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ABSTRACT

DEVELOPING A TOOL THAT CONVERTS A PROCESS MODEL
INTO A BPMN DATA MODEL BY MINING FROM MULTIPLE
PERSPECTIVES

Merve Nur TIFTIK

Master of Science, Computer Engineering Department
Supervisor: Assoc. Prof. Dr. Ayca KOLUKISA TARHAN

April 2021, 63 pages

Process mining is mainly focused on process discovery, and also replay techniques to
check conformance and analyze bottlenecks. It is further applied to mine the other process
perspectives, such as time, data, and resources, by replaying the events in event logs over
the initial process model. When process mining is extended far beyond discovering the
control-flow models; roles, bottlenecks, amounts of time passed, guards, and routing
probabilities in the process can be identified. Such extensions are considered under the
topic of multi-perspective process mining, which makes the discovered process model
more understandable. In this study, a framework for applying multi-perspective process
mining and creating a BPMN process model as the output is introduced. The framework,
which uses a recently developed API for storing the BPMN Data Model in blockchain in

a secure and immutable way, has been developed as a plugin to the ProM tool. In doing



so, it integrates a number of techniques for multi-perspective process mining in literature,
for the perspectives of control-flow, data, and resource; and represents a holistic process
model by combining the outputs of these in the BPMN Data Model. In this thesis, we
explain technical details of the framework and also demonstrate its usage over a case in

medical domain.

Anahtar Kelimeler: process mining, multi-perspective, BPMN, process model, block-

chain, framework



OZET

SUREC MODELINI COKLU PERSPEKTIFLE MADENLEYEREK
BPMN VERI MODELINE CEVIREN BiR ARAC GELISTIRME

Merve Nur TIFTIK

Yiiksek Lisans, Bilgisayar Miihendisligi
Danmisman: Do¢. Dr. Ayca KOLUKISA TARHAN

Nisan 2021, 63 sayfa

Siire¢ madenciligi esas olarak siire¢ kesfine ve ayrica, uygunlugu kontrol etmek ve dar-
bogazlari analiz etmek icin tekrar tekniklerine odaklanir. Olay giinliiklerindeki kayitlari
ilk siire¢ modeli iizerinden tekrarlayarak zaman, veri ve kaynak gibi diger siire¢ perspek-
tiflerini kesfetmek i¢in uygulanir. Siire¢ madenciligi ile kontrol akis perspektifini kesfet-
menin yani sira; siirecteki roller, darbogazlar, gecen siire, korumalar ve yonlendirme ola-
siliklar1 belirlenebilir. Bu yetenekler, kesfedilen siire¢ modelini daha anlasilir kilan, ¢ok
perspektifli siire¢ madenciligi kapsaminda ele alinmaktadir. Bu ¢alismada, ¢ok perspek-
tifli siire¢ madenciligi uygulamak ve ¢ikt1 olarak bir BPMN siire¢ modeli olusturmak igin
bir yazilim ¢atis1 tanitilmaktadir. Bu ¢atida, BPMN Veri Modelini giivenli ve degismez
bir sekilde blok zincirinde depolamak i¢in yakin zamanda gelistirilen bir API kullanilmis
ve cat1, ProM aracina bir eklenti olarak gelistirilmistir. Bunu yaparken kontrol akis, veri
ve kaynak perspektifleri icin literatiirde yer alan, ¢ok perspektifli stire¢ madenciligi i¢in
Onerilmis bir dizi teknik biitiinlestirilmis ve bunlarin ¢iktilar1 BPMN Veri Modeli’nde
1l



birlestirilerek biitiinsel bir siire¢ modeli olusturulmustur. Bu tezde, ¢atinin teknik ayrinti-

lar1 agiklanmakta ve ayrica tibbi alanda bir vaka iizerinden kullanimi1 gosterilmektedir.

Anahtar Kelimeler: siire¢ madenciligi, coklu perspektif, BPMN, siire¢ modeli, blok zin-

ciri, ¢ati, arag, eklenti, ProM
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1. INTRODUCTION

Business Process Management (BPM) is the discipline of designing, analyzing, executing
and monitoring business processes in order to improve their performance in quality, time
and cost dimensions [1]. Process mining is the techniques used primarily in the discovery,
conformance checking and enhancement of business processes based on event logs in
business information systems (BIS) to support BPM activities. BIS automations keep de-
tailed information about the activities performed during the execution of the business
processes they support and the order of these activities in their own databases [1,2]. This

data is converted into event logs to start process mining.[3].

Each event log contains the activity that is part of the process. Event logs store infor-
mation in the database, such as the person or organization that initiated and performed
the activity, the start and end time of the activity, and the data element such as age, gender,
size, and comments. With this information, it is possible to explore processes from dif-
ferent perspectives such as control-flow, resource, data, function, conformance, and time
[4]. Also, there are various discovery algorithms that provide mining results separately
for these perspectives. The perspectives, however, are not isolated and are all related to
each other. Since the perspectives require different kinds of data to mine as specific to
them, the formats of the produced outputs vary, e.g., Petri-net, Heuristic net, Fuzzy model,
BPMN, Petri-net with data, and XML. In order to obtain a holistic process model, firstly,
the control-flow perspective is discovered by using algorithms such as Inductive Miner
[5]. A skeleton model is created by using these algorithms; and other perspectives such
as data, resources, and performance, are added to this skeleton model. The results of the
mined perspectives are represented in Petri-net [6] or BPMN [7]. Both notations have
token-based semantics, and allow one to integrate the outputs of the multiple perspectives
mined into a single process model. However, as different from Petri-net, BPMN is able
to hold the output of the resource perspective easily due to its elements to represent dif-

ferent roles; and this makes it an attractive notation for process mining experts.

Based on the motivation stated above, in this thesis, we introduce a framework for apply-
ing multi-perspective process mining and creating a BPMN process model as an output

that is kept in blockchain. To the best of our knowledge, this is the first study that provides



an extended representation of BPMN for multi-perspective process mining, and keeps it
in a secure and immutable way. More specifically, the main contributions of this research

are:
(1) Proposing a plugin [8] to ProM [9] for multi-perspective process mining;

(2) Combining distinct outputs of control-flow, data, and resource perspectives in a

single, multi-perspective process model in BPMN;

(3) Enriching the representation of Data Petri-net produced by the data perspective
with percentage of transition (relative frequency), average time and instance count

in-formation;

(4) Using a BPMN Data Model, which has been developed recently [10], in order to
keep the multi-perspective process model in the blockchain in a secure and immu-

table way;

(5) Validating the correctness of the multi-perspective process mining proposed by

the framework over a pilot study in medical domain.

In this thesis, process mining algorithms are examined in detail. Then these algorithms
are grouped according to the perspectives discussed. At this stage, the inputs and outputs
of different perspective algorithms were examined and the usability of these algorithms
with each other was studied. When these different perspective algorithms are used to-
gether, it is aimed to examine the behaviors and show the results on a single process
model. According to the results obtained from matching algorithms and perspectives, it
is aimed to develop a tool to apply different perspective algorithms one after the other,
and to store and display the resulting output (multi-perspective process data) in BPMN

format.

As a research approach, a path from general to specific has been followed as described
below. After examining the existing methods, it is aimed to produce an integrated new

solution. Improvements have been made to the existing algorithms.

1. Investigation of process mining algorithms.
2. Investigation of multi perspective process mining algorithms.

3. Grouping process mining algorithms according to perspectives.



4. Application of different perspectives with each other.
5. Tool development on displaying different perspective algorithms applied on the
event log in a single model.

6. Making improvements on the already existing algorithms.

The remaining of this thesis is organized as follows: Section 2 gives general information
about process mining domain and Section 3 summarizes the related studies. Section 4
explains briefly the BPMN Data Model. Section 5 describes the proposed framework in
detail. Section 6 presents the example application of the framework over a pilot study.
Section 7 presents validation of the framework over the pilot study. Section 8 summarizes
validation results of the framework. Finally, Section 9 concludes the thesis by providing

overall results and suggestions for future work.



2. BACKGROUND INFORMATION

2.1. Workflow Management

Workflow Management (WFM) mainly focuses on business process automation. It ena-
bles users in the same or different disciplines to send information, request a job, predict
and manage results. Thanks to workflow management systems, companies can follow all
their business data and resources in digital environments and get efficient outputs. Ulti-

mately, workflow management is for achieving a result [11].

2.2. Business Process Management

Business Process Management (BPM) is a discipline that combines information technol-
ogies and management science knowledge and applies it to operational business pro-
cesses. We can also say that it is the extended version of WFM for BPM.

BPM has a wide scope. This area includes from process automation and process analysis
to process management and business organization. From another point of view, BPM is
related to software management, control, and operational support processes. BPM aims
to improve operational business processes and tries to do this without using new technol-

ogies [11].

2.3. Data Science and Process Mining

Although data science is a term that we have heard a lot in recent years, it has become a
discipline that is very beneficial to the business world. This discipline, which gains more
importance with the increase of data, is frequently used to provide competitive power in
the business world. Process mining, as a sub-field of data science, is based on the data-
bases of the records of the transactions performed in the information systems and the
event recording logs kept in those databases. As it is understood from here, the raw ma-
terial of process mining is the process data recorded instantly. Extracting and analyzing

these process data records from data warehouses are included in the “data science”.



Software applications used in process mining have Import / Export options. However, if
you want to customize the data you want to use, that is, if you want to adjust it to cover
the parameters you want, the concept of “data mining” is included here. Data mining

allows you to customize the data of the process you want to examine [11].

Machine Learning has lately become a very popular field of study under “data science”.
Algorithms are at the heart of machine learning. The part of machine learning related to
process mining is that predictions can be made with the help of the algorithms used and
the “discovery” function, one of the three main functions of process mining, can be used.
These algorithms make process discovery very efficient. For example, the alpha-algo-
rithm [12] is an algorithm used in process mining that aims to reconstruct causality from

a series of events. [11]

2.4. Process Mining

Process mining acts as a bridge between model-based process representations and data-
centered analysis techniques in business process management. Process mining aims to
discover meaningful information about ongoing processes based on event records to ex-

plore processes, control data, institution and social structure.

Process mining is a technology that takes inputs the disciplines mentioned above and
transforms these inputs into positive outputs. With process mining, companies discover
the processes they use in detail, create new process models, and improve their existing
processes. In this way, they have the capacity to increase their efficiency and profitability.

In order to understand process mining, it is necessary to grasp the subject “Business Pro-
cess Management Life Cycle” as a preliminary step. The life cycle concept here describes

the different stages of managing a particular business process [11].

The Business Process Management Life Cycle consists of 6 stages, as follows [11]:



1. Design : It covers the design of the process. This model then transforms into a

configuration and implementation model.

2. Configuration / Implementation : If the model has already been run and is running
on WFM or BPM systems, this step takes less time. However, if the model is ready
on paper like in informal and traditional projects, the time taken for this step will

increase.

3. Enachement / Monitoring : This stage is after the processes have been designed
and supported by systems. In this section, observation is carried out while the

processes continue to run. The needs for change are aimed to be determined.

4. Adjustment : Some of the planned changes are made at this stage. However, rede-
sign of processes is not applied or new software is not integrated. Only pre-de-

signed and defined settings are performed.

5. Diagnosis / Requirements : In this part, processes and urgent requirements are
aimed to be determined. Changing new conditions, their analysis and evaluation

are carried out (e.g., changing policies, rules, laws, etc.).

As the days go on, hours or even minutes pass, hundreds of data are recorded in infor-
mation system databases. These data are usually generated as a result of an activity. These
activities contain information such as the person performing the activity, and the
timestamp when the activity has occurred. These data are generated by certain activities,
by certain people, in a certain order. After this amount of data is created, it is possible to
verify and improve whether the running process is working correctly or not with process
mining. In fact, process mining allows us to view and improve the working process model
by revealing the mystery behind the processing of data in the database. In this way, insti-
tutions get the opportunity to evaluate the process that is currently running. Thanks to
process mining, inconsistencies that occur in the process are learned and precautions are
taken beforehand by making improvements in the process. Using process mining benefits
organizations both in terms of time and improvement of the running process. It will be
extremely beneficial for the company to discover the defects or bottlenecks in the process
beforehand. It will also save the company time to take action. For this reason, while there

IS so much data and processing, the use of process mining is important for companies.



Process Mining (PM) is a process management technique that has been used extensively
for BPM in the last decade by combining data-driven techniques with traditional process
modeling techniques [1,13]. Process mining is applied for three main aims [14]: i) process

discovery, ii) conformance checking, and iii) process enhancement.

Table 2.1 contains the basic questions and answers that can be asked on process mining.
Thanks to this table, a quick overview of process mining can be made and the information

to be obtained in this area is collected in a single table [11].

The most important activity of process mining is process discovery as it provides the basis
for conformance and enhancement. During process discovery, event log is used as an
input to process discovery algorithms and thus the process model is created automatically
[14]. In this way, organizations can improve their processes due to the discovery of the
differences between the real process model and the expected process model. To summa-
rize, the discovery technique takes an event log and is the section where a model is tried
to be created without using any prior knowledge. For example, it could be the alpha al-
gorithm [12]. Alpha algorithm takes an event log as a input and creates Petri-nets from
this log. This helps us understand the behavioral state of logging of the network in event

log.

In conformance checking, the process model and its flow discovered from the event logs
are analyzed and it is checked whether the process has been carried out as identified in
the model [14]. Conformance checking measures the differences between the actual pro-
cess and the process model specifications. The main aim of this technique is to identify
the areas that need improvement using the information gained from the actual process
[15]. To summarize, conformance is the second major scenario of process mining. Here,
an existing transaction model is compared to an event log of the same process. The con-
formity check is carried out to check whether the logged reality is suitable for the model.
It is also the opposite. Conformity, bias control, detection, and explanation of deviations

can also be used to measure the severity of these deviations.



Table 2.1. Questions and Answers for Process Mining

QUESTION

ANSWER

What are the three maxi-
mum qualities required for

process mining?

Event Log
Case-Event ID

Time Stamp

How many stages does Pro-

cess Mining consist of?

Process Discovery: What is really happening?

Conformity Check: We apply the accepted ones or are

there any things that need to be added?
Performance Analysis: Where are the bottlenecks?
Transaction Forecast: Will the event be delayed?

Process Development: How can we redesign these pro-

cesses?

What do we discover?

Discovery of process models (Petri nets, EPCs,
BPMN), Organizational Models, Social networks, Se-
quence diagrams, Business Rules, Bottlenecks, Simula-

tion Models

What are Process Discovery

Techniques?

Algorithmic Techniques
Genetic Process Mining

Zone Based Process Mining

How many basic principles

is process mining based on?

Workflow Management
Business Process Management
Data Science

Machine Learning

Process enhancement is the improvement of the process model by considering the event

logs. This can be accomplished by adding more perspectives to the process model using

event data, an activity also known as ‘extension’. Another enhancement is improving the

quality of the process model using event data and defining a new repaired model [16].



The main idea is to extend or improve the current process model using information about
the actual process recorded in the event log. While the conformity check measures model
and reality fit, the third function of process mining, “enhancement and improvement”,

aims to expand and change the possible model.

Enhancement and improvement consists of two parts:

e Repair: It tries to make the current model better and more reflective. For example,
if two activities are modeled sequentially, but in reality, these operations can be
performed in any order without any problems, the model can be repaired to correct

this complexity.

e Extension: It is the process of creating new perspectives by applying cross-corre-
lation [1] with event log records to process models. For extension, “performance
data” can be given as an example. By using the time stamps in the event log, the
expansion process can be applied to show the bottlenecks and service levels,
times, and frequencies. Additionally, Control-flow Perspective, Organizational

Perspective, Event Perspective, and Time Perspective can be added in this activ-

ity.

2.5. Multi-perspective Process Mining

In the multi perspective-process mining (MPM) technique, there are many perspectives;
e.g., control-flow, resource, data, time, and function [14]. The control-flow perspective
focuses on the sequence of activities and discovery of the process model, and aims to find
the best process model for all possible paths with its different algorithms. The data per-
spective enables the analysis of the data that has an impact on the formation of the activ-
ities in the process model. The case perspective focuses on the definition of cases and the
factors affecting the data. The resource / organizational perspective is concerned with
actors such as people, systems, and roles and the relationships between them to classify
the activities in the process model according to roles and organization. The time perspec-
tive deals with the time and frequency of activities occurring and helps to identify bottle-

necks, monitor the use of resources, and estimate the time remaining for ongoing events.



The performance perspective allows to observe the performance problems in the process
model to be exposed, and can be based on time information as in the time perspective.

Further details are provided in the following paragraphs with regard to the perspectives

used in this thesis.

e Control-flow perspective: Its name is also known as process perspective. In this
perspective, the hidden workflow in the event log is expressed through notations
such as Petri-net [6], BPMN [7], Heuristic net by using process mining discovery
algorithms. Alpha Miners [12], Inductive Miner [17], and Heuristics Miner [2]

can be given as examples to the algorithms used in this perspective.

e Data perspective: It plays a role in showing the conditions (data guards) in tran-
sitions on the discovered control-flow output through notations such as Data Petri-
net or BPMN. In discovering this perspective, Data Aware Discovery algorithm
[18] can be used.

e Resource/organizational perspective: If there are roles performing activities in
the event log, one can use this perspective in the discovery phase. Role-activity
matching can be accomplished through the Organizational Miner algorithm [9],
which can be exported as XML output. Social Network Analysis plugin [19] can
also be used for this perspective, but the resulting output cannot be exported ex-

cept for pdf and image display.

e Time perspective: If there is timestamp data in the event log, this perspective be-
comes available. In this way, bottlenecks can be discovered and resource usage
can be measured. Thus, possible future problems in the use of resources are deter-
mined in advance and precautions are taken. While discovering this perspective,
Dotted Chart [20] algorithm can be used.

e Performance perspective: It is the perspective that is effective in discovering the
performance problems in the business process. With this perspective, it can be
determined how well the performance of the business process is and measures can
be taken in advance for future problems with performance measurement. While

discovering this perspective, Multi-perspective Process Explorer [21] can be used.
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To bring all process mining perspectives together, the flow is started with the control-
flow perspective which finds all possible paths of activities from the event log in the
discovery step [13]. Then the generated process model is checked for whether the reality
conforms to the model in the conformance checking step. Finally, additional perspectives

are applied to the process model in the enhancement step [22].

Various software products have process mining capabilities [23], e.g., ProM (TU/e) [9],
Disco (Fluxicon) [24], PALIA-ER [25], CELONIS [26], pMineR [27] and bupaR [28].
ProM is the most comprehensive PM tool, which provides a standard environment incor-
porating a generic open-source framework for implementing process mining techniques.
Although its user interface is difficult to understand for beginners in comparison to other
tools, it is the most preferred tool especially by the researchers due to its large number of
plugins [29]. Also, it supports several multi-perspective PM plugins [4,30]. Disco is a
popular process mining toolkit, which is powerful, easy-to-use, and fast. The revolution-
ary commercial process mining technology in Disco helps researchers to create visual
maps and can run case and time perspectives together. On the other hand, bupaR is an R-
library tool, and it also allows to combine different profiles of the process with infor-

mation about frequencies and performance.

2.6. Process Mining Event Log

In order for process mining algorithms to be implemented, the data must contain some
information in certain formats. This data type is called “event log”. Before applying al-
gorithms in process mining, some preliminary processes should be performed on the
online or offline data already created in the database and event logs should be created.
Event log consists of events, and it contains information such as case id, activity, time,
and resource in the events. For each case, the activities performed by the case existing in
the database can be followed with the process model. With the time information, the
events in the process are sorted. If there are different perspectives in the process model,
this information should also be included in the event log. For example, model branches
can be made more meaningful with diagnostic data in a hospital for data perspective. With
the time information, the average duration of each transition in the process model can be

shown. Alternatively, with resource information, people who perform the activities can
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be included in the process model. For this reason, by storing such information in the event
log, the process can be examined from different perspectives.

2.7. Petri-net vs BPMN

Petri-net [6] offers a graphical notation for step-by-step processes that require selection,
iteration, and concurrent operation, similar to industry standards such as UML [31],
BPMN [7], and EPC [32]. But beyond these standards, it can model the operation of pro-
cesses related to the mathematical theory developed for process analysis with mathemat-
ical precision. BPMN is typically designed to provide a standard notation that can be
easily understood by all business stakeholders. Therefore, BPMN helps prevent commu-
nication gaps that may arise between the stakeholders in a project that adopts a common
language to explain business processes. A well-modelled business process in BPMN can
be understood by people who do not know BPMN at all, because BPMN 2.0 [33] is a
high-level notation. In other words, a process model in BPMN can be thought of as “high
level” representation of the process, which can be used to display a low level, mathemat-
ically formalized process description in Petri-net [6]. A comparison of representations in
Petri-net and BPMN is given in Table 2.2.

Table 2.2. Petri-net vs BPMN

Petri-net BPMN

Low-level High-level

Domain: Computer Science Domain: Business Process Management
Mathematically formalized Formalized in XML

Petri-net output may be sufficient for control-flow representation of a process. It is also
possible to convert it to BPMN if a higher-level representation is desired. In this way, a
more understandable demonstration is provided. For the data perspective, the Data Petri-

net output is obtained. Since this output is placed on the skeleton model that has already
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been discovered with control-flow perspective; the more comprehensible the Control-
flow representation is, the more comprehensible the data perspective becomes. For the
resource perspective, pools are created by establishing an activity and originators rela-
tionship through BPMN lanes. It is typically not preferred to represent the resource per-
spective in Petri-net. As a result, BPMN becomes an attractive notation for process min-
ing experts. BPMN can be used for MPM process discovery solutions since it enables to
include the outputs of control-flow, data, resource, performance, and time perspectives in
a single process model. An integrated multi-perspective solution can be obtained by con-
verting these outputs to a single BPMN model by running different perspective algo-
rithms/methods.

2.8. Quality Dimensions for Process Discovery Algorithms and Outputs

A process model created by process discovery step of PM should describe the observed
behavior and not explain more of that observed behavior. In addition, this model should
contain unobserved but possible behavior without unnecessary complexity. There are four
dimensions that show the quality of the process model created by process discovery: fit-
ness, simplicity, precision, and generalization [34]. There are also trade-offs among these

dimensions, and this is enough to make process discovery a challenging task.

When process discovery algorithms are grouped according to the quality dimensions [34]
as shown in Table 2.3, it is seen that the models produced by the algorithms used in pro-
cess discovery can be represented in different notations such as Petri-net, EPC, BPMN,
and Heuristic Net. The process model that is created by process discovery algorithms can
be addressed to one of four situations [14]: (1) the model can only contain frequent be-
haviors, which is the most ideal process model, (2) it may include some of the frequent
and infrequent behaviors, which is the non-fitting model, (3) it includes only frequent and
infrequent behaviors, which is the overfitting model and cannot cover new situations, or
(4) it contains all behaviors, including the uncommon behavior, which would be an under-

fitting model.
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The ideal representation of the discovered process model with correct representational
bias is as important as the comprehensibility of the process model. Representational bias
defines the search space by having the ability to represent concurrency, loops, silent ac-
tions, duplicate actions, OR-splits/joins, non-free-choice behavior and hierarchy [19]. It
helps capture the quality and ideal representation for discovered model of the process
while exploring the process in the event log. Each process discovery method should have
its own most effective representational bias. Because each notation has its own capabili-
ties, and thanks to the correct algorithm and notation matching, the most ideal process
models can be obtained in a way that ideally covers the event logs. In other words, repre-
sentation of the process with different notations and representational bias are not the same
thing. When the relevant process model is not represented with its ideal notation, this may

lead to some losses.

Table 2.3. Quality dimensions of process discovery algorithms and notations used for
their outputs [34]

Quality Dimension Algorithm Output
Replay Fitness Region Based Algorithms ~ Petri-net
Multi-phase Miner Event-driven process chain
Simplicity a-algorithms Petri-net
Precision Region Based Algorithms  Petri-net
Generalization Fuzzy Miner Fuzzy Model
Heuristics Miner Heuristic Net
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3. RELATED WORK

In this section, the literature is examined by focusing on the perspectives of process dis-
covery algorithms, and then the existing multi-perspective process mining studies are ex-
amined in terms of the perspectives they address. Since the process model created as a
result of process discovery is based on the control-flow perspective, there are a lot of
studies on mining control-flow perspective in the literature. Dakic et al. [35] report that
94% of the PM studies are based on the control-flow perspective. The examination of the
most widely used control-flow algorithms can be started with the alpha algorithm pro-
posed by Aalst et al. [12]. Mohamed [19] mentions that this algorithm fills the gap be-
tween the event log and the process model but it has a flaw in producing a reliable model
since it ignores frequencies, and therefore, does not guarantee completeness and sound-
ness of the model. In the same article, the Heuristic Miner algorithm proposed by Weijters
et al. [2], which can deal with noise, is mentioned as an improvement of the alpha algo-
rithm. It is also mentioned that Heuristic Miner algorithm can filter noisy or infrequent
behaviors because it takes frequencies into account, but it remains short too in guarantee-
ing sound process models. Another control-flow perspective study by Aalst et al. [36]
presents a new approach based on genetic algorithms. With this approach, noise and de-
ficiency are dealt with the genetic process mining approach using causal-matrix. Weber
et al. [37] states that existing algorithms currently used in the control-flow perspective in
general does not discover the probabilistic nature of the process. In this study, a frame-
work is proposed and applied on the alpha algorithm, and it is shown how much data is
required to achieve a certain accuracy by using the structures in the model. In another
study, Ghawi [38] mentions that the models formed as a result of the Inductive Miner
algorithm developed by Leemans et al. [17] correspond to sound, block-structured work-
flow (WF) net systems, and they always fit.

As the control-flow perspective studies have been emerging, Rozinat et al. [39] have con-
ducted a study on the data perspective by using machine learning techniques, data de-
pendencies, and decision-point analysis. Following that, DecisionMiner algorithm has
been implemented in ProM. The article by Leoni et al. [18] is based on the fact that the
algorithms used for the control-flow perspective have discovered the decision points, but

not because they have discovered the rules required for the data-flow. With the latest
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developments in conformance-checking, it is mentioned in the study that data-flow could
also be discovered and added to the process model with an adaptation process.

While examining other perspectives in process discovery, it is seen that the perspectives
such as organizational, time and performance are also included in the studies. In Table-
3.1 under this title, studies in the literature on process discovery are marked according to
their mined perspectives. Mans et al. [40] mention that PM techniques can be used to
determine patient care-flow, and the health process has been examined from different
perspectives such as control, organizational and performance. Bozkaya et al. [41] propose
a method on process discovery, where the process has been examined from various per-
spectives such as control-flow, performance (Dotted Chart Analysis [20]), and organiza-
tional (Organizational Miner and Social Network Analysis [19]. Aalst [42] explains that
it is possible to apply the control-flow perspective by converting the logs obtained when
web services are communicating with each other into event logs, and that different per-
spectives can be added to the model by replaying event logs. This study gives information
about the process mining manifesto and provides information about the situations that
may be encountered while doing service mining. Gupta [43] has studied about the com-
parison and operation of PM algorithms in order to guide the companies in choosing the
most suitable algorithm for their needs. Mohamed [19] mentions in his study that the
process model can be expanded by using Social Network analysis to show the organiza-

tional perspective.

When the related studies in Table-3.1 are examined, it can be seen which perspective is
used in which study. With this information, a road map has been drawn about which al-
gorithm could be used for which perspective. Therefore, the review summarized in the
table has helped in selecting algorithms that explore different perspectives that can be
used for MPM. It is also seen from the related literature that the methods used for process
discovery are based on the control-flow perspective. In other words, the process model is
first discovered using the control-flow perspective, then other perspectives are added on

this process model.
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Table 3.1. Process Mining perspectives in scientific literature

Related Year Control-Flow Data Performance/ Resource/

Study Time Organiza-
tional

[36] 2005 +

[39] 2006 +

[40] 2008 + + +

[44] 2009 + + +

[37] 2011 +

[42] 2013 + + + +

[18] 2013 + +

[43] 2015 +

[19] 2016 + + + +

In our study, the algorithms used in developing the MPM framework have been selected
from the studies in Table-3.1 by considering their advantages and drawbacks. As an ex-
ample, since the Alpha algorithm does not address frequencies, it would be more advan-
tageous to use the Heuristic Miner algorithm, which is an improved version of the Alpha
algorithm and addresses the frequencies. As a result, different perspective algorithms
have been integrated to provide a single, multi-perspective process mining solution, with
some additional features such as data guards with average time, percentage of transition,
and instance count information. More specifically; percentage, average time, and instance
count properties have been added to the branches in the process model formed by the
Data Aware Explorer algorithm in the data perspective. If the user wishes, s/he will be
able to use this feature and display these properties on Petri-net or BPMN diagrams; that

is, this part is left optional.

After examining the studies that mine different perspectives on the process model, multi-
perspective process mining studies have also been examined. The studies in the literature

on MPM are marked according to their included perspectives in Table-3.2.
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Table 3.2. Multi-perspective Process Mining in scientific literature

Related Year Control- Data Performance Resource Func-

Study Flow / / Organi-  tional
Time zational

[21] 2015 + + o+

[50] 2015 + + +

[51] 2016 + + o+ +

[4] 2018 + + + + +

[30] 2019 + + +

[48] 2019 + + +

[49] 2019 + +

Folino et al. [45] propose a new approach that can be used while exploring the process
model. In this approach, they mention the control-flow perspective as structural, and other
data such as activity executors, parameter values, and time-stamps, as non-structural. It
Is also mentioned in the study that the process would be explored by characterizing it
from structural and non-structural viewpoints. With this approach, the process could be
discovered in a multi-perspective way. Mannhardt et al. [21] define the Multi-perspective
Process Explorer (MPE) tool in which they have integrated already existing PM tech-
niques such as data-aware discovery, conformance checking, and performance analysis.
Schonig et al. [46] propose a framework to discover Multi-Perspective Declare Models,
where a process is analysed from different perspectives such as control-flow, data, time,
and organizational. Sturm et al. [47] offer a distributed mining framework called Multi-
perspective DECLARE, which includes an efficient big data technology for MP-DE-
CLARE models. Mannhardt [4] proposes a multi-perspective process mining method
considering problems in multiple interacting process perspectives of control-flow, data,
resources, time, and function. He makes two contributions regarding multi-perspective
process discovery: Data-aware heuristic process discovery and the Guided Process Dis-
covery. Jablonski et al. [48] develop multi-perspective process trace clustering approach
with tool support, which enables reducing the complexity of mined process models in
terms of improving the homogeneity of trace subsets. Kalenkova et al. [30] integrate var-
ious process mining algorithms for the discovery of multi-perspective hierarchical BPMN
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models, and bridge the gap between the PM techniques and BPMN tools. Sikal et al. [49]
propose a variability discovery approach for resource perspective in configurable pro-
cesses, and use the dependencies between the activity and the resource variability. Pini et
al. [50] present a multi-perspective visualization framework to compare processes. In this
article, the authors propose a design approach that allows to address the multiple perspec-

tives like control-flow, time, performance, and resource.

From the studies in Table-3.2, multi-perspective PM solutions in the literature can be
seen. Considering the integrated solutions, in our study, the alternatives for mining the
control-flow perspective are presented in the MPM framework and this way, the oppor-
tunity to experiment and work with the algorithm most suitable for the dataset is provided.
In addition, perspective selection is enabled prior to representing the process model in
BPMN. As also different from the studies in this table, additional features have been
added to represent the data perspective and the performance perspective (including infor-
mation of percentage, average time, instance count) together and separately in Petri-net
or BPMN.

When the existing studies on multi-perspective process mining are examined, it is seen
that there is no solution that includes the perspectives of control-flow, data with perfor-
mance information, and resource, which is applied directly on the event logs to create a
process model in BPMN. Therefore, the proposed framework contributes to the body of
knowledge and practice by addressing these features. In addition, the BPMN model is
kept in blockchain in our solution via BPMN Data Model [52], which can be considered
a timely and motivating contribution for the following similar proposals and also for fu-

ture MPM applications.

In the light of the studies examined within the scope of this thesis, the perspectives studied
in the literature were analyzed and it was found appropriate to work with control-flow,

data (with average time and performance (percentage)), and resource perspectives.
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4. BPMN DATA MODEL IN BLOCKCHAIN FOR MULTI-PER-
SPECTIVE PROCESS MINING

The Data Model has been proposed to keep the outputs from the low-level process mod-
els, which are produced via multi-perspective process mining techniques, together in a
new model that is extended from BPMN [10,52]. Since each technique used in an addi-
tional perspective produces a different low-level model, an operation to modify the results
of analysis methods to proper forms and to transfer them to the Data Model is required.
Accordingly, three basic perspectives (i.e., control-flow, data, and resource) are applied
one by one, and the Data Model is enriched during this process by creating the necessary
elements that correspond to what the perspectives describe. What those elements are and
how they are determined are explained below in detail as specific to each perspective.

The construction process of the Data Model includes the activities of log creation, log
preparation [53], control-flow analysis, decision analysis, and role analysis, as shown in
Figure 4.1. In control-flow analysis, a process model is discovered based on pre-pro-
cessed event logs and is produced in a Petri-net file as an outcome. This is the first type
of process mining analysis where control-flow is used as backbone, and the other ele-
ments will be attached to the control-flow backbone. This Petri-net file is used as an input
in addition to the event logs, in order to discover process model from data or resource
perspectives. While creating the process skeleton, the Inductive Miner algorithm [17] is
used as control-flow algorithm. In data perspective, Decision Miner algorithm [39], which
extracts the knowledge about decision rules, is applied for decision analysis. In resource
perspective, Organizational Miner Algorithm, which derives the organizational concepts
of the process, is used for role analysis. After these steps, the Data Model gets the last
and most meaningful form which is capable to describe what the actual process looks like,
I.e., representing which characteristics or attributes belong to case influence decisions in

the process, who executes or performs activities, and what the organizational roles are.
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In Figure 4.1, how these perspectives work together and which elements are taken from

the relevant analyses into the Data Model are also illustrated. After control-flow analysis,

startEvent, endEvent, task, exclusiveGateway, parallelGateway, and sequenceFlow ele-
ments are filled in the Data Model. After data analysis, the dataObject, dataObjectRef,

ioSpesification, datalnput, datalnputAssociation, dataOutput, dataOutputAssociation el-

ements are transferred to the Data Model. Aside from these elements, the task and se-

guenceFlow elements are updated in this analysis. After resource analysis, the laneSet,

lane, collaboration, and participant elements are filled in the Data Model. Further infor-

mation on the Data Model and data transformations can be obtained from [52].
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5. FRAMEWORK FOR MULTI-PERSPECTIVE PROCESS MINING

This section introduces the framework presented in this thesis. It provides an overview
about supported PM perspectives and algorithms, then shows the details of plugin func-

tionalities to explain its usage.

This integrated discovery approach is implemented as a plugin to ProM, the most widely
used open-source process mining framework. As a pre-requisite, BPMN Data Model API
must be deployed to Docker before running this plugin. Our plugin is available in a new
package called Multi-Perspective Chain Miner (MPCM) which is adaptable to ProM. It
is aimed to contribute to the body of solutions for multi-perspective process mining. With
this solution, the process model mined from the event logs for multiple perspectives can
be integrated and stored in a single BPMN-extended data file in blockchain, and be visu-
alized including the information of control-flow, resource, data, and performance. While
developing MPCM, perspective algorithms used in process mining have been examined,
as reported in Section 3. In the light of these algorithms, it has been investigated how
these perspectives could be integrated with each other. In this context, the algorithms

supported by the framework are given in Figure 5.1.

As shown in Figure 5.1, within the scope of the MPCM, the process is mainly analyzed
from three perspectives. These are the control-flow, data, and resource perspectives. From
the control-flow perspective, the skeleton of a process model can be generated using dif-
ferent algorithms/plugins, namely the Alpha algorithms [12], IMPetriNet [5], Hy-
bridILPMinerPlugin [54], FlexibleHeuristicsMinerPlugin [55], CNetMiner [56], IMPro-
cessTree [5], and FlowerMiner [57]. User can experiment how the outputs of these algo-
rithms are integrated with the outputs of other perspectives by selecting and trying differ-
ent control-flow algorithms. The process skeleton discovered by the control-flow per-
spective can be extended with the data or resource perspective. Data perspective helps to
understand the data inputs to the branches in the process skeleton. For the data perspec-
tive, Data Aware Explorer plugin [18] is run and the process skeleton is enriched with
information such as average time, percentage of cases that followed the transition, and

instance count. In other words, this information can be added to the process model while
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mining from the data perspective, if selected by the user. The resource perspective that
allows to see the roles who perform the activities can also be added to the process skeleton
(or to the skeleton previously enriched by the data perspective) by executing Organiza-

tional Miner Algorithm [19].

In the control-flow analysis, the output of the mining is converted to a PNML file, while
a DataPNML file is created in the data perspective analysis. In the resource perspective
analysis, the OrgMiner file, in which activate-resource mapping is made, is created as an
XML file. These files are used to obtain a BPMN diagram (e.g., the one shown in Figure

6.7) which puts together the outputs of the control-flow, data, and resource perspectives.
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Figure5.1.  MPCM (Multi-Perspective Chain Miner) Plugin Overview

The use-case diagram given in Figure 5.2. illustrates the main interactions between the
user and the MPCM framework. Once event logs include with data, resource attributes in
the event-level, we can combine control-flow, data and resource perspectives into a single

BPMN Diagram. In the first part, after importing an event log (typically including the



fields of activity, timestamp, data, and resources), the user selects the control-flow algo-
rithm. Then, data and resources perspectives to be explored are selected. If the data per-
spective is selected, the information about the percentage of transition, average time, and
instance count can also be added in front of the data guards and branches displayed in the
Data Petri-net. In the second part, the user can proceed with the creation of a BPMN
Diagram with regard to the process perspectives mined. The framework allows the user
to visualize the intermediate models in the control-flow and data perspectives, or in the
control-flow and resource perspectives, depending on the user’s selection. Finally, the

user can export the integrated process model in the format of BPMN or Data Petri-net.
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Figure 5.2.  Use-case Diagram of MPCM Framework

5.1. Development Steps of the Plugin

The process model in the core of the XLog file imported by the user of the ProM frame-
work can be discovered from different perspectives by selecting the MPCM plugin. At
this stage, firstly the perspectives to be used in process discovery are selected, and then
the perspectives to be transformed into BPMN Diagram are selected. Lastly, exported
BPMN Diagrams can be viewed and exported from the ProM’s Import section. In Figure
5.3, the activities that are done and should be done after XLog file is imported can be

observed in ProM.
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Figure 5.3.

MPCM Activity Diagram for ProM usage

BPMN Data Model API is used to combine the outputs of the different perspective algo-

rithms applied with the MPCM plugin, which holds the process model developed within

the scope of this work from different perspectives. The integration of MPCM with the
BPMN Data Model API is shown in Figure-5.4.
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5.1.1. Used Algorithms in the Plugin

While developing MPCM, perspective algorithms used in process mining were examined.
In the light of these algorithms, it has been investigated how these perspectives can be
integrated with each other. In this context, the algorithms used can be seen in the table

below.

Table 5.1. Used Perspectives and Algorithms in MPCM

Perspectives Algorithms
Control Flow Alpha algorithms AlphaClassicMiner
Perspective AlphaPlusMiner
AlphaPlusPlusMiner
AlphaRobustMiner
IMPetriNet

HybridILPMinerPlugin
FlexibleHeuristicsMinerPlugin

CNetMiner
IMProcessTree
FlowerMiner
Data Perspective Data Aware Explorer
Resource Perspective Organizational Miner

Enrichment of Data with percentage, Data Aware Explorer
average time, instance count

5.2. Screens of the Plugin

Within the scope of this thesis, the MPCM Plugin integrated into the ProM Framework is
selected as shown in Figure 5.5. For this, the XLog file must be imported from the ProM’s
Import section beforehand. Control-flow checkbox appears as selected on the screen
shown in Figure 5.6. Because with this perspective, the skeleton model of other perspec-
tives is created. Then the classifier and control-flow algorithm should be selected accord-
ing to the properties of the relevant dataset. Other perspectives to be applied can also be
selected through the checkboxes available on the screen.
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Figure 5.5.  Plugin selection in ProM
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Data Perspective

Resource Perspective

x Cancel El/ Finish

Figure 5.6.  Perspective and Control-flow algorithm selection in MPCM in ProM

Finally, the outputs resulting from the algorithms applied with the screen shown in Figure
5.7 are integrated using the BPMN Data Model API according to the selections. BPMN
files are obtained according to the respective selection. Then, the obtained BPMN Data
Model can be accessed, viewed, and exported from the ProM’s Import tab.
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Control + Resource
Control + Data + Resource
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x Cancel El/ Finish

Figure 5.7. BPMN perspective selection in MPCM in ProM

5.3. Steps for Discovering the Perspectives

In this thesis, mainly three perspectives have been studied. These perspectives are control-
flow, data, and resource perspectives. In addition, data perspective guards are enhanced

with percentage, average time, and instance count information.

5.3.1. Control Flow Perspective

In this thesis, the algorithms used in Control-flow perspective in process model discovery
were examined. After working of these algorithms used in the control-flow perspective,
the outputs generated are converted into a Petri-net file for use in the BPMN Data Model
API. The steps required to add this perspective to the BPMN Data Model are shown in
Figure 5.8.
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Figure 5.8.  Activity Diagram for Control-flow Perspective in MPCM

5.3.2. Control Flow and Data Perspectives

In this thesis, algorithms used in Control-flow and data perspectives in process model
discovery were examined. What has been done for the control-flow perspective is men-
tioned in Section 5.3.1. Data Aware Explorer Plugin is used in ProM framework for data
perspective exploration. Here, data guards are added to the process model created as a
result of control-flow perspective algorithms. In addition, percentage, average time, and
instance count information can be added to the process model if desired by the user. Fi-
nally, DataPNML file is created to be used in BPMN Data Model API. The steps required
to add these perspectives to the BPMN Data Model are shown in Figure 5.9. Also, Petri-

net output of the data perspective can be seen in Figure 5.10.
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Figure 5.9.  Activity Diagram for Control-flow and Data Perspectives in MPCM
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5.3.3. Control Flow and Resource Perspectives

In this thesis, the algorithms used in Control-flow and resource perspectives in process
model discovery were examined. What has been done for the control-flow perspective is
mentioned in Section 5.3.1 Organizational Miner Plugin is used in ProM 5 Framework
for resource perspective exploration. The OrgMiner file, whose activitity-resource map-
ping is made, is created as an XML File to be used in the BPMN Data Model API. The
steps required to add these perspectives to the BPMN Data Model are shown in Figure

5.11.
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Figure 5.11.  Activity Diagram for Control-flow and Resource Perspectives in MPCM
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5.3.4. Control Flow, Data and Resource Perspectives

Within the scope of this thesis, PNML, DataPNML, and XML OrgMiner files are created
to be used in BPMN Data Model API with the algorithms mentioned in Sections 5.3.1,
5.3.2, and 5.3.3 for Control-flow, data, and resource perspectives in process model dis-

covery, respectively. The steps required to add these perspectives to the BPMN Data

Model are shown in Figure 5.12.
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6. EXAMPLE APPLICATION OF FRAMEWORK IN MEDICAL
DOMAIN
This section explains how the MPCM framework can be used to generate a holistic pro-

cess model for a case in medical domain.

Sepsis data [58] is analyzed from different perspectives and represented in an integrated
and automatically generated BPMN Diagram by examining the results of different con-
trol-flow algorithms. The applicability of the plugin developed within the scope of this
thesis can be seen with this dataset, because it contains resource information that performs
activities and some data fields (e.g., DiagnosticXthorax, DiagnosticECG etc.) that relate
to these activities, in addition to the mandatory fields of case id, activity and timestamp
information. This anonymized event log covers traces of 1050 patients’ trajectories that
are admitted to the emergency ward by displaying symptoms of Sepsis, over the course
of 1.5 years in the hospital information systems [58]. It contains 15,214 events for 16
activities which are categorized into medical activities and logistic activities. There are
846 process variants, which indicates the inherited complexity and flexibility problems
of healthcare processes [59], although the dataset focuses on a specific sub-group of pa-

tients.

The steps required to put together the results from the control-flow, data and resources
perspectives to the BPMN Data Model are shown in Figure 6.1. The user needs to deploy
the BPMN Model API [52] before using MPCM framework in order to keep the multi-
perspective process model in blockchain. With respect to the steps shown in the figure,
multi-perspective process mining starts with the control-flow analysis, and continues with

the data perspective analysis and resource analysis.
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Table 6.1. Precision, Generalization, and Fitting Metrics of Plugins in ProM
6.10 [60]
Plugin Name Precision  General-  Perfectly-fit-
ization ting cases /
Cases
Alpha Miner 0 0 1035/1050
Mine Petri net with Inductive Miner 0.50288 0.99858 318/1050
Mine for a Heuristics Net using Heuris- 0 0 1035/1050
tics Miner
ILP-Based Process Discovery (Express)  0.86297 1 0/1050
Mine Petri net using Flower Miner 0.16858 1 0/1050
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6.1. Discover Control-flow Perspective

This analysis starts with selecting control-flow algorithms. According to the comparison
of the algorithm metrics on ProM 6.10 as given in Table 6.1, it was decided that the best
alternative to be chosen for Sepsis data can be Inductive Miner algorithm. So, for the
Sepsis case, we selected Inductive Miner (IMPetriNet) from the screen as shown in Figure
6.2, and discovered the process model from the control-flow perspective. IMPetriNet gen-
erates a Petri-net which can be difficult to understand by the medical professionals. The
discovered Petri-net was automatically converted to a BPMN diagram as shown in Figure
6.4. According to the figure, the Sepsis Process starts with registration or triaging activi-
ties; continues with measuring of leukocytes, CRP, and lactic acid; and ends with some

types of discharge (Release C-D) or Return ER activities.

Start Multiperspective Miner
Event Classifier conceptname
Algorithm InductiveMiner

Data Perspective

bust
InductiveMi

Resource Perspective

x Cancel E'/ Finish

Figure 6.2.  Selection of Perspectives and Control-flow Algorithms for Sepsis Process
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Figure 6.3.  Selection of Perspectives for an Output in BPMN for Sepsis Process

Figure 6.4. BPMN Diagram of Sepsis Process Model from Control-flow Perspective

6.2. Discover Data Perspective

In multi-perspective process mining, discovered process model in BPMN or Petri-net can
be extended with the data perspective and represented in a Data Petri-net. When the user
checks the data perspective in the perspective selection screen (in Figure 6.2), Data Aware
Explorer Plugin is executed by MPCM plugin. Data guards are added to the previously
discovered process model that is a skeleton for other perspectives. The discovered model
of Sepsis Process in Data Petri-net is denoted in Figure 6.5.
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Figure 6.5.  BPMN Diagram for Data Petri-net of Sepsis Process Model (Control-flow

Perspective and Data Perspectives)

6.3. Enhance Data Perspective

The Data Petri-net created by the data perspective can be enhanced if the user wants to
add information from the performance perspective, such as percentage of transition, av-
erage time and instance count, to the discovered model. The enhanced process model in
Data Petri-net is shown in Figure 6.6 and in Figure 6.7 (with data guards). We discovered
the data guards in the Sepsis Process and visualize the multi-perspective process in the
BPMN diagram in Figure 6.8.
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Figure 6.6.  Percentage, average time and instance count information in transitions for
Sepsis Process Model
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Figure 6.7.  Percentage, average time, instance count and data guards information in
transitions for Sepsis Process Model
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Figure 6.8.  Full view of BPMN Diagram of Sepsis Process Model from Control-flow

and Data Perspectives

6.4. Discover Resource Perspective

As an alternative, the framework integrates resources information to the BPMN Data
Model, and visualizes the roles that perform the activities in addition to the information
from the control-flow perspective. Organizational Miner Plugin (in ProM 5) is used for
the exploration of the resource perspective. We discovered the roles in the Sepsis Process

and visualize the multi-perspective process in the BPMN diagram in Figure 6.9.

ool

Figure 6.9.  BPMN Diagram of Sepsis Process Model from Control-flow and Resource

Perspectives
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6.5. Combine Control Flow, Data and Resource Perspectives

As an another alternative, the framework integrates data guards and resources information
to the BPMN Data Model, and visualizes the roles that perform the activities in addition
to the information from the control-flow and data perspectives. Inductive Miner algorithm
is used for control flow perspective, and Data aware explorer algorithm (in ProM 5) is
used for data perspective and Organizational Miner Plugin (in ProM 5) is used for the
exploration of the resource perspective. We discovered the roles in the Sepsis Process and
visualize the multi-perspective process in the BPMN diagram in Figure 6.10.
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Figure 6.10. BPMN Diagram of Sepsis Process Model from Control-flow, Data, and

Resource Perspectives

6.6. Get BPMN Diagram

The outputs of the control-flow, data and resource perspectives are integrated using the
BPMN Data Model API according to the user selections displayed in the screen in Figure
6.3. The multi-perspective process model is stored in the BPMN Data Model in block-
chain in a secure and immutable way. Then, the process model in BPMN can be accessed,

viewed, and exported from the Import tab in ProM.

6.7. Observations and Lessons Learned by the Example Application

ProM tool is a framework used in process mining. It differs from other tools because it is

open source. In this way, it is open to continuous development and improvement. Within
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the scope of this thesis, we studied ProM process discovery algorithms and examined
algorithms that elicit the process model from different perspectives. In the light of the
algorithms we obtained, we aimed to implement a Multi-perspective Process Mining
Plugin compatible with the ProM framework that works in integration with the BPMN
Data Model API. At this stage, however, the BPMN Data Model API requested outputs
of the algorithms in a certain format. Therefore, the outputs of some algorithms (e.g.,
FlexibleHeuristicsMinerPlugin output had to be converted to Petri-net representation).
Another case was that the Organizational Miner algorithm was not included in the last
version of ProM (6), so this algorithm was integrated from the ProM’s older version
(ProM 5). Nevertheless, this led to a slowdown in implementation speed. Thanks to this
thesis, it was learned that there may be new plugins that are developed for ProM. An
examples is the adaptation of the Organizational Miner to the latest ProM version, i.e.,
the plugin that chooses the most accurate Control-flow algorithm according to the quality
metrics for the event log.

In addition, within the scope of this thesis, the compatibility of the medical data used for
the example application and the multi-perspective process discovery solutions to the
health sector has been observed. Within the scope of this application, the process model

could be viewed in multi-perspectives, thanks to the data fields included in the dataset.

In this thesis, by researching algorithms from different perspectives, a tool that enables
the algorithms of control-flow, data and resource perspectives to be run together and dis-
played in a single BPMN model has been developed. While exploring the data perspec-
tive, time and performance (percentage) information is also recorded in the output file. It

has been observed that the recorded data can be viewed in the BPMN model.
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7. VALIDATION OF THE FRAMEWORK

In this section, the outputs for the Sepsis dataset [58] are compared with the versions run
in MPCM and run in ProM. The MPCM outputs for this dataset are detailed in Section 6.
Printouts are taken for the Sepsis dataset, the BPMN Data Model API is triggered by
using Postman [61] to convert the obtained algorithm outputs to BPMN, and the outputs
are displayed through the ProM’s "Select BPMN Diagram™ plugin.

7.1. Validation of Control-flow Perspective

First of all, Sepsis data was mined according to the control flow perspective using the
"Mine Petri net with Inductive Miner” Plugin in ProM 6.10. This plugin was run with
configurations in Figure 7.1. In this way, our Petri-net model in Figure 7.2 that would be
used in the BPMN Data Model was created. Postman was used to convert the generated
Petri net-file (exported from ProM 6.10) to the control-flow BPMN output. With this tool,
a POST request was made as in Figure 7.3.a and then the BPMN model was downloaded
with the GET request in Figure 7.3.b. The BPMN Model formed after all these steps was
imported into ProM 6.10 and the results were observed with the "Select BPMN Diagram™
Plugin in Figure 7.4.

x Cancel E]/ Finish

Figure 7.1.  ProM 6.10 “Mine Petri net with Inductive Miner” Plugin configuration
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Figure 7.2.  ProM 6.10 “Mine Petri-net with Inductive Miner” Plugin Output in Petri-
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Figure 7.3.a. Postman POST Request Figure 7.3.b. Postman GET Request
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Figure 7.4.  Created BPMN Diagram with using BPMN Data Model API

7.2. Validation of Control-flow and Data Perspective

Then, using the “Multi-perspective Process Explorer” Plugin in ProM 6.10, the Sepsis
data was mined according to the data perspective. In this way, our Data Petri-net file,
which would be used to add the data perspective to the BPMN Data Model, was created
as in Figure 7.5. Postman was used to convert the resulting Data Petri-net file (exported
from ProM 6.10) to add data perspective BPMN output. Through this tool, PUT request
was made as shown in Figure 7.6.a and then BPMN model was downloaded with GET
request in Figure 7.6.b. The BPMN Model formed after all these steps was imported into
ProM 6.10 and the results were observed with the "Select BPMN Diagram” Plugin in
Figure 7.7.
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Figure 7.5.  Created Data Petri net Model with using “Multi-perspective Process Ex-

plorer”
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Figure 7.7.  Created BPMN Diagram with using BPMN Data Model API

7.3. Validation of Control-flow and Resource Perspective

Then, using the “Organizational Miner” Plugin in ProM 5, the Sepsis data was mined
according to the resource perspective. In this way, our Org Model file, which would be
used to add the resource perspective to the BPMN Data Model, was created. Postman was
used to convert the resulting Org Model file (exported from ProM 5) to add resource
perspective to BPMN output. Through this tool, POST request was made as in Figure
7.8.a for control flow perspective, PUT request was made as in Figure 7.8.b for resource
perspective, and then BPMN model was downloaded with GET request in Figure 7.8.c.
The BPMN Model formed after all these steps was imported into ProM 6.10 and the re-
sults were observed with the "Select BPMN Diagram™ Plugin in Figure 7.9.
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7.4. Validation of Control-flow, Data, and Resource Perspective

Finally, using the "Organizational Miner" Plugin in ProM 5, Sepsis data was mined ac-
cording to the resource perspective. This plugin was run with configurations in Figure
7.10. In this way, our Org Model file (exported from ProM 5), which would be used to
add resource perspective to the BPMN Data Model, was created. Postman was used to
convert the resulting Org Model file to add resource perspective BPMN output. Through
this tool, PUT request was made as in Figure 7.11.a, and then BPMN model was down-
loaded with GET request in Figure 7.11.b. The BPMN Model formed after all these steps
was imported into ProM 6.10 and the results were observed with the "Select BPMN Dia-

gram™ Plugin in Figure 7.12.

Settings for mining Raw sepsis.mxml {unfiltered) using Organizational Miner N = E

Organizational Miner

Correlation coefficient

Simultaneous appearance ratio

oigen |~

start mining

Figure 7.10. ProM 5 “Organizational Miner” Plugin configuration
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Figure 7.12  Created BPMN Diagram with using BPMN Data Model API
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8. OVERVIEW OF FRAMEWORK VALIDATION RESULTS

In this section, comparison results of the outputs obtained in Sections 6 and 7 are given,

together with a discussion at the end.

8.1. Comparison for Control-flow Perspective

The visualized versions of the outputs are given below.

38>,
= |- ‘ Q8> .
g ==
) ) 7; ) = %-9 ; S | Reease E z ) ¢C
e e 53¢ » | e |
g eux:f)CYl(-‘% Release D
A2

Figure 8.1.  MPCM Output of Control-flow perspective (copied from Figure 6.4)

Figure 8.2.  ProM Output of Control-flow perspective (copied from Figure 7.4)

Figure 8.1 above includes the control-flow perspective output from MPCM, and Figure
8.2 contains the control-flow perspective output obtained by using ProM and Postman.
Although the locations of the activities in the visual are not the same, it can be seen that

the outputs are compatible with each other.
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At this stage, if the ProM tool is considered as the basic model, it can be considered that
the MPCM Plugin is valid for the control-flow perspective, since the output of the MPCM

Plugin is compatible with the ProM tool output.

8.2. Comparison for Control-flow and Data Perspective

The visualized versions of the outputs are given below.

Figure 8.3 MPCM Output of Control-flow and Data perspective (copied from Figure
6.8)

Figure 8.4 ProM Output of Control-flow and Data perspective (copied from Figure
7.7)

Figure 8.3 above includes the control-flow and data perspective output from MPCM, and
Figure 8.4 contains the control-flow and data perspective output obtained by using ProM
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and Postman. Although the locations of the activities in the visual are not the same, it can
be seen that the outputs are compatible with each other.

At this stage, if the ProM tool is considered as the basic model, it can be considered that
the MPCM Plugin is valid for the control-flow and data perspective, since the output of
the MPCM Plugin is compatible with the ProM tool’s output

8.3. Comparison for Control-flow and Resource Perspective

The visualized versions of the outputs are given below.

ool

Figure 8.5. MPCM Output of Control-flow and Resource perspective (copied from
Figure 6.9)

=] —
'/ \
L

Figure 8.6.  ProM Output of Control-flow and Resource perspective (copied from Fig-
ure 7.9)
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Figure 8.5 above includes the control-flow and resource perspective output from MPCM,
and Figure 8.6 contains the control-flow and resource perspective output obtained by us-
ing ProM and Postman. Although the locations of the pools and activities in the visual are

not the same, it can be seen that the outputs are compatible with each other.

At this stage, if the ProM tool is considered as the basic model, it can be considered that
the MPCM Plugin is valid for the control-flow and resource perspective, since the output

of the MPCM Plugin is compatible with the ProM tool’s output.

8.4. Comparison for Control-flow, Data, and Resource Perspective

The visualized versions of the outputs are given below.
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Figure 8.7. MPCM Output of Control-flow, Data, and Resource perspective (copied
from Figure 6.10)
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Figure 8.8.  ProM Output of Control-flow, Data, and Resource perspective (copied

from Figure 7.12)
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Figure 8.7 above includes the control-flow, data, and resource perspective output from
MPCM, and Figure 8.8 contains the control flow, data, and resource perspective outputs
obtained by using ProM and Postman. Since the pool feature of the BPMN is used in the
resource perspective stage and the pools can be positioned in different places during the
output, the output image looks different. However, when the activities and pools of the
formed models are taken to similar places, it can be seen that the outputs are compatible
with each other. In other words, although the locations of the activities and pools in the

visual are not the same, it can be seen that the outputs are compatible with each other.

At this stage, if the ProM tool is considered as the basic model, it can be considered that
the MPCM Plugin is valid for the control-flow, data, and resource perspective since the

output of the MPCM Plugin is compatible with the ProM tool’s output.

8.5. Assumption and Limitations on the Results Obtained

Some assumptions and limitations on the results obtained in this thesis are included under

this sub-section.

8.5.1. Examination of BPMN Outputs

When the BPMN Model output for the Sepsis dataset is examined, it is seen that the
activity is re-operated after the activity operation in some places. When the event log is
examined in detail to understand whether the situation is related to the algorithm or the
event log, it is seen that some activities can be repeated several times for a case. In this
way, it was understood that this situation observed in the BPMN model was due to data.
Some tests in the medical field can be requested by doctors every other day. Since such
repetitive activities may occur in the medical field, it is possible to have such situations

in the dataset.
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When the BPMN Model output for the Sepsis dataset is examined, it is also seen that
some activities (medical measurements) are omitted in some places. Medical measure-
ments are not required for some examinations. So this is a possible situation for cases in

the medical domain.

It is also possible that a case in the medical domain has more than one parallel process.

Therefore, it is rational that there are parallel gateways in the diagram.

Also, it is observed that some data guards are not in transitions. However, this situation
is related to the capability of the algorithm. In addition, there must be a distinctive data
input value that allows the activity to be branched in the event log. The branching activi-
ties in the event log are discovered with the control flow algorithm, but if the data used
to distinguish in the event log is not clearly included, this situation is beyond the capabil-
ity of the algorithm. It is, again, a situation related to the dataset. Even the most suitable
algorithm was chosen for the Sepsis dataset, such a situation was encountered. In real
datasets, sometimes factors other than the capabilities of the algorithms (e.g., the dataset
may not have enough data to contain each transition's guard) can affect the output model
in this way. For example, as seen in the event log [58] , when the "Release A" activity
occurs, the value of the "DiagnosticECG™" data is true, so this distinction is included on
the model. In order for other transitions to include data guards, there must be such a sep-
aration in the dataset. During the conformance checking phase and during the compliance
with the process model, such situations can be recognized and inconsistent situations can

be corrected by making process improvements in the organization.

With this plugin, all operations specific to BPMN are performed with the BPMN Model
API. And for all changes (adding, removing, improving) to be made on the BPMN side,
this API needs to be updated. In addition, since the BPMN is validated via ProM, these
new or improved features can be brought to the ProM algorithms and contributed to the
ProM tool.
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8.5.2. Examination of event log content

The names of the activities are clear to people working in the medical domain. However,
it can be considered by people who are not working on that domain that it is not like the
activity name. For this reason, the activity names for this Sepsis dataset can be considered

as follows [58], and a more accurate result will be achieved by preparing the event logs

with the action and activity verbs.

Table 8.1. Number of activities and Explanation for Sepsis Dataset
#Activities Explanation
3 In the emergency ward

e Registration

e Triaging

3 Measurements of

e Leukocytes

e CRP
e lactic acid
2 Admission or transfer to

e Normal care

e Intensive care

5 Hospital discharge types

1 Returning patients later

8.5.3. About blockchain

Blockchain technology is used indirectly in this plugin thanks to the BPMN API. In this
context, it is aimed to keep an immutable copy of the converted BPMN Diagrams on the
blockchain. Even if the ProM tool is closed, access can be easily provided to the last
model that was converted, in a way that is guaranteed not to change.
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9. CONCLUSION AND FUTURE WORK

In this thesis, process mining algorithms have been examined from different perspectives,
and a framework called Multi-Perspective Chain Miner (MPCM) has been proposed as a
plugin to ProM tool. While the plugin has been developed, open-source algorithms in
ProM have been used, and with additional improvements in the Data Aware Explorer
plugin, performance and time information have been added in the Petri-net file with the
data expression generated in the branches. After the application of the algorithms, it has
been ensured that the outputs generated by the control-flow, data, and resource perspec-
tives have been combined in a single process model in BPMN using an API that has
generated the BPMN Data Model in blockchain. Then, the BPMN process model has
been exported with the plugin developed within the scope of this study.

In this work, it has been observed that the difference of control-flow algorithms applied
according to the event logs is important and affects the results. The selected algorithm for
the control-flow perspective directly affects the results in terms of quality metrics. The
quality of the skeleton obtained by the control-flow algorithm also affects the quality of
the model enriched with data and resource perspectives. For this reason, before using the
MPCM plugin on an example Sepsis data in medical domain, the algorithm and metric
comparisons were made for the control-flow perspective and thus, the most suitable al-
gorithm was chosen for the creation of the skeleton model. Since other perspectives were

based on this skeleton, their quality was also positively affected in this way.

The advantages of the plugin, which is compatible with the ProM tool and developed
within the scope of this thesis, compared to the multi-perspective plugins currently avail-
able in ProM can be mentioned as follows. Control-flow algorithms can be selected with
the Multi-perspective Chain Miner plugin. Here, the event log is aimed to reach the most
accurate skeleton process model for the user with the option of running different control-
flow algorithms. Thus, when other perspectives are applied on this correct skeleton, a
more correct solution is achieved. In addition, the feature of enhancing the data perspec-

tive with percentage, average time and instance count information makes the model more
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understandable and prevents possible problems that may occur in business process per-
formance in the future. Moreover, perspective options are also offered within the scope
of this plugin. Perspective outputs can be taken separately as BPMN models. With this
feature, it is possible to take perspective printouts in the desired perspective combination.
Also, this thesis is the first plug-in that allows the use of the ProM tool to keep process
models as secure and immutable by integrating blockchain technology, thanks to the
BPMN Data Model API. As a constraint in this study, there was a problem due to the lack
of Organizational Miner in the latest versions of ProM, and for this reason, the Organiza-
tional Miner algorithm in the older ProM version was used. Since there are code design
differences in the old and new versions of Prom, problems were encountered that would
cause the plugin to run slowly. For this reason, if the resource perspective is chosen, the
application has to work slowly. When the validation of the outputs is examined on the
basis of ProM tool, it is seen that the outputs are compatible with MPCM. The output
looks different because the pool feature of the BPMN is used and the pools can be posi-
tioned in different places during the output. However, when the activities and pools of the
formed models are taken to similar places, it can be seen that the outputs are compatible

with each other.

During the implementation of this plugin, it is ensured that the outputs obtained are kept
in a way that cannot be changed with a certain id, by using blockchain technology indi-
rectly, if not directly. The results of using the BPMN model API used in this way were
automatically displayed. Manual steps have been automated using the BPMN Model API.
In addition, a plugin has been developed that stores the BPMN model versions of the
different perspective outputs resulting from the application of different algorithms on the
blockchain. Accordingly, the unchanged state of the last output created is stored in the
blockchain. This way, the security that the data does not change is guaranteed with the
help of blockhain technology. If this data was stored in standard databases, certain con-
trols would have to be added to understand that it would not change, but thanks to the

blockhain’s distributed structure, it can guarantee that the data will not change.

In future studies, it is planned to work on determining bottlenecks in process models with

the help of Smart Contracts to be implemented in blockchain. As another future work, the
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Organizational Miner algorithm can be added to the new version of ProM. In this way,
the latest version of ProM can be used also for the resource perspective, and the perfor-
mance problem can be solved by using the plugin. In addition to these, and finally, a
plugin for selecting the most appropriate control-flow algorithm according to quality met-
rics can be developed in ProM. Then, this plugin can be added at the MPCM entry and
enable the selection of the most appropriate control-flow algorithm according to the best
quality metrics. Also, it is contemplated that inclusive gateways can be added to BPMN
displays. However, this needs to be handled as a future work in the BPMN Model API.
In addition, since the BPMN Model API is validated with the ProM tool, this improve-
ment should also be made in the plugin that is actively used in the ProM tool. In other
words, these improvements can be considered as future works in terms of contributing to
both the BPMN Model API and the ProM tool. As the last observation, improvements
can be made in the BPMN Model in order to use the BPMN features more (e.g. use of
mentioned BPMN capabilities, Exclusive Gateway, Parallel Gateway, and Inclusive

Gateway), which can also be considered for future works.
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