, there exists a plethora of clustering
algorithms suitable for duplicate identification and no
single algorithm is overall the best across all scenar-
ios (Hassanzadeh et al., 2009). Thus, versatility in
supporting a variety of clustering methods is essen-
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tial. Our framework smoothly accommodates various
cluster representation and merging strategies, thereby
yielding different clustering methods for each combi-
nation thereof.

2 BASIC CONCEPTS AND
DEFINITIONS

In this section, we present important concepts and
definitions related to set similarity joins before
present important optmization techniques.

We map strings to sets of tokens using the popular
concept of g-grams, i.e., sub-strings of length g ob-
tained by “sliding” a window over the characters of
an input string v. We (conceptually) extend v by pre-
fixing and suffixing it with ¢ — 1 occurrences of a spe-
cial character “$” not appearing in any string. Thus,
all characters of v participate in exact g g-grams. For
example, the string “foken” can be mapped to the set
of 2-gram tokens {$t, to, ok, ke, en, n$}. As the re-
sult can be a multi-set, we simply append the symbol
of a sequential ordinal number to each occurrence of
a token to convert multi-sets into sets, e.g, the multi-
set {a,b,b} is converted to {aol, bol, bo2}. In the
following, we assume that all strings in the database
have already been mapped to sets.

We associate a weight with each token to obtain
weighted sets. A widely adopted weighting scheme
is the Inverse Document Frequency (IDF’), which as-
sociates a weight idf (tk) to a token tk as follows:
idf (tk)=In(1+N/df (tk)), where df (tk) is the doc-
ument frequency, i.e., the number of strings a token
tk appears in a database of N strings. The intuition
behind using IDF is that rare tokens are more dis-
criminative and thus more important for similarity as-
sessment. We obtain unweighted sets by associating
the value 1 to each token. The weight of a set r, de-
noted by w(r), is given by the weight summation of
its tokens, i.e., w(r) = Y 1c, w(tk); note that we have
w(r) = |r| for unweighted sets.

We consider the general class of set similarity
functions. Given two sets r and s, a set similarity
function sim (r,s) returns a value in [0, 1] to represent
their similarity; larger value indicates that r and s have
higher similarity. Popular set similarity functions are
defined as follows.

Definition 1 (Set Similarity Functions). Let r and s
be two sets. We have:

o Jaccard similarity: J (r,s) = XEZGQ
e Dice similarity: D (r,s) = %
w(rns)

e Cosine similarity: C(r,s) =
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We now formally define the set similarity join op-
eration.

Definition 2 (Set Similarity Join). Given two set col-
lections R_and S, a set similarity function sim, and
a threshold 7, the set similarity join between R and
S returns all scored set pairs ((r,s),t) s.t. (r,s) €
R xS and sim (r,s) = > 1.

In this paper, we focus on self-join, i.e., R = S;
we discuss the extension for binary inputs in Section
4. For brevity, we use henceforth the term similarity
function (join) to mean set similarity function (join).
Further, we focus on the Jaccard similarity and the
IDF weighting scheme, i.e., unless stated otherwise,
sim(r,s) and w(tk) denotes J (r,s) and idf (tk), re-
spectively.

Example 1. Consider the sets r and s below

x={A,B,C,D,E}
y=1{A,B,D,E,F}

and the following token-IDF association table:

tk A B C D E F
df (tk)| 1.5 2.5 2 35 05 2

We have w (r) =w(s) = 10 and w (rNs) = 8; thus
sim (r,s) = 15779—5 ~ 0.66.

3 OPTIMIZATION TECHNIQUES

In this section, we describe a general set similar-
ity join algorithm, which provides the basis for our
framework.

Similarity functions can be equivalently repre-
sented in terms of an overlap bound (Chaudhuri et al.,
2006). Formally, the overlap bound between two sets
r and s, denoted by O(r,s), is a function that maps
a threshold 7T and the set weights to a real value, s.t.
sim(r,s) > T iff w(rns) > O(r,s)'. The similarity
join can then be reduced to the problem of identify-
ing all pairs » and s whose overlap is not less than
O (r,s). For the Jaccard similarity, we have O (r,s) =
- (w(r) +w(s)).

Further, similar sets have, in general, roughly sim-
ilar weights. We can derive bounds for immedi-
ate pruning of candidate pairs whose weights dif-
fer enough. Formally, the weight bounds of r, de-
noted by min (r) and max (r), are functions that map
T and w(r) to a real value s.t. Vs, if sim(r,s) > 1,
then min (r) < w(s) < max(r) (Sarawagi and Kirpal,
2004). Thus, given a set r, we can safely ignore all

IFor ease of notation, the parameter T is omitted.

other sets whose weights do not fall within the in-
terval [min (r),max(r)]. For the Jaccard similarity,

we [min (r) ,max(r)] = |T-w(r), wir) . We refer the
reader to (Schneider et al., 2015) for definitions of
overlap and weight bounds of several other similarity
functions, including Dice and Cosine.

We can prune a large share of the compari-
son space by exploiting the prefix filtering principle
(Sarawagi and Kirpal, 2004; Chaudhuri et al., 2006).
Prefixes allow selecting or discarding candidate pairs
by examining only a fraction of the original sets. We
first fix a global order O on the universe U from
which all tokens in the sets considered are drawn. A
set ¥/ C ris a prefix of r if /' contains the first || to-
kens of r. Further, prefg () is the shortest prefix of r,
the weights of whose tokens add up to more than .
The prefix filtering principle is defined as follows.

Definition 3 (Prefix Filtering Principle (Chaudhuri
etal., 2006)). Let r and s be two sets. If w(rNs) > a,

then prefg, (r) Nprefg (r) # @, where B, =w(r) —a
and Bs = w (s) — o, respectively.

We can identify all candidate matches of a given
set r using the prefix prefg(r), where B = w(r) —
min (r). We denote this prefix simply by pref (r). It
is possible to derive smaller prefixes for r, and thus
obtain more pruning power, when we have informa-
tion about the set weight of the candidate sets, i.e., if
w(s) > w(r) (Bayardo et al., 2007) or w(s) > w(r)
(Ribeiro and Harder, 2011). Note that prefix overlap
is a condition necessary, but not sufficient to satisfy
the original overlap constraint: an additional verifica-
tion must be performed on the candidate pairs.

Further, the number of candidates can be signif-
icantly reduced by using the inverse document fre-
quency ordering, Oy, as global token order to obtain
sets ordered by decreasing IDF weight 2. The idea is
to minimize the number of sets agreeing on prefix el-
ements and, in turn, candidate pairs by shifting lower
frequency tokens to the prefix positions.

Example 2. Consider the sets r and s in Example 1
and T =0.6. We have O (r,s) =1.5; [min(r) ,max(r))
and [min (s) ,max (s)] are both [6,16.7]. By ordering
rand s according to Ojqy and the IDF weights in Ex-
ample 1, we obtain:
x=[D,B,C,A,E|
y=[D,B,F,A,E].

We have pref (r) = pref (s) = D).

2 A secondary ordering is used to break ties consistently
(e.g., the lexicographic ordering). Also, note that an equiv-
alent ordering is the document frequency ordering, which
can be used to obtain unweighted sets ordered by increas-
ing token frequency in the collection.
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4 THE SIMILARITY JOIN
ALGORITHM

In this section, we provide the details on the similarity
join algorithm.

Similarity join algorithms based on inverted lists
are effective in exploiting the previous optimizations
(Sarawagi and Kirpal, 2004; Bayardo et al., 2007;
Xiao et al., 2008; Ribeiro and Hirder, 2011). Most
of such algorithms have a common high-level struc-
ture following a filter-and-refine approach.

Algorithm 1 formalizes the steps of a similarity
join algorith. The algorithm receives as input a set
collection sorted in increasing order of set weights,
where each set is sorted according to Oz¢. An in-
verted list /; stores all sets containing a token ¢ in their
prefix. The input collection R is scanned and, for each
probe set r, its prefix tokens are used to find candidate
sets in the corresponding inverted lists (lines 4-10);
this is the candidate generation phase, where the map
M is used to associate candidates to its accumulated
overlap score os (line 3). Each candidate s is dynam-
ically removed from the inverted list if its weight is
less than min (r) (lines 6-7). Further filters, e.g., filter
based on overlap bound, are used to check whether s
can be a true match for r, and then the overlap score
is accumulated, or not, and s can be safely ignored in
the following processing (lines 8—10). In the verifica-
tion phase, r and its matching candidates are checked
against the similarity predicate and those pairs sat-
isfying the predicate are added to the result set. To
this end, the Verify procedure (not shown) employs
a merge-join-based algorithm exploiting token order
and the overlap bound to define break conditions (line
11). Finally, in the indexing phase, a pointer to set r
is appended to each inverted list /; associated with its
prefix tokens (lines 12 and 13).

Algorithm 1 is actually a self-join. Its extension
to binary joins is trivial: we first index the smaller
collection and then go through the larger collection
to identify matching pairs. For simplicity, several fil-
tering strategies such positional filtering (Xiao et al.,
2008) and min-prefixes (Ribeiro and Hérder, 2011),
as well as inverted list reduction techniques (Bayardo
et al., 2007; Ribeiro and Hirder, 2011) were omit-
ted. Nevertheless, these optimizations are based on
bounds and prefixes and, therefore, our discussion in
the following remains valid.

S THE SJClust FRAMEWORK

We now present SJClust, a general framework to in-
tegrate clustering methods into similarity joins algo-
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Algorithm 1: Similarity join algorithm.

Input: A set collection & sorted in increasing order
of the set weight; each set is sorted according
to Oy4r; a threshold ©

Output: A set S containing all pairs (r,s) s.t.

Sim(r,s) > 1

1 1I1,D,. "1|71| N Rl %)

2 foreach r € R do

3 M <+ empty map from set id to overlap score (0s)

4 | foreacht € pref(r)do // can. gen. phase

5 foreach s € I; do

6 if w(s) <min(r)

7 Remove s from I

8 if filter (r,s,M (s))

9

M (5) .08  —o // invalidate s

10 else M (s).os =M (s).os+w(t)
1 | S+ SUVerify(rn,M,1) // verif. phase
12 foreach ¢ € pref (r) do // index. phase

13 LI[(*I[U{V}

14 return S

] % aux. data
.>D'D struct.

7

~ ,
N B
N .

complete representation

[ list of set ids

/
B
/
,

cluster representative

Figure 1: Cluster representation.

rithms. The goals of our framework are threefold: 1)
flexibility and extensibility to accommodate different
clustering methods; 2) efficiency by fully leveraging
existing optimization techniques and by reducing the
number of similarity computations to form clusters;
3) non-blocking behavior by producing results before
having consumed all the input.

The backbone of SJClust is the similarity join al-
gorithm presented in the previous section. In partic-
ular, SJClust operates over the same input of sorted
sets, without requiring any pre-processing, and has
the three execution phases present in Algorithm 1,
namely, candidate generation, verification, and index-
ing phases. Nevertheless, there are, of course, major
differences.

First and foremost, the main objects are now clus-
ter of sets, or simply clusters. Figure 1 illustrates
strategy adopted for cluster representation. The inter-
nal representation contains a list of its set element’s
ids, an (optional) auxiliary structure, and the cluster’s
complete representation, a set containing all tokens
from all set elements. The cluster export its external
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Figure 2: SJClust framemork components.

representation as the so-called cluster representative
(or simply representative), which is fully comparable
to input sets. Similarity evaluations are always per-
formed on the representatives, either between a probe
set and a cluster or between two clusters. In the fol-
lowing, we use the term cluster and representative
interchangeably whenever the distinction is unimpor-
tant for the discussion.

Figure 2 depicts more details on the SJClust
framework. In the candidate generation phase, prefix
tokens of the current probe set are used to find clus-
ter candidates in the inverted lists (Figure 2(a)). Also,
there is a merging phase between verification and in-
dexing phases (Figure 2(b)). The verification phase
reduces the number of candidates by removing false
positives, i.e., clusters whose similarity to the probe
set is less than the specified threshold. In the merging
phase, a new cluster is generated from the probing
set and the clusters that passed through the verifica-
tion are considered for merging with it according to a
merging strategy. In the indexing phase, references to
the newly generated cluster are stored in the inverted
lists associated with its prefix tokens. Finally, there
is the so-called Output Manager, which is responsi-
ble for maintaining references to all clusters —a ref-
erence to a cluster is added to the Output Manager
right after its generation in the merging phase (Figure
2(b)). Further, the Output Manager sends a cluster to
the output as soon as it is identified that no new prob-
ing set can be similar to this cluster. Clusters in such
situation can be found in the inverted lists during the
candidate generation (Figure 2(a)) as well as identi-
fied using the weight of the probe set (not shown in
Figure 2).

The aforementioned goals of SJClust are met as
follows: flexibility and extensibility are provided by
different combinations of cluster representation and
merging strategies, which can be independently and
transparently plugged into the main algorithm; effi-
ciency is obtained by the general strategy to cluster
representation and indexing; and non-blocking behav-
ior is ensured by the Output Manager.

6 RELATED WORK

The duplicate identification problem has a long his-
tory of investigation conducted by several research
communities spanning databases, machine learning,
and statistics, frequently under different names, in-
cluding record linkage, deduplication, and near-
duplicate identification (Koudas et al., 2006; Elma-
garmid et al., 2007). Over the last years, there is
growing interest in realizing duplicate identification
on-the-fly. In (Altwaijry et al., 2013), a query-driven
approach is proposed to reduce the number of clean-
ing steps in simple selections queries over dirty data.
The same authors presented a framework to answer
complex Select-Project-Join queries (Altwaijry et al.,
2015). Our work is complementary to these proposals
as our framework can be encapsulated into physical
operators to compose query evaluation plans.

There is long line of research on (exact) set sim-
ilarity joins (Sarawagi and Kirpal, 2004; Chaudhuri
et al., 2006; Bayardo et al., 2007; Xiao et al., 2008;
Ribeiro and Harder, 2009; Ribeiro and Hirder, 2011;
Wang et al., 2012). Aspects most relevant to our work
have already been discussed at length in Section 2.
To the best of our knowledge, integration of cluster-
ing into set similarity joins has not been investigated
in previous work.

In (Mazeika and Bohlen, 2006), the authors em-
ploy the concept of proximity graph to cluster strings
without requiring a predefined threshold value. The
algorithm to automatically detected cluster borders
was improved later in (Kazimianec and Augsten,
2011). However, it is not clear how to leverage state-
of-the-art set similarity joins in these approaches to
improve efficiency and deal with large datasets.

In (Hassanzadeh et al., 2009), a large number of
clustering algorithms are evaluated in the context of
duplicate identification. These algorithms use simi-
larity join to produce their input, but can start only
after the execution of the similarity join.
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7 CONCLUSIONS AND FUTURE
WORK

In this paper, we presented SJClust, a framework to
integrate clustering into set similarity join algorithms.
Our framework provides flexibility and extensibility
to accommodate different clustering methods, while
fully leveraging existing optimization techniques and
avoiding undesirable blocking behavior.

Future work is mainly oriented towards enriching
our framework with advanced features such as un-
certain data management (e.g., (Leung et al., 2013)),
adaptiveness (e.g., (Cannataro et al., 2002)), and exe-
cution time prediction (e.g, (Sidney et al., 2015)).
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Crowdsourcing information is being increasingly employed to improve and support decision making in emer-
gency situations. However, the gathered records quickly become too similar among themselves and handling
several similar reports does not add valuable knowledge to assist the helping personnel at the control center
in their decision making tasks. The usual approaches to detect and handle the so-called near-duplicate data
rely on costly twofold processing. Aimed at reducing the cost and also improving the ability of duplication
detection, we developed a framework model based on the similarity wide-join database operator. We extended
the wide-join definition empowering it to surpass its restrictions and accomplish the near-duplicate task too.
In this paper, we also provide an efficient algorithm based on pivots that speeds up the entire process, which
enables retrieving the top similar elements in a single-pass processing. Experiments using real datasets show
that our framework is up to three orders of magnitude faster than the competing techniques in the literature,

whereas also improving the quality of the result in about 35 percent.

1 INTRODUCTION

Emergency situations can threaten life, environment
and properties. Thus, a great effort are being made
to develop systems aimed at reducing injuries and fi-
nancial losses in crises situations. Existing solutions
employ ultraviolet, infrared sensors and surveillance
cameras (Chino et al., 2015). The problem of using
sensors is that they need to be installed near to the
prospected emergency places, and forecasting all the
possible crisis situations in a particular region is not
feasible.

On the other hand, surveillance cameras can pro-
vide visual information of wider spaces. When asso-
ciated the increasing popularity of smartphones with
good quality cameras and other mobile devices, they
may lead to better solutions to map crisis scenarios
and allow speeding up planning emergency actions to
reduce losses. Seizing the opportunity to take such in-
formation into accont, the Rescuer! Project is devel-
oping an emergency-response system to assist Crisis
Control Committees during a crisis situation. It pro-
vides tools that allow witnesses, victims and the res-
cue staff to gather emergency information based on

IRescuer: Reliable and Smart Crowdsourcing

Solution for Emergency and Crisis Management -
<http://www.rescuer-project.org>

Carvalho, L., Santos, L., Oliveira, W., Traina, A. and Jr., C.

images and videos sent from the incident place using
a mobile crowdsourcing framework.

Crowdsourcing data can provide a large amount
of information about the emergency scenario, but it
often leads to a large amount of records very simi-
lar among themselves too. For instance, let us con-
sider the occurrence of an event such as a building
on fire or a serious incident in an industrial plant. As
the eyewitnesses register the event with their smart-
phones many and repeatedly times, several pictures
become copies almost identical to others. In the im-
age retrieval context, the images too similar to each
other with only smooth variations imposed by the
devices or the capture conditions (resolution, illumi-
nation, cropping, rotation, framing) are called near-
duplicates (Li et al., 2015; Yao et al., 2015).

For instance, Fig. 1 depicts a 9 days-long fire oc-
curred in an industrial plant at Santos, Brazil, in April
2015. As shown in Fig. 1, eyewitnesses e, e and
e3 took photos from the same perspective of the burn-
ing industrial plant, whereas ey, e5 and e took photos
from another side of the scenario and the same hap-
pened to eyewitness e7, eg, eg and ejg. Too much
similar images from the same perspectives (near-
duplicates) may not improve the decision making sup-
port. In this example, each image subset {img;, imgy,
imgs }, {imgs, imgs, imgeg }, {img7, imgg, imgy } and
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{imgjo} forms near-duplicates. Thus, it is more use-
ful fo remove the near-duplicates, fostering more di-
versified results, which present a holistic vision about
the incident, such as using only the subset {imgj,
imgg, imgg, imgjo}.

imgy ﬂlmgs imgs

Figure 1: An example of taking photos of an emergency
scenario (industrial plant on fire).

On the other hand, sometimes it is interesting to
retrieve and return the near-duplicate elements. In
the aforestated example (Fig. 1), law enforcement of-
ficers and investigators may be interested on the near-
duplicate images. Although the near-duplicate ele-
ments may be not useful for non-expert people, those
professionals usually see things differently and are
trained to recognize small details among the images
that can contribute to the investigation.

Near-duplicate image detection has attracted con-
siderable attention in multimedia and database com-
munities (Xiao et al.,, 2011; Wang et al., 2012; Li
et al., 2015; Yao et al., 2015). However, to the best
of our knowledge, the near-duplicate detection is yet
an open problem, with no consolidated technique able
to accomplish such task in terms of both efficiency
and efficacy. Most of the approaches to detect near-
duplicate images rely on executing a twofold process-
ing, described as follows:

1. Building: the first phase aims at retrieving a candi-
date set of near-duplicate elements. It can use ev-
ery individual image in the dataset as a similarity
query center to retrieve the images most similar to
each one (Xiao et al., 2011), or employ clustering-
based techniques (Li et al., 2015).

2. Improvement: the second phase processes the can-
didate set and refines it removing false positives.
The main differences among the distinct meth-
ods are in this phase. Most of them sacrifices the
computational efficiency to enhance the result ef-
ficacy.

Considering the scenario depicted in Fig. 1, it is
reasonable to consider that a crowdsourcing frame-
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work can be “flooded” with a large amount of images.
In that case, employing a twofold technique may take
too much time to generate the first perspective about
the incident scene and, when it is achieved, the situa-
tion may already be changed.

As a possible solution, recent approaches (Xiao
et al.,, 2011; Carvalho et al., 2015) consider us-
ing well-known searching operators from both the
database and information retrieval areas, namely sim-
ilarity joins and wide-joins, to detect near-duplicate
elements. Similarity joins (Silva et al., 2013) obtain
pairs of elements similar among themselves, assum-
ing each pair corresponds to the near-duplicate candi-
dates obtained by the building phase. However, those
retrieval operators were applied only to detect near-
duplicate elements in data represented by strings, as in
(Xiao et al., 2011), but they were not explored in other
domains such as images. In their turn, wide-joins
(Carvalho et al., 2015) are designed to retrieve the
overall most similar pairs, leading to an inherent com-
bination of building and improvement phases in their
processing. However, wide-joins process two distinct
sets, while near-duplicate detection must combine a
set with itself.

Although employing the join-based techniques
may improve the performance, they require comput-
ing the similarity among all possible pairs of image
received. As the amount of elements is usually large,
the situation becomes similar to the first alternative.
Therefore, both alternatives present drawbacks when
applied to emergency control systems.

To detect near-duplicate images for emergency
scenarios efficiently, this paper introduces a frame-
work based on the similarity range wide-join database
operator. We extended the operator definition to en-
able processing a single relation, thus we enlarged its
usability as a unary self wide-join operator. Moreover,
we devised an optimized algorithm based on pivots
to speed up processing similarity wide-join, prioritiz-
ing early result generation, as required by emergency-
based support systems, with no need of further im-
provement steps. Experiments performed on two real
datasets show that our proposal is at least two orders
of magnitude faster than existing techniques, whereas
always returning a high-quality answer.

The remainder of this paper is organized as fol-
lows: Section 2 describes the main concepts and re-
lated work. Section 3 introduces our framework to
detect near-duplicate images, the definition and algo-
rithms for the self wide-join. Section 4 presents ex-
perimental evaluation of our technique and discusses
the main results. Finally, Section 5 summarizes the
main achievements and outlines future steps.
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2 BACKGROUND

This Section overviews the main concepts and the
related work to ours regarding to the image rep-
resentation (Section 2.1), near-duplicates object de-
tection (Section 2.2) and the evaluation of similar-
ity queries, including the types similarity joins (Sec-
tion 2.3). Also, the main symbols employed along the
paper are summarized in Table 1.

2.1 Feature Extraction and Image
Representation

Aiming at enabling retrieval by content and hence
the near-duplicate detection, images are compared ac-
cording to a similarity measure. To evaluate the sim-
ilarity, images are represented by an n-dimensional
array of numerical values, called feature vector, that
describes their content. The features are numerical
measurements of visual properties.

The algorithms responsible for processing images
and obtaining their features are known as feature ex-
tractors methods. For each data domain there are
specific features to be considered and, in the case of
images, the off-the-shelf extractors capture features
based on colors (e.g. histograms), texture (e.g. Har-
alick features) and/or shape (e.g. Zernike Moments)
(Sonka et al., 2014).

The evaluation of the similarity measure between
two feature vectors is performed by a metric. For-
mally, given a feature vector space DD (the data do-
main), a distance functiond : D x D — R™ is called a
metric on D if, for all x,y,z € D, there holds:

e d(x,y) > 0 (non-negativity)
d(x,y) = 0= x =y (identity of indiscernibles)
)=

d(y,x) (symmetry)
e d(x,y) <d(x,z)+d(z,y) (triangle inequality)

Od(xy

The pair (D,d) is called metric space (Searcéid,
2007). The metric space is the mathematical model
that enables to perform similarity queries, and hence
to detect the near-duplicate elements.

2.2 Near-duplicate Detection

Several techniques for near-duplicate detection rely
on the Bag-of-Visual Words (BoVW) model (Li et al.,
2015; Yao et al., 2015). That model represents the
features as visual words and the image representation
consists of counting the words to create an histogram.
However, BoVW reliability for duplicate detection is
small, as it does not capture the spatial relationship
existing among the extracted features.

Aimed at surpassing this drawback, studies like
(Yao et al., 2015) combined the spatial information
with the BoVW local descriptors. However, local de-
scriptors yet generate feature vectors of varying di-
mensionality, which is troublesome to represent in
metric spaces, requiring high-costly metrics.

Other approaches considered to spot near-
duplicates are hash functions and the Locality Sen-
sitive Hashing (LSH) (Bangay and Lv, 2012; Wang
et al., 2012). Whereas hash functions fail on rep-
resenting information for similarity retrieval, once
small differences in images leads to distinct hash rep-
resentations, the LSH circumvents this problem by
retrieving approximate result sets. In the same line,
weighted min-Hash functions improve the image rep-
resentation, but once they are usually based on bag-
of-words, they may present the same drawbacks of
the other technique (Chum et al., 2008). Unlike those
techniques, we are interested in accurate answers.

Still worth to mention is the “Adaptive Cluster
with k-means” technique (ACMe) (Li et al., 2015). It
applies clustering algorithms to group near-duplicate
images in a twofold process. First it clusters the
dataset using the k-means algorithm. Subsequently,
the coherences of the obtained clusters are checked
to determine the need of recursively processing each
cluster. The result is then refined using local descrip-
tors. This is a highly expensive technique that re-
quires for the Improvement phase. Moreover, as the
k-means algorithm is sensitive to outliers, our intu-
ition is that better quality result might be achieved
replacing it with the k-medoids algorithm. Surpass-
ing the existing drawbacks in algorithms that have an
improvement phase, our proposal extends similarity
joins to speed up the detection of near duplicates with-
out post-processing the image database.

2.3 Similarity Join

Similarity joins are database operators that combine
the tuples of two relations T; and T, so that each
retrieved pair (| € Ty,t, € T,) satisfies a similarity
predicate O;,. The similarity conditions most em-
ployed in similarity joins generate the similarity range
join and the k-nearest neighbor join (Silva et al.,
2013).

Assume that each relation has an attribute S; C T;
and S; C T,, both sampled from the same metric
space (D, d). Given a maximum similarity threshold
&, the similarity range join retrieves the pairs (f,1),
t1 € Ty and 1, € T, such that d(l‘][sl],l‘z[SQ]) < a
Given an integer value k > 1, the k-nearest neighbor
Join retrieves k* |T;| tuples (f1,12) such that 7, is one
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Table 1: Symbols.

SYMBOL | MEANING
13 similarity limiar
D data domain
d distance function / metric
T feature extractor method
f feature value

img an image

k,x,m,n integer values
S,51,5; attributes subject to a metric
T,T,Th relations
t,t1,02,1;,t; tuples
t[S] the value of attribute S in tuple ¢
% feature vector

of the k most similar attributes to each #; (Carvalho
et al., 2015).

A third type of similarity join is often described
in the database literature (Silva et al., 2013): the k-
distance join. It retrieves the k pairs (t;,#,) having the
most similar values #;[S1] and 7,[S;]. This operator is
an instance of the similarity wide-join (Carvalho et al.,
2015). Wide-joins retrieve the most similar pairs in
general, sorting the tuple internally, allowing its pro-
cessing to comply with the relational theory and exe-
cuted efficiently.

Similarity joins can be used to perform several
tasks, including near-duplicate detection. For this last
purpose, however, similarity joins have been explored
only in string-based data represented as tokens, using
metrics such as the Edit or Hamming distance, as in
(Xiao et al., 2011). Our proposal considers other do-
mains but string data and employs more general met-
rics, such as the Minkowski (L,) family over image
domains. Likewise, similarity wide-joins have been
restricted used to operate on two distinct relations,
loosing optimization opportunities that exists when
processing elements lying in the same set.

3 NEAR-DUPLICATE
DETECTION

Detecting near-duplicates on multimedia repositories
plays an important role in presenting a more use-
ful result, as returning images too much similar not
only poses a negative impact on the retrieval time, but
generally it also reduces the users’ browsing experi-
ence. Imposing users to interactively analyze near-
duplicates until obtaining the desired result is annoy-
ing, and requires a lot of time that would be more
wisely employed specially when handling emergency

84

: =i =

Near Duplicate Detection Module

Similarity Join-based

Clustering-based ’

Figure 2: The architecture of the framework for near-
duplicate detection.

scenarios. Following, we present a novel framework
to detect near-duplicates (Section 3.1) and an ex-
tension of the similarity wide-join definition, which
greatly reduces such drawbacks (Section 3.2). Last
but not least, Section 3.3 presents the basic approach
to implement our proposed wide-join extension and
also devises an optimized version based on pivots to
achieve an efficient computation.

3.1 The Framework Architecture

The proposed framework is composed of two mod-
ules, organized according to Figure 2. The Fea-
ture Extractor module processes images such as a
content-based image retrieval system, representing
them as n-dimensional arrays. Formally, the Fea-
ture Extractor module receives an image repository
C={img,...,img,} with m images, and extracts the
visual features v; = §(img;) of each image img; € C.
Each v; is a feature vector (fi,..., f,), where n is the
number of features extracted by the feature extractor
method §. The features depend on the kind of vi-
sual aspect considered, e.g., color, shape, texture, etc,
as discussed in Section 2.1. Its result is m Feature
Vectors stored into the S attribute in relation T such
that T[S] = {v1,...,v}, and the corresponding im-
ages are stored as another attribute in T.

The second module — Near Duplicate Detection —
is the core module of our framework. It can perform
either a Similarity Join-based or a Clustering-based
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near-duplicate detection. Both compare the feature
vectors according to a distance function. The detec-
tion based on similarity join executes our specialized
similarity join operator (described in Section 3.2) on
T, employing two user-defined parameters that allows
tuning the comparison to follow the user’s perception
of how pairs of images can be considered as near-
duplicates. The Cluster-based detection processes T
executing one of the defined clustering techniques:
the Adaptive Cluster with k-means (ACMe - Section
2) or our Adaptive Cluster with k-medoids variation
(ACMd - Section 4). The framework returns the re-
sulting pairs of images that each algorithm detects as
near-duplicates, allowing comparing the considered
techniques. Thus, our proposal allows users either
removing, preserving or return the near-duplicate ac-
cording to the interest of users.

3.2 Self Similarity Wide-joins

The similarity joins operators, such as the range join
and the k-nearest neighbor join, present shortcomings
when employed to query databases. Both of them re-
turn result sets whose cardinality is often too high,
which leads to many more pairs of elements than
users really need or expect. Hence, that large result
set usually includes pairs truly similar, as well as pairs
holding a low or even questionable degree of similar-
ity. Therefore, to fulfill the near-duplicate task, the
result of a similarity join must be further processed in
order to exclude the pairs whose the similarity mea-
sure is doubtful.

Moreover, the k-nearest neighbor join is also trou-
blesome because it does not assure an equivalent sim-
ilarity among the k-th nearest pairs from distinct el-
ements. Thus, given two vectors v; = 1;[S] and v; =
1j[S], the distances &; and &; from v; to its k-nearest
neighbor, let vy, and from v; to its k-nearest neigh-
bor, let v, are completely uncorrelated. In this way,
for any given k > 1, a pair (v;,vy) may be a near-
duplicate whereas the pair (v;,vj ) may not. Hence,
looking at the range  variation in the k-neighbors be-
comes the main focus of our investigation.

Our proposal is that the resulting pairs of a sim-
ilarity range join must have the similarity between
their component elements evaluated and subsequently
ranked so that the top-ranked ones correspond to the
near-duplicate elements. Such kind of processing can
be efficiently achieved by extending the similarity
join operator called range wide-join (Section 2).

Wide-joins are intended to compute the similarity
join between two relations and retain only the global
most similar elements. The near-duplicate detection
requires combining a set with itself, but wide-joins do

not comply with such processing once the most sim-
ilar pairs will include combinations of each element
with itself, distorting the result.

For this purpose, we employ a tailored version of
the wide join operator, namely self range wide-join,
that atomically performs (i) the similarity evaluation
over the same set or relation and (ii) the retrieval of
the most similar elements in general. Those two op-
erations intrinsically coupled as a single operator en-
able retrieving the element pairs considered as near-
duplicates in a single-pass, avoiding further process-
ing of refinement phase.

Formally, let D be a data domain, d : D x D —

RT be a metric over D, T be a relation, S C T be an
attribute subject to d with values sampled from D, &
be a maximum similarity threshold and x be an upper
bound integer value. The self similarity range wide-
Jjoin is given by Definition 1.
Definition 1 (The Self similarity range wide-join).
The self similarity range wide-join is a
similarity range join where both left and right input
relations T, and T, are the same relation T, and it re-
turns at most X pairs (t1,0) |t1,t2 € T such that t; # ty,
d(1[S1),22[S2]) < & and the returned pairs are the ¥
closest to each other. The self range wide-join is ex-
pressed in relational algebra according to (1).

XX (S,&,K)T =

UM, B} (G(OﬂKK) <n{T1 T, F (d(t1[S1]:42[S2])) —ord} (

d(t1[S1],2[S2]) <8

Ps/sy) (T/T) X P(s/s2) (T/T2)>>> (1)

The self similarity range wide-join is a unary op-
erator (it takes one relation) that internally performs a
range join, sorts the intermediate result by the dissim-
ilarity among the tuples and returns the top-k pairs
<ti,tj> of most similar elements in T. In (1), F is
a database aggregate function that receives the dis-
tances between the attributes #1[S1] and 7[S,] and
projects the ordinal classification of those dissimilar-
ity values into an attribute ord that exists only during
the operator execution. Further, that transient attribute
is used to select the most similar pairs and discarded.

Following (1), the self similarity range join relies
on the maximum limiar & in order to filter the candi-
date pairs to compose the answer. This operation is
related to the building processing phase, where two
images a and b are possible near-duplicates iff the
dissimilarity between them is at most the threshold
&, that is, d(a,b) <&.

The inner similarity join may be influenced by the
data distribution. Each attribute Sy of the pairs (¢1,)
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Algorithm 1: NLWJ(T,§, «).

1 Q<+ 9,

2 fori< 1to|T|—1do

3 for j«< i+ 1to|T|do

4 dist < d(1;[S],1;[S]);

5 if dist <& then

6 if |Q| < x then

7 | 0+ QU{{(tit;),dist)};

8 else

9 Let g € Q be the high-priority
element;

10 if dist < d(¢[S1],¢[S2]) then

i 0 0-1{qk:

12 0+ QU{{(ti,1j) dist)};

13 return Q;

can be combined with varying quantities of values in
S,. Thus, the inner join in (1) retrieves pairs in a large
range of distances, but only the smaller distances truly
correspond to near-duplicate elements. The greater
the distance among S; and S;, the smaller the confi-
dence that the pair is a near-duplicate.

Sorting the self-similarity of the pairs is related to
the improvement phase of a near-duplicate process.
As it is performed internally by the wide-join, no fur-
ther processing is required. In addition, that step also
solves a frequent issue existing in traditional similar-
ity joins: how to define &. Once the self range wide-
join sorts the pairs and filters just the closest, the &
parameter can be overestimated without adversely af-
fecting the quality of the final answer. Moreover, it
improves both the query answer quality and the per-
formance of the self similarity range wide-join oper-
ator, as it was confirmed by the experiments reported
in Section 4.

3.3 Algorithmic Issues

Self similarity range wide-joins can be implemented
more efficiently than the sequence expressed in (1),
following a strategy based on a nested-loop (Nested-
Loop Wide-Join - NLW]J), as depicted in Algorithm 1.
Usually, the traditional range wide-join performs n?
distance computations, where n = |T|. However, our
self version of the algorithm (steps 2 and 3) requires
only half of that amount because, as the join condition
is a metric, it meets the symmetry property. There-
fore, a first improvement is that it is necessary to com-
pute the distances d(t;[S],7;[S]) and d(t;[S],#[S]) only
once, resulting in n(n — 1) /2 distance calculations.
Following, the Kk most similar pairs qualifying as
near-duplicates (steps 5-6) are added into a priority
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Figure 3: Pivot-based strategy to prune the search space.

queue Q (step 7). The priority parameter is the sim-
ilarity distance: a greater distance corresponds to a
higher priority for removal. After K pairs were ob-
tained, the current pair <t,-,t j> replaces the higher pri-
ority element (g - step 9) whenever it is more similar
than ¢, as tested in step 10. Thus, the second im-
provement is truncating the sorting operation, as ¥
in (1) can be incrementally performed by the prior-
ity queue, which avoids the cost of sorting the total
whole amount of pairs or overflowing memory with
too many elements. When the procedure finishes, the
priority queue Q already contains the near-duplicate
images.

Finally, we designed a third improvement to com-
pute self-similarity range wide-joins. The trick here is
based on the triangle inequality property of a metric
(Section 2), using pivot elements in order to prune the
in-list search space and further reduce the number of
distance computations.

For an arbitrary and small number p < n of pivots
chosen among the available element in the database,
we first compute the distance between each element
#;[S] to each one of the p pivots. In such manner, each
element in the database is filtered by their distances
to each pivot. Notice that, until this step, only p*n
distance computations were performed.

The next step performs the similarity join. Each
element s, is compared to each elements s;, and when
they are closer than the similarity threshold &, the pair
is part of the answer. To prune comparisons, it is first
verified if s; is within the qualifying area of s, regard-
ing to each pivot, assuring that for each pivot p; the
conditions defined in (2) and (3) simultaneously hold.

d(pi,si) > d(pi,sq) — € ()
d(pi,si) <d(pi,sq) +& ©)

For instance, element s, in Fig. 3 satisfies conditions
(2) and (3) with respect to the pivot py, i.e., s is
within the hyper-ring delimited by the pivot p;. How-
ever, when analyzed in relation to the pivot pj, s
does not satisfy (3), thus it is guaranteed that s, is out-
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side the intersection area among the two hyper-rings.
Therefore, the comparison of s, with s, is pruned.

Still considering Fig. 3, notice that the element s,
holds conditions (2) and (3) with respect to both piv-
ots and should be compared to s,. In this case, al-
though s is within the qualifying area defined by the
two pivots, it is not within the range area of s,, which
can be verified with just one distance computation.

For those elements within the qualifying area, the
number of additional distance computations is based
on the data distribution and cannot be predicted be-
forehand. However, the worst and highly improvable
situation occurs when the n elements in the database
lie within the qualifying area. In this case, it is neces-
sary to perform, for each element s,, n distance com-
putations, which leads to a total of np+n(n—1)/2
calculations. Similar to the nested-loop case, due to
the symmetry property of the metric (Section 2), at
most a half of all the distance computations are re-
quired.

Nevertheless, it is very uncommon and easy to
avoid to have all the dataset in the qualifying area.
In Fig. 3, notice that making p = 3, thus putting a
third pivot next to the element s,, would substantially
reduce the qualifying area, restricting it to almost the
coverage region of s,.

The opposite situation occurs when no element
qualifies. In that case, there is no distance computa-
tion. In average, the number of distance computations
can be estimated as the arithmetic mean among the
best and worst cases, which leads the required num-
ber of distance calculations to be significantly less
than n(n — 1 +2p)/4 distance computations, already
including the n * p pivot-elements performed calcula-
tions.

Similarity wide-join based on pivots (WJ-P) can
be implemented in external memory following the
block-nested loop approach introduced in Algo-
rithm 2. Similar to Algorithm 1, the WJ-P implemen-
tation also relies on a priority queue Q (step 1) in or-
der to achieve the sorting step of similarity wide-joins.
In step 2, p pivots are chosen at random. Heuristics
on how the pivots should be chosen are out of scope in
this paper. Steps 3-6 iterate over the blocks where the
tuples are stored. The nested-loop of steps 8 and 12 it-
erates over the elements inside the blocks. In order to
avoid combining a element with itself ensuring a self
similarity join, the condition in step 10 increments the
start position of the inner loop.

For each pivot picked in step 2, Equations (2) and
(3) must hold (step 13). Notice that the distance be-
tween the elements and the pivots can be precomputed
and stored when reading the elements in the loops of
steps 8-12. Step 13 means that the analyzed tuple (t,)

Algorithm 2: WI-P(T,§, ).

1 0+ @,

2 Choose p pivots at random in T;

3 for i < 1 to number of blocks of T do

4 for j < i+ 1 to number of blocks of T do

5 load block i to memory;

6 load block j to memory;

7 x <+ 1;

8 while x < number of elements in block i
do

9 Y x;

10 if i = j then

1 | yey+1;

12 while y < number of elements in

block j do

13 if expressions (2) and (3) hold

V pivot p then

14 dist < d(t,[S],1,[S]);

15 if dist < & then

16 if |0| < x then

17 0+ QuU
{((te1y) dist) };

18 else

19 Let g € Q be the
high-priority
element;

20 if dist <
d(q[S1],4[S2])
then

2 00— {q};

22 0+ Qu

{{ltety) dist)}:

23 return Q;

is within the qualifying hyper-ring defined by the piv-
ots. The pertinence of ¢, to the region convered by #, is
then checked in step 14-15, where an additional dis-
tance computation was performed. The steps 15-22
are similar to those presented in Algorithm 1, where
k elements are selected so the algorithm checks for
possible replacements of the most similar pairs.

4 EXPERIMENTS

This section reports on experiments using our frame-
work for near-duplicate image detection. The goal
is to evaluate the proposed self range wide-join tech-
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Figure 4: Performance and quality analysis: the Fire dataset.

nique in terms of both the computational performance
and the answer quality, targeting prioritizing those as-
pects as required for an emergency monitoring sys-
tem.

4.1 Experiment Setup

We describe the results performed on a real dataset
- Fire - composed of 272 images of fire incidents.
Those images were obtained from an emergency situ-
ation simulation, held in an Industrial Complex. The
dataset was previously labeled by domain experts and
25 distinct incident scenes were recognized. The im-
ages were submitted to the Color Layout (Kasutani
and Yamada, 2001) extractor, which generated 16 fea-
tures. The L, (Euclidean) metric was employed to
evaluate the vector distances.

We compared our improved pivot-based self range
wide-join (WJ-P, Algorithm 2) using 5 pivots with
three other techniques. The first is the similarity wide-
join with a nested-loop approach (NLWJ), that is the
self version of the baseline found in the literature
(Carvalho et al., 2015). The second method is the
Adaptive Cluster with k-means (ACMe - Section 2)
(Li et al., 2015). Also, once k-means is sensitive to
outliers and often computes “means” that do not cor-
respond to real dataset images, we generated a third
method that is an ACMe variant replacing k-means
with the k-medoids algorithm, calling it ACMd, in or-
der to better analyze the answer quality. When neces-
sary, the parameter & was set to retrieve about 1% of
the total number of possible pairs.

The experiments were executed in a computer
with an Intel® Core™ i7-4770 processor, running at
3.4 GHz, with 16 GB of RAM under Ubuntu 14.04.
All evaluated methods were implemented in C++.
Each technique was evaluated with respect to both the
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total running time (Section 4.2) and the answer qual-
ity (Section 4.3), as follows.

4.2 Performance Experiment

Fig. 4(a) presents the total running time of the four
approaches evaluated. The reported time corresponds
just to the execution of the Near Duplicate Detec-
tion Module, as feature extraction was performed only
once to provide data to the four methods. In this ex-
periment, WJ-P was 44.45% faster than NLW1J. Also,
both techniques based on self wide-join were 2 orders
of magnitude faster than ACMe and 3 orders of mag-
nitude faster than ACMd, whereas returning a high
quality result set.

Such behavior occurs due to the fact that ACMe
and ACMd cluster the dataset and recursively redis-
tribute the elements following a hierarchical approach
for the improvement phase, until the coherence of
each cluster does not exceed a maximum value, com-
puted during the process. In addition, to achieve
the result, an improvement phase is usually required,
which contributes to increase the computational cost
of those approaches. Distinctly, the WI-P performs
a single pass computation that embodies the build-
ing and the improvement phases into an atomic, op-
timized operation.

Both ACMe and ACMd require a parameter k to
execute their core clustering algorithms, the k-means
and k-medoids, respectively. Nevertheless, they re-
turned a number of clusters greater than k, because
the clusters obtained in the building phase are sub-
divided according to their coherence values. Those
techniques achieved the better results when k is set to
values between 20 and 30. Unlike, the WJ-P method
was able to achieve the result without the need of sev-
eral executions in order to find out the better parame-
ter adjustments.
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Figure 5: Near-duplicates obtained by the three evaluated methods for the query center shown.

4.3 Answer Quality Evaluation

To analyze the answer quality, we evaluated how ac-
curate is the result returned by the proposed frame-
work. In order to enable fair comparisons among the
distinct algorithms, we computed Precision and Re-
call (P x R) curves. Evaluating P X R is a common
technique used for information retrieval evaluation.
Precision is defined as the rate of the number of rele-
vant elements retrieved by the number of retrieved el-
ements. Recall is given as the rate between the num-
ber of relevant elements retrieved by the number of
relevant elements in the database. In P x R plots, the
closer a curve to the top, the better the corresponding
method.

Fig. 4(b) shows the P x R curves achieved by the
three approaches. In this experiment, we did not con-
sider the NLWJ approach because its result is the
same also produced by the WJ-P and therefore both
curves are identical, only varying their runtime. Our
self range wide-join based on pivots achieved the
larger precision for every recall amount. It was, in av-
erage, 35.14% more precise than ACMe and 36.78%
than ACMd. After retrieving all relevant images in the
dataset (recall of 100%), WIJ-P consistently obtained
66.00% of precision in the result, whereas the com-
petitor techniques achieved a maximum precision of
12.50%.

In order to show the obtained gain of preci-
sion, Fig. 5 samples the images considered as near-
duplicates by the three techniques. Again, NLWIJ is
omitted once it computes the same result of the WJ-P,
but the former is slower than the latter. For an im-
age randomly chosen as query center (Fig. 5(a) - the
10th image with label 13), Fig. 5(b) shows the near-
duplicates retrieved by WIJ-P. As it can be seen, they
have the same label and are in fact related to the query,
recognizing even images with zoom and rotations.

Figs. 5(c) and 5(d) show the clusters obtained by
the ACMe and ACMd, respectively. Both are the clus-
ters where the query image (Fig. 5(a)) was allocated

As it can be noted, both methods retrieved false pos-
itives, where the existence of false positives con-
tributed to decrease the precision of ACMe and
ACMd. Although ACMe theoretically leads to worse
clusters than ACMd, as the means are not real im-
ages whereas the medoids are, the precision differ-
ence among both was in average only 1.63% (see
Fig. 4(b)).

The superior quality of the answer of WJ-P when
compared to the cluster-based methods shown in
Fig. 4(b) is explained by the fact that the clusters
are generated based on centroids or medoids seeds,
and the remaining elements are allocated according to
their distances to the seeds. The cluster elements are
analyzed only in relation to the seeds, ignoring the re-
lationship among themselves. This fact leads to some
images that are distinct among them but considered
similar to their seed, as represented in Figs. 5(c) and
5(d). In its turn, the self wide-join method establishes
a “pairing relationship” among the elements, avoiding
such drawback and increasing the answer quality, as
also observed in Fig. 5(b).

Notice that Fig. 5 shows the images spoted as
near-duplicates by each of the three techniques. Ac-
cording to the user interest, those near-duplicates can
be either removed from the final answer of the frame-
work so as to provide a more informative result set, or
returned, allowing to analyze similar occurrences.

4.4 Scalability Analysis

The Fire dataset contains real images from an emer-
gence scenario from the Rescuer Project, but it con-
tains few images. So, we evaluated the scalability of
our technique employing the Aloi dataset®. It con-
tains images of 1,000 objects rotated from 0° to 360°
in steps of 5°(72 images per object, which we assume
to be near-duplicates) giving a total of 72,000 distinct
images. The Color Moment extractor (Stricker and

2 <http://aloi.science.uva.nl> Access: Sept. 11, 2015.

89



ICEIS 2016 - 18th International Conference on Enterprise Information Systems

400000
350000 ~ WI-P

300000 rNLWJ

150000 rACMd

Time (s)
1
(9]
S
S
S

. 15
¥ ¢ ¥
.
¢ ¢ ¢
¢ ¢ 4
4 ¢ 4
¢ ¢ ¢
¢ ¢ ¢
¢ ¢ ¢
¢ ¢ ¢
4 4 4
4 ¢ ¢
4 4 4
¢ ¢

ol i
| 1Y Y

9

S

S
< 0426

1K 10K 20K 30K
Cardinality
(a) Runtime

14000 :
‘no WJ-P A

= 12000 [NLWJ < |
<

£ 10000 | |
g

g

£ 8000 | |
£

5] 6000 |
(&)

8 4000 2% |
g DeteN

g I 7
Z 2000 ¢

¥ 0

1K 10K 20K 30K 40K 50K
Cardinality

(b) Distance computations

Figure 6: Scalability analysis: Aloi dataset.

Orengo, 1995) generates 144 features, which were
compared using the L, metric.

For the scalability evaluation, we shuffled the
Aloi images and varied the cardinality of the sub-
mitted data in several executions of our framework.
Fig. 6(a) depicts the total runtime of each algorithm.
The pivot-based self range wide-join (WJ-P) was
in average 49.58% faster than NLWIJ. Also, it was
96.25% faster than ACMe and 99.59% than ACMd,
that is, it was correspondingly 2 and 3 orders of mag-
nitude faster. For example, for a cardinality of 10,000
objects, WJ-P execution took 1.16 minutes and NLWJ
took 2.20 minutes, while ACMe took 1.18 hours and
AMCd took 6.61 hours.

Finally, Figure 6(b) compares both the similarity
wide-join techniques (NLWJ and WJ-P) with respect
to the number of distance computations performed to
achieve the result. The pivot-based self range wide-
join (WJ-P) executed at least 44.69% less distance
calculations than NLW1J for a cardinality of 40K, but
the greatest reduction of distance computations was
observed for a cardinality of 1K, where WJ-P per-
formed 68.75% less calculations. Nevertheless, it is
important to highlight that both techniques obtained
the same final result, but WJ-P was able to save com-
putational resources in its processing.

Fig. 6 shows that as the cardinality increases, the
cluster-based methods need to process more elements
in the building phase. However, the coherence value
is not used in this phase, so the next one (refinement
phase) requires more iterations to subdivide the clus-
ters and ensure that coherence is maintained. Dis-
tinctly, the wide-join perform a one-pass strategy. The
increased cardinality turns the process more costlier,
but in a less pronounced way as compared to the
cluster-based ones. Moreover, to avoid performing
distance calculations among every pair as occurs in
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NLW]J, the WJ-P prunes the number of comparisons,
which also reduces the running time.

4.5 Experiment Highlights

In a general way, there are three main reasons explain-
ing why the introduced self similarity range wide-join
technique overcomes its correlates:

e Single-pass computation: usually, the near-
duplicate detection is divided into two phases.
The wide-join operator surpass the requirement
for a refinement phase. As aforestated, such one-
pass execution allowed to reduce the cost of the
entire process in 2 orders of magnitude.

e Efficient prune technique: a prune technique
based on pivots enables the proposed WJ-P algo-
rithm to perform a reduced amount of element-
to-element comparisons. The pivots delimit small
regions of the space to be analyzed, allowing to
discard several elements that surely will not com-
pose the answer. Also, such strategy reduced the
number of distance computations in about 44% in
relation to the traditional nested-loop approach.

o Similarity relationship between elements: unlike
the cluster methods, that computes the proximity
of an element to a group, the self wide-join oper-
ator establishes a similarity relationship between
each distinct pair of elements. It avoids the diver-
sity found in two elements lying in opposite sides
of a cluster, which increased the answer quality in
about 35% in relation to the existing approaches.

S CONCLUSIONS

In this paper we presented a framework model to
detect near-duplicates using the similarity wide-join
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database operator as its core. We introduced the self
range wide-join operator: an improved version of the
wide-join that enables computing similarity by com-
bining a relation to itself. We optimized the wide-
join algorithm to scan the search space relying on
pivots and using metric space properties to prune ele-
ments, which enabled achieving a large performance
gain when compared to the existing solutions.

The experiments were executed using two real
datasets. They showed that our proposed wide-join-
based framework is able not only to improve the near-
duplicate detection performance by at least 2 and up
to 3 orders of magnitude, but also to improve the qual-
ity of the results when compared to the previous tech-
niques.

The introduced technique is general enough to be
applied over any dataset in a metric space, but we fo-
cused its application for an emergency-based appli-
cation. When handling an emergency scenario, it is
common that the eyewitnesses capture a large amount
of photos and videos about the incident. Existing
monitoring systems can benefit from those crowd-
sourcing information, aiming at improving decision
making support. However, as the information in-
creases, its elements tend to become too similar, so
it is crucial to provide efficient techniques to properly
handle near-duplicates.

As future work, we are exploring data distribution
statistics and selectivity estimations for join operators
in order to provide accurate definitions of the param-
eters required by the self-similarity range wide-join.
We also intend to combine the images with their as-
sociated meta-data in order to further improve both
the precision and the performance of near-duplicate
detection.
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The cloud computing paradigm is transforming the way IT services are provided and consumed by changing

IT products to services. The migration of in-house IT services to cloud computing must be performed
carefully so as not to cause high losses in the institution. In this paper, we present the use of the framework
developed by the same authors, to the migration of services, applications, data and infrastructures to cloud
computing, M2CCF, compatible with Information Technology Infrastructure Library (ITIL). The work also
discusses the results gathered from the real implementation of the framework in the migration of IT services

to a private cloud.

1 INTRODUCTION

A growing number of organizations is expected to
migrate their IT systems to cloud computing (CC)
(Tusanova, 2012). Conversely, the migration to CC
has a great growth potential with the current and
predicted total budget to be spent on its services
(Nkhoma and Dang, 2013). Indeed, there is few
literature  available on the process and
methodological guidance on migrating existing
software systems to cloud computing (Chauhan and
Babar, 2011), namely because it is a new and
evolving field (Conway and Curry, 2013).

The difficulties organizations are faced with
when migrating their IT to CC, has started to gain
the attention of the research community with works
published on the topic such as (Ezzat, et al., 2011;
Khajeh-Hosseini, et al., 2011; Kumar and Garg,
2012). However, none of these works has presented
a systematic process, sufficiently detailed, in order
to be useful as a guide for IT managers throughout
the steps and decisions involved in a typical
migration to CC. Moreover, this work was also
triggered by the absolute need to improve research
in CC as well as in IT Service Management (ITSM)
identified by Robert Heininger (2012).

The migration to the CC paradigm by an
organization requires a deep understanding of the
institution IT as well as the dynamics of CC. By
other side, there is already an extensive set of
recommendations for IT management and IT

Cardoso, A. and Moreira, F.
Migration Results to a Private Cloud by using the M2CCF.

governance in general such as the Information
Technology  Infrastructure = Library  (ITIL).
Accordingly, we developed the Migration to Cloud
Computing Framework (M2CCF) to support the
migration to CC which utilizes the information
gathered and the knowledge acquired with the ITIL
implementation.

This paper presents the results obtained after a
real migration, with the M2CCF, of University
Portucalense IT services to a private cloud.

The rest of the paper is organized as follows:
Section 2 presents the overview of the cloud
computing paradigm, its concerns and governance,
the ITIL framework and an overview of various
frameworks developed by other authors to support
the migration to cloud computing. In Section 3 is
presented the framework developed (M2CCF) and a
case study of a real implementation of the M2CC. In
Section 4 the results of the case study are discusses
and analysed. Finally, the paper concludes in Section
5.

2 BACKGROUND

In this section is presented an overview of the CC
paradigm as well as ITIL, since, as we argue, it is a
companion of the M2CCF in the migration to cloud
computing.
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2.1 Cloud Computing

The term “cloud computing” (CC) was coined in the
fourth quarter of 2007, in the context of a joint
project between IBM and Google (S. Zhang, Zhang,
Chen, and Huo, 2010). One definition recognized by
several authors, such as, (Foster, et al., 2008; Zhang,
et al., 2010), considered as being holistic (Swamy,
2013) and adopting a broad scope is the one
presented by The National Institute of Standards and
Technology (NIST). According to that definition the
CC is classified in four deployment models: public,
private, hybrid and community. Each of the
aforementioned deployment models is divided into
three layers (also known as service models),
according to the services it provides to the users
(Mell and Grance, 2011; Vaquero, et al., 2009).
These layers are, on the first level, Infrastructure as a
Service (IaaS), where the user can afford, upon
request, processor  resources, storage and
networking, among others. On a second level, the
Platform as a Service (PaaS) layer allows users to
implement their applications in the cloud, by using
the programming languages and tools provided by
the cloud service provider. The third layer
corresponds to Software as a Service (SaaS), where
the applications, provided by the cloud provider, are
made available to the costumers.

The CC paradigm offers various advantages, such
as the ability to dynamically adjust the resources
according to the needs, a great scalability in resource
utilization, a reduced initial investment, an easy
access, but also has number of challenges that must be
overcome. Note however, that some of these
challenges are old but in a new scenario (Jansen,
2011). Among the challenges are issues such as the
security (Armbrust et al, 2009), the service
availability, the lack of knowledge on where is the
information stored, the retrieval of the information
(for instance at the end of contract or provider
bankruptcy), the lack of legislation (it is mandatory to
obtain appropriate legal advice) and the costs (the
issues are somehow similar to rent or buy a car).

2.2 ITIL

Enterprise activities increasingly rely on the
fundamental support of IT to sustain the growth of
the business. Amongst the IT governance
frameworks, ITIL gains prominence on the
migration to CC because, as stated by (Sahibudin, et
al., 2008), implementers should use ITIL to define
strategies, plans and processes, which are the key
actions to migrate to CC. Furthermore, ITIL is
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chosen by its acceptance. Indeed ITIL is the most
widely adopted approach for IT (Mourad and Johari,
2014), with an acceptance of 28% followed by
COBIT with 12,9% (ISACA, 2011).

The ITIL is a de facto standard and the reference
model for IT management processes. This model was
developed by the English government for use in IT
companies, and was quickly adopted across Europe as
the standard for best practice in service delivery IT.

Published by the Central Communications and
Telecommunications Agency (CCTA) and, more
recently, the Office of Government Commerce
(OGC), ITIL provides a practical, no-nonsense
framework for identifying, planning, delivering and
supporting IT services to the business. Consisting of
a set of good practices, described over five volumes
known as Service Strategy, Service Design, Service
Transition, Service Operation and Continual Service
Improvement, ITIL is currently in version 3 (known
as ITILv3 and ITIL 2011 edition). Its last update
was in 2011, ITILv3 it has been rapidly adopted
throughout Europe as the de facto standard for best
practices in IT service delivery.

2.3 Migration to Cloud Computing,
Frameworks

Several authors investigated the migration to CC.
Accordingly, in this section, we expose a summary
of these works. More details and a comparative
study of these works can be found in (Cardoso,
Moreira, and Simdes, 2014).

Among the works developed for migration to CC
is the work of Vivek Kundra ( 2011) that proposes a
decision framework for CC migration. Adela
TuSanova (2012) suggest a six step framework. Ali
Khajeh-Hosseini et al., in (Khajeh-Hosseini, et al.,
2010b), describe the challenges that a decision
maker faces when assessing the feasibility of the CC
migration in their organizations, and presents the
Cloud Adoption Toolkit, which has been developed
to support this process.

Ezzat et al. in (2011) proposes a framework
focused to support decision makers, in their
migration to CC, depending on their own business
cases and predefined issues. They view the
migration to CC under three perspectives, the
business, the technical and the economic ones. In
(Chauhan and Babar, 2011) the authors summarize
their practical experience by reporting the
information gathered when they migrated the
Hackystat open-source software’s framework, to the
CC. Patricia V. Beserra et al., in (Beserra, et al.,
2012) present Cloudstep, a step-by-step decision



process aimed at supporting legacy application
migration to the CC. The process was exemplified
with the migration of a medical commercial
application to the CC. The approach followed by
Frey et al. (2012), CloudMIG for migration to CC,
aims at supporting SaaS providers in the comparison
and planning phases to migrate enterprise software
systems to laaS or PaaS based clouds. Banerjee in
(2012) addresses the migration to CC of enterprise
level workloads without redesigning or re-
engineering the existing applications. The
Innovation Value Institute (IVI) from the National
University of Ireland Maynooth (“Innovation Value
Institute (IVI),” n.d.) consortium to address the
issues involved in the CC migration developed and
tested a life cycle for systematically managing cloud
migration projects, the IVI Cloud Computing Life
Cycle (Conway and Curry, 2013).

According to the analysed documents, the
majority of the studied frameworks do not include
an initial step to define a strategy for the migration
of services to CC. Besides that, they do not address
risk management nor legal issues either, nor
analyses the impact of migrating services to CC.
Additionally, the contracts management, the vendor
lock-in, the testing of the achieved solution, the use
of good practices and the continual improvement of
the solution are other issues that are not covered by
the analysed solutions.

Notwithstanding each of the studied frameworks
offer a solution to migrate IT to CC, none of them
points a way to enforce that the actions developed to
complete each process (that make up the framework)
are managed, done appropriately and in an organized
way. To solve this, an IT governance framework,
such as ITIL or COBIT, could be used as a reference
to define each of the framework processes to achieve
the best solution for the organization.

3 MIGRATION TO CLOUD
COMPUTING

In this section we shortly present our M2CC
framework (Cardoso, et al. 2015), and discuss its
application on a real migration of IT services to CC
scenario.

3.1 Framework

In the outsourcing processes there is always an
interaction between IT’s service provider and the
customer. Accordingly, we have grouped the
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activities of the M2CCF, into two major groups, the
on premise and the off premise, both aggregating the
activities that an organization has to perform when
migrating services towards the CC. These groups
match the key’s stakeholders of this process, that is,
the customers and the CSPs.

The on premise group embraces the activities
that the organization must solve on their own to
migrate services to the CC. Accordingly it consists
in four steps, “Define a strategy”, “Identify and
understand”, “Define, select analyse and map” and
“Migrate and govern”. On its side, the off premise
group  encompasses  processes to  provide
“Information about cloud services” and the cloud
services. Before starting the process of migrating to
the CC, the organization must at first identify and
understand the business and technical issues, which
lead to a migration of services and applications to
the CC. Among these issues, there are cost savings,
agility and scalability offered by the CC. At the
“Define a strategy” process, the organization
comprehends the CC concept, identifies the reasons
why to migrate services to the CC and develop a
strategy plan. In the “Identify and understand”
process, the customer performs a full assessment of
the infrastructure, services, applications and data, to
perceive in full detail its IT, to identify what to
migrate and to later compare in-house versus CC
solutions. After comprehending his IT, the customer
is ready to define a migration’s plan in the “Select
analyse and map” process. Based on the information
of the earlier processes, on the migration plan and in
the information gathered from the CSPs, he chooses
the most appropriate suppliers for the migration.

A sub-process analyses and ponders the whole
information to produce the input to the “Map” sub-
process mapping out services to their cloud
counterparts or creating new ones. Lastly, in the
“Migrate and govern” process, the organization
migrates the selected services and applications to the
CSPs according to the defined migration’s plan. The
migration is performed with the joint participation of
the IT department, business, CSPs and with the
service integrator (where appropriated). This
migration may be phased, and there must be a
validation by the end of each phase, according to the
customer needs. Finally, the customer collects
information regarding the performance of the CSPs
and checks if they are in accordance as specified in
the contracts and the SLA.

3.2 Case Study

Taking into account, on the one side, the benefits
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that the methodology of the case study expose in
investigating real life phenomena (Yin, 2003) and
for the other hand the prescription the same author
does of it, we consider the case study to be the
adequate choice of a methodological approach to
comprehend and validate the problem under the
research. In the subsequent paragraphs, a case study
of migrating services and applications to the CC
(developed at the University Portucalense Infante D.
Henrique - herein referred to as UPT, a typical
higher education institution) is presented. The aim of
this case study is to understand, explore and describe
the migration’s process to the CC under the
framework developed in (Cardoso et al., 2015) as
well as its relationship with ITIL.

The working methodology towards this case
study entailed a close monitoring of all stages
leading to the migration of services to the CC, the
participation in the decision-making process and the
intervention in the whole process of installing a
private cloud and on the migration of services to the
implemented environment.

All of the work in this case study took place in
accordance with the guidelines of the framework
developed. Thus, the UPT IT’s area starts the whole
process by defining the initial strategy with broad
outlines and guidelines for the whole process. This
phase is followed by the stage of identification and
understanding of all services, applications and data
in use by the UPT area of IT. This stage is vital to
establish a strong foundation of information for
pursuing the subsequent phases of the framework.

The next process, “Define, select, analyse and
map” begins by defining a migration’s plan, which
delineates all the details of the migration process
itself. Concomitantly, it runs the “Select providers”
sub-process where the proposals are analysed and
the suppliers that best fit the needs identified are
selected. Following these processes and according to
the information added so far, the team responsible
by the migration’s process analyses the aspects of
the solution and conducts, in collaboration with the
supplier, a test to the solution. The “Map” sub-
process follows near the end of this process. It is a
sub-process where the services’ applications and
data, defined to be migrated to the CC, and the
corresponding CC services are matched. The
migration’s process ends with the physical migration
of the selected services to the CC’s environment.
This process also includes a pilot test of the entire
solution as well as the training of actors and the
beginning of a continuous process of monitoring and
improvement of the solution as a whole.
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3.3 Results Obtained

In technical terms the implemented solution
improved the operating conditions of the services
migrated to the private cloud. This improvement was
reflected at the level of management, which became
centralized and was carried out in a much more
automated way and the services provided require
now considerably less time in order to produce
results.

Based on the research developed and on the UPT
IT needs identified it was confirmed that the private
cloud is the best suitable solution. The tasks of the
M2CC framework were performed according to
ITIL. For every process of the M2CC’s framework,
we found out that ITIL has support, except in what
relates to the management of the IT’s staff.

4 DISCUSSION

To support the wvalidation of the framework
developed, amongst other actions that are not within
the scope of this paper, a case study was
accomplished.

4.1 Migration Results

The findings of the case study indicate a close
relationship between the process identified in the
M2CC’s framework to migrate IT to the CC and
ITIL, although some aspects, like the management
of IT’s human resources and the project
management, are not covered by ITIL. All other are
sufficient to cover the demands of the M2CC’s
framework.

The first ITIL book, “Service Strategy”, provides
guidance on clarification and prioritization of
service provider investments in services. As such,
the major usage occurs is in the first two processes
of the M2CC’s framework — the first defining a
strategy and the second gathering information
concerning the current state of the in-house IT’s
infrastructure. The second book, “Service Design”,
aims to design appropriate and innovative services to
meet the business requirements. Hence, its major
usage is on the gathering information from the
current IT’s infrastructure and definition of the
services in the cloud. Hereinafter is the “Service
Transition” book, and as the name suggests, it takes
care of the transition of services, that is, builds and
deploys IT services. Its major usage, is in the
“Migrate and Govern” M2CC framework’s process,
which is the process that is responsible for the real



migration of services, applications and data to the
CC. This last process of the M2CC’s framework, is
also responsible for the services in the cloud
environment functioning and its improvement. As
such, the last of the ITIL books, “Service Operation”
and “Continual Service improvement” provides
major support to this process.

Despite the M2CC framework widely benefits
from ITIL, it is not required that the organization
previously implements ITIL so that it is able to
perform the migration to the CC. The team
responsible for the migration to the cloud may only
implement the necessary ITIL processes to gather
the required information or to manage some
processes. However, it should be pointed out that if
the organization already follows the ITIL
framework, the usage of the M2CC framework is
simplified.

The case study allowed us to validate the
framework developed and solve minor issues. For
example, the task “Test the solution in a controlled
environment” was added because of a practical
necessity by the time of the cloud’s implementation.
According to our study, the use of good practices to
implement the migration of services to the CC
benefits the organizations, mainly because they can
reuse the majority of the work performed by them
when deploying the good practices’ framework and
their results in the migration to the CC. Additionally,
when both the customer and the CSP have
implemented the same good practices, they have a
common language facilitating therefore their
communication.

To further, validate the results achieved, three
interviews were conducted with the UPT staff that
has a direct contact with the services migrated to the
private cloud.

4.2 Interviews

The first interview, done to 16 employees, is
intended to wvalidate the tests performed in a
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controlled environment to validate the details of the
achieved solution. The interviews questions and the
results are depicted on Figure 1

According to the results, the tests provide the
expected outcomes - the migration to the CC of the
selected services and applications was successful
and the technical difficulties were overcome.

Interview II was accomplished to evaluate the
perception of the staff directly affected by the
migration to the CC (a total of 16 interviews).
Taking into account the answers to questions, one,
two and three, of the conducted survey, see Figure 2,
we can conclude that 100% of the users consider that
the functionalities of the applications remains
unchanged and not suffer any access breaks during
the migration’s period.

In terms of access, the users also recognize that
there had been no change in accessing the
applications they already had. The previous and
detailed analysis of the applications used and the
users’ habits led to selecting a period for the
migration of applications that would have less
impact to the users.

This analysis was performed in the process of
“Identify and Understand” and reinforced in the
“Define, select, analyse and Map” particularly in
“Define a Migration Plan" for example in the access
definition.

Questions four and five refer to the
troubleshooting, equated in the initial phase of
implementation of the framework, in the process
“Define a strategy” when defining “Why move to
cloud”. It is widely spread view that the speed of
access to services has been improved and the
availability problems were solved. Some of these,
still felt by some users, are due to intermediate
servers that have not yet migrated to the new
solution, such as proxy servers.

Question six aims to assess the initial study of
the information that each application uses.
According to the feedback from the users, all the
information used by applications has been preserved

1. Was the outcome of the tests performed the
expected?

2. Has the access speed to the applications has
been improved?

3. Were there breaks in the applications
availability?

4. Were the accesses to the applications kept
unchanged?

Tests in a controlled environment
(16 respondents)

Was the outcome of the Has the access speed to Were there breaksin the ~ Were the accesses to the
tests performed the the ications has been icati ilabili lications k
expected? improved?

unchanged?

Figure 1: Interview 1.
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functionalities?

migration time?

improved?

solved?

complete?

suffer any changes?

were appropriate?

premises of UPT?

1. Were the applications were migrated with the same
2.  Were there were breaks in the application accesses at

3. Were the accesses to the applications kept unchanged?
4. Has the access speed to the applications has been

5. Have the applications’ availability problems have been
6. Was the information migrated to the new platform was
7. Did your processes, dependent on migrated applications,
8. Were the applications chosen to be migrated to the cloud

9. Was it important to maintain the existing applications?
10. Was it important to maintain the applications on the

Migration results
(16 respondents)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Figure 2: Interview I1.

The implemented solution allowed:
To improve the backup process?

machines?

To increase the service’s availability?

To improve the access speed to the applications?
To help you create new machines?

A

machine and providingnew services?

1.
2. To dynamically change the resources allocated to

Decreasing the amount of time needed to create a new

7. To reduce the number of physical machines?

8. To reduce the consumption of electrical energy?

9. To turn on and off machines according to the
needs?

10. To create machines for testing and delete them
when they are no longer needed?

11. To generated new machines from a template?

{13 L) Ly [ H] L}

Technical aspects of cloud
computing usage
(2 respondents)

LEs) L] iy {10 fray

Figure 3: Interview III.

in the new environment. This information was
collected in connection with the “Identify and
Understand”.

According to the answers obtained to questions
seven, eight and nine, we found out that the
migration did not cause any disruptions during
normal day-to-day of the users. These issues resulted
from the wvalidation of processes “Identify and
Understand”, “Analyse and test” and “Migrate and
govern”, for example in gathering information about
services in the process “Identify and Understand”, in
analysing the impact on the sub-process “Analyse
and test” and in selecting applications to migrate
from sub-process “Define a migration plan”, namely
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“What to move”.

Question 10 relates to the cloud type chosen in
the sub-process “Defines the migration plan”.
However, it also comprehends the security required
by the institution validated in the sub-process
“Define a migration plan”, with the risks discussed
in the sub-process “Analyse and test” and the sub-
process “Select the providers”.

Interview 111, see Figure 3, aims to validate the
fact that the solution achieved encompasses the CC’s
technical advantages. This interview has showed that
the solution achieved includes various CC
advantages such as, the capacity to dynamically
change the resources of the machines, facilitate the



task of creating new machines, activate and
deactivate machines according to the needs and the
possibility of having templates to create new
machines based on a common configuration.
Moreover, the solution also solves some problems
found, such as improving the backup processes,
increase the service’s availability and the speed to
access these services.

S CONCLUSIONS

IT managers are increasingly concerned in
minimizing investments; capitalize on investments
already made and the way the services are
performed to achieve greater productivity with lesser
costs. The CC is a paradigm that allows customers to
start new services or expand already existent ones
without requiring large upfront investments,
enabling customers to acquire and release resources
dynamically according to their needs in a pay-as-
you-go form. One of the main challenges facing the
migration to this new paradigm is the need to review
and to adapt the services and IT processes to operate
in the new paradigm. Another issue arises from the
difficulty of bringing services back to the
environment they had before, after they have
migrated to the cloud. One other issue occurs from
the costs involved in the migration. Therefore, the
migration to CC must be carefully planned and
performed. So, it is important to investigate how the
organizations can efficiently and effectively migrate
IT from the conventional model to CC.

Taking into account, the need to better meet the
user requirements with lower costs, the advantages
of the CC, the advantages of ITIL in managing IT
services (with its major acceptance and adoption’s
index compared with other service management
frameworks) and the possibility to wuse the
information gathered by ITIL, the work developed
examined the adequacy of ITIL in the migration of
traditional IT environments to CC. By creating a
framework to migrate services to CC and mapping
the processes of the framework to the ITIL
processes, we validate the applicability of ITIL to
the migration to CC.

Bearing in mind that there are some
interdependencies among the ITIL processes and
that implementing the whole ITIL is not an easy
task, we purpose, as a future work, to develop a
“mini-ITIL” to support the Small and Medium
Enterprises (SMEs) that have not implemented ITIL,
in the migration to the CC.
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While process harmonization is increasingly mentioned and unanimously associated with several benefits,

there is a need for more understanding of how it contributes to business process redesign and improvement.
This paper presents the application, in an industrial case study, of a conceptual harmonization model on the
relationship between drivers and effects of process harmonization. The drivers are called contextual factors
which influence harmonization. Assessment of these contextual factors in a particular business domain,
clarifies the extent of harmonization that can be achieved, or that should be strived at. From both qualitative,
as well as some quantitative, assessment results, insights are being discussed on the extent of harmonization
that can be achieved, and on action plans regarding business (process) harmonization and (IT) integration.

1 INTRODUCTION

The interest in process harmonization by researchers
and practitioners has increased in the last years
(Fernandez and Bhat, 2010), (Romero, 2014). The
process of harmonization is considered as the
elimination of differences and inconsistencies among
processes in order to make them uniform or mutually
compatible (Pardo et al, 2012). Harmonization of
processes will lead to effective robust business
processes (Siviy et al, 2008), cycle-time reduction
and overall operational efficiency (Kumar and
Harms, 2004). With process harmonization different
business process domains can be integrated, their
efficiency and performance can be improved. E.g. the
reduction in the number of process variants decreases
the costs of process maintenance and increases the
agility towards process changes (Manrodt and
Vitasek, 2004). However, recognizing similarities
and differences between processes and identifying
harmonization opportunities is difficult, in particular
when dealing with processes in a multi-model
environment. Therefore, a trade-off has to be
distinguished between the costs and the benefits of
striving at totally harmonized business process
domains or allowing the business domains, and their
processes, to have local relevant variations (Tregear,

Trienekens, J., Romero, H. and Cuenca, L.

2010). In (Romero, 2014) a conceptual harmonization
model is presented on the relationship between
drivers and effects of process harmonization. These
drivers are called contextual factors. Assessment in a
particular business domain, clarifies the extent of
harmonization of business processes that can be
achieved. This paper presents the application of the
mentioned harmonization model in a case study in
industrial practice, i.e. at DEKRA, an international
certification body in The Netherlands. DEKRA is
confronted with challenges regarding performance
problems and inefficiencies in their testing and
certification services. In conformance with their
international business strategy, standardization,
integration, and improvement are key strategic terms
on the higher management levels of the multi-national
company. Currently, one of the main questions is to
what extent business process domains can, or should
be, harmonized. Improvement projects in the recent
past have shown that company-wide or even process
domain-wide, improvement projects are time-
consuming and limited regarding their effectiveness.
The objective of the case study is three-fold: first, to
investigate whether the conceptual harmonization
model can be made operational in an industrial case
study; second, to assess the contextual factors, which
influence the extent of harmonization that can be
achieved in the particular situation; and third, to
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derive so-called focus areas for business (process)
improvement. The structure of this paper is as
follows. Section 2 introduces the conceptual harmoni-
zation model. In Section 3 the case study
characteristics will be addressed. Section 4 presents
the application and the validation of the conceptual
harmonization model. Sections 5 and 6, i.e. lessons
learned and discussion, finalize the paper.

2 THE CONCEPTUAL MODEL

The first part of the model, see Figure 1, distinguishes
three different levels in the organizational context:
external, internal and immediate. Each level includes
a set of contextual factors. The second part presents
six aspects of process harmonization which can be
differentiated when evaluating the level of
harmonization of business processes. These aspects
have been derived from a set of indicators, as
described in literature to measure the level of
harmonization. Their interrelations with the
contextual factors have been empirically investigated
in case studies. The conceptual model suggests that
when analyzing the effect of contextual factors, one
should not only consider harmonization of a process
as a whole, but also consider harmonization of
particular aspects of a process. The third part
concerns the elements of business performance that
are affected by changes in the level of process
harmonization, but this part is out of scope of this
paper. See for more details on this part (Romero,
2014).

Level of Business

Contextual factors g e performance

Immediate| Level of structuredness 5
Management (e
il - J
Personal differences L ) \ y,

~ e\ (" Strategic )
External | Cultural differences
) +_fo Global integration
Different regulations ‘ Activities + ]« Business value
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Figure 1: A conceptual model on process harmonization.

In this paper, our focus is on the first and second
part of the model, which concerns the effect of
contextual factors on different aspects of process
harmonization. The external factors characterize the
business network in which the organization operates
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and that are beyond the control of an individual
organization. Three external factors were identified:
cultural differences, different regulations and power
distance. (Ang and Massingham, 2007) discussed the
greater the ‘cultural differences’, the greater the
difficulty in knowledge transfer across cultures.
There are mandatory and unavoidable variations that
come from ‘differences in regulations’ such as
financial regulations, taxation regimes, import/export
regulations and employment practices (Tregear,
2010). ‘Power distance’ refers to differences in the
relationship among firms in inter-firm collaborations.
Organizations with low power distance have a higher
level of integration, i.e. harmonization, of their
business practices, while those with medium and high
power distance had a low level of integration. Internal
factors describe the internal environment of an
organization. Seven internal factors are included in
our model. It is expected in literature that a higher
‘number of locations’ decreases the level of process
harmonization. However, the effect of multiple
locations is not straightforward because it is mixed
with other factors, such as ‘legal requirements’,
‘personal differences’ among individuals performing
the same tasks in different locations and ‘cultural
differences’ (Tregear, 2010). The second internal
factor is ‘IT governance centralization’. This factor
leads to a higher level of harmonization, but in some
cases the initial investment needed to centralize, e.g.
IT infrastructure, is too high, and savings that can be
achieved through process harmonization do not
balance this investment (Buchta et al, 2007). ‘Product
type’: more differences in products and services may
require variation in the processes that create, deliver
and maintain them (Tregear, 2010), suggesting a
decrease in the expected level of process
harmonization. ‘Maturity level’: it has been observed
that organizations which perform better in their
harmonization initiatives, have at least a moderate
level of process maturity (Rosenkranz et al, 2010).
‘Organizational structure’ was also identified as an
internal factor that exerts an influence in the level of
harmonization (Girod and Bellin, 2011). Regarding
the factor ‘organizational structure’, two dimensions
have been identified from literature, respectively
centralization and formalization (Romero, 2014).
The aspects of centralization include: personal
participation in decision making, hierarchy of
authority, and departmental participation in decision
making.  Regarding  organizational  structure
formalization four aspects are identified, including:
job codification, job specificity, rule observation and
written communication. The last internal factor is the
number of ‘mergers and acquisitions’ that have taken
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place in the organization. This factor definitely
decreases the level of harmonization of business
processes, by increasing the number of process
variants that coexists. The harmonization of these
variants consolidates processing volumes and allows
the organization to exploit economies of scale.
Finally, the immediate factors define the process
under study, including: level of structuredness and
personal differences. "Non routine processes are less
applicable to harmonization than routine processes”
(Rosenkranz et al, 2010). An argument to support this
statement is that different parts of a process need to
be open for creative decision making, while others
have to meet legal requirements of different
countries. There are also unstructured, unmeasured
and unrepeatable processes that can lead to a low
level of harmonization (Lillrank, 2003). The potential
of a process to be successfully harmonized also
depends on personal differences such as level of
experience and knowledge of the people involved in
the process. The lack of interpretative assessment via
employees during a process suggests that
harmonizing this process is possible and leads to a
successful harmonization process. Regarding the six
main harmonization aspects of business processes:
activities refer to the level of harmonization of
specific steps in the process. Control-flow measures
the level of harmonization of the sequence of
activities. Data measures the level of harmonization
of input and output data used in the process.
Information technology refers to the level of
harmonization of IT systems. Management measures
the harmonization of the process assessment, and
resources refer to the level of harmonization of
human resources involved in the process (Tregear,
2010).

3 CASE STUDY

3.1 Case Study Characteristics

Within the DEKRA business unit of Industrial
Services, DEKRA Certification is active in three
business domains, respectively Product Testing &
Certification (e.g. certification of medical devices,
consumer goods), Systems Certification (e.g. work
safety, environmental and quality management
systems), and Certification of Persons (which focuses
on the independent testing and certification of
technical and management staff in various business
areas. The scope of the case study is on the business
process domains of Systems Certification (SC), and
the Certification of Persons (CP). The main business

process within the SC domain includes order
preparation, planning, auditing, corrective ac-tions
and invoicing. These are carried out for the following
SC services, respectively: (initial) certification,
surveillance, recertification and decertification. The
SC services result e.g. in certification of management
systems (ISO9001 certificates), certification of
quality management in hospitals (Dutch HKZ
certificates) and certification of guidelines for
construction companies (BRL certificates). CP has on
a high abstraction level, i.e. the main business
process, similar activities as SC, but is oriented on
different types of services. In the CP domain the
subjects to be tested and certified are not quality
management systems, but technical and management
staff in various technical business domains. These
technical experts need to be assessed periodically,
with respect to their skills and knowledge on work
safety, e.g. in the energy supply domain. The basis for
certification in the CP domain is the independent,
reliable and fair examination of persons. The
examinations are based on so-called certification
schemes which reflect (international) criteria for
certification. Although DEKRA Certification is
responsible for the examination, these processes are
being outsourced to independent examination
institutes. In the CP domain the services include on
the one hand the quality insurance of the
examinations, the knowledge, expertise and behavior
of examiners, the examination locations, and on the
other hand the analysis of examination results, and the
certification of persons. Over the last years the
number of certified persons in the CP domain has
increased rapidly, largely due to the energy market
where safety is becoming an issue of increasing
importance. Various certification processes for
persons have been developed under time pressure and
often independently from each other. Part of the CP
processes is currently separately managed by
different product experts and certification managers.
Although there are similarities between the SC and
the CP process domains, and also within both
domains, the differences are increasing. In order to
investigate directions for improvement, it was
decided to assess the extent of harmonization that can
be achieved, or that should be strived at, in the
particular business domains.

3.2 Case Study Methodology

The case study distinguishes a preparation phase, a
data collection phase and a data analysis phase. In the
preparation phase the case study scope has been
determined (i.e. SC and CP), the processes and their
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differences and similarities have been investigated
and the information sources have been defined. The
objective of the preparation is to understand the
existing processes. Due to the fact that the process
descriptions of SC and CP differ, it was needed to
model the current processes into a similar (BPMN)
format to get a consistent reference frame for the
interviews. Regarding data collection two types of
information sources have been used: documents and
interviews. The documentation included business
presentations and process descriptions of the SC and
CP business processes. Interviews have the benefit to
specifically focus on the case study topic. The
interviews were conducted using a pre-defined
questionnaire (Romero, 2014). The questionnaire
consists of three parts, respectively questions on
organizational characteristics, questions to assess the
contextual factors under study and questions to assess
the process structuredness. The first part is on
characteristics such as company type, size and age.
This information can be used for comparison of data
from previous or subsequent case studies. The second
part of the interview assesses the contextual factors.
Appendix 1 presents as an example the specific close-
ended questions regarding the organizational
structure (centralization and formalization) that were
used to assess this factor and the Likert scales used,
(Romero, 2014). The Appendix shows also the
calculation of the assessment results of the factor
organizational structure. The close-ended questions
facilitate the comparability of data and of the data
with previous literature. Also combined questions
have been used, i.e. questions that start with a close-
ended part and based on the choice made, additional
explanations in an open-ended format are asked. The
use of semi-structured interviews in this case study is
motivated by the fact that this type of inquiry is
exploratory and the interviews should allow for
unexpected information, e.g. on assessment factor
interpretations of the interviewees. While choosing
the right type of interview is crucial, also the selection
of the proper interviewees is critical. Considering the
case study’s research questions, we selected as key
informants respectively experienced managers of the
certification ~ processes  (i.e.  product/service
managers) and experienced operational certification
experts (i.e. lead auditors). In the data analysis phase
the assessment results have been analyzed and
subsequently discussed and validated in workshop
sessions with the four interviewees. In this phase also
propositions, from previous case studies (Romero,
2014), on the interrelations between contextual
factors and harmonization aspects have been used to
derive conclusions. Subsequently per contextual
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factor, improvement actions have been defined and
presented to the general management at DEKRA
Certification. In the next section the case study results
are presented and discussed.

4 THE CASE STUDY RESULTS

First we will reflect on the business process
investigation which preceded the assessment of the
contextual factors influencing harmonization. Then
we will present the results of the application of the
harmonization model. Subsequently we will address
how actions for business process improvement have
been defined.

4.1 Investigation of the Business
Processes

The SC and CP processes have been analyzed, e.g.
regarding the modeling languages used, the types of
documents and their formats. The similarities and
differences, have been discussed and validated with
experienced managers in the particular DEKRA
business domain. In the context of this case study we
point to the following findings from the investigation.
In the SC domain, certification services are carried
out that are slightly different from each other, i.e. the
different types of quality management system
certifications (e.g. ISO, HKZ). However, the CP
domain has emerged over the last five years with
many new certification services which show many
differences, both in structure and language. Although
there exist on a high level of abstraction one main
process model for certification (with defined
activities), the SC and CP processes differ with
respect to modeling language used, levels of detail in
process elaborations, and document formats (i.e.
work instructions, procedures). SC and CP also have
different monitoring and control units. In SC
monitoring and control is highly centralized (in a so-
called Project Office). In CP this is different with
many decentralized control units for the distinct
certification services. Regarding the monitoring and
control in the SC domain a ‘Plan board’ application is
being used. However, this application system does
not support the processes of the CP domain. Further,
only the SC processes are modeled and visualized by
process flows in the Quality Management System
(QMS), an information system that serves as a
support for the various certification experts (auditors,
product experts and certification managers). The CP
domain lacks visualized processes and the QMS only
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contains CP standard document formats, procedures
and work instructions. These findings from the
process investigations were considered as a useful
process reference framework for the execution of the
semi-structured interviews.

4.2 Assessment of the Factors

Four semi-structured interviews have been carried
out, i.e. two interviews with product/service
managers and two with lead auditors. In the following
we will, for each of the contextual factors, present and
discuss the results of the assessment. To illustrate the
analysis and the way we came to our conclusions, we
will refer in the following for one of the internal
contextual factors, i.e. organizational structure, in
more detail to the collection of data and the
calculation of the results from the close-ended
interview questions.

Regarding the external contextual factors,
‘Cultural differences’ are considered as a factor
which is of importance in case the scope of
harmonization covers more countries or regions.
However, this case study focuses at the particular SC
and CP domains at DEKRA Certification. Both
domains are monitored and controlled from one
central management level at DEKRA Certification.
Knowledge transfer on systems certification and
certification of persons mainly takes place within the
company in The Netherlands. As a consequence the
contextual factor ‘Cultural differences’ does not
influence the extent of harmonization that can be
achieved. Regarding the factor ‘Different
regulations’, the DEKRA domains SC and CP should
meet different types of standards and requirements,
e.g. as specified by the Dutch Council for
Accreditation. For example, the processes of CP
should meet the requirements defined in ISO/IEC
17024:2012, such as the security of examination data
and the independability of examination processes. SC
should meet other ISO/IEC standards, such as
ISO9001 with respect to the quality monitoring and
control of business processes and management
systems. As a consequence the SC and CP processes
show differences, both between and within the
domains, and there is a danger of ending up with
multiple variations of both SC and CP certification
processes.  Therefore, the factor ‘Different
regulations’ influences negatively the extent of
harmonization that can be achieved.

Regarding ‘Power distance’ both the SC and CP
process domains are, at the highest management
level, being monitored and controlled by the same
management team. However with respect to the

management of the SC certification processes the
differences in customer relations cause differences in
planning and control. In the SC domain particular
customer types are allowed, to some extent, to
determine the planning and the scheduling of the
certification projects. Auditing and certification, in
particular the timing aspects, are here to a large extent
tailored to the needs and the wishes of the customer.
However in the CP domain, auditing and certification
processes are planned and scheduled only by the
management team. These kinds of differences in
‘Power distance’ influence negatively the extent of
harmonization that can be achieved at DEKRA
Certification.

Regarding the internal contextual factors, both the
SC and CP process domain are located at the same
industrial area in The Netherlands. So, the factor
‘Number of different locations’ is ‘low’. It also
appeared that both domains are able to exchange
auditors for particular types of auditing projects.
Regarding the factor ‘IT governance centralization’ it
became clear that although decision making
regarding IT alignment at DEKRA is formally
centralized, the IT landscape shows a rather scattered
picture. The SC and CP process domains are partly
supported by different systems, even in similar
functional areas. This causes that, although IT-
governance is formally centralized, there is a negative
influence, from the scattered IT-landscape, on the
extent of harmonization that can be achieved.
Regarding the factor ‘Product type’, the domains SC
and CP have different products (i.e. services) and
customers in different market segments. E.g.
certification of business systems only makes use of a
restricted set of certification schemes, while for the
certification of persons many (i.e. >50) certification
schemes are being used. Also product/service
innovation has different characteristics in both the SC
(e.g. long-term, generic) and CP domain (e.g. mid-
term, specific). It was concluded that different roles
in both the SC and the CP domain are not yet
sufficiently defined and implemented. As a
consequence the factor ‘Product type’ influences
negatively the extent of harmonization that can be
achieved. The ‘Maturity level’, led to different scores
for the SC and the CP domain. In the SC domain a
process maturity level 3 was reached, e.g. based on
the formal and stable system certification procedures
in this domain. However in the CP domain, the
process maturity reached is between level 1 and 2.
This is caused by the fast growth of the domain over
the last five years, and the large diversity of new
certification schemes developed. As a consequence it
was concluded that the restricted ‘Maturity levels’
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influence negatively the extent of harmonization that
can be achieved. Regarding the factor ‘Organizational
structure’, and its two dimensions centralization and
formalization, the Appendix reflects some detailed
assessment results to illustrate the close-ended
questions as well as the calculation of the scores. The
factor has been assessed on the basis of 11 sub-
questions on centralization and 14 sub-questions on
formalization. The 5-point Likert scale scores and the
4-point Likert scale scores, both derived from
literature, are normalized in the Appendix. The score
for centralization is 0.47, which is moderate. It could
be concluded that there is an average hierarchical
network that does not influence negatively the extent
of harmonization. Looking at the score for
formalization, i.e. 0.59, it was concluded that
formalization could be classified as above average. In
total, based on the assessment results of both
centralization and formalization, the influence of
Organizational structure centralization on the extent
of harmonization that can be achieved was concluded
to be positive. Regarding the factor ‘Number of
mergers and acquisitions” DEKRA Certification can
be considered as a company that has a restricted
activity in this type of managerial practices. Over the
last five years, only one small and medium sized
enterprise has been acquired and merged. This
indicates that the number of new and different process
variants, and IT systems, that had to be integrated or
implemented is limited. Based on the IT governance
centralization analysis in the foregoing, it was
concluded that the factor ‘Number of mergers and
acquisitions’ doesn’t influence the extent of
harmonization that can be achieved.

Regarding the immediate contextual factors, the
‘Level of structuredness’ is based on process aspects
such as the repeatability of processes and creativity
needed in decision making. In particular the SC
domain the processes are, to an above average level,
standardized. The DEKRA main process model acts
for SC as a generic model from which specific
repetitive processes can be derived. The Level of
structuredness in the SC domain influences positively
the harmonization of processes. However in the CP
domain the situation is different. The various domains
of certification, the variety of certification schemes,
and the fast increase of certification schemes over the
last years has led to a rather low ‘Level of
structuredness’. Because of the quite large differences
in the two process domains SC and CP it was
concluded that overall the factor negatively
influences the extent of harmonization. Regarding
‘Personal differences’, DEKRA can be considered as
a company with differences in audit and certification
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experiences and knowledge. In particular in the CP
domain a particular knowledge regarding the
examination and certification of persons is required.
Also the quality assurance of automated examination
systems requires a specific expertise and qualification
of the auditors. In the SC domain the required
expertise and knowledge is oriented at quality
management and business systems. These ‘Personal
Differences’ lead to the conclusion that this factor
negatively influences the extent of harmonization.
Table 1 gives a summary of the foregoing discussion.

Table 1: Influences of factors on harmonization.

Contextual factor Influence
Cultural differences None
Different regulations Negative
Power distance Negative
Number of locations None
ITG centralization Negative
Product type Negative
Maturity level Negative
Organizational structure Positive
# Mergers and None
acquisitions
Level of structuredness Negative
Personal differences Negative

4.3 Assessment

In this section we will summarize the discussed
assessment results for each of the factor categories
and we will present briefly the harmonization actions
that have been defined at DEKRA Certification, both
on processes as a whole, as on particular aspects (i.e.
Activities, Resources, Data, Control-flow, Informa-
tion technology and Management). From the
interviews it appeared that the external contextual
factor ‘Different regulations’ has a negative effect on
the extent of harmonization that can be achieved. For
DEKRA Certification these standards have to be
taken as given, and they cannot be adapted or tailored
by a certification body. In particular the periodically
upgrade of standards by International Standardization
Organizations requires extra effort from certification
bodies to stay compliant. The assessment results lead
to decisions for two harmonization aspects,
respectively: Resources and Management. It was
decided to define a harmonization project in that
resources, i.e. lead auditors from both the SC and the
CP domain will start collaboration on the
interpretation, the implementation and the
maintenance of the various international certification
stand-ards. Further, it was decided that in particular
the management of knowledge sharing and
standardization of certification activities would be
implemented to strive towards a more harmonized
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business situation. From the assessment results on the
internal contextual factors, the factors ‘Maturity
level” and ‘IT Governance centralization’ show clear
negative influences. Harmonization actions defined
pointed to the harmonization aspects of respectively
‘Information technology’ and ‘Management’. A
project has been defined on the integration and
standardization of the various IT applications in the
SC and CP domain, as well as the monitoring and
control (i.e. management) on the IT Governance
level. The internal contextual factor ‘Organizational
structure’, respectively centralization and
formalization, shows a positive influence regarding
the extent of harmonization that can be achieved.
However, the internal contextual factor ‘Product
type’ influences harmonization negatively and leads
to warnings regarding a too high ambition level.
Harmonization actions defined point to the
harmonization aspects ‘Activities’ and ‘Resources’.
Based on this a joint-project has been defined in the
SC and CP domain, to identify criteria for the
adoption and development of new services, i.e. the
implementation of new certification schemes. The
project should lead to a limitation in the variety of the
certification activities and the skills and knowledge
that is needed, as well as an improvement of the
coherence in the resources and the certification
activities.

The immediate contextual factors ‘Levels of
structuredness’ and ‘Personal differences’, internally
and directly related to the SC and CP processes under
study, show both negative influences on the extent of
harmonization that can be achieved. The SC and the
CP process domains have independently been
managed and have different growth curves with
respect to standardization of processes. In particular
in the CP domain the fast business growth and
increase in certification schemes, has led to an
unstructured variety in processes, procedures and
work-instructions. Harmonization actions defined,
pointed clearly to the harmonization aspects
‘Activities’, ‘Control-flow’ and ‘Data’. Consequent-
ly a project has been defined to cover these aspects.
First, the development of so-called Project Office
activities in the CP process domain has been defined.
Project Office activities bundle the expertise and
streamlines the planning and control-flows of the
certification services. These process improvements
will reduce the throughput time, as auditors are
supported by a Project Office and can focus on their
job. Next to these new activities in the process
models, the procedures and the documents of CP are
also rewritten into the same data format as for SC.
Advantages include a higher consistency in the

quality of the process out-comes, e.g. customer
reports.

S LESSONS LEARNED

The conceptual model on contextual factors and
harmonization aspects can be made operational in an
industrial environment, and can be used as a valuable
assessment tool. An operationalization of this
conceptual model led to interesting assessment
results. The influences of the factors on
harmonization became clear, in particular in the
discussions with the selected involved practitioners.
Consequently, agreements with respect to different
types of improvement actions, in terms of concrete
projects on different harmonization aspects (e.g.
resources, activities, etc.), could be defined. Thus, the
application of the conceptual harmonization model
has resulted in consensus in the company on a
concrete action plan, e.g. with respect to information
systems integration and has proven its value in the
particular business situation. Further, the understan-
ding of the factors influencing harmonization, could
be used as a valuable input for trade-off decisions.

6 CONCLUSIONS

A single qualitative case study methodology was
adopted in this study to identify relations between
contextual factors and the level of harmonization.
Although interesting and important, the emergent
findings are idiosyncratic or related to this single case
study. To strengthen the propositions, it is strongly
recommended to apply a multiple case study
methodology. Such a methodology enables
comparisons between, preferably more quantitative,
case study results and can identify consistencies in
factor-harmonization aspect relationships. Although
the paper points to IT project development the
implementation of systems are out of scope of this
paper, since these will only become available on the
mid- and long-term. However, the implementation
actions have already become part of the DEKRA
business development plan and will be evaluated
periodically.
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Centralization Interviewee 1 Interviewee 2 Interviewee 3 Interviewee 4 Averages
Index of participation in decision making (5-point Likert-scale)
How frequently do you usually participate in the decision to hire new staff? 0,50 1,00 0,00 0,25 0,44
How frequently do you usually participate in decisions on the promotion of any of the professional staff? 0,00 1,00 0,00 0,00 0,25
How frequently do you participate in decisions on the adoption of new policies? 0,25 0,75 0,50 0,75 0,56
How frequently do you participate in the decisions on the adoption of new programs? 0,75 0,50 0,00 0,25 0,38
0,41
Index of hierarchy of authority (4-point Likert-scale)
There can be little action taken here until a supervisor approves a decision. 0,67 0,67 0,67 0,33 0,58
A person who wants to make his own decisions would be quickly discouraged here. 0,67 0,33 0,33 0,33 0,42
Even small matters have to be referred to someone higher up for a final answer. 0,67 0,33 0,33 0,33 0,42
| have to ask my boss before | do almost anything. 0,33 0,00 0,33 0,33 0,25
Any decision | make has to have my boss's approval. 0,33 0,33 0,67 0,33 0,42
0,42
Departmental participation in decision making (5-point Likert-scale)
Employees participate in decisions involving your work. 0,75 0,25 0,75 0,50 0,56
Employees participate in decisions involving their work environment. 0,75 0,75 0,75 0,25 0,63
0,59
Group average Centralization 0,47
Formalization
Index of Job codification (4-point Likert-scale)
| feel that | am my own boss in most matters. 1,00 0,33 0,33 0,67 0,58
A person can make his own decisions without checking with anybody else. 0,33 0,67 0,00 0,67 0,42
How things are done here is left up to the person doing the work. 0,33 0,33 1,00 0,33 0,50}
People here are allowed to do almost as they please. 0,33 0,33 0,67 0,33 0,42
People here make their own rules on the job. 0,00 0,67 0,67 0,33 0,42
0,47|
Index of rule observation (4-point Likert-scale)
The employees are constantly being checked on for rule violations. 0,67 0,33 0,33 0,67 0,50}
People here feel as though they are constantly being watched to see that they obey all the rules. 1,00 0,67 0,33 0,33 0,58
0,54
Index of Specificity of job (4-point Likert-scale)
Whatever situation arises, we have procedures to follow in dealing with it. 0,67 0,33 0,67 0,67 0,58
Everyone has a specific job to do. 0,67 0,67 0,67 0,67 0,67
Going through the proper channels is constantly stressed 1,00 0,67 0,67 0,67 0,75
The organization keeps a written record of everyone's job performance. 0,67 0,67 0,67 0,67 0,67
We are to follow strict operating procedures at all times. 0,67 0,67 0,67 0,67 0,67
Whenever we have a problem, we are supposed to go to the same person for an answer. 0,67 0,67 0,67 0,67 0,67
0,67
Written communication (5-point Likert-scale)
The frequency of written communication in your organization is high. 0,75 0,75 0,75 0,50 0,69
0,69
Group average For m

Some Detailed Assessment Results
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Nowadays, data warehousing and online analytical processing (OLAP) are core technologies in business intel-

ligence and therefore have drawn much interest by researchers in the last decade. However, these technologies
have been mainly developed for relational database systems in centralized environments. In other words, these
technologies have not been designed to be applied in scalable systems such as NoSQL databases. Adapting
a data warehousing environment to NoSQL databases introduces several advantages, such as scalability and
flexibility. This paper investigates three physical data warehouse designs to adapt the Star Schema Benchmark
for its use in NoSQL databases. In particular, our main investigation refers to the OLAP query processing
over column-oriented databases using the MapReduce framework. We analyze the impact of distributing at-
tributes among column-families in HBase on the OLAP query performance. Our experiments showed how
processing time of OLAP queries was impacted by a physical data warehouse design regarding the number of
dimensions accessed and the data volume. We conclude that using distinct distributions of attributes among
column-families can improve OLAP query performance in HBase and consequently make the benchmark

more suitable for OLAP over NoSQL databases.

1 INTRODUCTION

The comparison among different systems that manip-
ulate huge volumes of data is crucial for modern in-
formation systems. Performing analysis over mas-
sive volumes of data is a challenge for traditional
data warehousing approaches (Chevalier et al., 2015).
Data warehouses (DWs) are used for data analysis,
in which the data is modeled in a multidimensional
schema according to the cube metaphor and on-line
analytical processing (OLAP) queries are performed
to help the decision-making process. New solutions
for big data management are usually implemented on
distributed environments, which enables horizontal
scalability. Many enterprises use NoSQL (Not only
SQL) database systems to manage data split in de-
centralized environments. With the advent of NoSQL
systems to store and process data, there is a need to
apply systematic techniques for performance compar-
ison, usually conducted by benchmarks.

Benchmarks of DW are tools aimed at answer-
ing the question “Which is the best database system
for OLAP query processing?” (Folkerts et al., 2012).
These questions are answered by functional and per-
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formance tests, based on properties of each evaluated
system. Its goal is to quantify the quality and the per-
formance of a system, in order to make a fair com-
parison. There are four main requisites of a bench-
mark (Bog, 2013): relevance, portability, scalability
and simplicity. In the context of DW and decision
support systems, there are three main benchmarks:
TPC-DS (Poess et al., 2002), TPC-H (Moussa, 2012)
and Star Schema Benchmark (SSB) (O’Neil et al.,
2009). However, they fail in, at least, two requi-
sites. First, they were planned to evaluate relational
databases, which can be very different from NoSQL
systems, failing on portability. Second, their data gen-
eration is centralized and limited, impacting the hori-
zontal scalability of huge data volumes.

There has been a significant amount of work
on column-oriented database systems (Abadi et al.,
2008). Studies revealed that this type of data storage
could support analytical workloads with more than an
order of magnitude faster than row-oriented database
systems. The performance improvement is related
to read-only workload, which reduces the number
of I/O operations since most of the queries have to
read only the targeted attributes. Based on the as-
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sumption that, for some specific queries, not all of
the values are required at the same time, the column-
oriented approach is appropriate for deploying a DW.
HBase (George, 2011) is a distributed, persistent and
strictly consistent column-oriented NoSQL database
system. All data stored in HBase is organized in
column-families, as described in Section 2.2. As pro-
posed by Cai et al. (2013), there are an important
feature that impact the performance of HBase’s read
and write operations: the attributes stored in the same
or among different column-families.

In this paper, we propose the analysis of OLAP
query performance over multiple data organization
strategies on HBase. These different strategies refer
to different physical DW designs. The present inves-
tigation consists in implementing and comparing the
performance of OLAP queries over different column-
families arrangements. We also highlight scenarios
based on different report requirements that could ben-
efit from the designs investigated in the paper. Since
a benchmark encompasses the schema and workload
of a DW, we tackle the problem by exploring different
schemas and analyzing the effects on their workloads.

1.1 Motivating Scenarios

Let a DW storing data related to a shopping corpora-
tion represented by the multidimensional data cube.
This company is interested in reporting the quantity
sold per product per filial per day. OLAP queries is-
sued against this DW depend on the business perspec-
tives of interest. Therefore, we introduce two rep-
resentative scenarios that motivate the investigations
carried out in this paper, as follows:

Scenario 1: The shopping corporation is inter-
ested in reporting the daily profit, based on the total
of products sold in that day. With this information,
the corporation can determine the total income of
each month. Other possibility is that the enterprise is
focused on the daily profit to perform infrastructure
investments. In this scenario, the most frequent
OLAP queries access only one dimension of the
data cube. We call these queries as one-dimensional
queries.

Scenario 2: The corporation is interested in ana-
lyzing the amount of units sold of each product over
time. More specifically, it is focused on reporting the
quantity sold of each product in the last month, or the
quantity sold of each product in each filial. In this
scenario, the most used queries involve two or more
dimensions of the data cube. We call these queries as
two-dimensional and three-dimensional queries.
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1.2 Contributions

The relevance of our paper is to point out appropriate
data organization designs to enhance the performance
of OLAP queries in a column-based NoSQL database
for different DW enterprise scenarios. We investigate
the influence of physical design of the DW schema
so that databases administrators can optimize the per-
formance of OLAP queries on distributed column-
oriented NoSQL database systems. This paper intro-
duces the contributions described as follows:
1. It proposes a new physical DW design, called
FactDate, aimed to improve the performance of
one-dimensional queries.

2. It analyses three physical DW designs, each one
providing better performance results according to
a given scenario. This analysis includes a scala-
bility performance evaluation.

3. It extends the SSB workload by proposing two
new OLAP queries, which are used to investigate
two-dimensional queries.

The remaining part of this paper is organized as fol-
lows. Section 2 summarizes the background, Sec-
tion 3 reviews related work, Section 4 describes the
physical DW designs, including the proposed Fact-
Date design, Section 5 details the queries proposed
for SSB, Section 6 addresses the experimental tests,
and Section 7 concludes the paper.

2 BACKGROUND

2.1 Data Warehouse and OLAP

Business Intelligence (BI) can be defined as a set
of technologies and mechanisms to efficiently extract
useful business information from large volumes of
data. Nowadays, DWs are inserted in many business
information technology applications, enabling the ef-
fectively utilization and analysis of information for
business planning and decision making (Ciferri et al.,
2013). A DW stores data used for analytical tasks to
support decision making, such as information about
sales, customers and profit. DWs are typically related
to the day-to-day company’s operations, and can con-
tain millions and even billions of business records.
Following the cube metaphor described in Sec-
tion 1.1, the DW provides a multidimensional orga-
nization of data. When a DW is implemented in re-
lational databases, this organization is usually struc-
tured as a star schema, where the fact table stores
the measures of the business events and the dimen-
sion tables, related to the fact tables, contain the con-



Physical Data Warehouse Design on NoSQL Databases - OLAP Query Processing over HBase

text of these measures (Kimball and Ross, 2013). Star
schemas provide better query performance by reduc-
ing the number of join operations.

While a DW is considered one of the most used in-
frastructure for BI systems, OLAP can be interpreted
as a front-end analyzing tool. OLAP encompasses
complex queries that frequently aggregate and con-
solidate measures of the fact table, including dimen-
sions perspectives. An example of an OLAP query is:
“How many products were sold by brand and by store
in the last year?”, where the measure is the quantity
of items sold and the dimensions are brand, stores and
date, respectively. In this context, the word analytical
refers to extracting information from the DW that is
useful to the decision making process, focusing on the
analyses of the day-to-day company’s operations.

2.2 Column-oriented NoSQL Databases

Column-oriented databases store their data grouped
by columns, where the values of each column are con-
tiguously stored on disk. This orientation differs from
the row-oriented databases, which store each row en-
tirely and contiguously on disk (George, 2011). As
stated in Section 1, an advantage of column-oriented
organization is the need of reading only the required
attributes of the query, which is the case for OLAP.
In a column-oriented database, inserting a tuple re-
quires to write each attribute value of the record sep-
arately, raising the number of I/O operations. How-
ever, column-oriented storage can improve the perfor-
mance of queries that access only a subset of columns
from a wide table. This occurs because unrequired at-
tributes are not read, reducing the I/O consumption of
read-intensive workloads, such as OLAP queries.

An example of column-oriented NoSQL database
is HBase, which provides access to each tuple using
unique keys called rownum. These keys are stored
lexicographically. For each attribute of each tuple,
HBase stores a cell structure with the following for-
mat: <rownum, cf, column, timestamp, value>. To
retrieve an attribute value, it is required to inform
the rownum, cf (column-family) and column fields.
Column-families group columns that are stored con-
tinuously on disk, in the same file, whose structure
is denominated HFile. If a query processes attributes
from different column-families, the needed HFiles are
joined to reconstruct the query result.

To perform OLAP queries over distributed data,
the HBase tables can be used as input to the MapRe-
duce or the Spark frameworks, which are designed
for parallel processing of massive datasets (Doulk-
eridis and Ngrvag, 2014). Companies can implement
their own queries using these frameworks, or can in-

tegrate HBase with some SQL layers, such as Hive
and Phoenix. Hive (Thusoo et al., 2010) is a SQL
layer that models an infrastructure of DW, allowing
queries to be expressed with a SQL-like language
called HiveQL. Phoenix, on the other hand, offers an-
other SQL interface, boosting HBase performance.

2.3 Benchmarking Technique

A benchmarking technique aims to measure perfor-
mance of an information system and compare it with
others. This evaluation consists of performing a set of
well-defined tests in order to empirically measure the
system’s functionality and performance. Moreover,
the benchmark must contain a set of operations based
on the workload scenario that is going to be tested.
Regarding SQL statements, the OLAP query process-
ing can be classified as a read-only workload, focused
on select transactions (Bog, 2013).

Regarding benchmarks for DWs, they should en-
compass four main steps (Floratou et al., 2014): (i)
schema and workload; (ii) data generation; (iii) met-
rics; and (iv) validation. In step (i), two issues must be
tackled. First, a schema that models a typical applica-
tion in the domain area of the DW. For the workload,
it refers to operations on this schema, represented by
OLAP queries with respect to variations of the selec-
tivity. In step (ii), the benchmark defines rules to gen-
erate synthetic or real data for the schema, allowing
data volumes variations and respecting the selectiv-
ity of the workload. In step (iii), some quantitative
and qualitative metrics are defined for the benchmark,
to report important aspects of the system. Finally, in
step (iv), metrics are collected after the workload is
applied on the generated data. These metrics are com-
pared to others reported by others databases systems.

3 RELATED WORK

The Star Schema Benchmark (SSB) (O’Neil et al.,
2009) is an extension of the TPC-H (Poess and Floyd,
2000), which is designed to measure the performance
of analytical queries over database products in sup-
port to typical data warehousing applications. SSB
implements a genuine star schema, which previous
work (Kimball and Ross, 2013; O’Neil et al., 2009)
argued that this kind of schema can better repre-
sent real-world scenarios. The central fact table of
SSB is LineOrder, which contains information about
sales transactions of a retailer, and this information is
stored as different types of measures, like profit, units
sold and revenue. Also, SSB defines four dimension
tables: Date, Customer, Supplier and Part. The SSB
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workload is composed of 13 OLAP queries organized
in four classes that provide not only functional cover-
age but also variations of selectivity and hierarchical
level used. The main limitation of SSB is the restric-
tion to relational OLAP environments. Further, it also
defines queries applied over one, three or four dimen-
sion tables, lacking of two-dimensional queries.

The Columnar NoSQL Star Schema Benchmark
(CNSSB) (Dehdouh et al., 2014) extends SSB by
proposing a benchmark adapted to measure the per-
formance of columnar NoSQL DWs. It defines a
schema composed of only one table with several
columns, i.e. it denormalizes the SBB’s star schema
by joining the fact table (LineOrder) with the dimen-
sions tables. The attributes of the schema are grouped
in column-families (CFs) related to their original di-
mension. Although this adaptation has an intuitive
semantic, the physical design of the schema can in-
fluence query performance, and therefore this schema
may not be the only one recommended.

Related to the performance evaluation of colum-
nar NoSQL, the work of Cai et al. (2013) measures
the HBase performance by using two physical DW
designs: (i) only one column-family with multiple
columns; and (ii) multiple column-families, where
every column-family has only one column. In case
(1), reading one row means reading the data of all
columns, even if the user does not need them. As
a consequence, queries using only a few attributes
should consume more I/O and bandwidth. On the
other hand, in case (ii), the user needs to read the
data separately from each CF and combine them to
rebuild the row. When the user request data from a
fixed set of columns, storing these specific columns
in the same CF should provide a better processing
performance than splitting them into several different
CFs. The experiments only performed generic read
and write operations, without evaluating any aspect
of query processing, selectivity, and DW schema.

Another extension of SSB to column-oriented
NoSQL databases is proposed by Dehdouh et al.
(2015). They introduce three approaches to adapt
SSB to HBase, called NLA-SSB, DLA-SSB, and
DLA-CF-SSB. NLA-SSB refers to the normalized ap-
proach of SSB, while DLA-SSB and DLA-CF-SSB
join the fact and the dimension tables. While DLA-
SSB groups all dimensions in the same CF, DLA-
CF-SSB stores each dimension in a distinct CF, such
as CNSSB (Dehdouh et al., 2014). They observed
that both DLA-SSB and DLA-CF-SSB did not impact
query performance when accessing attributes from
different dimensions. However, the experiments only
processed a fixed data volume, not analyzing the be-
havior of query processing as data grow. They also
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did not evaluate the performance of all SSB’s queries,
which vary the selectivity and perform aggregations
based on real-case enterprise scenarios.

In this section, we addressed the limitations of
SSB, and its adaptations, to analyze different physical
DW designs on NoSQL databases. In this paper, we
tackle these issues by measuring the impact of the CF
organization on OLAP queries, considering different
data volumes. Further, we propose two new types of
queries, which are very important because they allow
the investigation of two-dimensional queries.

4 PROPOSED INVESTIGATION

We propose an investigation of the physical DW de-
sign on HBase column-oriented NoSQL database, by
considering different strategies to arrange attributes
into column-families (CFs). Our investigation is mo-
tivated by the fact that, as presented in Section 2.2,
each CF on HBase is stored in a separated HFile,
such that when a query accesses data from two or
more CFs, it must read each HFile and join them by
the rownum field to rebuild the tuple. However, rec-
ommendations of HBase state that joining more than
two CFs leads to a low performance. As a conse-
quence, it is important to analyze the attribute dis-
tribution over CFs regarding the OLAP query con-
text. Depending on the analysis, specifically the num-
ber of dimensions aggregated, distinct distributions
can benefit or degenerate query performance. Fur-
ther, different enterprise scenarios may benefit from
different physical DW designs. As described in Sec-
tion 1.1, our work focuses on two enterprise sce-
narios. Figure 1 depicts the three-level architecture
for NoSQL column-oriented databases adopted in our
work, showing the adaptations for the physical level
regarding distributed NoSQL systems.

By adopting this denormalization, we argue that,
at the physical level, the database administrator can
decide among three DW designs, as follows:

 Physically organize all attributes in the same CF,
as proposed by Cai et al. (2013) and presented as
DLA-SSB (Dehdouh et al., 2015). We call this
schema as SameCF.

e Store each dimension in different CFs, re-
garding CNSSB (Dehdouh et al., 2014) and
DLA-CF-SSB (Dehdouh et al., 2015). We call
this schema as CNSSB.

* Group some of the more frequently used dimen-
sions to the fact table, which represents the new
strategy proposed in this paper. We joined dimen-
sion Date and call this schema as FactDate.
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Figure 1: Three-level DW architecture for NoSQL column-
oriented databases, with specific adaptations on the physical
level that are analyzed in this paper.

First, we implement the CNSSB, which was pro-
posed by Dehdouh et al. (2014) and described in
Section 3. Despite the fact that CNSSB is a user un-
derstandable organization, any OLAP query that in-
volves at least one dimension of the DW will need
to process two CFs, one for the fact’s attributes and
one for the aggregated dimensions. Our second im-
plementation refers to the SameCF design and con-
sists in storing all the attributes in a single CF, based
on the DLA-CF-SSB (Dehdouh et al., 2015) and on
the work of Cai et al. (2013). This configuration aims
to improve the performance of OLAP queries that an-
alyze a greater number of dimensions, such as Sce-
nario 2 (Section 1.1). Although minimizing the quan-
tity of CFs is a good approach, the organization may
decrease the performance of OLAP analysis that uses
just a small set of attributes and dimensions.

Finally, we propose a new physical DW imple-
mentation, called the FactDate design, which repre-
sents an intermediary solution between CNSSB and
SameCF, combining the LineOrder and Date tables.
This design is aimed at improving the performance
of OLAP queries that use both the fact table and the
dimension table Date, as most of analytical queries
relate their measures to time. This physical de-
sign can improve query performance for queries that
use both CFs as those described in Scenario 1, i.e.
one-dimensional queries. It can also benefit two-
dimensional queries, where one of the dimensions
used is the dimension Date, by decreasing the total
number of CFs processed in the query.

S PROPOSED QUERIES

Another contribution of this paper is the proposal of
two new queries to be added to the SSB workload.
The need for those queries is to test OLAP aggre-
gations over two dimensions since the SSB work-
load lacks this type of query. Therefore, the pro-

posed queries are two-dimensional queries. To elab-
orate queries for a data warehousing benchmark, first
we need to determine and vary the selectivity of the
queries. The predicates used by OLAP queries de-
fined in SSB have an uniform distribution. Through
the cardinality of the attributes, we can define new
queries with specific selectivities, similar to the other
queries defined by SSB, however performing a two-
dimensional analysis. Table 1 defines the cardinality
of the predicates used in the proposed queries.

Table 1: Attribute’s cardinality of the proposed queries.

attribute  value
I_quantity 50

p_category 25

attribute  value
d_year 7
d_yearmonthnum 84

The first proposed query, named Qnewl (Fig-
ure 2), calculates the maximum and minimum rev-
enue, for a given product’s category and year,
grouped by product’s brand. The predicates of
this query are defined over the attributes d_year,
p_category and lo_quantity, whose combined selec-
tivity is % X % X % = 2.85 x 1073, This value is sim-
ilar by the same order of magnitude to the queries
defined by SSB using other quantities of dimensions,
like 02.2 (1.60 x 1073) and 03.2 (1.37 x 1073).

SELECT p_brandl, max(lo_revenue),
min (lo_revenue)

FROM lineorder, dates, part

WHERE lo_orderdate = d_datekey
AND lo_partkey = p_partkey
AND d_year = 1993
AND p_category = 'MFGR#11'
AND lo_gquantity < 25

GROUP BY p_brandl ORDER BY p_brandl;

Figure 2: The two-dimensional proposed query Qnew1.

The second proposed query is based on a drill-
down operation over the date hierarchy, changing the
analysis from year to month (i.e. attributes d_year to
d_yearmonthnum). This new query, called Qnew2,
calculates the maximum and minimum revenue for
a given product’s category and a month of a year,
grouped by product’s brand. The selectivity of this
query is 2.38 x 10™#, because of the cardinality of the
predicate over the attribute d_yearmonthnum. Also,
this query has the selectivity near to the SSB’s queries
Q1.2 (6.49 x 10~*) and 02.3 (2 x 10~%).

The two new queries are used in the performance
evaluation to test the designs detailed in Section 4.

6 PERFORMANCE EVALUATION

In this section, we present the performance evaluation
for the three implemented physical designs, CNSSB,
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SameCF and FactDate, regarding the execution of the
queries of the SSB workload and the queries proposed
in Section 5. We also investigate the impact of the
data volume scalability. The tests were performed us-
ing the following configuration setup:

Hardware: A cluster composed of 4 nodes, each
node having a quad-core CPU at 3.0 Ghz (i5-3330),
16 GB RAM, 1 TB SATA disk (7200 RPM) and 1
Gb/s network. One node acts only as a dispatcher (na-
menode) and the other three as workers (datanodes).

Software: All machines run CentOS (version
7.0). Storage and query processing were performed
using HBase (version 0.98.13), Hadoop (version
2.4.1) and ZooKeeper for data partitioning in HBase.

We used the SSB’s data generator to generate the
dataset, in which the tables were joined into a sin-
gle denormalized CSV file. This file was first loaded
in HBase through conversion to HFile format and
then equally distributed among the datanodes using
MapReduce jobs. Table 2 details, for each Scale Fac-
tor (SF), the size of the generated file and the size of
the same data after loading it in HBase. Because of
the HBase’s cell structure, the size of the database is
greater than the CSV file size. Each query was imple-
mented using Java (version 1.8) and executed at least
five times to collect the average elapsed time.

Table 2: Data volumes used in the experiments.

Scale Factor (SF)
10 20 40 80
CSV (GB) 28 55 109 218
FactDate (GB) 584 1169 2339 468.2
CNSSB (GB) 58.5 117 2342 469.9
SameCF (GB) 579 1158 231.8 464.0

6.1 Analyzing the Physical Designs

This experiment evaluates the query processing for
the three schemas described in Section 4 using SFs
with values of 10 and 20 (Table 2). We organize
our discussions considering two aspects: low-
dimensional analysis and high-dimensional analysis.

Analysis of Low-dimensional Queries

Regarding Scenario 1, we evaluated OLAP queries in-
volving a few number of dimensions, i.e. we eval-
vated one and two-dimensional queries. The one-
dimensional queries were adapted versions of the SSB
query workload. These queries, named QI.1, Q1.2
and Q1.3, depend only on the dimension Date and
on the fact table. Their differences consist in the
predicates involved, which provided different values
of selectivity. The two-dimensional queries were the
Qnewl and Qnew?2 proposed in Section 5.
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Figure 3 depicts the obtained performance re-
sults. Figures 3(a) and 3(c) show that the proposed
FactDate outperforms the other designs for one-
dimensional queries. FactDate improved the overall
performance from 25% to 33% regarding its best
competitor, CNSSB. This behavior is justified by
the fact that our proposed design processes only one
CF, while CNSSB processes two CFs to perform the
same query. When comparing the SameCF and the
FactDate designs, SameCF contains flatter HFiles
because it stores attributes for all dimensions. As a
consequence, the one-dimensional query processing
requires more time due to larger HFiles. Figures 3(b)
and 3(d) illustrate that CNSSB demanded more
time to process queries Qnewl and Qnew?2, as it
requires accessing three CFs to process them. Also,
our proposed FactDate design still outperformed
the other designs because it uses only two CFs.
Compared to its best competitor, SameCF, FactDate
improved query performance from 6% to 14%.

Analysis of High-dimensional Queries

The second part of our analysis evaluated three and
four-dimensional queries, which were adapted ver-
sions of the SSB workload. These queries are re-
lated to Scenario 2, and adapted from SSB’s work-
load. The three-dimensional queries are named Q2.1
to 03.4, and the four-dimensional queries, Q4.1, Q4.2
and Q4.3, accessed all four dimensions of the schema.

Figure 4 depicts the obtained processing elapsed
time. Here, we noticed that processing more than
two CFs in the same query provided significant per-
formance losses regarding the FactDate and CNSSB
designs. When a query needs to process three or
more CFs, the overhead for rebuilding a tuple sharply
increased execution time. Figures 4(a) and 4(b)
illustrate that SameCF provided the better perfor-
mance results. They also show that this behavior was
maintained when the data volume was increased by
two times. Regarding the three-dimensional queries,
SameCF improved the overall performance from 14%
to 38% when compared to its best competitor, Fact-
Date. Furthermore, when we added more dimensions
to the query, the processing time for CNSSB and Fact-
Date increased. They become unsuitable for Scenario
2, as depicted in Figures 4(c) and 4(d). Regarding the
four-dimensional queries, the improvement provided
by SameCF over FactDate ranged from 47% to 54%.

Both analysis show strong indications about how
different enterprise scenarios can require distinct
physical DW designs to efficiently attend the most
frequent queries. On our next experiment, we analyze
how this behavior is related to data volume.
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queries, which are related to Scenario 2.

6.2 Scalability Evaluation

Here, we evaluate query performance, according to
the designs described in Section 4, analyzing their be-
havior as the data volume increases. In this experi-
ment, we used SFs = 10, 20, 40 and 80 (Table 2).
Figure 5 depicts the average processing time for
the one-dimensional queries. We can observe that
the query performance against SameCF was highly
degenerated and produced higher processing times
when compared to the other designs. The main dif-
ference between FactDate and CNSSB was related to
the quantity of CFs, where the queries against Fact-
Date only accessed one CF while the queries against
CNSSB accessed two CFs. Regarding FactDate, we
observed that reducing the quantity and size of the

CFs related to the most frequent queries improved
query performance, but if all the dimensions were
joined in the same CF, the performance dropped sub-
stantially. Further, FactDate boosted the performance
by 20% on average when compared to CNSBB.
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2000 ™
CNSSB - )
1500 - SameCF —[} i T -
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Figure 5: Processing time of one-dimensional queries.

Figure 6 depicts the average processing time for
the two-dimensional queries. The three designs
showed a similar behavior when processing these
queries. However, the proposed FactDate design
slightly outperformed the other designs as it pro-
cessed only two CFs for the two-dimensional queries,
while CNSSB design processed three CFs. Compar-
ing FactDate to SameCF, we observed that FactDate
deals with two small CFs while SameCF processes
only one large CF. Therefore, when two small CFs
were joined, FactDate still outperformed the overhead
of processing one flatter HFile. This improvement
varied from 6% to 11% as the data volume increased.
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1500 | SameCF &
1000 +
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Figure 6: Processing time of two-dimensional queries.

Figure 7(a) shows the average processing time
for the three-dimensional queries. For two or more
CFs, query performance presents an opposite behav-
ior when compared to the results depicted in Figures 5
and 6. We can observe that grouping all attributes
in the same CF boosted the performance of SameCF
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over FactDate from 21% to 31% as the data volume
increased. Moreover, Figure 7(b) depicts that this
improvement, on four-dimensional queries, is up to
54%. We can conclude that, when it comes to pro-
cessing three or four CFs, FactDate and CNSSB are
not suitable for Scenario 2.

FactDate —+— CNSSB ---#&--- SameCF &
4000 5000
3000 ,~". 4000
2000 3000

) 2000
1000 | g 1000

Elapsed Time (in seconds)

0 0
1020 40 80 1020 40 80
Scale Factor (SF) Scale Factor (SF)
(a) Three-dimensional. (b) Four-dimensional.

Figure 7: Processing time of high-dimensional queries.

7 CONCLUSIONS

In this paper, we analyze three physical DW designs,
called CNSSB, SameCF, and FactDate. We consider
two different enterprise scenarios, determining OLAP
queries with different numbers of dimensions. We ob-
serve how the attribute arrangement over CFs accord-
ing to these designs influences OLAP query perfor-
mance. The results of our experiments showed that
storing all data in one CF provided better performance
for high-dimensional queries. In this scenario, the
SameCF was the most appropriated to be deployed.
On the other hand, storing dimensions in different
CFs benefited low-dimensional queries. In this sce-
nario, the FactDate and the CNSSB were more appro-
priated. Further, when processing one-dimensional
queries that required data from the dimension Date,
the FactDate design provided the best performance
results. Since data warehousing is characterized by
mostly read-only operations, this organization in CFs
is an important issue to take into account when com-
paring NoSQL column-oriented databases.

By using this guideline, the company is able to
provide a schema physical design that best suits the
most frequent OLAP queries issued against its data
warehousing application. Regarding benchmarks, we
can conclude that their workload must model different
physical designs in order to provide a more accurate
evaluation focused on the company interests.
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Crowdsourcing solutions can be helpful to extract information from disaster-related data during crisis man-
agement. However, certain information can only be obtained through similarity operations. Some of them
also depend on additional data stored in a Relational Database Management System (RDBMS). In this con-
text, several works focus on crisis management supported by data. Nevertheless, none of them provide a
methodology for employing a similarity-enabled RDBMS in disaster-relief tasks. To fill this gap, we intro-
duce a methodology together with the Data-Centric Crisis Management (DCCM) architecture, which employs
our methods over a similarity-enabled RDBMS. We evaluate our proposal through three tasks: classification
of incoming data regarding current events, identifying relevant information to guide rescue teams; filtering
of incoming data, enhancing the decision support by removing near-duplicate data; and similarity retrieval of
historical data, supporting analytical comprehension of the crisis context. To make it possible, similarity-based
operations were implemented within one popular, open-source RDBMS. Results using real data from Flickr
show that our proposal is feasible for real-time applications. In addition to high performance, accurate results
were obtained with a proper combination of techniques for each task. Hence, we expect our work to provide a

framework for further developments on crisis management solutions.

1 INTRODUCTION

Crisis situations, such as conflagrations, disasters in
crowded events, and workplace accidents in industrial
plants, may endanger human life and lead to finan-
cial losses. A fast response to this kind of situation
is essential to reduce or prevent damage. In this con-
text, software systems aimed at supporting experts in
decision-making can be used to better understand and
manage crises. A promising line of research is the use
of social networks or crowdsourcing (Kudyba, 2014)
to gather information from the crisis site.

Several desirable tasks can be performed by soft-
ware systems designed for aiding in decision-making
during crises. One of such tasks is to detect the evi-
dences that best depict the crisis situation, so that res-
cue teams can be aware of it and prepare themselves
properly. For instance, identifying fire or smoke on
multimedia data, such as images, videos or textual re-
ports, usually points to conflagration. Some relevant

proposals in this direction comprehend fire and smoke
detection based on image processing approaches (Ce-
lik et al., 2007) and techniques for fire detection de-
signed over image descriptors that focus on detecting
fire from social media images (Bedo et al., 2015).
Another important task is to filter the information
received from crowdsourcing solutions dedicated to
collecting data from crises. When reporting incidents,
users might end up sending too much similar informa-
tion, such as pictures from the same angle of the same
object. Such excess of similar data demands a longer
time to be processed. Moreover, it turns the decision-
making process more time-consuming. Therefore, re-
moving duplicates is an essential task in this context.
The task of searching for similar data in historical
databases can support decision-making as well. Take
for instance a database that contains images and tex-
tual descriptions regarding past crisis situations. If the
crowdsourcing system gets, for instance, images de-
picting fire, a query might be posed on the database to
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retrieve similar images and the corresponding textual
descriptions. Then, based on these results, specialists
would potentially infer the kind of material burning in
the crisis, by analyzing the color tone of the smoke in
the retrieved images and their textual descriptions.

For all those tasks, it is desirable that a commodity
system provide functionalities over existing software
infrastructure. Commodity systems that can play this
role are the Relational Database Management Sys-
tems (RDBMS). They are largely available in the cur-
rent computing technology and are able to bring new
functionalities without the need of redesigning the ex-
isting software. Moreover, RDBMS provide efficient
data storage and retrieval. However, they do not read-
ily support similarity operations, which are needed to
address the aforementioned tasks.

Several works in the literature aim at embedding
similarity support in RDBMS. Nevertheless, the liter-
ature lacks a methodology for employing a similarity-
enabled RDBMS in the context of crisis management.
This work aims at filling that gap. Our hypothesis is
that providing similarity support on an RDBMS helps
the decision support in crisis situations.

We contribute with a data-centric architecture for
decision-making during crisis situations by means of
a similarity-enabled RDBMS. Our proposal is evalu-
ated using an image dataset of real crises from Flickr
in performing three tasks:

e Task 1. Classification of incoming data regarding
current events, detecting the most relevant infor-
mation to guide rescue teams in the crisis site;

e Task 2. Filtering of incoming data, enhancing the
decision support of rescue command centers by
removing near-duplicate data;

e Task 3. Similarity retrieval from past crisis situa-
tions, supporting analytical comprehension of the
crisis context.

This work has been conducted to cater to demands
of the project RESCUER: Reliable and Smart Crowd-
sourcing Solution for Emergency and Crisis Manage-
ment', supported by the European Union’s Research
and Innovation Funding Program FP7.

The results of our experimentation show that the
proposed architecture is effective over crisis scenarios
which rely on multimedia data. In addition to the high
performance achieved, accurate results are obtained
when using a proper combination of techniques.

The rest of the paper is structured as follows. Sec-
tion 2 presents the related work and Section 3 presents
the main concepts for similarity support on RDBMS.

Uhttp://www.rescuer-project.org/
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Section 4 describes the new Data-Centric Crisis Man-
agement architecture, on which the proposed method-
ology is based. Section 5 presents our methodology,
describes the experiments and discusses the results.
Finally, the conclusions are presented in Section 6.

2 RELATED WORK

Existing research on crisis management highlights the
importance of computer-assisted systems to support
this task. The approaches may be categorized into dif-
ferent types according to their purpose.

One type refers to localization, whose purpose is
to determine where victims are located during a disas-
ter. There are works that accomplish this task by em-
ploying cell phone localization techniques, such as In-
ternational Mobile Subscriber Identity (IMSI) catch-
ers (Reznik et al., 2015).

Another type regards logistics. Examples compre-
hend an integer programming technique for modeling
multiple-resource emergency responses (Zhang et al.,
2012) and a methodology for routing rescue teams to
multiple communities (Huang et al., 2013).

A different line of work refers to decision-making
based on social media (Gibson et al., 2014). Most of
the work focus on textual data, specially from services
like Twitter (Ghahremanlou et al., 2015).

Although all the aforementioned approaches have
been conceived to cater to different requirements, all
of them share the characteristic of using Information
Communication Technology (ICT) in response to cri-
sis situations. The decision-making systems based on
incoming data have one more characteristic: the par-
ticipation of people somehow involved in the disaster.

Existing work have focused on the importance of
crowdsourcing data for crisis management in the post-
2015 world (Halder, 2014). Therefore, to describe
our methodology, we assume the existence of crowd-
sourcing as a subsystem dedicated to gathering input
data. Additionally, we assume the existence of a com-
mand center, where analysts evaluate the input data in
order to guide the efforts of a rescue team at the crisis
site.

The work of Mehrotra (Mehrotra et al., 2004) is
the closest approach with respect to our methodology.
That work presents an interesting approach, but it fo-
cuses mostly on textual data and spatial-temporal in-
formation, rather than on more kinds of complex data,
such as images. Furthermore, it lacks a methodology
for employing content-based operations. We fill those
gaps by providing a methodology to perform such op-
erations over disaster-related data and provide useful
information to rescue teams.
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3 BACKGROUND

3.1 Content-based Retrieval

Complex data is a common term associated with ob-
jects such as images, audio, time series, geographical
data and large texts. Such data do not present order
relation and, therefore, are unable to be compared by
relational operators (<, <, >, >). Equality operators
(=, #) could be used, but they have little or no mean-
ing when employed on such data. Nevertheless, com-
plex data can be compared according to their content
by using similarity concepts (Barioni et al., 2011).

The interaction with a content-based retrieval sys-
tem starts as the user enters a query, providing a com-
plex object as the query example. This complex ob-
ject is submitted to a feature extractor, which extracts
representative characteristics from it and generates a
feature vector. The feature vector is sent to an evalua-
tion function, which compares another feature vector
stored in the database and returns a value representing
the dissimilarity degree (also known as the distance)
between both feature vectors. This comparison is re-
peated over the database, generating the results at the
end of the process and sending them to the user.

Two of the most common queries used in content-
based retrieval are the Range Query and the k Nearest
Neighbor (KNN) Query (Barioni et al., 2011). Range
Query is defined by the function Rg(s,,&), where s,
represents an object from data domain S and § is the
radius used as distance constraint. The query returns
all objects within a distance & from s,. kNN Query
is defined by the function kNN¢(s,, k), where s, rep-
resents an object from the data domain S and & is the
number of elements to be returned. The query returns
the k most similar objects to s,. The kNN Queries are
employed in the context of Instance-Based Learning
(IBL) algorithms, such as the kNN Classifier, which is
used in our proposal and thus discussed in Section 3.2.

The feature extraction is usually required because
the original representation of a given complex object
is not prone to useful and efficient computation. Eval-
uation functions are able to compute the dissimilarity
degree of a pair of feature vectors. These subjects are
discussed in Sections 3.3 and 3.4.

The similarity retrieval process can be performed
outside an RDBMS. However, enabling an RDBMS
with similarity is a promising approach and there are
several ways for doing so, as discussed in Section 3.5.

3.2 kNN Classifier

The concept of Instance-Based Learning (IBL) (Aha
et al., 1991) comprehends supervised learning algo-

rithms that make predictions based solely on the in-
stances previously stored in the database. In these al-
gorithms, no model is built. The knowledge is repre-
sented by the data instances already stored and classi-
fied. Then, new instances are classified in relation to
the existing stored instances, according to their sim-
ilarity. One of the main IBL algorithms is the well-
known kNN Classifier (Fix and Hodges Jr., 1951).

For a given unlabeled instance, the kNN Classi-
fier retrieves from the database the k most similar in-
stances. Following, it predicts the label based on the
retrieved instances, according to some predefined cri-
terion. A simple one is to assign the label of the pre-
vailing class in the k nearest neighbors. Another one
is to weigh the retrieved instances by distance, so the
closest ones have a higher influence.

3.3 Feature Extractors

One of the main tasks for retrieving complex data by
content is the feature extraction process, which maps
a high-dimensional input data into a low-dimensional
feature space, extracting useful information from raw
data while reducing their content. Using proper fea-
ture extractors for a complex data domain leads to re-
sults closer to what the users expect (Sikora, 2001).

Several feature extractors have been developed for
different application domains. The main characteris-
tics investigated in the context of images are color,
texture and shape. There are several feature extractors
for such characteristics, some of which are part of the
MPEG-7 standard (MultiMedia, 2002). In this work,
we employ a color-based and a hash-based extractors.

Color-based Extractors. Color-based extractors
are commonly used as a basis for other extractors. For
this reason, they are the most used visual descriptors
in content-based image retrieval. The color-based fea-
ture extractors in the MPEG-7 standard are commonly
employed in the literature. One of them is the Color
Structure Descriptor, which builds a color histogram
based on the local features of the image.

Perceptual Hash. An extractor suitable for near-
duplicate detection is the Perceptual Hash?. It gener-
ates a “fingerprint” of a multimedia file derived from
various features from its content. These “fingerprints”
present the characteristic of being close to one another
if the extracted features are similar.

3.4 Evaluation Functions

The dissimilarity between two objects is usually de-
termined by a numerical value obtained from an eval-

Zhttp://www.phash.org/
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uation function. Objects with smaller values are con-
sidered to be more alike.

The Minkowski Family comprehends evaluation
functions known as L, metrics that are widely used in
content-based retrieval (Wilson and Martinez, 1997).
The L metric corresponds to the Manhattan Distance,
also noted as City-Block Distance. The L, metric is
the well-known Euclidean Distance. Finally, there is
the L., metric, also noted as the Chebyshev Distance.

The Hamming Distance (Hamming, 1950), which
is another well-known evaluation function, counts the
substitutions needed to transform one of the input data
into the other. It can be employed in near-duplicate
detection tasks, since combining it with the Percep-
tual Hash leads to accurate results.

3.5 Similarity Support on RDBMS

SimDB (Silva et al., 2010) is a similarity-enabled
RDBMS, based on PostgreSQL. The similarity oper-
ations and keywords were included in its core. Equiv-
alence rules were also included, which allows alterna-
tive query plans. However, similarity queries are only
available for numerical data, and traditional queries
over other data types are not supported.

SIREN (Barioni et al., 2011) is a middleware be-
tween a client application and the RDBMS. The client
sends SQL commands extended with similarity key-
words, which are checked by SIREN to identify sim-
ilarity predicates. First, SIREN evaluates the similar-
ity predicates, accessing an index of feature vectors,
then uses the RDBMS for traditional predicates.

FMI-SiR (Kaster et al., 2011) is a framework that
operates over the RDBMS Oracle, employing user-
defined functions to extract features and to index data.
MedFMI-SiR is an extension of FMI-SiR for medical
images in the Digital Imaging and Communications
in Medicine (DICOM) format.

SimbA (Bedo et al., 2014) is a framework that ex-
tends the middleware SIREN. SimbA supports the in-
clusion and combination of feature extractors, evalu-
ation functions and indexes on demand. The queries
are processed just like on SIREN.

4 PROPOSED ARCHITECTURE

This section presents our architecture for crisis man-
agement, named as Data-Centric Crisis Management
(DCCM). Section 4.1 describes the scenario of a typ-
ical crisis situation managed by DCCM. Then, Sec-
tion 4.2 describes our architecture.
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4.1 Crisis Management Scenario

Figure 1 shows the scenario of a crisis situation sup-
ported by DCCM.

Crisis Situation

—
=

Crowdsourcing System

Data-Centric
Crisis Management

e

Figure 1: Scenario of a typical crisis situation considering
our architecture for crisis management.

In a Crisis Situation, eyewitnesses can collect data
regarding the event. For instance, they can take pic-
tures, record videos and make textual reports, which
are sent to the Crowdsourcing System. In Figure 1, the
pictures taken by the eyewitnesses are redirected as an
Image Stream to DCCM. Then, the command center
can query DCCM for the Decision-Making process.

Additionally, the crowdsourcing system could re-
ceive other data, such as metadata (e.g. time and GPS
localization) or other data types (e.g. video and text).

4.2 Data-centric Crisis Management

The Data-Centric Crisis Management (DCCM) archi-
tecture is represented in Figure 2. The whole mech-
anism has three processes, each of them depicted in
the figure by arrows marked with the letters A, B and
C, which represent the tasks introduced in Section 1.
In a crisis situation, we consider the existence of
a crowdsourcing system that receives disaster-related
complex objects (A1) and submits them to DCCM.
Each object of the data stream is placed in a Buffer
and analyzed by the Filtering Engine. First, the en-
gine checks whether the object is a near duplicate of
some other object currently within the Buffer. For the
near-duplicate checking, the Filtering Engine uses the
Similarity Engine (A2) to extract a feature vector from
the object and compare it to the feature vectors of the
other objects within the Buffer. The object is marked
as a near duplicate when its distance from at least an-
other object is at most &, which is a threshold defined
by specialists according to the application domain.
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Crowdsourcing

Data-Centric Crisis Management System

Similarity-Enabled RDBMS ¢

Decision-Making

Figure 2: The DCCM architecture, consisting of the tasks:
classification (A), filtering (B) and historical retrieval (C).

If the object is not a near duplicate, then it is sub-
mitted to the Classification Engine (A3). The classi-
fication process uses Historical Records in a database
to train classifier methods (A4). Based on such train-
ing, the Classification Engine labels the object regard-
ing the event it represents. For instance, it can be la-
beled as “fire” or “smoke”. Finally, the Classification
Engine notifies the specialists with the now-classified
object for the Decision-Making process (AS).

If the object is a near duplicate, then it is not sub-
mitted to the Classification Engine. Instead, it stays
in the Buffer to be compared to others that come later.
Moreover, it is associated with the event of the object
of which it is a near duplicate. In Figure 2, the objects
from the same event have the same color. The white
objects marked with “?” have not been analyzed yet.

The Buffer may be determined either by a physical
size, such as the number of elements it holds, or by a
time window. In Figure 2, it is delimited by a time
window of length k, beginning at time ¢ and ending
at time t — k. The Buffer is flushed at every k-th time
instant. Before flushing, the Representative Selector
selects the object of each group that best represents its
event (B1) according to a predefined criterion.

If a near-duplicate object is selected as the repre-
sentative, then it gets the label of the classified object
of its group. The already-classified object, in turn, is
marked as near duplicate. On the other hand, if the se-
lected representative is already the classified object of
its group, then no changes are made. Lastly, the clas-
sified objects are stored in the database and the near
duplicates are discarded, flushing the Buffer (B2).

There is another use case for DCCM, which refers
to the historical analyses. The Decision-Making team
may want to provide complex data samples to retrieve

similar events from the past. For this purpose, DCCM
provides the Historical Retrieval Engine (C1). First,
the engine extracts the features from each provided
sample (C2). Then, it compares the extracted features
against the Historical Records and provides its find-
ings to the Decision-Making team (C3).

S CASE STUDY

In this section, we present the case study for evaluat-
ing the DCCM architecture over the three tasks dis-
cussed earlier. The experiments were carried out over
a real crisis dataset known as Flickr-Fire (Bedo et al.,
2015) containing 2,000 images extracted from Flickr,
1,000 labeled as “fire” and 1,000 as “not fire”.

5.1 Implementation of DCCM

To implement DCCM, we extended the open-source
RDBMS PostgreSQL. Our implementation, named as
Kiara, supports an SQL extension for building simi-
larity queries over complex data (Barioni et al., 2011).
Also through the SQL extension, Kiara allows manag-
ing feature extractors and evaluation functions, which
are dynamically (no recompilation) inserted and up-
dated by user-defined functions written in C++. Kiara
makes use of metatables to keep track of feature ex-
tractors and evaluation functions associated with the
attributes of complex data that a user instantiates.

To support the SQL extension, we built a parser
that works like a proxy in the core of Kiara. It receives
a query and rewrites only the similarity predicates, ex-
pressing them through standard SQL operators. Then,
it sends the rewritten queries to the core of Kiara.

After inserting a new extractor, the features are au-
tomatically extracted from the complex data (e.g. im-
age, video or text) and then stored in user-defined at-
tributes dedicated to representing such data. Similar-
ity queries can be included through PL/pgSQL func-
tions and new indexes can be included through the in-
terface known as Generalized Search Tree (GiST), al-
ready present in PostgreSQL. Moreover, Kiara allows
exploring alternative query plans involving traditional
and similarity predicates.

5.2 Classification of Incoming Data

5.2.1 Methodology

Classifying disaster-related incoming data is helpful
because of two reasons. One of them is to identify the

characteristic that best depicts the crisis situation. The
other is to store data properly labeled, which improves
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further queries on a historical database. To do so, the
DCCM architecture employs the kNN Classifier.

The parameter k can be selected arbitrarily. How-
ever, too small values can be noise-sensitive, whereas
too large values allow including more instances from
other classes, leading to misclassified instances.

5.2.2 Experimentation and Results

In this task, we classified the elements of the Flickr-
Fire dataset. For a robust experimentation, we used
the procedure /0-fold cross-validation for a kNN clas-
sifier using k = 10. We used the Manhattan Distance
and the extractor Color Structure Descriptor because
existing work showed that they allow accurate results
for fire detection (Bedo et al., 2015).

After 10 rounds of evaluation, we took the average
accuracy and the average F1 score. The result was the
same for both measures, which was 0.86. Considering
a real event, this capability would be able to automati-
cally group data according to their content, indicating
the main characteristics of the crisis and thus saving
the command center crucial time for fast response.

5.3 Filtering of Incoming Data
5.3.1 Methodology

In the task of filtering, we are interested in preventing
duplicate information from being classified and sub-
sequently sent to the command center.

To determine whether the incoming data is a near
duplicate of existing data, they must be compared by
their content. For this purpose, we must employ sim-
ilarity queries. In this case, though, we are restricted
to Range Queries. If the new object is a near duplicate
of an object in the buffer, then the distance from each
other is at most &, which is supposed to be a small
threshold (range), since we want to detect pairs of ob-
jects that, in essence, represent the same information.
Range Queries allow restricting results based on their
similarity, differently from kNN Queries, which do it
by the number of objects retrieved.

Hence, the DCCM architecture prevents near du-
plicates by using Range Queries. Each object that ar-
rives in the buffer is submitted to a default feature ex-
tractor. Then, a Range Query is performed by using
the extracted features as the s, object. The range value
& must be predefined as well, according to the appli-
cation domain. If at least one object from the buffer
is retrieved by the Range Query, then the s, object is
marked as a near duplicate.
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5.3.2 Experimentation and Results

For this experiment, we employed the Hamming Dis-
tance with the Perceptual Hash extractor and assumed
a buffer size of 80. We filled the buffer with 80 images
from Flickr, of which 37 depict “small fire” events and
43 depict “big fire” events. Each of the 80 images was
used as the s, to a Range Query with = 10.

The & parameter was set to retrieve around half of
the images (40 images approximately), in order to be
able to return an entire class (“big fire” or “small fire””)
of images. This allows evaluating the precision of the
queries with the Precision-Recall method.

Figure 3 shows the Precision-Recall curve for this
set of queries. The curve falls off only after 80% of
retrieval. This late fall-off is characteristic of highly
effective retrieval methods. In this result, one can no-
tice a precision above 90% up to 50% of recall.

Precision-Recall for filtering incoming data
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Figure 3: Precision-Recall in the process of filtering incom-
ing data in the buffer.

The results show that DCCM is expected to filter
out 90% of near-duplicate data. This is a strong indi-
cation that such capability can significantly improve
both efficiency and efficacy of a command center. Fil-
tering is the most desirable functionality considered
in this work. This is because crowdsourcing is highly
prone to produce redundant data. Right after a crisis is
installed, if filtering is not possible, the flow of infor-
mation streamed by eyewitnesses may be too high for
the command center to make good use of them. How-
ever, a similarity-enabled RDBMS in DCCM is able
to handle such situation with basic similarity queries.

5.4 Retrieval of Historical Data
5.4.1 Methodology
In the context of crisis management, the experts from

the command center might be willing to analyze data
from past events that are similar to the current ones.
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Such data may lead to decisions about how to proceed
with the current crisis. In these situations, similarity
queries play an important role.

Considering the DCCM architecture, this task can
be performed whenever the Decision-Making experts
want information similar to the current data. For ev-
ery notified data at point A5 of Figure 2, they might
provide it as the s, element to the Historical Retrieval
Engine in order to get similar information.

5.4.2 Experimentation and Results

For this experiment, we combined the Color Structure
Descriptor and the Manhattan Distance.

We performed Range and kNN Queries using each
of the 2,000 elements from the Flickr-Fire dataset as
the s, element. We set the k parameter to 1,000 and
the & parameter to 7.2, retrieving an entire class.
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Figure 4: Precision-Recall for retrieving historical data.

We generated the Precision-Recall curve depicted
in Figure 4. From these results, one can observe the
high precision around 0.8 when fetching 10% of rele-
vant data, roughly 100 images, and around 0.9 when
fetching 5%, nearly 50 images — a more realistic sce-
nario. These results point to an effective retrieval of
images based on their class.

From the point of view of a command center user,
there would be an ample knowledge bank from which
initial considerations could be drawn from the current
crisis. This initial knowledge has the potential of sav-
ing time of rescue actions by preventing past mistakes
and fostering successful decisions.

5.5 Overall Performance

Concerning a computer system, it is important to re-
ceive the correct response in a timely manner. There-
fore, we analyzed the overall performance of DCCM.
For this purpose, we carried out one experiment re-
garding scalability and three regarding the tasks.

Overall Scalability. A solution based on DCCM
spends most of its time receiving, storing and index-
ing data for the sake of similarity retrieval. Therefore,
such processing must be efficient. We carried out an
experiment to evaluate the time spent extracting fea-
tures and inserting them into the database. The aver-
age time of five rounds is presented in Figure 5.

From the results presented in the figure, one can
calculate that the solution is able to process up to 3
images per second — sufficient for most scenarios.
These numbers refer to a machine with a hard disk of
5,400RPM; such results could be improved by using
SSD disks or RAID subsystems.
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Figure 5: Time to extract features from one image and insert
them into the database.

From Figure 5, one can also observe that the time
spent inserting images is mostly taken by the feature
extraction, while the time for inserting the features re-
mains constant. The extraction time varies according
to the image resolutions, which range from 300x214
to 3,240x4,290 pixels in the Flickr-Fire dataset.

Table 1: Overall performance of DCCM over Flickr-Fire.

Task Average time (sec)
Classification 0.851
Filtering 0.057

Retrieval — Range Query | 1.147
Retrieval — kNN Query 0.849

Table 1 presents the performance of DCCM to per-
form the three tasks of our methodology. We ran the
classification and filtering tasks 10 times, whereas the
retrieval tasks were performed 2,000 times, once for
each element in the dataset. For the classification task,
we used the distanced-weighted kNN classifier, with
k = 10 and performing 10-fold cross-validation. For
the filtering task, we used the 80 aforementioned near-
duplicate images and the range value & was set to 10.
Finally, in the retrieval tasks, & was set to 2.8 for the
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Range Queries, retrieving around 50 tuples, and k was
set to 50 for the kNN Queries. The results, which rep-
resent the average time to perform each task once, in-
dicate that our proposal is feasible in a real-time crisis
management application.

6 CONCLUSIONS

Fast and precise responses are essential characteris-
tics of computational solutions. In this paper, we pro-
posed the architecture of a solution that can achieve
these characteristics in crisis management tasks. In
the course of our work, we described the use of a
similarity-enabled RDBMS in tasks that could assist a
command center in guiding rescue missions. To make
it possible, we implemented similarity-based opera-
tions within one popular, open-source RDBMS.

The core of our work is related to an innovation
project led by the European Union; accordingly, we
applied similarity retrieval concepts in an innovative
manner, putting together relational and retrieval tech-
nologies. To demonstrate our claims, we carried out
experiments to evaluate both the efficacy and the ef-
ficiency of our proposal. More specifically, we intro-
duced the following functionalities:

e Classification of Incoming Data. We proposed
to employ kNN classification to classify incoming
data, aiming at identifying and characterizing cri-
sis situations faster;

o Filtering of Incoming Data. We proposed to em-
ploy Range Queries to filter out redundant infor-
mation, aiming at reducing the data load over the
system and over a command center;

e Retrieval of Historical Data. We proposed to
employ Range and kNN Queries to retrieve data
from past crises that are similar to the current one.

The results we obtained for each of these tasks al-
lowed us to claim that a similarity-enabled RDBMS is
able to assist in the decision support of command cen-
ters when a crisis situation strikes. We conclude by
stating that our work demonstrated the use of cutting-
edge methods and technologies in a critical scenario,
paving the way for similar systems to flourish based
on the experiences that we reported.
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Although successfully employed as the foundation for a number of large-scale government and energy
industry projects, foundational ontologies have not been widely adopted within mainstream Enterprise
Systems (ES) data integration practice. However, as the closed-worlds of ES are opened to Internet scale
data sources, there is an emerging need to better understand the semantics of such data and how they can be
integrated. Foundational ontologies can help establish this understanding and therefore, there is a need to
investigate how such ontologies can be applied to underpin practical ES integration solutions. This paper
describes research undertaken to assess the effectiveness of such an approach through the development and
application of the 4D-Semantic Extract Transform Load (4D-SETL) framework. 4D-SETL was employed to
integrate a number of large scale datasets and to persist the resultant ontology within a prototype warehouse
based on a graph database. The advantages of the approach included the ability to combine foundational,
domain and instance level ontological objects within a single coherent system. Furthermore, the approach
provided a clear means of establishing and maintaining the identity of domain objects as their constituent
spatiotemporal parts unfolded over time, enabling process and static data to be combined within a single

model.

1 INTRODUCTION

An enterprise may acquire data from many sources
in many different forms (Zikopoulos and Eaton,
2011). Key considerations in integrating such data
include dealing with the diversity of representation
and the interpretation of the inherent explicit and
implicit semantics. The latter of these considerations
is particularly important in the context of ES
integration as, if left unrecognised, it can lead to the
things of importance (e.g., domain objects and their
relationships), their nuances and the state of affairs
they represent being misinterpreted (Lycett, 2013).
These considerations are well recognised within
database integration projects (Arsanjani, 2002;
Campbell and Shapiro, 1995; Sheth and Larson,
1990).

Ontology has emerged as a promising way of
dealing with such diversity, however many popular
domain ontologies have no grounding in a consistent
foundational view of reality (Cregan, 2007) and
therefore can add further diversity. A foundational
ontology can be employed to provide this ‘grounded’

Cesare, S., Foy, G. and Lycett, M.
4D-SETL - A Semantic Data Integration Framework.

view of reality and thus provide an explicit theory and
a common reference through which to interpret,
model and thus integrate data. Foundational ontology
“defines a range of top-level domain-independent
ontological categories, which form a general
foundation for more elaborated domain-specific
ontologies” (Guizzardi et al. 2008). From a
philosophical perspective, foundational ontologies
provide the criteria for ontological commitments —
statements on the things believed to exist within the
context of a particular theory (Bricker, 2014). Several
foundational ontologies currently exist (Gangemi et
al., 2002; Grenon and Smith 2004; Partridge 2005;
Guizzardi, et al.,, 2008; Herre 2010) which differ in
the ontological commitments they make but,
importantly, there is little existing work that examines
their suitability as an ultimate ‘mediating layer’
within a practical data integration context.

Here, we employ a 4D foundational ontology as
a means of dealing with the diversity of
representation and semantics within acquired data.
We do this in the context of a semantic Extract-
Transform-Load framework (called 4D-SETL from
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this point) that uses a 4D foundational ontology to
harmonise data, then generates a graph database that
accords with the semantic commitments made by the
ontology. We examine the effectiveness of the
framework by applying it to semantically interpret
and integrate a number of large-scale datasets and to
instantiate a data warehouse based on a graph
database to persist the resultant ontology. In doing
this, the paper is structured as follows. Section 1
outlines the problem of variety in terms of the
semantic heterogeneity that exists within systems
modelling and foundational ontologies and also
identifies a number of the weaknesses in current
integration approaches. Section 2 describes the core
categories and foundational patterns of the BORO
foundational ontology. Section 3 introduces the 4D-
SETL framework. Section 4 provides details of the
experimental dataset integrated. Section 5 details the
outcomes and limitations.

1.1 Semantic Data Integration

Data integration is problematic on several counts.
Firstly, people perceive and conceptualise reality in
different ways. Even when a set of models is
developed by the same individual, they can make
different (and sometimes arbitrary) choices about the
same reality at different times and in different
contexts (Kent, 1978). Secondly, in the course of
modelling reality, a designer may confuse what is
being represented with the representation itself
(Partridge et al., 2013). Thirdly, different structures
and restrictions are introduced by heterogeneous
modelling methods and languages (e.g., Entity-
Relationship, OWL etc.). Fourthly, it is common
practice to develop a number of models in systems
development — conceptual, logical and physical data
models for example (Codd, 1970). This layering can
have an adverse effect as the original semantic
structures may be distorted or lost completely as the
emphasis of the modelling activity moves from
representing the real world to representing data
structures. Consequently, when integrating data that
originates from different sources, the problem of
semantic heterogeneity arises — resolution is
required regarding differences in  meaning,
interpretation or the intended use of related data
which forms a barrier to coherent semantic data
integration (Doan, Noy and Halevy, 2004).

1.2 Heterogeneous Foundational
Ontologies

Ontology provides a way of dealing with semantic
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data integration. From a computational standpoint,

an ontology is generally taken as a ‘specification of

a conceptualization’ (Gruber, 1995) — that is, a

description of the concepts and relationships that are

considered legitimate within a particular system of
thought. In terms of the concrete implementation of
software systems, foundational ontologies can be
used to establish the fundamental ‘meta’ objects and
relations used to construct more specific domain
ontologies. If a common foundational theory is
extended and specialised to model a number of
domain ontologies, then objects common to each of
these domains will have the necessary (common)
grounding to enable semantic integration.

Consequently, foundational ontologies are important

as they provide a standpoint that underpins all the

domain models to be integrated — providing a

semantic grounding.

It is the case, however, that several such
standpoints (related to foundational ontologies)
exist, Each provides a criterion for the ontological
commitments made (implicitly or explicitly), which
are principally the things believed to exist within the
context of a particular theory such as four-
dimensionalism (Quine, 1952; Sider, 2003). An
understanding of ontological commitment, however,
means that the computational view of ontology
needs to defer to a philosophical one, which is more
specifically concerned with the nature of being
(metaphysics). As metaphysical theories differ on a
number of dimensions (realism versus idealism,
endurantism versus perdurantism to name but two)
differences thus appear in foundational ontologies.
Furthermore, and perhaps more importantly, the
degree to which foundational ontologies are actually
grounded in metaphysics varies. Clearly, a lack of
consensus at the metaphysical level introduces
obstacles to semantic integration (Campbell and
Shapiro, 1995) that result in weaknesses in
computational applications:

a) Lack of Grounding. Many current models
employed within information systems have no
form of grounding in a more fundamental theory
(Cregan, 2007). Thus the ontological
commitments underlying the model are
unknown. On examination of many Linked Open
Data ontologies, they are often ungrounded.

b) Integrating Elements from Models which are
Founded on Different Theories. There are
many automatic translation techniques for
translating RDBMS schema and data to an
OWL ‘ontology’. However, there is a lack of
recognition that the expressivity of Description
Logics (that underlic OWL) and RDBMS are



different as are the unique naming and the
open/closed world-view assumptions.

¢) Model Strata and Translations. As noted earlier,
the requirement to translate the high-level models
of reality created at the initial design to structures
that are focused on the execution environment can
result in semantic distortion. There is also the
problem of translating between run-time
representations; the often cited OO-RDBMS
impedance mismatch (Ireland et al., 2009).

d) Over Simplification to Fit a Model of Reality
to a Tractable First Order Logic (FOL)
Theory. The simplification of the abstraction of
reality to fit neatly into a FOL theory, thus
ignoring the fact that reality is not so simple and
higher order objects exist (Bailey, 2011).

e) Dividing Models into Static and Dynamic
Types. The separation of static and dynamic
aspects of reality into different structural and
process models leads to the development of
incompatible abstractions together with ‘exotic’
relations that are employed to bridge these static
and dynamic worlds.

f) Naming and Meaning Confusion. There is
often confusion between an entity’s naming and
meaning (Bailey and Partridge, 2009). An
object’s place in reality (and within ontology)
should define its meaning.

g) Establishing Identify. Many modelling and
information systems use ephemeral means of
establishing an entity’s identity which do not
function well over time.

h) Employing Techniques that do Not Scale.
Software tools such as OWL tableau calculus-
based reasoners are constrained by memory and
cannot be easily scaled to inference over
ontologies containing large instance populations
(Bock et al., 2008). The alternative is to use
simplified semantics and rule based reasoning -
that could in many cases employ standard
RDBMS techniques.

i) Semantic Integration Mismatches. For a more
extensive discussion on the types of semantic
integration mismatches see Visser et al., (1997)
who provide an extensive list of e semantic
mismatches that can occur when integrating
disparate datasets.

2 BORO FOUNDATIONAL
ONTOLOGY

Having examined several foundational ontologies

4D-SETL - A Semantic Data Integration Framework

from a philosophical perspective, the research
described here adopts the Business Object Reference
Ontology (BORO) (Partridge, 2005) to semantically
interpret the original datasets and models. We adopt
BORO on the grounds that the ontology can
overcome the dichotomy that exists between
dynamic and static modelling paradigms and its
metaphysical thoroughness. Hence, the same model
can represent processes and things that are not
traditionally considered as processes (e.g., people,
products, machines, etc.). BORO represents all
individual elements (e.g. the activity, the person
assuming a role and the resource consumed) in
exactly the same way (i.e. as spatiotemporal
extents). BORO is based on a philosophical (rather
than computational) definition of ontology because
it requires more clarity on “the set of things whose
existence is acknowledged by a particular theory or
system of thought” (Lowe, 1998, p.634.). Key to
overcoming the dichotomy noted is the fact that
BORO is perdurantist (and thus extensionalist) in its
nature. In perdurantism (or 4D) an individual object
is never wholly present at one point is time, but only
partly present (a temporal part). For example, John
is not fully present in any given phase of his life
(e.g., childhood), he is fully present from his birth to
his death only — therefore, John’s childhood is a
temporal part of John. Identity is thus defined by an
individual object’s spatiotemporal extension (or
extent). Figure 1 represents the key part of the
foundational ontology relevant for the purposes of
this paper.
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Figure 1: BORO Foundational Ontology (top level).
More in-depth discussions are provided in

Partridge, 2002; 2005; Bailey and Partridge 2009;
Bailey, 2011; Partridge et al., 2013). At the top level
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the BORO foundational ontology represents:

* Elements, which are individual objects or objects
with a spatiotemporal extent. For example, the
person John.

» Types, which are sets or objects that can have
instances. The identity of a type is also extensional
but, in this case, it is defined as the set of its
instances (i.e. members). For example, the extension
of the type Persons is the set of all people.

* Tuples, which are relationships between objects.
The identity of a tuple is defined by the places in the
tuple. An example is (Persons, John) in which the
type Persons and the element John occupy places 1
and 2 in the tuple respectively. This specific tuple is
an instance of the tuple type typelnstances in BORO.

In turn, Elements is subtyped by:

* Events: An event is an element that does not
persist through time (i.e. an event has zero
‘thickness’ along the time dimension). Events
represent temporal boundaries that either create
(CreationEvents) or dissolve (DissolutionEvents)
elements (e.g., a person or a person’s childhood
state).

* States: A state is an element that persists through
time. States (and elements in general) are bounded
by events. A state (like all elements) can have
further temporal parts (i.e. states and events).
Specific TupleTypes (or types whose instance are
tuples) relevant here are:

* temporalPartOf: This tuple type relates an
individual with its temporal parts (states and/or
events).

* happensTo: This tuple type relates an event with
one or more clements affected by the event.
happensTo has two subtypes:

- creates: Relates a creation event with the
element(s) whose creation is triggered by the event.

- dissolves: Relates a dissolution event with the
element(s) whose dissolution is triggered by the
event.

* happensIn: This tuple type relates an event with a
time instant or interval (TimelnstantsOrlntervals)
and it indicates the time in which an event takes
place.

As a note of importance for the example shown
later, names are types in BORO. The instances of the
name of an individual (e.g. John Smith’s Name) are
all utterances (written, spoken, etc.) that name that
individual (e.g., John Smith). Therefore while a
name, is a type its instances are spatiotemporal
extents. To provide clarity within the ontology,
‘names’ as much elements of the ontology as the
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things they name. A name object will belong to a
Name Space which holds all names related to a
particular naming authority or domain. As the
ontology adopts a theory of utterances — each
utterance of a name is an individual element and so
has an extent (Strawson, 1964). Therefore, a name is
a Type that has as instances all utterances of the
same name individuals.

3 4D SEMANTIC EXTRACT
TRANSFORM AND LOAD
FRAMEWORK (4D-SETL)

Given an outline understanding of the foundational
ontology, we now describe a Semantic Extract-
Transform-Load framework. Given a variety of data
input, 4D-SETL is designed to output a graph
database in accordance with the BORO foundational
ontology. The framework was designed around a
number of industry standard tools and technologies
(e.g., a UML design tool and a Graph Database),
supplemented where necessary with custom software
implemented in Java. The key technology choices
made for the initial implementation were threefold.
First spreadsheets were employed to document each
dataset. Second, a UML design tool (Enterprise
Architect) was selected as the graphical design tool
for the ontological models and a BORO custom
UML profile created: The advantage is that BORO
UML enables easy manipulation and design of each
of the required domain ontologies. Last, the Neo4J
Graph database was chosen for persistence, for
several reasons: (a) Primarily due to its flexibility in
enabling BORO to be used as the foundational
‘schema’ (both can be seen as graphs); (b)
scalability in order to handle model and instance
data volume appropriately; (c) Neo4l's web-based
interface also provides access to the graph database
for development testing; and (d) Neo4J Cypher
provides an appropriate means of querying and
updating the graph database resident data.

The Semantic Extract Transform Load (ETL)
process is shown in Figure 2, the key stages of the
process are as follows:

a) Semantic Extraction and Transformation.
The input data to a semantic integration process
may be structured in many forms —e.g., as fixed
record or delimited tabular files, RDF, RDFS,
OWL etc. — and may consist of both model
(schema) level and/or instance level data. Thus
the first stage in the semantic integration



b)

process begins with documenting the dataset
which can be considered a semantic extraction
and transformation process. The BORO
foundation provides a view of reality and the
patterns that can be employed perform this
interpretation  and  transformation.  The
foundational ontology provides the equivalent
of a canonical data model (Saltor et al., 1991)
that can be employed to develop domain models
providing the semantics that are common to all
datasets that will be integrated. —Thus the
translation process results in a new schema
(domain ontology) that extends the ontic
categories and patterns of the foundation.
Through this process, schemas are developed to
represent the entities and relationships that are
represented by the data. Finally this schema is
documented using a profile of UML that
conforms to BORO semantics.

Ontology Model ETL. Once a domain model
has been created in an ontologically consistent
form the semantic load and integration process
can be undertaken. Firstly the domain
ontological model, which includes such patterns
as type and classification taxonomies, is
translated from the BORO UML model and
loaded to the graph database. The 4D-SETL
framework provides a Java application to
translate the BORO UML and load it to the
graph database.

Ontology Data ETL. Next, the instance level
dataset is loaded and integrated. It is through
this process that the integration of individual
elements takes place. Integration can be
considered to take place within vertical and
horizontal planes. Initially the ‘vertical’
relationships between an individual element and
the domain ontology (and hence the foundation
ontology) is asserted, which consists of
establishing the individual relationships (such as
type instance, etc.). Then the ‘horizontal’
relationships that are deemed to hold between
individual domain level objects are established
(such as a company being located at a particular
geographic location). Foundational ontological
patterns can then be applied to simplify this
process. This can be a complex process that
requires both one-to-many and many-to-one
transformations. The 4D-SETL framework
provides a Java application to perform this
process.

4D-SETL - A Semantic Data Integration Framework

4D-SETL Framework
Semantic Extraction and
Transformation: Worksheet
Document the dataset
objects then interpret each
object under 4D semantics.
Document the domain BORO UML
ontology in spreadsheet
and BORO UML form
Ontology Model ETL: Graph
Automatically generate the
Graph database sza‘l) ase
instantiation of the XS O
ontology e
i) Py LRl
‘-?A Y ..;,-’5'
ot e ‘a.’.[
Ontology Data ETL: |
API Configuration. ETL Ontology
bulk load of instance level
data (NB can also by types)

Figure 2: 4D-SETL Framework.

4 EXPERIMENTAL DATA

As the foundational ontology is an integral part of
the framework, prior to processing any of the
domain ontological elements (model and datasets)
the foundational ontology is transformed to graph
format and loaded to the database. This is achieved
via the 4D-SETL framework which extracts the
BORO UML as XML (XMI), then transforms it to a
set of nodes and edges that are loaded to the
database. The graph database ontology also includes
the UML model identifiers as indexed node and
edge parameter key-values, these are employed to
enable the reproduction of the design time UML
models within the graph database runtime
environment and to establish the relationships
between the foundation and other subsequent
domain model elements that are loaded. The 4D-
SETL framework was applied to Extract, Transform
and Load (ETL) five datasets of varying scale and
complexity related to corporate data:

Calendar: temporal locations (1856 to present).
Location: spatial locations (~2.5M locations).
Standard Industrial Classification (taxonomy).
UK Companies (~3.5M)

UK corporate officers (~12M)
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5 OUTCOMES AND
LIMITATIONS

Having applied the framework, our experience is
that BORO provides a coherent lens through which
to view and model the world together with the
foundational ontological elements and patterns
through which the domain ontologies can be
developed to represent the datasets to be
semantically integrated (Partridge, 2002). In terms
of domain ontology development, this work concurs
with the work of Keet (2011), who stated that
employing  foundational ontologies provides
advantages in terms of the quality and
interoperability of domain ontologies. Developing
such domain ontologies provided the means of
semantically integrating data conforming to different
models and theories — a necessary evil in dealing
with variety in big data.

Employing a graph database provided the means
of importing and restructuring data in a manner that
directly reflects the ontological model patterns
without the normal translation to tabular RDBMS or
Object Oriented form and not introducing the
‘impedance mismatch’ problem (Ireland et al,
2009). Dispensing with RDBMS storage in favour of
a property graph data model removed the
partitioning of the storage structures between data
and schema and allows both ‘schema’ ontological
model objects and instance level objects to be
updated at run time. This supports the work related
to graph databases by Webber (2012). Related to this
finding, it was also demonstrated in this study that
patterns could be established within the warehouse
that directly reflected the physical or socially
constructed patterns of reality such as taxonomies
and taxonomic ranks, the latter of which employed
the powertype pattern (equivalent to the set theoretic
powerset) to more accurately reflect the nature of
such classification systems. These aspects of 4D
ontologies (along with others) provide a greater level
of flexibility and reusability when evolving the
warehouse system and therefore concur and take
forward the initial findings of Partridge (2002).

In practical terms, we propose that the data
structures resulting from the 4D-SETL process are
more suitable for discovering relationships within
data rather than for example processing aggregate
data (Vicknair et al., 2010). It is relatively easy, for
example, to discover all relationships that exist
between two elements using a standard algorithm
from the Neo4] library (designed to find all
available paths or the shortest path between two
nodes). Further, the Cypher graph database query
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facilities provide the means of discovering more
complex patterns of relationships between the
people, company officers, company activities, events
and physical location. Finally, it was found through
the evaluation and empirical experiment on the
prototype warchouse (graph database) that data load
and information retrieval response times that the
prototype could be developed into a practical
information system. This was confirmed by
performing test data query (graph traversal)
experiments that for example, performed graph
traversals to retrieve all companies within a postcode
location (61 milliseconds) and all officers for a
specific business organisation (37 milliseconds) thus
the prototype produced indicative response times
within bounds that would support interactive
applications (Bhatti er al, 2000). Testing also
confirmed the graph database performance
evaluation undertaken by Vicknair et al. (2010).
Thus using a graph database and the parameter
graph model to store the ontology, alongside query
information via graph traversal, circumvents the
issues that limit the ability of systems built using
triple stores and tableau calculus-based reasoner
technology to deal with ontologies that are both
expressive and have with very large instance level
elements (arguably exactly what one would want
from big data). Neo4J is highly scalable and
provides capacities for Nodes/Edges of ~34 billion
and properties at least ~ 68 billion respectively.
With the issue of disparate data sources in mind,
the work here has: (a) Examined the potential
contribution of foundational ontology; and (b)
described an implementation of a Semantic Extract-
Transform-Load framework (4D-SETL) based on
BORO, a 4D foundational ontology. Foundational
ontologies provide a ‘grounding’ for our view of
reality and thus provide a common reference through
which to model and integrate heterogeneous data.
The 4D-SETL framework uses the BORO
foundational ontology to harmonise data and then
generates a graph database that accords with the
semantic commitments made by that ontology. The
effectiveness of the framework was examined
applying it to large-scale open datasets related to
company information to semantically interpret and
integrate the datasets and to instantiate a prototype
graph database warehouse to persist the resultant
ontology. Our implementation is a prototype at this
stage and the use of foundational ontologies is not
without challenge (e.g., automation in the context of
real-time data streams). Accepting such limitations,
however, the potential utility of the 4D-SETL
framework can be seen in its ability to model and



instantiate a number of complex ontological
structures, such as higher order taxonomic ranks.
The patterns specialised from the core foundational
BORO ontology patterns offer a high degree of
flexibility and reusability when evolving the graph-
based warchouse system. We have thus
demonstrated how a 4D (perdurantist) foundational
ontology can be employed to semantically interpret
and structure data, showing that a single coherent
ontology can be developed and loaded to a graph
database without the problems associated with
current approaches — e.g., model distortion, over
simplification or scalability problems.

Understandably, the work here is not without its
limitations, which may be summarised as follows.
First, and at the outset, the interpretation process is
manual. BORO encourages the development of
patterns (for ontological reuse), which allow for
partial automisation but skills in ontological
modelling are necessary throughout. In the context
of dealing with variety in big data automatic
translation of data is of particular importance. As a
consequence, pattern development and the extraction
of the rules associated with that are also of
importance for ongoing research. Second, as
previously noted, BORO is one of several
foundational ontologies and further work is required
to understand their relative comparative advantages
and disadvantages.

The work here was supported by funding from
the Engineering and Physical Sciences Research
Council (Project EP/L021250/1). The experimental
research data and metadata (Ontology) for this
project was sourced from the following
organisations: Companies House (2016), Company
Information; UK Office of National Statistics (2016)
Geographic Location (ONSPD Product); UK Office
of National Statistics (2016), Standard Industrial
Classification, Company Officers: (A commercial
credit reference agency); BORO  Engineering
Limited (2016), Foundational Ontology.

The Companies House and ONS Datasets are
UK Open Government Data and can be freely
downloaded. The Company Officers and BORO
Ontology are commercial in-confidence.
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It is popular to use real-world data to evaluate or teach data mining techniques. However, there are some

disadvantages to use real-world data for such purposes. Firstly, real-world data in most domains is difficult to
obtain for several reasons, such as budget, technical or ethical. Secondly, the use of many of the real-world
data is restricted or in the case of data mining, those data sets do either not contain specific patterns that are
easy to mine for teaching purposes or the data needs special preparation and the algorithm needs very specific
settings in order to find patterns in it. The solution to this could be the generation of synthetic, “meaningful
data” (data with intrinsic patterns). This paper presents a framework for such a data generator, which is able
to generate datasets with intrinsic patterns, such as decision trees. A preliminary run of the prototype proves
that the generation of such “meaningful data” is possible. Also the proposed approach could be extended to a
further development for generating synthetic data with other intrinsic patterns.

1 INTRODUCTION

In our modern society in the internet age, collections
of data and even more important making use of
existing available data gain more and more importance.
Especially in the domain of teaching data mining or
data mining research, investigators often come across
some main problems. Firstly, in order to research or
teach a certain problem, most of the techniques and
methods in this domain rely on having relevant, big
collections of data. It is very common to use real-world
data for such purposes. However, real-world data in
most domains is difficult to obtain for several reasons,
such as budget, technical or ethical (Rachkovskij and
Kussul, 1998). Secondly, the use of many of the real-
world data is restricted or in the case of data mining,
those data sets do either not contain specific patterns
that are easy to mine for teaching purposes or the data
needs special preparation and the algorithm needs very
specific settings in order to find patterns in it. For
example, it is also very likely that real data may contain
sensible data (be it personal or confidential) which
makes it necessary to hide or obscure those parts,
resulting in a huge effort to carry out this task because
of the sheer size of these data collections. The third
problem is that in case of teaching data mining
techniques, learners may encounter the same “standard
datasets” (e.g. the IRIS dataset or the Cleveland Heart
Disease dataset) multiple times during their studies and
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mining them becomes “less exciting” . This can lower
their motivation and as a consequence their learning
success.

A solution to these problems could be using
synthetic generated data with intrinsic patterns. There
are a number of approaches and techniques that have
been developed for generating synthetic data (Coyle
et al., 2013, Frasch et al., 2011, van der Walt and
Bernard, 2007, Sanchez-Monedero et al., 2013, Jeske
et al., 2005, Lin et al., 2006, and Pei and Zaiane,
2006). However, since each of the previous research
was either focused on a particular category, such as
clustering, or using some special techniques, there are
still spaces for further research. There is also a survey
paper that provides current development about
general test data generation tools (Galler and
Aichernig, 2014).

This paper presents a novel approach to a
synthetic data generator for matching data mining
patterns, such as decision trees, by developing a novel
decision tree pattern generating algorithm. A
preliminary run of the prototype proves that the
generation of such big size of “meaningful data” is
possible. Also the proposed approach could be
extended to a further development for generating
synthetic data with other intrinsic patterns.

The rest of this paper is structured as follows.
Related works are described in next section. The main
contribution of this paper is presented in section 3,
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which introduces the mnovel approach, the
architecture, the algorithm, the design and
implementation of the generator. The testing and
evaluation are discussed in section 4. Finally, this
paper is concluded and future work pointed out in
section 5.

2 RELATED WORK

Sanchez-Monedero et al (2013) proposed a
framework for synthetic data generation, by adopting
a n-spheres based approach. The method allows
variables such as position, width and overlapping of
data distributions in the n—dimensional space can be
controlled by considering their n-spheres. However,
this approach only focuses on cases dealing with
topics specially in the context of ordinal
classifications.

Coyle et al (2014) presented a method for
estimating data clusters at operating conditions where
data has been collected to estimate data at other
operating conditions, enabling classification. This
can be used in machine learning algorithms when real
data cannot be collected. This method uses the earlier
mean interpolation along with a method of
interpolating all of the matrices comprising the
singular value decomposition (SVD) of the
covariance matrix to perform data cluster
interpolation, based on a methodology termed as
Singular Value Decomposition Interpolation (SVDI).
It is claimed that the method can be used to yield
intuitive data cluster estimates with acceptable
distribution, orientation and location in the feature
space. However, as authors admitted the method
“assumes a uni-model distribution, which may or may
not true for classification and regression problems”.

Motivated by research work on data
characteristics (van der Wlat and Bernard, 2007,
Wolpert snd Macready, 1997), Frasch et al (2011)
proposed a method for generating synthetic data with
controlled statistical data characteristics, like means,
covariance, intrinsic dimensionality and the Bayes
errors. It is claimed that synthetic data generator
which can control the statistic properties are
important tools for experimental inquiries performed
in context of machine learning and pattern
recognition. The proposed data generator is suitable
for modelling simple problems with fully known
statistical characteristics.

Pei and Zaiane (2006) developed a distribution-
based and transformation-based approach to synthetic
data generation for clustering and outlier analysis.
There are a set of parameters that are considered as
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user’s requirements, such as the number of points, the
number of clusters, the size, shapes and locations, and
the density level of either cluster data or noise/outliers
in a dataset. The generator can handle two-
dimensional data. However, it was claimed that based
on the heuristic devised, the system could be extended
to handle three or higher dimensional data.

Jeske et al. (2005) proposed an architecture for an
information discovery analysis system data and
scenario generator that generates synthetic datasets
on a to-be-decided semantic graph. Based on this
architecture, Lin et al. (2006) developed a prototype
of this system, which is capable of generating
synthetic data for a particular scenario, such as credit
card transactions.

The work probably most closely related to the one
proposed in this paper is the one by Eno and Thompson
(2008). The authors proposed an approach toward
determining whether patters found by data mining
models could be used and reverse map them back into
synthetic data sets of any size that would exhibit the
same patterns, by developing an algorithm to map and
reverse a decision tree. Their approach was based on
two technologies: Predictive Model Markup Language
(PMML) and Synthetic Data Definition Language
(SDDL). The algorithm would scan a decision tree
stored as PMML to create an SDDL file that described
the data to be generated. It was claimed that their
method confirmed the viability of using data mining
models and inverse mapping to inject realistic patterns
into synthetic data sets. However, their work is limited
to the two techniques used.

3 THE APPROACH

This section describes the proposed framework,
including the architecture, the pattern generating
algorithm, the design and implementation of the
approach.

3.1 Architecture

Figure 1 illustrates the relationship of all modules in
the framework. These modules can be implemented
to run in separate threads or even on separate systems
to create a distributed system which would optimise
the performance of the whole application. The
architecture is a modified version of the one proposed
by Houkjeer et al. (2006).
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Figure 1: The Architecture.

Main components in this architecture are described as

below:

» GUI: This package contains all the classes

necessary for the graphical user interface. The

GUI classes enable the user

to set parameters and inputs;

to choose and set up the connection to the

database;

to view the meta data connected to the tables in

the database;

to choose from a list of available data generation

algorithms/methods;

to set the desired output formats.

* Data Generation Module: This package contains
the classes needed to generate data, e.g. different
number generators (such as zero bitmap number
generators, shuffle number generators or
specialised number generators), classes that can
produce addresses or names and so on;

= The Core Module: This package contains three

sub packages:

Graph Builder: This sub package contains all

classes necessary to generate a directed graph

which represents the database/table structures
retrieved from the database through the Metadata

Interface;

- Graph: The graph sub package holds a

representation of the database in memory. This is

necessary in order to generate consistent data that
fulfils constraints as well as intra- and inter-table
relations;

Interfaces: This sub package contains the

interfaces and their class implementations which

are used by the graph, graph builder and data
generation module classes and provide the

different ways of input (different DBMS, e.g.

MySQL, Oracle, etc.; inputs for name/address

generation), output (e.g. into flat files) and the

interfaces used for the different data generation
algorithms or number distributions. One of the
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most important interfaces in this design is the
pattern interface. This interface can be used
together with the new approach to pattern
generation in data to form a really unique data
generator.

3.2 A Decision Tree Algorithm: ID3

This new approach employs the idea of “Backwards
Engineering”: an existing well established
classification algorithm (in this case ID3) is used as
the basis to discover the patterns; then an algorithm is
developed that produces data in way such that this
basis algorithm is able to discover a structure in the
data.

In this framework, the well-known ID3 algorithm,
originated by Quinlan (1979, 1986) was used
following the description of Berthold ez al (2010):

Algorithm BuildDecisionTree(D, A)

input: training data D, set A of available attributes

output: a decision tree matching D, using all or a subset of A

1 if all elements in D belong to one class

2 return node with corresponding class label

3 elseif A =¥

4 return node with majority class label in D

5 else

6 select attribute A € A which best classifies D

7 create new node holding decision attribute A

8 for each split vy of A

9 add new branch below with corresponding test for this split

10 create D(vy) C D for which split condition holds

11 if D(vy) =¥

12 return node with majority class label in T

13 else

14 add subtree returned by calling
BuildDecisionTree(D(v,), A\{A])

15 endif

16 endfor

17 return node.

I8 endif

Figure 2: The ID3 algorithm as described by Berthold et al.
(Berthold et al., 2010, p. 211).

Figure 2 shows a general algorithm to build
decision trees. ID3 in particular uses a concept called
the Shannon Entropy H:

Z [De=l log |De—|
edom(C)

Hp(€C)=—

Here, Dindicates the training data set, Cthe target
(class) attribute, i.e. the attribute towards which the
entropy is calculated, and 7 the set of attributes. The
entropy ranges from 0 to 1 and reaches the maximal
value of 1 for the case of two classes and an even
50:50 distribution of patterns of those classes. On the
other hand, an entropy value of 0 would tell us that
only one of these classes would exist in the given
subset of data. The entropy H therefor provides us
with a measure of the diversity of a given data set.
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The ID3 algorithm tries to reach the leaves of a
decision tree (i.e. nodes that only hold a single class
of attributes) as fast as possible, meaning that the
entropy of each subset of data after the split of the
values should have the least possible entropy.
Therefore, another measurement is needed, called the
“Information Gain™:

Ip(C,A) = Hp(C) — Hp(C, A)
Where

‘(-DA=a|

Hp(C,A) = Z D]

aedom(A)

Hp,_,(©)

and D,-, indicates the subset of D for which attribute

A has value a. Hy(C, A) denotes the entropy that is left
in the subsets of the original data after they have been
split according to their values of 4.

This Information Gain makes it possible to split
the classes in Dinto subsets with each having the least
possible remaining entropy within. Using this
Information Gain as measurement in the split
condition for the Class attribute of the algorithm
outlined in figure 2, the ID3 algorithm is complete.

3.3 The Algorithm

With the ID3 algorithm and its underlying concepts
defined, the pattern generating algorithm can be
described.

The requirements for this algorithm are a
classification decision tree with a table in a database
having at least columns for each of the attributes that
are present in the nodes of the tree and the Class
attribute. In contrast to the ID3 algorithm that will
later be used to find the same tree again, the proposed
pattern generating algorithm does not start from the
root of the tree, working its way “downwards” over
nodes with the highest Information Gain to the leave
nodes, but it starts from the leave nodes in an
“upward” way.

The basic idea of the algorithm can be described
as follows. The leave nodes L have to be the nodes
with the least Information Gain of the whole data set.
This can be ensured by maximally distributing the
values of the Class attribute C on this level (this will
of course result in a very inaccurate classification
tree; in the implementation different distribution
levels can be used to make it more accurate). To do
this, a minimum number of entries in the database
table has to be specified; according to this number,
the table is then populated with maximal distribution
in C (which means all possible value ¢ in C appears
with the same frequency), leaving all other columns
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blank with the exception of the values in L (noted as
! in future). These are then chosen such that each
combin