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Abstract (English)

“Chaos was the law of nature; Order was the dream of man.”
Henry Adams

This thesis explores the domain of Object-Centric Process Mining (OCPM), a novel approach within
the field of process mining that addresses the limitations of traditional methods by focusing on the
interactions among multiple objects involved in business processes. Unlike conventional process mining,
which primarily considers sequences of events per case, OCPM considers the complex relationships
and interactions between different types of objects (e.g., orders, invoices, deliveries) that participate
in processes. This research aims to extend the theoretical foundations of OCPM, develop methodologies
for effectively mining Object-Centric Event Logs (OCELs), and apply these methodologies to real-world
data to gain insights into complex process behaviors.

We start by establishing a comprehensive understanding of the current state of process mining,
identifying gaps and challenges in analyzing modern, complex business processes that involve multiple
interacting entities. We then propose a framework for OCPM that includes the extraction, modeling,
and analysis of Object-Centric Event Logs (OCELs). Key to this framework is the development of
techniques for discovering object-centric process models that accurately represent the behavior of multiple
interacting objects in business processes.

We detail the approach for extracting OCELs from relational databases, addressing challenges such
as data granularity and schema complexity. We also describe techniques for preprocessing data, ensuring
the quality and relevance of the event logs for process discovery and analysis.

Through empirical studies, we apply the OCPM framework to several case studies, demonstrating
its effectiveness in uncovering insights into process behaviors that are not observable with traditional
process mining techniques. These case studies span various processes, showcasing the versatility and
applicability of OCPM in analyzing complex, multi-entity business processes.

The thesis concludes with a discussion of the implications of our findings for the field of process
mining, highlighting the potential of OCPM to advance the understanding of complex processes in
various domains. It also identifies open research questions and directions for future work, emphasizing
the need for further development of methodologies, tools, and techniques to fully realize the potential of
OCPM.

In sum, this thesis contributes to the advancement of process mining by proposing and validating
an object-centric approach that enables the analysis of complex interactions among multiple objects in
business processes, offering new perspectives and tools for researchers and practitioners in the field.






Zusammenfassung (Deutsch)

Diese Arbeit untersucht das Gebiet des objektzentrierten Process Mining (OCPM), eines neuartigen
Ansatzes im Bereich des Process Mining, der die Einschrankungen herkommlicher Methoden tiberwindet,
indem er sich auf die Interaktionen mehrerer an Geschéaftsprozessen beteiligter Objekte konzentriert. Im
Gegensatz zum konventionellen Process Mining, das hauptséchlich Ereignissequenzen pro Fall betra-
chtet, beriicksichtigt das OCPM komplexe Beziehungen und Interaktionen zwischen verschiedenen Arten
von Objekten (z.B. Bestellungen, Rechnungen, Lieferungen), die an den Prozessen beteiligt sind. Ziel
dieser Forschung ist es, die theoretischen Grundlagen des OCPM zu erweitern, Methoden zur effektiven
Analyse objektzentrierter Ereignisprotokolle (OCELS) zu entwickeln und diese Methoden auf reale Daten
anzuwenden, um Erkenntnisse iiber komplexe Prozessverhalten zu gewinnen.

Zunéchst wird ein umfassendes Verstindnis des aktuellen Stands im Process Mining geschaffen, indem
Liicken und Herausforderungen bei der Analyse moderner, komplexer Geschéftsprozesse mit mehreren in-
teragierenden Einheiten identifiziert werden. Anschlieend wird ein Rahmenwerk fiir OCPM vorgestellt,
das die Extraktion, Modellierung und Analyse objektzentrierter Ereignisprotokolle (OCELs) umfasst.
Entscheidend fiir dieses Rahmenwerk ist die Entwicklung von Techniken zur Entdeckung objektzentri-
erter Prozessmodelle, die das Verhalten mehrerer interagierender Objekte in Geschéftsprozessen akkurat
abbilden.

Es werden detailliert Verfahren zur Extraktion von OCELs aus relationalen Datenbanken beschrieben,
wobei Herausforderungen wie Datengranularitidt und Schemakomplexitit behandelt werden. Dariiber
hinaus werden Techniken zur Vorverarbeitung der Daten erldutert, um die Qualitdt und Relevanz der
Ereignisprotokolle fiir die Prozessentdeckung und -analyse sicherzustellen.

Durch empirische Untersuchungen wird das OCPM-Rahmenwerk in mehreren Fallstudien angewendet
und dessen Wirksamkeit demonstriert, insbesondere bei der Aufdeckung von Einsichten in Prozessverhal-
ten, die mit traditionellen Process-Mining-Methoden nicht erkennbar sind. Diese Fallstudien umfassen
verschiedene Prozesse und verdeutlichen die Vielseitigkeit und Anwendbarkeit von OCPM bei der Anal-
yse komplexer, mehrgliedriger Geschéftsprozesse.

Die Arbeit schlie8t mit einer Diskussion der Implikationen der Ergebnisse fiir das Gebiet des Pro-
cess Mining und hebt das Potenzial des OCPM hervor, das Verstdndnis komplexer Prozesse in unter-
schiedlichen Doménen zu fordern. Zudem werden offene Forschungsfragen und zukiinftige Arbeitsrich-
tungen aufgezeigt, wobei insbesondere auf die Notwendigkeit hingewiesen wird, Methoden, Werkzeuge
und Techniken weiterzuentwickeln, um das Potenzial des OCPM vollstdndig auszuschopfen.

Zusammenfassend leistet diese Arbeit einen Beitrag zur Weiterentwicklung des Process Mining, indem
sie einen objektzentrierten Ansatz vorschlagt und validiert, der die Analyse komplexer Interaktionen
mehrerer Objekte in Geschéftsprozessen ermoglicht und neue Perspektiven sowie Werkzeuge fiir Forscher
und Praktiker auf diesem Gebiet bereitstellt.
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Chapter 1

Introduction

“Knowledge is the treasure, but judgment is the treasurer, of a wise man.”
William Penn

1.1 Introduction

Organizations rely on business processes to function. These processes are supported by systems that
collect data about what happens in the organization, storing this information in databases. Process
mining provides a set of methods used to analyze this data to understand and improve how an organi-
zation works. There are different methods within process mining, including discovering how processes
happen (process discovery), checking if processes are happening as they should (conformance checking),
and improving process models based on real data.

Traditionally, process mining focuses on specific business objects, like documents related to sales or
purchases, and examines their lifecycle from start to finish. This requires choosing a particular way to
view and organize the data, known as a case notion. However, it is also important to look at how these
business objects interact with each other. For example, a purchase might be made in response to a sale.
This interaction is crucial but often overlooked in traditional process mining methods.

Object-Centric Process Mining (OCPM) was developed to solve this problem. Unlike traditional
methods, it looks at all business objects and their interactions, providing a fuller picture of what is
happening in an organization. This approach tries to overcome the main challenge with older methods:
not considering the complex web of interactions between different business objects.

1.2 Problem Statement

When using traditional process mining, several challenges arise.

One major issue is the need to create separate event logs for different business processes. This process
of Extracting, Transforming, and Loading (ETL) data is both time-consuming and complex. Moreover,
traditional event logs treat processes as independent entities, ignoring the important ways they interact.

This isolated view leads to inaccuracies (as described in [115]):

e Deficiency: Events not linked to the chosen case notion are left out. This means some activities
that could be important for understanding the whole process are not included in the analysis.

e (Convergence: Events related to several objects of the same object type are replicated in different
cases.

o Divergence: Events in a case having the same activity may be related to different objects, leading
to misleading causalities.

These problems show the limits of traditional process mining. They point to a need for new approaches
that can handle the complexity of how processes and business objects actually interact in organizations.

11
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Figure 1.1: Diagram showing the interconnection at the instance level (events to objects) in an OCEL.
Events are pink boxes, while objects are blue ellipses.

1.3 OCPM

Object-Centric Process Mining (OCPM) offers a new way to look at an organization’s processes. It uses
a model that includes all business objects and the events that happen to them. This approach allows us
to see how these objects and events are connected. We can look at these connections in two ways: by
looking at specific instances (which specific events are connected to which objects, see Figure 1.1) and
by looking at types (how types of events are related to types of objects, see Figure 1.2).

An important part of this approach is the Object-Centric Event Log (OCEL). An OCEL is a view
that focuses on a part of the organization’s processes, selecting only the types of events and objects
required for analysis. Using OCELs has several advantages:

e It reduces the need to repeatedly extract separate logs for different processes. This single source
of information is not tied to any specific system, making it easier to work with.

e It helps us see and understand how different types of objects interact with each other. This is
important because many issues in organizations occur at the points where processes and objects
meet.

o It avoids the problems that come with the traditional focus on single cases. This means we can get
a clearer picture of what is happening without the issues of missing or duplicated events.

By focusing on both the individual objects and their interactions, OCPM gives us a more complete
understanding of an organization’s processes. This can lead to better decisions on how to improve these
processes.

1.4 Objectives of the Thesis

The main objectives of this research are multi-faceted and aim to significantly advance the field of OCPM:

O1 Address Data Extraction and Preprocessing Challenges: A significant part of this research will
be devoted to tackling issues related to data extraction and preprocessing for OCELs. This en-
compasses the creation of effective methodologies for data extraction, table selection, formulating
blueprints, and handling OCELs.

12
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Figure 1.2: Diagram showing the interconnection at the type level (event types to object types) in an
OCEL.

02 Improve Process Discovery and Conformance Checking Methods: One of the central goals of this
study is to devise novel and effective algorithms for Object-Centric Process Discovery (OCPD)
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and Object-Centric Conformance Checking (OCCC). The thesis aims to develop new methods,
ranging from discovering Object-Centric DFGs (OCDFGs) to anomaly detection in object-centric
process models.

03 Implement Real-world Case Studies and Applications: By employing the developed methods on
real-world scenarios like SAP ECC ERP [19, 14], insights will be gained on the practicality and
efficacy of the proposed techniques. These insights will contribute towards the generalization of
findings and, in turn, advance the field of OCPM.

04 Develop and Provide Effective Tools for OCPM: A critical ambition of this research is the devel-
opment and provision of innovative software tools tailored for OCPM, focusing on the PM4Py
library and the OC-PM tool [25].

1.5 Research Questions

This thesis tackles critical inquiries to establish the field of OCPM. These fundamental research questions
aim to decode complex issues, paving the way for novel research paths. The main research questions this
thesis seeks to answer are:

RQ1 How can we define OCELSs to better represent complex, intertwined process instances?

RQ2 What kind of data extraction and preprocessing techniques are needed to construct these OCELs
from raw data?

RQ3 Can we formulate novel methods for process discovery that accommodate the complexity of
OCELs?

RQ4 How can we develop approaches for conformance checking in an object-centric setting?
RQ5 How can feature extraction and anomaly detection techniques be adapted or developed for OCELs?

RQ6 How can we extend traditional event log definitions to accommodate the complexities inherent in
OCELSs, such as Object-to-Object relationships, and Event-to-Object qualifications?

RQ7 Can we create tools and libraries specifically designed for OCPM? What should they look like,
and how should they be optimized for performance and scalability?

RQ8 How can we meaningfully compare the performance and functionality of different OCPM tools?

The presented research questions form the core of this thesis, underlining the crucial challenges in
OCPM. Addressing these will significantly advance the field. As we progress through this work, these
research questions serve as our roadmap, guiding us towards our scientific goals

1.6 Scope and Limitations

This study focuses primarily on the development, implementation, and evaluation of OCPM techniques.
While we take a broad approach in analyzing the current landscape and potential of this field, our
research specifically targets certain key aspects.

In terms of scope, we have concentrated on processes supported by ERP systems [19, 14] as examples
for our methodologies. We believe these provide a representative and insightful look into the potential
of OCPM, given the inherent complexity and object-centric nature of such processes. However, it is
important to note that the methods proposed in this thesis could be adapted to other types of processes
where the interaction between multiple objects plays a critical role.

The methodologies developed and applied in this research have been aimed at extracting data, dis-
covering processes, and checking conformance from object-centric perspectives. While this allows us to
discuss specific issues and opportunities within these areas, there are additional aspects of OCPM, such
as process enhancement or prediction, which fall outside the scope of our current study.

As for limitations, the findings and results presented in this research are, to some extent, contingent
upon the data used for the study. While every effort was made to ensure that the data sets used were
robust and reliable, inherent limitations tied to the availability and quality of data exist in any empirical
research.

14



Lastly, the case studies presented in this work were selected to highlight the applicability of OCPM
techniques. However, as with any case study, the results may not be directly transferable to other settings
or circumstances. These limitations should be considered when interpreting and applying the results of

our research.

Object-Centric

Data Model
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Figure 1.3: Structure of the thesis.

1.7 Structure of the Thesis

The structure of this thesis (illustrated in Figure 1.3) is designed to provide a comprehensive exploration
of OCPM, its advantages over traditional methods, and its potential applications. Following the intro-
duction, which sets the stage for the ensuing research and provides the necessary context, we dive deeper

into the subject matter.
In Chapter 2, we establish a foundation for understanding process mining by exploring its fundamental
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concepts. We introduce formal definitions, exploring traditional event logs and Directly-Follows Graphs,
then we shift our focus to process mining techniques and tools, explaining how these have evolved and
set the stage for OCPM.

Chapter 3 is dedicated to laying down the foundational concepts of OCPM. It begins by explaining
basic object-centric concepts, supported by running examples taken from ERP processes. We then
propose a formal definition of OCELs. In addition, we discuss feature extraction on OCELs, and the
process of flattening these logs to traditional event logs.

In Chapter 4, we examine existing approaches in OCPM. We discuss various process models in current
use, and conduct a literature review on OCPM techniques. This sets the stage for the development of
our own methodology.

Chapters 5, 6, and 7 are dedicated to methodological developments in data extraction and preprocess-
ing, OCPD, and OCCC respectively. In each chapter, we propose novel methods, develop methodological
frameworks, and evaluate these methods both quantitatively and qualitatively.

In Chapter 8, we showcase real-world applications and case studies of OCPM. We highlight the
insights obtained, process improvement actions taken, and lessons learned from each case study. This
includes examples from different real-world scenarios, which help to demonstrate the versatility and
utility of OCPM.

Chapter 9 provides an overview of the tools available for OCPM. It presents an in-depth comparison
of the tools and offers guidelines for selecting and using the appropriate tool for scientific research or
practical tasks.

Finally, Chapter 10 concludes the thesis. It summarizes the main contributions and findings of the
research, discusses the implications of the research for the field of process mining, and identifies open
research questions and directions for future work. This final chapter serves to wrap up the thesis and
points the way forward for future research in the field.
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Chapter 2

Background

“An understanding of the natural world and what is in it is a source of not only a great curiosity but
great fulfillment.”
David Attenborough

Introduction

This chapter lays the foundation for core concepts and techniques used throughout this thesis, providing
a necessary foundation for understanding the subsequent exploration of Object-Centric Process Mining
(OCPM). We begin by examining traditional process mining building blocks, starting with event logs as
the fundamental data source for process analysis. We then delve into the representation and analysis
of process behavior using Directly-Follows Graphs (DFGs) and Petri nets, highlighting their roles in
process discovery and modeling. Conformance checking, a critical aspect of process mining, is introduced
through the lens of Token-Based Replay (TBR), a technique used to assess the alignment between
observed behavior and process models. Finally, we explore feature extraction and anomaly detection
techniques, essential for uncovering patterns and outliers within event data, paving the way for a deeper
understanding of process behavior and performance. These foundational concepts, rooted in traditional
process mining, will serve as a springboard for our later investigation into the object-centric perspective.
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Universes
We used the following universes throughout the thesis:

e Uy is the universe of strings.

o Ugua is the universe of qualifiers.

o Uectype is the universe of activities.

o Upime € R2Y is the universe of timestamps.

e Upgur is the universe of attribute names.

e U,q is the universe of attribute values.

e Ugom 1s the universe of attribute domains.

o Uiupie 1s the universe of database tables.

o Uiransact 1S the universe of database transactions.

o Uomap is the universe of Event-to-Object relationships.
o Uease is the universe of cases (for the traditional event logs).
o U,y is the universe of events (identifiers).

o U,yp; is the universe of objects (identifiers).

o Upiype is the universe of object types (identifiers).

e Upyg is the universe of traditional event logs.

e Upy is the universe of OCELs.

e Uryy is the universe of traditional process models.

e Upyy is the universe of object-centric process models.
e Uypn is the universe of accepting Petri nets.

e Uprg is the universe of Directly-Follows Graphs.
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2.1 Mathematical Preliminaries

This section introduces fundamental mathematical concepts and notations essential for understanding
the framework used throughout this document. We cover sets, numbers, tuples, multisets, functions,
sequences, graphs, orderings, and other related topics.

2.1.1 Sets and Numbers

A set is a collection of distinct objects, called elements. Sets are denoted by uppercase letters such as
A, B, S, and their elements are listed within curly braces {}. For example, A = {a,b,c} denotes a set
containing elements a, b, c.

We use the following standard sets of numbers:

e N={0,1,2,3,...}: the set of natural numbers, including zero.

o R: the set of all real numbers.

e RZ%={x € R|x > 0}: the set of all non-negative real numbers.

The power set of a set A, denoted by P(A), is the set of all subsets of A:
P(A)={B|BC A}.

The Cartesian product of sets A and B, denoted A x B, is the set of all ordered pairs where the first
element is from A and the second from B:

Ax B={(a,b)|ac A, be B}.

This concept generalizes to more than two sets: the Cartesian product A; x As X --- x A, is the set of
all n-tuples (a1, as, ..., a,), where a; € A; for each .

2.1.2 Tuples

An n-tuple is an ordered collection of n elements. Tuples are denoted by parentheses (), and the elements
are ordered and can be of different types. For example, (a,b,¢) is a 3-tuple containing elements a, b, c.

Tuples are of fixed length and are often used to represent structured data with potentially heteroge-
neous elements, unlike sequences (defined below), which can vary in length and typically contain elements
of the same type.

2.1.3 Multisets (Bags)

A multiset, also known as a bag, is a generalization of a set that allows multiple instances of its elements.
Multisets are denoted by square brackets [], and elements are listed with their multiplicities if necessary.
For example, the multiset [a, a, b] contains two instances of a and one instance of b.

Operations on multisets are defined as follows:

e Addition: The sum of two multisets M; and M> is a multiset containing the sum of multiplicities
for each element:

My + My = [ek1+k2 | Ve, k1 = count(e, My), ko = count(e, Ma)].
For example, [a,b] + [b, | = [a, b?, c].

e Subtraction: The difference M7 — M5 is a multiset where the multiplicity of each element is the
multiplicity in M7 minus the multiplicity in Ms, but not less than zero:

My — My = [e ™= (Ok1=k2) | e k) = count(e, My ), ky = count (e, Ma)].
For example, [a,b?, c] — [b, c] = [a, b].

e Inclusion: We say My < M, if for every element e, the multiplicity of e in M; is less than or equal
to its multiplicity in Ma:

M; < My & Ve, count(e, M;) < count(e, Ms).

For example, [a,b] < [a,b?, c] because the counts of a and b in [a, b] do not exceed their counts in
[a,b?, c].

Here, count(e, M) denotes the multiplicity of element e in multiset M.
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2.1.4 Functions and Relations

A relation R between sets A and B is a subset of the Cartesian product A x B; that is, RC A x B. An
element (a,b) € R indicates that a is related to b.

A function f from A to B is a relation that assigns each element a € A to exactly one element b € B.
We denote this as f : A — B. The domain of f, denoted dom(f), is the set of all a € A for which f(a)
is defined. The range or image of f, denoted rng(f), is the set of all f(a) for a € dom(f).

The notation f : A 4 B indicates that f is a partial function, defined on a subset of A.

The restriction of a function f to a subset S C dom(f), denoted f|g, is the function defined by:

fls(a) = f(a), VacS.

For example, if f : R — R is defined by f(x) = 2, then the restriction fli0,00) limits f to non-negative
inputs.

2.1.5 Sequences and Strings

A sequence is an ordered list of elements where repetition is allowed, and order matters. Sequences are

denoted by angle brackets (). For example, s = {a, b, a) is a sequence of length 3.

Notation and Indexing. The elements of a sequence s can be accessed by their index:

s=(s(1),5(2),...,s(n)),

where s(i) denotes the i-th element, and n = |s| is the length of the sequence.

Sequence Operations.

e Concatenation: The concatenation of two sequences s and ¢, denoted sQt, is a sequence formed by
appending ¢ to s:
sQt = (s(1),5(2),...,s(Is]), 2(1),2(2), ..., ¢(|t])).

o Subsequences: A subsequence of s is a sequence obtained by deleting zero or more elements from s
without changing the order of the remaining elements. The set of all subsequences of s is denoted

S(s).

Set of Sequences. Given a set F, the set of all finite sequences over E is denoted E*, and the set of
all infinite sequences over F is denoted E“.

Ordering in Sequences. For elements in a sequence s, we use s(i) < s(j) to denote the order induced
by their positions in the sequence when ¢ < j.

2.1.6 Graph Theory Concepts

A graph G is a pair (V, E), where V is a set of vertices (also called nodes), and F is a set of edges
connecting pairs of vertices. In a directed graph, edges are ordered pairs (v,w) € V x V| indicating an
edge from vertex v (the source) to vertex w (the target).

Edge Weights and Multigraphs. In a weighted graph, edges have associated weights, represented
by a function w : E — RT. A multigraph allows multiple edges between the same pair of nodes. In such
graphs, edges can be represented as elements of a multiset.

Start and End Nodes. A start node is a node with no incoming edges, and an end node is a node
with no outgoing edges.

Bipartite Graphs. A bipartite graph is a graph whose vertices can be partitioned into two disjoint
sets V1 and V5 such that every edge connects a vertex in Vj to one in Va; that is, £ C V3 x V.
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2.1.7 Orderings

An order is a binary relation that arranges elements in a sequence. A total order is a binary relation <
over a set S that is reflexive, antisymmetric, transitive, and total (i.e., any two elements are comparable):

e Reflexive: a < a for all a € S.
o Antisymmetric: If a < b and b < a, then a = b.

e Transitive: If a < band b < ¢, then a < c.

Totality: For all a,b € S, either a < b or b < a.

Lexicographical Order. The lexicographical order <io is an order on sequences based on the natural
order of their elements. For sequences s = (s(1),s(2),...) and ¢ = (t(1),£(2),...), s <iex t if there exists
k such that s(i) = t(i) for all i < k and s(k) < t(k).

2.1.8 Aggregation Functions

An aggregation function agg combines multiple values into a single value. Common aggregation functions
include:

o Sum (sum):

Sum($175€27...,$n) =x1+To+ -+ Tp.
o Average (avg):
avg(xy, T, ..., &y) = ﬁ(xl + Tyt e+ ).
o Minimum (min):
min(xy, s, ..., x,) = smallest of x;.

Aggregation functions are used to summarize data, such as computing the average duration of events in
a log.

2.1.9 Other Notations

We use standard mathematical operators:
o Addition (+): The addition operator, used for numbers, sequences, and multisets.
o Subtraction (—): The subtraction operator, extended to multisets as defined above.

o Inclusion (<): Used for multisets to denote that one multiset is included in another based on
element multiplicities.

Absolute Value and Length. The notation |x| denotes the absolute value of a number or the length
of a sequence. For a sequence s, |s| is the number of elements in s.

Restriction of a Function. Given a function f : A — B and a subset S C A, the restriction f|g is
the function f limited to inputs from S:

fls:S—= B, fls(a)=f(a),VaeS.

For example, in the context of event logs, evtype | g denotes the function evtype restricted to the set E'.

Indexed Sequences and Events. In sequences of events, events(c)(i) denotes the i-th event in the
sequence of events associated with case ¢. The notation | events(c)| represents the number of events in
the sequence for case c.
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String Concatenation. The concatenation of strings or sequences is denoted by the operator @. For
sequences s and t, s@Qt represents the sequence formed by appending t to s.

These mathematical preliminaries provide the foundational concepts necessary to understand the
formal definitions and operations used in this document. Familiarity with these concepts will facilitate
comprehension of the subsequent sections.

2.2 Traditional Event Logs

Traditional event logs play an instrumental role in the field of process mining, a discipline that intersects
data mining and process modeling and analysis. These logs are utilized as input data for process mining
techniques, enabling the discovery, monitoring, and improvement of real-life processes based on data.

An event log is essentially a record of sequences of events that have occurred within a system, with
each event representing a specific instance of an activity. Traditional event logs originate from a multitude
of systems, such as transactional systems, workflow management systems, or any information system that
records operational data. They are characterized by a linear progression of events, primarily focusing on
the sequence in which activities occur for each case, also known as a process instance.

In Definition 1, a traditional event log is defined as a tuple, which effectively encapsulates key elements
and relationships of event data. The set A C Ueyype represents a collection of activities. An activity
can be thought of as a well-defined piece of work or operation in a process, such as “invoice creation”
or “perform payment.” E C U,, signifies a set of events. Each event, as mentioned earlier, corresponds
to the execution of an activity within a specific case. C' C U, qs. denotes a set of cases. A case refers to
a process instance in which the activities are executed. It might represent a customer order, a patient
treatment, or a loan application, for example. The mapping functions evtype : E — A, time : E — R0,
and case : E — C associate an event with its corresponding activity, timestamp, and case respectively.
This information is vital for analyzing the order and timing of activities for each process instance.

Definition 1 (Traditional Event Log). A traditional event log is a tuple TL = (A, E, C, evtype, time, case, <
) in which:

o A C Ueype is a set of activities.

e EC U, is a set of events.

o C CUgse is a set of cases.

o evtype : E — A associates an activity to each event.

o time: E — R20 associates a timestamp to each event.

e case: E — C associates a case to each event.

e < is a total ordering on E, usually based on timestamps.

We define events : C — E* as the function that maps each case identifier ¢ to the sequence of events
for that case, ordered by <:
events(c) = (e1,€2,...,€n),

where e; € E, case(e;) = ¢, and e; < e;y1 for all i.
For ¢ € C with events(c) # (), we define:

start(c) = events(c)(1), end(c) = events(c)(|events(c)|).

A traditional event log provides a structured way to capture and represent granular activity data
within a system, facilitating the examination and enhancement of processes through techniques like
process mining. The total order < could be defined on the timestamp (as first sorting criteria) and the
lexicographic order of the event identifiers (as second sorting criteria).

In the field of process mining, several different file formats are used to store event logs. Here are some
of the most commonly used ones:

o MXML (Mining XML): The MXML format [125] is an older format specifically designed for storing
process mining event logs in XML. Each event in an MXML file has a number of associated
attributes, such as the case id, timestamp, and the name of the executed activity. This format has
been largely superseded by XES, but it is still used in some older datasets and tools.
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Table 2.1: Example traditional event log represented as a table.

Case ID  Activity Timestamp Resource
3 register request 2010-12-30 13:32:004-00:00 Pete
3 examine casually 2010-12-30 14:06:004-00:00 Mike
3 check ticket 2010-12-30 15:34:004+-00:00 Ellen
3 decide 2011-01-06 08:18:004-00:00  Sara
3 reinitiate request 2011-01-06 11:18:004-00:00 Sara
3 examine thoroughly 2011-01-06 12:06:00+00:00 Sean
3 check ticket 2011-01-08 10:43:004-00:00 Pete
3 decide 2011-01-09 08:55:004-00:00 Sara
3 pay compensation 2011-01-15 09:45:004-00:00  Ellen
2 register request 2010-12-30 10:32:004-00:00 Mike
2 check ticket 2010-12-30 11:12:004-00:00 Mike
2 examine casually 2010-12-30 13:16:004-00:00 Sean
2 decide 2011-01-05 10:22:004-00:00  Sara
2 pay compensation 2011-01-08 11:05:004-00:00  Ellen
1 register request 2010-12-30 10:02:004-00:00  Pete
1 examine thoroughly 2010-12-31 09:06:00+00:00 Sue
1 check ticket 2011-01-05 14:12:004-00:00 Mike
1 decide 2011-01-06 10:18:004-00:00 Sara
1 reject request 2011-01-07 13:24:004-00:00 Pete
6 register request 2011-01-06 14:02:004-00:00 Mike
6 examine casually 2011-01-06 15:06:004-00:00 Ellen
6 check ticket 2011-01-07 15:22:004-00:00 Mike
6 decide 2011-01-07 15:52:004-00:00  Sara
6 pay compensation 2011-01-16 10:47:004-00:00 Mike
) register request 2011-01-06 08:02:004-00:00 Ellen
) examine casually 2011-01-07 09:16:004-00:00 Mike
5 check ticket 2011-01-08 10:22:004+-00:00 Pete
) decide 2011-01-10 12:28:004-00:00  Sara
) reinitiate request 2011-01-11 15:18:004-00:00  Sara
5 check ticket 2011-01-14 13:33:004+-00:00 Ellen
5 examine casually 2011-01-16 14:50:004-00:00 Mike
5 decide 2011-01-19 10:18:004-00:00  Sara
5 reinitiate request 2011-01-20 11:48:004-00:00 Sara
5 examine casually 2011-01-21 08:06:004-00:00  Sue
5 check ticket 2011-01-21 10:34:004+-00:00 Pete
5 decide 2011-01-23 12:12:004-00:00  Sara
) reject request 2011-01-24 13:56:004-00:00 Mike
4 register request 2011-01-06 14:02:004-00:00 Pete
4 check ticket 2011-01-07 11:06:004-00:00 Mike
4 examine thoroughly 2011-01-08 13:43:00+00:00 Sean
4 decide 2011-01-09 11:02:004-00:00  Sara
4 reject request 2011-01-12 14:44:004-00:00  Ellen

o XES (eXtensible Event Stream): XES [3] is the current standard format for process mining event
logs, defined by the IEEE Task Force on Process Mining. It is a highly extensible XML-based
format that can store complex event data. In addition to basic information about each event (like
the case id, timestamp, and the name of the executed activity), XES can also store additional
attributes for each event, case, or the entire log. This makes XES suitable for representing event
data from complex real-world processes.

e CSV (Comma-Separated Values): While not specifically designed for process mining, CSV files are
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Figure 2.1: Directly-Follows Graph (DFG) computed on an example log.

a popular format for storing event logs due to their simplicity and wide compatibility. A typical
process mining CSV file will have a row for each event, with columns for at least the case id, the
timestamp, and the activity name, plus any additional attributes. However, compared to XES,
CSV files are less structured and less flexible, making them more suited to simpler datasets.

2.3 Directly-Follows Graphs

A Directly-Follows Graph (DFG) [114] is an important tool that provides a visualization of the sequence
of activities in a process based on an event log. It plays a critical role in the discovery phase of process
mining. A Directly-Follows Graph is constructed from the event log by creating a node for each unique
activity and an edge between two nodes if the activity associated with the first node is immediately
followed by the activity associated with the second node in any of the traces in the event log. The edge
may be annotated with the frequency of this occurrence to provide more insights.

The importance of DFGs lies in their simplicity and power to provide a quick understanding of the
process flow. Here are some of their main uses:

e Process Discovery: DFGs are a fundamental starting point for process discovery. They show the
connections between activities and thus provide an intuitive picture of the process flow.

e Bottleneck Analysis: by observing the frequencies on the edges, one can identify which transitions
are most common and potentially pinpoint bottlenecks or hotspots in the process.

e Conformance Checking: DFGs can also aid in conformance checking. By comparing the DFG from
the event log with the expected relationships, deviations can be spotted.
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Definition 2 (Directly-Follows Graph (DFG)). A Directly-Follows Graph is a tuple DFG = (A, F,

Tmeasn, Tmease) where:
o A C Ueype is a set of activities.
e > is the start node of the graph, (1 is the end node of the graph.
e« FC({ptUA)x (Au{O}) is the set of edges.
o Tmeasn : A 7 RZY is a measure on the nodes.
* Tmease : F 75 R20 is a measure on the edges.

We can discover a Directly-Follows Graph from a traditional event log. This is introduced in Definition
3.

Definition 3 (Discovery of a Directly-Follows Graph (Frequency)). Given a traditional event log TL =
(A, E, C, evtype, time, case, <), we can discover a Directly-Follows Graph DFG = (A, F, Tmeasn, Tmease)
where:

o A is the set of activities.
o The set of edges is defined as follows:
F = {(>, evtype(start(c))), (evtype(end(c)),0) | ¢ € C}IU
{(evtype(events(c)(i)), evtype(events(c)(i+1))) | c€ C A 1 <i < |events(c)|}
o Fora€ A, Tpeasn(a) =|{e € E | evtype(e) = a}|.
o For (>,a) € F, Tease((>,a)) = [{c € C | evtype(start(c)) = a}|
o For (a,0) € F, Tmease((a,0)) = [{c € C | evtype(end(c)) = a}|
o For (a,b) € F with a,b € A,

Tmease((a,0)) = |{(evtype(events(c)(7)), evtype( events(c)(i + 1))) |
ceC N 1<i<]events(c)| N evtype(events(c)(i)) =a A evtype(events(c)(i+ 1)) = b}

2.4 Petri Nets

register request

reinitiate request

- l pay compensation
reject request

check ticket decide

‘

exarmine casually

Figure 2.2: Accepting Petri net discovered using the Alpha Miner algorithm [122] on an example log.

Petri nets, as introduced in Definition 4, are a mathematical modeling language. Named after
Carl Adam Petri who introduced them in his 1962 doctoral thesis [99], they have found widespread
use in the modeling and analysis of systems that are concurrent, asynchronous, distributed, parallel,
nondeterministic, and/or stochastic. This comes from their graphical yet formal nature, which captures
the essence of these systems by allowing them to represent states (through places), state changes (through
transitions), and the influence of states on state changes (through arcs).

In the realm of process mining, the utility of Petri nets is especially pronounced [124]. The goal here
is to extract process models from event logs, and the semantics of the models often require the notion of
concurrency, choice, and synchronization, all of which can be naturally expressed using Petri nets.

Moreover, labeled Petri nets introduce the concept of invisible transitions, represented by the symbol
7. These transitions are crucial for capturing the notion of unobservable or insignificant actions within
a system, often internal events that have no direct bearing on the observable behavior of the system but
are nonetheless crucial for maintaining the integrity of the system’s operational logic. In process mining,
invisible transitions help in modeling complex behavior without the need for additional event data.
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Definition 4 (Labeled Petri Net). A labeled Petri net is defined as a tuple PN = (P, T, F, \) where:

e P is a set of places.
o T is a set of transitions (with the assumption that PNT = ().

e F:(PxT)U(T x P)— N is a function associating a place and a transition, or a transition and
a place, to a natural number indicating the weight of the arc.

o AT — Ueype U {7} associates every transition with either an activity or the symbol T (denoting
an invisible transition).

A marking, as per Definition 5, is a fundamental concept in the study of Petri nets, providing the
dynamic aspect of the system being modelled. For a labeled Petri net (P, T, F, A), a marking M : P - N
assigns a natural number to each place in the set of places P. These numbers represent tokens in the
corresponding places.

In the Petri net model, tokens can be thought of as representing resources or instances of certain
conditions. A transition may fire when its input places contain a certain number of tokens, as defined
by the flow function F'. Upon firing, the transition consumes tokens from its input places and produces
tokens in its output places. Hence, a marking in a Petri net captures the state of the system at a certain
point in time.

Definition 5 (Marking). Given a labeled Petri net (P,T,F,)), we define a marking as a function
M:P —N.

An accepting labeled Petri net, as per Definition 6, is a natural extension of a labeled Petri net,
introducing the notion of an initial marking M; and a final marking Mpr. In essence, an accepting
labeled Petri net (P, T, F,\, M, M) forms a directed bipartite graph with two distinguished states: the
initial state and the final state, captured by M; and Mg, respectively.

The initial and final markings represent the beginning and end states of the system. The initial
marking, M; : P — N, captures the starting condition of the system, i.e., the distribution of tokens
across the places at the start of the process. Conversely, the final marking, My : P — N, represents a
desirable end state for the process, i.e., the distribution of tokens across places when the system reaches
a condition considered as completion.

Definition 6 (Accepting Labeled Petri Net). An accepting labeled Petri net is defined as a tuple APN =
(P, T, F,\, M1, Mp), where (P,T, F,\) is a labeled Petri net and My : P — N and Mp : P — N are the
initial and final marking.

In the context of process mining, an accepting labeled Petri net provides a comprehensive model for
complete execution paths of the system. It not only characterizes the possible behaviors of the system
(through transitions and their labeling), but also defines a “valid” process instance as one that can
transition from the initial marking to the final marking. This validity condition is crucial when mining
event logs, as it allows the identification of regular behavior and the detection of anomalies.

Moreover, an accepting labeled Petri net inherently provides a notion of “process completion”, which
is essential for many real-life systems. By defining a final marking, the model can represent processes
that have a clearly identifiable end state. This could be crucial in certain applications such as workflow
management or business process management where understanding the end-to-end process is essential
for efficiency and optimization.

The execution semantics of a Petri net describe how a system modeled by the Petri net evolves over
time. The execution semantics are fundamentally driven by the enabling and firing of transitions, which
capture the dynamic behaviors of the system.

Definition 7 (Execution Semantics). Given a labeled Petri net PN = (P, T, F,\), we say that a tran-
sition t € T is enabled in the marking M : P — N if M(p) > F(p,t) for allp € P. Ift is enabled in M,
the marking M’ (p) = M (p) — F(p,t) + F(t,p) for all p € P is obtained firing t.

A transition t € T in a Petri net PN = (P, T, F, \) is said to be enabled in a given marking M : P — N
if and only if each place p € P contains at least as many tokens as the weight of the arc from p to ¢,
formally written as M (p) > F(p,t) for all p € P. This intuitively signifies that all the preconditions (or
inputs) for a transition to take place are satisfied in the current state of the system.

If a transition is enabled, it may fire, thereby leading to a change in the system state or marking.
The firing of an enabled transition ¢ produces a new marking M’(p) = M(p) — F(p,t) + F(t,p) Vp € P,
essentially updating the token distribution across the places. Upon firing, the transition consumes tokens
from its input places and produces tokens in its output places according to the flow function F'.
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Definition 8 (Firing Sequence). A sequence of transitions o = (t1,tq,...t,) where t; € T is said to be
a firing sequence from marking M to M’ in a labeled Petri net PN = (P, T, F,\) if and only if there
exists a sequence of markings (Mo, My, ..., M,) such that My = M, M,, = M’ and for each 1 < i < n,
transition t; is enabled in M;_1 and M; is obtained by firing t; in M;_;.

For the definition of a language of a Petri net, we first need to establish the concept of trace in
Definition 9. A trace is a sequence of labels corresponding to a firing sequence (see Definition 8). We
can then define the language of a labeled Petri net (in Definition 10) as the set of all possible traces.

Definition 9 (Trace). Given a labeled Petrinet PN = (P, T, F, \) and a firing sequence o = (t1,ta,...tn),
the trace of o is the sequence of labels (\(t1), A(t2),... A (tn)), excluding any instances where A(t;) = T.

Definition 10 (Language). The language of an accepting labeled Petri net APN = (P, T, F,\, My, M),
denoted by L(APN), is the set of all traces of firing sequences from My to Mp.

The language is particularly relevant in the context of accepting Petri nets, because it is the set of
traces that start at the initial marking and end at the final marking.

2.5 Conformance Checking using TBR

In the field of process mining, one of the key tasks is conformance checking, which refers to the comparison
of the discovered process model (often in the form of a Petri net) with the actual observed behavior as
recorded in event logs. The goal is to determine whether the discovered model accurately represents the
real-world process and, if deviations are found, where and how these discrepancies occur.

Replay methods are fundamental to conformance checking as they simulate the execution of the
actual recorded process instances (traces) on the discovered model. By “replaying” the events of a
trace on the model, one can observe if and where the model fails to accurately capture the actual
process behavior. Any deviations can then be analyzed to gain insights into the reasons behind these
discrepancies, providing valuable feedback for model improvement.

Among the various replay techniques, Token-Based Replay (TBR) [109, 23, 24] is a popular method
owing to its intuitive approach and clear visual feedback.

TBR operates by simulating the execution of recorded process instances (traces) against the model.
This simulation starts with setting the model to its initial state or marking. As each event in the trace
is encountered, the corresponding transition within the Petri net is activated, or “fired”, thereby moving
tokens according to the transition rules: consuming tokens from input places and producing tokens at
output places. The process continues for each event in the trace, effectively “playing the token game”.
If at any point a transition cannot be fired due to a lack of tokens in its input places, missing tokens are
artificially inserted to enable the transition, signifying a discrepancy between the model and the actual
event log. Finally, the replay concludes by evaluating tokens that remain within the model’s places after
all events have been processed. These remaining tokens, along with any instances of missing tokens
inserted, provide insights into the model’s conformance and highlight areas for potential improvement.
Examples executions of TBR are contained in Figure 2.3 and Figure 2.4.

In the context of TBR, four concepts have been introduced:

e Produced tokens: Tokens that are generated at the output places of a transition when it is fired.
In a perfect replay, these tokens will match the subsequent events in the trace.

e Consumed tokens: Tokens that are removed from the input places of a transition when it is fired.
Ideally, these tokens were produced by previous events in the trace.

o Missing tokens: Tokens that are needed to enable a transition (i.e., they should be in its input
places), but are not there during the replay.

e Remaining tokens: Tokens that are left in the places of the model after the replay of a trace is
completed.

Definition 11 introduces the concept of Token-Based Replay (TBR) in the context of process mining,
extending the basic method by keeping track of the usage of transitions.

In addition to keeping count of the produced, consumed, missing, and remaining tokens in each
place, this function associates each transition in the Petri net with a set of corresponding events from
the process log. This association is captured by the usage : T — P(FE) function. For each transition
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Figure 2.3: Example of TBR between the trace (a,b,c) and a sequential model fitting the trace. At
the beginning, 1 token is produced in the initial marking. The execution of a consumes and produces 1
token. The execution of b consumes and produces 1 token. The execution of ¢ consumes and produces
1 token. Eventually, the token in the final marking is consumed by the TBR algorithm. Therefore, we
have ¢ = p=4and m = r = 0, and a fitness value of 1.0.
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Figure 2.4: Example of TBR between the trace (a, ¢) and a sequential model which does not fit the trace.
At the beginning, 1 token is produced in the initial marking. The execution of a consumes and produces
1 token. Then, ¢ cannot be executed because one required token is missing from its source place. The
TBR algorithm places the missing token before ¢. Then, ¢ consumes and produces 1 token, and the
token in the final marking is consumed by the TBR algorithm. However, there is one token remaining
after a. Therefore, we have ¢ = p =3 and m = r = 1, and a fitness value of %
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t € T, usage provides the set of events that led to the firing of the transition during the replay. Moreover,
time__to__cons measures the time between the corresponding events and the minimum time in which the
transition could fire.

Definition 11 (TBR). Let TL = (A, E, C, evtype, time, case, <) be a traditional event log, and APN =
(P, T,F,\,M;, Mp). We define as TBR a function such that, for c € C, TBR(¢, APN) = (PROD, apn,
CONS. apN, MISS. apN, REMA. ApN,usage. spy, time__to__cons, spn) where:

o PROD. apn : P — N is the number of produced tokens.

e CONS; apn : P — N is the number of consumed tokens.
o MISS. apn : P — N is the number of missing tokens.

o REMA. apn : P — N is the number of remaining tokens.

o usage, apn - T — P(E) associates every transition to a set of corresponding events..

o time_to_cons, apy T — B(RZO) associates every transition to a set of times (each of them is
the difference between the corresponding event and the minimum time in which the transition could

fire).
Furthermore, we define TBRy,q(TL, APN) = {TBR(c, APN) | c € C}.

Definition 12 introduces the concepts of case fitness and log fitness [24], which are fundamental
metrics in process mining for quantifying the degree of conformance of a discovered process model to a
given event log.

The case fitness metric is computed for each case (or process instance) in the event log. It measures
how well the Petri net model can replay the individual process instance based on the results of the TBR.
The formula takes into account both missing tokens, which represent the number of tokens that were
needed but not available to fire the transitions in the model, and remaining tokens, which represent the
number of tokens left over after the replay of a trace. Each of these quantities is normalized by the
total number of tokens consumed or produced, respectively. The case fitness is the average of these two
normalized quantities, subtracted from one and then halved, yielding a number between 0 and 1. A case
fitness of 1 implies a perfect match between the model’s execution and the actual process instance, while
a lower value indicates discrepancies.

The log fitness metric is an extension of the case fitness to the entire event log. It provides a holistic
view of the model’s conformance to the entire log, not just individual instances. To calculate the log
fitness, we sum the number of missing and remaining tokens for all cases in the log, normalize these by
the total number of consumed and produced tokens across all cases, and average these two quantities
in a similar fashion to the case fitness calculation. The log fitness also ranges between 0 and 1, with 1
indicating a perfect fit of the model to the entire log.

Definition 12 (Case and Log Fitness). Let TL = (A, E, C, evtype, time, case, <) be a traditional event
log, c € C, and APN = (P, T, F,\, M1, Mr). and

TBR(c, APN) = (PROD. apn, CONS. apn, MISS. apN, REMA. ApN, usage. apy,time_to_cons, apn)
a TBR function. We define:
e Case Fitness for ce C

_ 2pep MISSeapn(p) | 1 Dpep REMAc 4Py (p)

1
(1 + (1 -
0 o CONsarn() T2 T S PROD. Arn ()

2

fitness. rpr =

o Log Fitness

fitness 1 (1 > cec ZpeP MISSc, apn (p) )+ 1 (1 Ycec ZpeP REMAc apn(p)

L,TBR =~ 51— S =

2 ZCEC ZpEP OONSC»APN(p) 2 ZCEC ZpEP PRODQAPN(p)

TBR faces challenges such as duplicate transitions, invisible transitions, and the token explosion prob-
lem [24]. Duplicate transitions create ambiguity in aligning events to model transitions due to identical
labels. Invisible transitions, which don’t correspond to log events, complicate determining their activa-
tion order during replay and obscure model clarity. The token explosion problem occurs when the model
inaccurately reflects the log, leading to excessive token insertions to facilitate transition execution. This
issue increases replay complexity and computational demands, hindering efficient conformance checking.
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2.6 Feature Extraction and Anomaly Detection

This section introduces key tasks in event log analysis: feature extraction, dimensionality reduction,
feature selection, and anomaly detection, essential for deriving insights from event data.

2.6.1 Feature Extraction

Feature extraction from event logs is crucial in business process analysis. It transforms raw logs into
structured data for anomaly detection, process discovery, and performance mining.

An event log typically contains events linked to cases, activities, timestamps, and possibly other
attributes, forming the basis for feature extraction.

Features derived from these events offer insights into process behaviors. Activity sequences per
case highlight workflow patterns and deviations. Meanwhile, timing data can inform on process timing
dynamics, such as activity duration or case completion times, shedding light on execution speed and
efficiency.

2.6.2 Dimensionality Reduction

Dimensionality reduction converts data from high to lower dimensions, retaining essential information. It
is used for data compression, visualization, noise reduction, and improving algorithm performance. High-
dimensional data, facing the “curse of dimensionality”, complicates analysis and increases computational
demands. Dimensionality reduction aims to preserve data’s core structure by eliminating extraneous
features.

Benefits include:

e Noise Reduction: Removes irrelevant features, reducing noise.
o Simplified Visualization: Facilitates data understanding when reduced to 2 or 3 dimensions.

e Enhanced Algorithm Performance: Enables algorithms to run more efficiently with fewer dimen-
sions.

o Prevention of Ouverfitting: Lowers the risk of overfitting in machine learning models by reducing
feature space.

Key techniques:

e Principal Component Analysis (PCA)': Statistically transforms correlated variables into uncorre-
lated principal components, focusing on variance maximization. PCA helps in data exploration
and predictive modeling by identifying important variables from a large dataset, enhancing data
visualization. However, principal components may be less interpretable due to their composition
from multiple original features.

o FastMap [66]: Projects high-dimensional data into a lower dimension while preserving non-linear
relationships, without needing a full distance matrix, making it efficient for large datasets. FastMap
identifies extreme data pairs, projects data onto lines defined by these pairs, and iterates for the
desired dimensionality. It is particularly useful for data with non-linear relationships and tasks like
visualization and clustering, despite assuming the Triangle Inequality for data distances.

2.6.3 Feature Selection

Feature selection is the process of choosing the most relevant features for predictive modeling, crucial
in handling high-dimensional data. It enhances model simplicity, efficiency, accuracy, and mitigates
overfitting by discarding irrelevant or redundant predictors.

Two primary approaches are?:

o Target-independent methods: Assess features’ relevance based on their properties, like variance or
correlation among features, without considering the target variable. These methods suit unsu-
pervised learning and preliminary dimensionality reduction, though they might overlook features
important in conjunction with others or the target variable.

Inttps://scikit-learn.org/stable/modules/generated/sklearn.decomposition.PCA.html
?https://scikit-learn.org/stable/modules/feature_selection.html
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e Target-dependent methods: Evaluate features based on their relationship with the target variable,
better uncovering predictive power and relevant interactions. These methods require labeled data
and are typically more computationally intensive but effective in revealing the most informative
features for supervised learning tasks.

Common techniques include:

e Variance Thresholding: Eliminates features with low variance, under the assumption that they
contribute little to prediction.

e Mutual Information: Quantifies the dependency between each feature and the target variable, with
higher scores indicating more relevance.

o Recursive Feature Elimination (RFE): Iteratively removes least important features based on model
performance.

o Principal Component Analysis (PCA): Reduces dimensionality by transforming features into prin-
cipal components based on variance, suited for exploratory analysis.

o LI1-based Feature Selection (Lasso): Uses L1 regularization to penalize the absolute size of coeffi-
cients, driving some to zero and thus selecting relevant features.

e Tree-based Feature Selection: Employs tree models to rank features by their importance in improv-
ing model predictions.

2.6.4 Anomaly Detection

Anomaly detection, or outlier detection, identifies unusual data patterns, crucial for fraud detection,
health monitoring, and ecosystem disturbance analysis. This process is vital across various domains,
including credit card fraud detection and cybersecurity, where anomalies indicate significant information
like fraudulent activity or system faults.

Key methods include:

o Isolation Forests [88]: Utilizes Decision Trees to isolate anomalies in high-dimensional data effi-
ciently, based on the principle that anomalies are few and distinct, making them easier to separate
with fewer conditions. It measures normality through the path length in a forest of random trees,
where shorter paths indicate potential anomalies.

e Local Outlier Factor (LOF)3: A density-based technique comparing the local density of a point to
its neighbors’ densities to identify anomalies. It is effective in detecting anomalies that are not
apparent in the global distribution. LOF scores near 1 suggest normality, while significantly higher
values indicate anomalies.

Anomaly detection helps identify process inefficiencies or non-standard behaviors for improvement.
It is different from conformance checking, which compares actual processes against predefined models
to find discrepancies. While conformance checking requires a standard model for comparison, anomaly
detection focuses on spotting deviations within the data itself, making both approaches complementary
in process analysis.

Shttps://scikit-learn.org/stable/modules/generated/sklearn.neighbors.LocalOutlierFactor.html
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Conclusion

This chapter has established the essential background in traditional process mining, covering key concepts
and techniques that will inform our subsequent exploration of the object-centric paradigm. We have
examined event logs, the raw material for process analysis, and explored how DFGs and Petri nets
provide powerful means for representing and analyzing process behavior. Understanding the principles
of conformance checking, particularly through TBR, is crucial for evaluating the fidelity of process
models against real-world execution. Finally, we have touched upon feature extraction and anomaly
detection, highlighting their role in uncovering hidden patterns and deviations within process data.
These traditional techniques, while powerful, often fall short when applied to complex, interconnected
processes involving multiple interacting objects. This limitation motivates the shift towards an object-
centric perspective, which will be the central focus of the subsequent chapters. The concepts introduced
here, particularly regarding event logs, process models, and conformance checking, will be revisited and
extended within the object-centric framework, enabling a more comprehensive understanding of complex
real-world processes.
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Chapter 3

OCPM Foundations

Introduction

This chapter introduces the core concepts and formal foundations of Object-Centric Process Mining
(OCPM) by building upon contributions developed by the author of this thesis, which revolve around
the standardization and feature extraction of Object-Centric Event Logs (OCELs), as well as scalable
data representations. These contributions include:

o The standardization of OCELs and their underlying model, supported by the OCEL standard [53],
and the recent OCEL 2.0 resources [67]. These works provide a formal and extensible basis for
representing multi-object data, ensuring compatibility and scalability of object-centric logs.

e The development of techniques for extracting meaningful features from object-centric event logs
[13], enabling deeper analyses of object behavior and relationships.

By building on the standardized representation of OCELs and leveraging established feature extraction
methods, this chapter illustrates how object-centric data can be systematically understood, manipulated,
and analyzed. We also discuss how these OCELs can be flattened into conventional event logs, thus
bridging the object-centric perspective with traditional process mining tools, while highlighting the
inherent limitations of the single-case viewpoint. Through this synthesis of standards, methodologies,
and techniques, the chapter equips the reader with a robust understanding of the underlying principles
of OCPM, setting the stage for subsequent explorations into more advanced methods and applications.
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3.1 Basic Object-Centric Concepts

In the context of process mining, an OCEL presents a paradigm that extends beyond the traditional
process perspective, incorporating multi-dimensional analysis that caters to complex business processes.
This model shifts the focus from a purely case-centric approach, emphasizing the role of entities, termed
“objects”, which interact and evolve throughout the process execution. An OCEL, therefore, contains a
collection of events, where each event corresponds to a change in state or activity associated with one or
more objects. Each object, categorized by its “object type”, embodies a particular role or entity within
the process, such as a purchase order or a supplier in a procurement process. These objects interact with
each other through events, thus defining a rich set of interrelations that depict the process’s dynamics.
The examination of these objects and their interactions via the event log offers insights into the complexity
and nuances of business processes, thereby enabling enhanced process analysis, optimization, and control.
The basic concepts related to OCELs are the following:

e Fwents: The most basic unit of an OCEL is the event. These represent the various actions or
activities that occur within a system or process, such as approving an order, shipping an item, or
making a payment. Every event is unique and corresponds to a specific action at a specific point
in time. These events serve as the bedrock of process analysis, providing detailed insights into
what actions are taking place, when they occur, and how they contribute to the overall flow of the
process.

e Objects: In an OCEL, objects represent the entities that the events act upon. These might be
physical items like products in a supply chain, or abstract entities like orders, invoices, or contracts
in a procurement process. Objects are integral as they help establish the context of events, making
it possible to understand not just what actions are taking place, but also what they are affecting
or influencing.

o FEvent Types (Activities): Events are often categorized into different types based on their nature
or function. For example, in a procurement process, you might have event types such as “Order
Created”, “Order Approved”, “Invoice Sent”, and so on. Each type of event represents a specific
kind of action that can take place in the process. Event types allow us to group similar events
together and analyze patterns or trends within these groups.

e Object Types: Just as events can be categorized into types, so too can objects. Object types might
include categories like “Product”, “Order”, “Invoice”, “Supplier”, and so on. By grouping similar
objects into types, it is possible to draw insights about how different categories of objects are
acted upon within the process. This can be invaluable for identifying areas for improvement or
optimization.

o FEvent-to-Object Relationships (E20): At the heart of an OCEL lies the relationships between events
and objects. Every event is typically connected to one or more objects through various relationships
such as “affects”, “modifies”, or “initiates”. These qualifiers illustrate how the actions in a process
are impacting the entities within that process. By studying these Event-to-Object relationships, it
is possible to trace the lifecycle of an object through a process, understand the sequence of events

that an object undergoes, and identify dependencies or bottlenecks within the process.

o Object-to-Object Relationships (020): Additionally, OCELs often contain relationships between
objects themselves, which can be crucial for understanding the interconnectedness of the system.
For instance, these relationships might be “associated with”, “part of” or “dependent on” one
another. For example, a “Product” might be “part of” a specific “Order” and an “Invoice” might
be “dependent on” the approval of an “Order”. Analyzing these Object-to-Object relationships
helps in understanding the complex web of interactions within a process, offering deeper insights
into the structural dependencies that affect process outcomes.

Events and objects in OCELSs often carry various attributes that provide additional details about
them. Attributes of events might include timestamps, locations, and involved personnel, each offering
more context about when, where, and by whom an event was carried out. Similarly, objects carry
attributes such as status, quantity, or value, which describe their properties at any given moment.

In the context of an object-centric process, it is important to note that objects have evolving attribute
values. This evolution reflects changes over time, driven by the events they encounter. For instance, the
status of an order object might change from “pending” to “approved” following an “Order Approved”

37



event. This capability to track changes in object attributes allows for dynamic monitoring and analysis
of processes. It helps identify trends, predict outcomes, and improve decision-making processes by pro-
viding a more comprehensive, real-time picture of the object’s lifecycle within the business environment.
Such detailed and evolving information is essential for optimizing operations, enhancing the accuracy of
analytics, and ensuring effective process management.

In the realm of OCELs, the term “lifecycle” refers to the chronological sequence of events that an
object undergoes during its existence within a process. From creation to completion or disposal, the
lifecycle of an object encapsulates its entire journey and interactions within the system. This concept is
fundamental in providing a comprehensive understanding of how entities (objects) progress and are ma-
nipulated through various stages in a given process. Moreover, it aids in deciphering the Event-to-Object
relationships, as each event typically corresponds to a particular stage in the object’s lifecycle. Evaluating
an object’s lifecycle offers profound insights into the system’s operational efficiency, potential bottlenecks,
process compliance, and overall performance. This evaluation also facilitates a deeper comprehension
of dependencies between different object types, paving the way for effective process optimization and
control.

3.2 Running Examples - Enterprise Resource Planning (ERP)
processes

We introduce two running examples for the Purchase-to-Pay (P2P) and Order-to-Cash (O2C) process,
which will be helpful to present the Event-to-Object and Object-to-Object relationships, and different
Object-to-Object interactions which could be inferred from Event-to-Object relationships. The reader’s
understanding will be helped by visualizing the relationships on top of these popular and well-known
ERP processes.

3.2.1 Purchase-to-Pay (P2P)

The Purchase-to-Pay (P2P) process is a fundamental business operation describing the full cycle of events
from the initial stage of creating a purchase requisition, to the final stage of making a payment. The
process commences with the need for a good or service, after which a purchase requisition is created and
approved. This leads to the creation and sending of a purchase order to the supplier, bound by the terms
of a contract.

The supplier then fulfills the order, resulting in the receipt of delivery at the designated warehouse.
This triggers the check of goods received against the purchase order. Upon validation, an invoice is
created and approved, subsequently sent to the bank for processing. Finally, the payment is made,
marking the completion of the P2P process.

Each step in the P2P process is associated with different object types including Purchase Requisition,
Purchase Order, Delivery, Goods Receipt, Invoice, Payment, Bank, Supplier, Contract, and Warehouse.
These objects help in establishing a structured and traceable process that aids in financial planning,
inventory management, and supplier relationship management.

The P2P process involves several key object types:

e Purchase Requisition: A formal request to start the P2P process, needing approval to proceed.
e Purchase Order: A document detailing the goods or services ordered.

e Delivery: The act of supplying the ordered goods or services.

e Goods Receipt: The physical receipt of goods, checked for accuracy.

e Invoice: A bill for the delivered goods or services.

e Payment: Completes the process by paying the invoice.

e Bank: Manages the financial transaction.

e Supplier: Provides the goods or services.

e Contract: The agreement detailing the transaction terms.

e Warehouse: The location for receiving, storing, and checking goods.
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Table 3.1: Activities of the P2P Process and their descriptions

Activity Description

Create Purchase Requisition This is the first step in the P2P process, where an internal
need for goods or services is formally documented. A pur-
chase requisition typically includes information about the
requested items, quantities, and a suggested supplier.
Approve Purchase Requisition Once the purchase requisition is created, it must be ap-
proved by an authorized person or department. This en-
sures that the request is necessary, within budget, and
aligned with business objectives.

Create Purchase Order After the approval of the purchase requisition, a purchase
order is created. This is a formal document sent to the
supplier detailing the items to be purchased, quantities,
prices, delivery date, and other terms.

Send Purchase Order This activity involves sending the created purchase order to
the supplier. Once the supplier accepts the purchase order,
it becomes a legal contract between the buyer and supplier.
Receive Delivery This activity occurs when the goods or services ordered are
delivered by the supplier. It may involve confirming the
arrival of the goods at the warehouse.

Check Goods Receipt After the goods are received, they are checked against the
purchase order to ensure the correct items and quantities
have been delivered. Any discrepancies are addressed at
this stage.

Create Invoice Once the goods have been received and checked, the sup-
plier will issue an invoice. This document provides a de-
tailed account of the goods or services provided and the
amount due for payment.

Approve Invoice The invoice is checked against the goods receipt and the
original purchase order. If everything matches, the invoice
is approved for payment.

Send Invoice The invoice is sent to the financial institution or relevant
department for processing. It includes details of the pay-
ment due to the supplier.

Make Payment The final activity in the P2P process is making payment to
the supplier. This is done after the invoice is approved and
typically involves transferring funds from the company’s
bank to the supplier’s bank.

The main activities of the P2P process are described in Table 3.1.

In the Purchase-to-Pay (P2P) process, traditional process mining approaches can face significant lim-
itations due to the deficiency, convergence, and divergence problems. The deficiency problem arises when
interactions between multiple objects, such as purchase orders, goods receipts, invoices, and payments,
cannot be adequately captured by a single case identifier, leading to an incomplete representation of the
process. The convergence problem refers to situations where multiple purchase orders are fulfilled with a
single delivery or invoice, which can be challenging to depict accurately using a single case identifier. In
contrast, the divergence problem occurs when a single purchase order results in multiple deliveries, again
complicating the accurate portrayal of the process. These issues highlight the limitations of traditional
case-centric process mining approaches in dealing with complex business processes and underscore the
need for more sophisticated, object-centric techniques.

3.2.2 Order-to-Cash (02C)

The Order-to-Cash (O2C) process is a series of business operations revolving around the execution of
customer orders, spanning from their inception to the realization of revenue. O2C is vital for businesses
dealing with physical or digital goods and services sold directly to customers, as it governs crucial aspects
of customer service, logistics, and financial management.
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The O2C process typically starts with a customer placing an order for a product or service. The
organization then checks the customer’s creditworthiness and confirms the order. The inventory is
checked to ensure that the ordered items are available for dispatch. If the items are available, they are
issued from the inventory, packed, and dispatched for delivery.

Alongside these steps, a delivery note is generated, signifying that the order is on its way to the
customer. Once the goods are dispatched, an invoice is created and sent to the customer, detailing the
cost of the purchased items. After receiving the invoice, the customer remits payment to the company.

All activities are carefully logged and tracked in the company’s Customer Relationship Management
(CRM) system to maintain comprehensive records of customer interactions and transactions, which can
then be leveraged for strategic planning and decision-making.

The O2C process plays a pivotal role in maintaining customer satisfaction, managing inventory ef-
fectively, ensuring timely delivery of goods and services, and most importantly, securing the company’s
cash flow. It is a multi-disciplinary process that necessitates coordination across several departments
within a company, including sales, finance, operations, logistics, and customer service.

The O2C process encompasses several primary object types:

e Customer Order: Details the customer’s order.

e Customer: The entity placing the order.

o C(Credit Check: Assesses customer’s credit before order approval.
e Sales Contract: The sale terms between company and customer.
e Inventory: The stock of goods, checked for order fulfillment.

e Goods Issue: Records goods taken from inventory for an order.
e Delivery Note: Document details for goods dispatched.

o Transportation: Details about goods dispatch.

e Invoice: Bills the customer for the purchase.

e Bank: Processes payments from customers.

e Payment: Records received payments.

e Warehouse: Stores and prepares goods for orders.

e CRM: Tracks customer interactions and orders.

The main activities of the O2C process are contained in Table 3.2.

In the Order-to-Cash (O2C) process, traditional process mining approaches may stumble upon the
deficiency, convergence, and divergence problems. The deficiency problem in this context is notable
when dealing with interconnected events, such as customer orders, inventory checks, goods issues, and
payments, which might not be holistically encapsulated using a singular case identifier. Convergence
becomes an issue when multiple orders are served by a single inventory check or goods dispatch, chal-
lenging the model’s precision when only a single case identifier is used. Divergence, on the other hand,
arises when a single customer order triggers multiple inventory checks or results in several goods issues,
leading to complexities in process representation. These issues underline the insufficiency of conventional
case-centric process mining techniques in capturing the intricacies of the O2C process, advocating for
the adoption of more advanced, object-centric methodologies.

3.2.3 Small Example

In this section, we present a concise example of an OCEL, with the goal of illustrating how these
logs can effectively capture complex, multi-object process instances. For this, we have opted for a
tabular representation that offers a clear overview of how events, their corresponding activities, and
involved objects interrelate over time. This representation, though seemingly simple, brings forward the
intricacies of multi-object interplay in process execution, and is particularly suited for visualizing smaller
logs. Nevertheless, it is important to note that as the complexity and size of logs increase, tabular
representation becomes less feasible, prompting the need for more sophisticated visualization or storage
solutions.
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Table 3.2: Activities of the O2C Process and Their Descriptions

Activity Description

Create Customer Order The initiation of the O2C process where a customer formulates
an order specifying desired products or services. The system cap-
tures all relevant details such as items, quantities, and customer
information necessary for subsequent steps.

Check Credit This step assesses the creditworthiness of the customer to ensure
they are eligible for the transaction. It involves reviewing credit
scores and payment histories to mitigate financial risks before pro-
ceeding with the order.

Confirm Order This activity signifies the approval of the customer order following
a successful credit check. It sets in motion the fulfillment opera-
tions and communicates order confirmation to the customer.
Check Inventory Prior to fulfilling an order, this step verifies the availability of
required items within the inventory. It ensures that all ordered
products are in stock and allocates resources for upcoming dis-
patch.

Issue Goods This activity marks the retrieval of goods from inventory specif-
ically for the order in question. It involves updating inventory
records to reflect reduced stock levels.

Pack Goods This step prepares the issued goods for shipment. It includes
securely packaging the products to ensure they remain undamaged
during transportation.

Dispatch Goods The physical movement of packed goods from the warehouse to-
wards the customer’s designated location. This step also triggers
updates in the system to track the shipment’s progress.
Generate Delivery Note Alongside dispatching goods, a delivery note is produced. This
document accompanies the shipment, detailing the contents and
providing proof of dispatch.

Create Invoice Post-dispatch, an invoice is generated reflecting the total cost as-
sociated with the purchased goods. This document is prepared to
request payment from the customer.

Send Invoice The completed invoice is sent to the customer, typically via email
or postal service. This action formally requests the payment due
for the goods delivered.

Receive Payment The final step in the O2C process where payment is collected from
the customer. The payment is processed and recorded, officially
concluding the transaction.

Table 3.3 provides a log excerpt from a Purchase-to-Pay process. Each row corresponds to an event,
associated with a specific timestamp and an activity, as well as the various objects implicated in the
activity. The objects are categorized per their types - Purchase Requisition, Purchase Order, Quality
Checks, Invoices, and Payments - and are presented as lists under the respective columns. Blank cells
denote the absence of involvement of a certain object type in the corresponding event. This table
underscores the inherent richness and complexity of OCELSs, serving as a springboard for our subsequent
discussions on mining techniques that can harness this richness for more nuanced process insights.

3.3 Definition of OCEL

3.3.1 Basic Definitions

At the heart of OCPM is the Object-Centric Event Log (OCEL), which records events and their associ-
ations with various objects. The OCEL serves as a rich source of information, enabling the discovery of
intricate process patterns and object interactions that are not easily discernible in traditional event logs.
By formalizing the definition of OCEL, we establish a common language and framework that facilitate
the analysis and modeling of object-centric processes.
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Table 3.3: Example OCEL of a procurement process represented as a table.

Ev.ID Activity Timestamp Purch.Req. Purch.Ord. Quality Checks Invoices Payments
el Create Purchase Requisition — 2021-03-20 10:30 [prl’]

e2 Close Purchase Requisition ~ 2021-03-20 14:00 [prl’]

e3 Create Purchase Requisition  2021-03-21 09:30 [pr2’]

ed Create Purchase Order 2021-03-22 14:59 [pr2’] [pol’]

e5 Invoice Receipt 2021-03-25 11:00 [pol’] [rl’]

e6 Perform Payment 2021-03-30 11:58 [r1] ['p17]
e7 Create Purchase Requisition  2021-04-01 09:15 ['pr3’]

e8 PR Formal Approval 2021-04-01 10:15 [pr3’]

e9 Create Purchase Order 2021-04-02 17:00 ['pr3’] 'po2’]

el0 Change Purchase Requisition 2021-04-03 10:00 [pr3’]

ell Invoice Receipt 2021-04-05 15:00 'po2’] [r2’]

el2 Perform Payment 2021-04-15 09:27 [r2’] [p2]
el3 Create Purchase Order 2021-04-17 14:29 'po3’]

eld Invoice Receipt 2021-04-28 10:00 'po3’] [r3’]

el5 Perform Payment 2021-04-30 15:00 [r3’] ['p37]
el6 Invoice Receipt 2021-05-28 10:01 'po3’] [r4’]

el? Perform Payment 2021-05-30 15:17 [r4’] ['p4]
el8 Invoice Receipt 2021-06-28 10:01 'po3’] [r5]

el9 Perform Payment 2021-06-30 15:29 [r5] [p57]
€20 Create Purchase Requisition — 2021-07-01 11:15 ['prd’]

e21 Create Purchase Order 2021-07-02 09:38 prd’] pod’]

€22 Invoice Receipt 2021-07-09 16:00 pod’] [r6’]

€23 Quality Check 2021-07-11 10:30 pod’] [qel’]

e24 Perform Payment 2022-05-15 09:00 [r6’] ['p6]
€25 Invoice Receipt 2022-05-20 12:00 (7]

€26 Create Purchase Order 2022-05-20 15:00 [pob’] (7]

e27 Create Purchase Order 2022-06-01 09:17 ['po6’]

€28 Create Purchase Order 2022-06-02 11:48 po7]

€29 Create Invoice 2022-06-05 09:00 ['po6’,’poT’| [r8]

Definition 13 (OCEL). An OCEL is a tuple L = (A,OT,E,O, EA, OA, evtype, time, objtype, eatype,
eaval, oaval, E20, 020, Tomap, <) with:

o A C Uecype is a set of event types (activities).

o OT C Uyiype 15 a set of object types.

o EC U, is the set of events.

o O C Uy, is the set of objects.

o evtype: E — A assigns types to events.

o time: E — Upme assigns timestamps to events.

o EA C Ugy, is the set of event attributes.

o eatype: EA — A assigns event types to event attributes.

e caval : (E X EA) 4 U,q assigns values to event attributes (not all the attributes are mapped for
each event).

e objtype : O — OT assigns types to objects.

e OA C Uy is the set of object attributes.

o oatype : OA — OT assigns object types to object attributes.

e oaval: (O X OA X Ugime) 7 Upar assigns values to object attributes.

o F20C E X Ugyar X O are the qualified event-to-object relationships.

e 020 C O x Ugya X O are the qualified object-to-object relationships.

* Tomap : B — P(O) is such that for any e € E, Tomap(e) = {0 € O | Jyev,..(€,q,0) € E20}.

o < defines a total order on the events (which could be based on the timestamp and the lexicographic
order).
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such that:

o dom(eaval) C {(e,ea) € E x EA | evtype(e) = eatype(ea)} to ensure that only existing event
attributes can have values.

o dom(oaval) C {(0,0a,t) € O x OA X Ugime | objtype(o) = oatype(oa)} to ensure that only existing
object attributes can have values.

Definition 13 is equivalent to the one proposed in the OCEL 2.0 standard [16]. Diagrams showcasing
the connections between event types (or activities) and object types serve a crucial role in understanding
the intricate relationships within a process. These graphical representations, although seemingly simple,
can effectively demonstrate the involvement of different object types in various activities. These diagrams
offer a bird’s-eye view of the entire process, indicating what types of objects are being acted upon by
which activities. This information, at a high level, simplifies the complexity of the process, enabling an
easy understanding of the various interplays at work. Moreover, these diagrams can also be used for
data validation purposes. If an activity is associated with an object type that it shouldn’t be, it could
indicate a problem in the data or the process itself. Figure 3.2 shows the main event types (activities)
and object types of a P2P process, along with their interconnection. For the O2C process, Figure 3.3
shows the main event types (activities) and object types, along with their interconnection.

Attributes: Every event and object in an OCEL can be understood better when additional attributes
are associated with them. These attributes provide more specific, personalized information about each
event or object, going beyond the standard details like event/object type and timestamp. Consider,
for instance, a process event such as “Approve Invoice” in a Purchase-to-Pay (P2P) scenario. We can
associate additional attributes to this event, such as “Approver Role”; “Approval Time”, “Department”,
or “Approval Type”. These added attributes enable us to perform more detailed analyses, such as ex-
amining approval times across different departments, investigating approval types, or exploring how the
role of the approver influences the approval process. Similarly, when considering objects, attributes can
provide more comprehensive insights. For instance, in an Order-to-Cash (O2C) process, a “Customer Or-
der” object could have attributes like “Order Value”, “Order Quantity”, “Order Priority”, or “Customer
Region”. These attributes could be instrumental in profiling orders, understanding customer behavior,
assessing regional sales patterns, or evaluating operational efficiency concerning order priorities.

Qualified Event-to-Object Relationships: In an OCEL, events are associated with multiple
objects, and the nature of these relationships is often more complex than can be captured by a simple
binary association. To better convey this complexity, each Event-to-Object relationship can be assigned
a qualifier. A qualifier describes the role played by an object in an event, adding additional context to
the relationship and making the process behavior more explicit.

Consider the Purchase-to-Pay (P2P) process as an example (Figure 3.4). In this process, events
related to procurement, goods receipt, invoicing, and payment are interconnected through various objects
such as purchase requisitions, purchase orders, deliveries, invoices, and payments. These relationships
can be enriched using qualifiers. For instance, in the “Create Purchase Requisition” event, the qualifier
“Creates” describes the role of the purchase requisition object. Similarly, the “Send Purchase Order”
event can have multiple qualifiers. It “Sends” the purchase order and also “Sends to” the supplier,
establishing the destination of the purchase order. The qualifier “Under” attached to the relationship
with the contract object suggests that the purchase order is sent according to a certain contract. In the
“Receive Delivery” event, the “Fulfills” qualifier shows the connection of the delivery to the completion
of a purchase order. Meanwhile, “Stores in” indicates that the delivery is stored in a warehouse. Such
qualifiers provide a richer understanding of the process, revealing how different events use or affect
different objects in a specific context. In conclusion, the incorporation of qualifiers in Event-to-Object
relationships provides a more detailed and contextually relevant representation of OCELs. Figure 3.6
shows some qualified Object-to-Object relationships that exist in a P2P process.

The O2C process traces the path from receiving a customer’s order to the final payment collection.
This journey involves multiple stages, each entailing various events and objects. The use of qualifiers
(Figure 3.5) provides context, explaining the role of each object in relation to the event. For instance,
the “Create Customer Order” event involves the “Customer Order” object with the qualifier “Creates”,
indicating the initiation of an order. The “Places from” qualifier associated with the “Customer” object
signals that the order originates from a specific customer. Similarly, the qualifier “Records in” connected
to the “CRM” (Customer Relationship Management system) object represents the recording of the order
in the CRM. As the O2C process progresses, the “Check Credit” event uses qualifiers like “Performs”
for “Credit Check” and “Checks for” for “Customer” to signify the credit assessment activity for the
customer. The “Confirm Order” event “Confirms” the “Customer Order” and does so “Under” the
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“Sales Contract”, providing a legal basis for the transaction. In the delivery stage, the event “Issue
Goods” “Processes” the “Goods Issue”, “Reduces” the “Inventory”, and “Fulfills” the “Customer Order”.
The “Pack Goods” event “Packs” the “Goods Issue” and does it “In” the “Warehouse”. It also “Packs
for” the “Customer Order”, thereby providing a clear view of the goods’ path from the warehouse to
the customer. The later events of “Create Invoice”, “Send Invoice”, and “Receive Payment” involve
qualifiers like “Creates”, “Sends”, “Sends to”, “Receives”, and “Settles” to establish the relationships
with the objects like “Invoice”, “Bank”, and “Payment”. These qualifiers demonstrate the flow of actions
from invoice creation to its delivery to the bank, and finally, the receipt of payment.

Qualified Object-to-Object Relationships: In process analysis, objects often interact or have
relationships with other objects, creating an intricate web of connections that influence how the process
unfolds. Object-to-Object relationships add a layer of interconnectedness between the objects involved in
the process. It pairs objects that have some form of relationship, highlighting the network of interactions
that often drive the progression of the process. Nevertheless, simply knowing that two objects are
connected isn’t always sufficient. In real-world scenarios, the nature of the relationship can have a
profound impact on the process. For instance, the relationship between a purchase order and an invoice
is fundamentally different from the relationship between a purchase order and a delivery note, although
all these objects are part of the same process. Therefore, we add a qualifier to each pair of related
objects, effectively “typing” the relationship to provide additional context and meaning. This way, we
can distinguish between different types of relationships and better understand their influence on the
process.

Figure 3.7 shows some qualified Object-to-Object relationships that exist in an O2C process.

We also introduce the concept of an Object Graph Enrichment, as presented in Definition 14, to define
custom relationships upon an OCEL. Introducing the concept of a custom Object Graph Enrichment in
the context of an OCEL is highly beneficial, even when predefined Object-to-Object (020) relationships
already exist. The key reason for this capability is the dynamic nature of real-world processes, where
not all relevant or useful relationships are defined at the time of log creation. Custom Object Graph
Enrichments allow for flexibility in analyzing these relationships beyond the static definitions typically
captured in an OCEL.

Definition 14 (Object Graph Enrichment). Given an OCEL L = (A,OT,E,O, EA, OA, evtype, time,
objtype, eatype, eaval, oaval, E20, 020, Tomap, <), an Object Graph Enrichment is o tuple GE = (L, A),
where A C O x O.

Consider a scenario in a manufacturing process where an OCEL tracks events and objects such as
parts, machines, and assemblies. Predefined O20 relationships might detail which parts are used in
which machines, or which parts are included in specific assemblies. However, during a detailed analysis,
it might become necessary to explore relationships that are not predefined in the log. Suppose an analysis
needs to determine which parts and assemblies were in proximity to a particular machine during a specific
time window when an unexpected machine downtime occurred. A custom Object Graph Enrichment
can dynamically link these parts and assemblies based on the temporal data and proximity rather than
traditional fixed relationships, helping to pinpoint potential causes related to specific batches of parts or
assemblies. This type of analysis requires creating temporary, context-specific relationships that are not
originally stored in the OCEL because they depend on the specific parameters of the analysis, such as
the time window of interest or specific events like machine downtime. Storing all possible combinations
of relationships in the original event log would be impractical and inefficient due to the vast amount of
data and the variability of analysis needs.

Definition 15 (Object Interaction Enrichment). Given an OCEL L = (A,OT,E,O,EA, OA, evtype,
time, objtype, eatype, eaval, oaval, E20, 020, Tomap, <), we define the Object Interaction Enrichment as
GEic = (L,A](;) where A]G = {(01702) c0Ox0 ‘ HeeEol,OQ S Womap(e)}

The Object Interaction Enrichment (which is an Object Graph Enrichment) introduced in Definition
15 plays a crucial role in understanding and visualizing the interactions between objects within an OCEL.
As per Definition 15, this graph is formulated by considering each object as a node, and creating an edge
between two nodes if there exists at least one event in the log that references both of these objects. By
examining this graph, one can infer patterns of object interactions, dependencies, and correlations that
could provide some insights.

Objects’ Lifecycle

In process analysis, one of the central concepts is the “lifecycle of an object”. This concept essentially
refers to the series of events or activities an object undergoes from its creation until its conclusion within
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a process. It is like tracing the journey of an object through the process map, identifying each step or
activity it participates in along the way. This concept is defined formally in Definition 16. Here, an
OCEL (as defined earlier) is the context for an object and its associated lifecycle. The lifecycle of a
specific object, denoted as lif(0), is the ordered sequence of events that the object is related to. In other
words, these are all the events where this object plays a role, arranged chronologically. This definition
also introduces the “start” and “end” events of an object’s lifecycle. The start event is the very first
event in which the object participates, marking the object’s entrance into the process. Conversely, the
end event is the last event that involves the object, signifying the conclusion of its journey in the process.

Definition 16 (Lifecycle of an Object). Let L = (A,OT,E,O,EA,OA, evtype, time, objtype, eatype,
eaval, oaval, E20, 020, Tomap, <) be an OCEL. Given an object o € O, we define liflo) = (e1,...,ey)
such that:

o {e1,...,ent={e€E|0€momaple)}
. 61<6i+1\7i€{1,...,n71}
We define the start event start(o) = lif(0)(1) and the end event end(o) = lif(o)(|lif(0)]).

The lifecycle of an object is crucial in process analysis as it allows us to trace the journey of an object
through the process. This can help identify bottlenecks, inefficiencies, or irregularities that could be
targeted for process improvement. Definition 17 introduces the lifecycle of a set of objects.

Definition 17 (Lifecycle of a Set of Objects). Let L = (A,OT,E,0,EA, OA, evtype, time, objtype,
eatype, eaval, oaval, E20, 020, Tomap, <) be an OCEL. Given a set of objects O' C O, we define lifg(0') =
(€1,...,en) such that:

o {e1,....ent={e€ E|3oco0€ momap(e)}

. ei<ei+1Vi€{1,...,n—1}

3.4 Ambiguity in Relationships and Ordering of Objects in OCELSs

A key challenge in the realm of object-centric process mining is the ambiguity surrounding the repre-
sentation of relationships among objects and the corresponding order in which activities occur. Unlike
traditional case-centric event logs, where each event is intrinsically associated with a single case notion,
an OCEL admits scenarios where multiple objects co-occur within a single event. As a result, determin-
ing how objects relate to each other and in what order their associated activities unfold is not always
straightforward.

In particular, two different perspectives can be adopted to capture these relationships:

o FEvent-to-Object (E20) Perspective: In this view, each event is regarded as the source of relational
information. If an event e references multiple objects, 0; and oo, it implicitly establishes a relation-
ship between these objects within the context of that event. One could say that the event binds
these objects together at that specific timestamp, thus providing a notion of ordering derived di-
rectly from the event timeline. For example, if an event Receive Delivery involves both a Purchase
Order object and a Warehouse object, we may infer that the warehouse came into play for that
particular order at the time of delivery. The ordering relationship between these objects emerges
from their co-occurrence in the event, and the temporal ordering of events themselves.

o Object-to-Object (020) Perspective: Alternatively, relationships can be defined directly at the
object level, without relying solely on events. In this approach, a link between o; and oy is
maintained independently from the events that first introduced them. This O20 relationship
might be interpreted as a static or persistent link between objects, indicating, for instance, that
a particular Invoice object is always associated with a specific Purchase Order, regardless of the
specific events that manipulate them. While this perspective captures ongoing dependencies or
associations between objects, it does not inherently provide a temporal ordering derived from their
co-occurrence in events.
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Example Illustrating E20 vs. O20 Ambiguities

Consider a simplified procurement scenario where we track two objects: a Purchase Order (PO) and a
Supplier object.

Event-to-Object (E20) Definition: Suppose there is an event PO Creation that references both a
PO object and a Supplier object. From an E20 perspective, this event reveals that these two
objects are related at the moment of PO creation. The temporal ordering is straightforward: the
Supplier is associated with the PO from the instant the PO Creation event occurs. Should a
subsequent event PO Approval also reference the same PO, we can see how the PO moves through
the process timeline, with the Supplier implicitly linked to each of these events involving the PO.
The event order directly informs how and when these objects interact.

Object-to-Object (020) Definition: Now imagine that, apart from the events, we have a static
relationship stating that the Supplier is always associated with this particular PO (as part of a
contract or master data linkage). The O20 definition does not tell us at what specific point in
time the Supplier became relevant. It merely informs us that the Supplier is connected to the
PO, with no intrinsic event-derived ordering. We lose the direct temporal reference that would
otherwise be provided by the event log. Without additional rules or assumptions, we do not know
if the Supplier preceded or followed any other object in the PO’s lifecycle; we only know there is
a static, persistent relationship.

This example highlights why relationship ambiguity emerges in object-centric event logs: the process
of disentangling the timing, ordering, and conditions under which relationships form or influence the
lifecycle of objects is non-trivial. Depending on whether one adopts an E20 or O20 perspective, the
ordering of objects and the inferred flow of the process can differ substantially.

Analysts must explicitly define the rules and assumptions governing how object relationships are es-
tablished and interpreted. This may involve filtering and refining these relationships, as well as integrat-
ing additional domain knowledge, in order to unambiguously reconstruct the desired object interaction
patterns and temporal orderings from the data.
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3.5 Feature Extraction on OCELSs

In the pursuit of deeper analysis and understanding of OCELs, we now introduce the concept of feature
extraction. Feature extraction is a fundamental process in the application of machine learning techniques,
as it allows us to represent our data in a form that these techniques can leverage. By mapping each
object in our log to a set of features, we can capture key characteristics and behaviors in a succinct and
structured manner.

Our first definition (Definition 18) concerns the Object-Based Feature Map. This is a function that
assigns to each object a set of numerical values, each representing a specific feature. The set of features,
which we denote by 3, is a chosen collection of characteristics we consider relevant or interesting for our
analysis.

Definition 18 (Object-Based Feature Map). Given a set of objects O C Uy and a set of features
¥ C Uy, an Object-Based Feature Map is a function f: O — (X — R).

To give an idea of the kind of features we can extract, we introduced in Definition 18 a basic feature
map. In this map, each object is associated with a variety of features that encapsulate different aspects
of its lifecycle within the process. For instance, numrelevs refers to the total number of events the object
is involved in, capturing the extent of an object’s involvement in the process. The throughput feature
represents the duration of the object’s lifecycle, giving an indication of how long the object remains
active in the process. The wip, or work-in-progress, feature quantifies the number of other objects that
have overlapping lifecycles with the given object, reflecting the degree of concurrency in the process.
Finally, for each activity in the process, we define a feature that counts the number of times the object
is involved in that specific activity.

Definition 19 (Basic Feature Map). Let L = (A,OT, E,O, EA, OA, evtype, time, objtype, eatype, eaval,
oaval, E20, 020, Tomap, <) be an OCEL.

Given and ¥ = { “numrelevs”, “throughput”, “wip”} U { “#”Qa | a € A} (where Q is the concatenation of
strings) we define the basic feature map fpas : O — (X — R) in which:

o foro€ O, fras(0)(“numrelevs”) = |lif(0)].
o foro€ O, fuas(o)(“throughput”) = time(end(0)) — time(start(o)).

o foro € O, fras(0)(“wip”) = [{o' € O | [time(start(0)), time(end(o))|N[time(start(o’)), time(end(o"))] #

0}
o foro€ O and a € A, we define fpqas(0)(“#7Qa) = |{e € lif(o) | evtype(e) = a}|.

Table 3.3 shows a basic feature map computed on top of the OCEL represented in Table 3.3. From
here, we can notice for example that 6 (of type invoice) is the object with the longest lifecycle, while
po3 is the object with the highest work-in-progress.

Table 3.4: Basic feature map on top of the OCEL represented in Table 3.3.

ID | numrelevs | throughput | wip | #Change PR | #Close PR | #Cr.Inv. | #Cr.PO | #Cr.PR | #Q.Checks | #Inv.Receipt | #PR Appr. | #Payment
prl 2 12600.0 1 0 1 0 0 1 0 0 0 0
pr2 2 106140.0 2 0 0 0 1 1 0 0 0 0
pr3 4 175500.0 2 1 0 0 1 1 0 0 1 0
prd 2 80580.0 2 0 0 0 1 1 0 0 0 0
pol 2 244860.0 3 0 0 0 1 0 0 1 0 0
po2 2 252000.0 3 0 0 0 1 0 0 1 0 0
po3 4 6204720.0 6 0 0 0 1 0 0 3 0 0
po4 3 780720.0 4 0 0 0 1 0 1 1 0 0
pob 1 0.0 2 0 0 0 1 0 0 0 0 0
pob 2 344580.0 3 0 0 1 1 0 0 0 0 0
po7 2 249120.0 3 0 0 1 1 0 0 0 0 0
rl 2 435480.0 3 0 0 0 0 0 0 1 0 1
r2 2 844020.0 3 0 0 0 0 0 0 1 0 1
r3 2 190800.0 3 0 0 0 0 0 0 1 0 1
r4 2 191760.0 3 0 0 0 0 0 0 1 0 1
5 2 192480.0 3 0 0 0 0 0 0 1 0 1
6 2 26758800.0 4 0 0 0 0 0 0 1 0 1
r7 2 10800.0 2 0 0 0 1 0 0 1 0 0
r8 1 0.0 3 0 0 1 0 0 0 0 0 0
gil 1 0.0 3 0 0 0 0 0 1 0 0 0
pl 1 0.0 2 0 0 0 0 0 0 0 0 1
p2 1 0.0 2 0 0 0 0 0 0 0 0 1
p3 1 0.0 3 0 0 0 0 0 0 0 0 1
p4 1 0.0 3 0 0 0 0 0 0 0 0 1
p5 1 0.0 2 0 0 0 0 0 0 0 0 1
p6 1 0.0 2 0 0 0 0 0 0 0 0 1
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Building upon these basic features, we further explore the possibility of extracting graph-based fea-
tures (Definition 20). Given an Object Graph Enrichment that depicts the connections between objects,
we can define additional features that encapsulate an object’s position and role within the network of
interactions. For instance, outdegree captures the number of outgoing connections an object has in the
graph, a reflection of how many other objects it directly interacts with. We can also consider the same
notion in a typed manner: for each type of object, we can count how many outgoing connections an
object has to objects of that type.

Definition 20 (Graph-Based Feature Map). Let L = (A,OT, E,O, EA, OA, evtype, time, objtype, eatype,
eaval, oaval, E20, 020, Tomap, <) be an OCEL and GE = (L, A) an Object Graph Enrichment.

Given ¥ = { “outdegree”} U { “outdegreeot "@ot | ot € OT'} (where Q is the concatenation of strings), we
define the feature map fop: O — (X — R) in which:

o foroe€ O, far(o)(“outdegree”) = |{(01,02) € A | 01 = 0}|
o foroe€ O and ot € OT, far(o)(“outdegreecot™Qot) = |{(01,02) € A | 01 =0 A objtype(o2) = ot}|.

Table 3.5 shows a graph-based feature map computed on top of the object-centric represented in
Table 3.3. From here, we can notice for example that prl has null outdegree (because the purchase
requisition is not approved and therefore no subsequent order is created).

Table 3.5: Graph-based feature map based on the object-centric in Table 3.3 and its its Object Interaction
Enrichment.

ID | outdegree | outdegree Goods Issues | outdegree Invoices | outdegree Payments | outdegree Purch.Orders | outdegree Purch.Req.
prl 0 0 0 0

pr2
pr3
pr4
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In our ongoing endeavor to extract rich and meaningful features from OCELs, we introduce the
concept of feature propagation. Recognizing that objects within a process are not isolated entities, but
rather part of a broader network of interconnections and dependencies, feature propagation aims to
capture not just the direct characteristics of an object, but also the influence of its surrounding context.

Feature propagation (introduced in Definition 21) operates on the principle of aggregating information
across related objects in the Object Graph Enrichment. For a given object, we consider not just its own
features, but also those of the objects it is connected to in the graph. We then aggregate these features
into a single value, using a chosen aggregation function. This function could be a simple average, a sum,
a maximum or minimum value, or any other operation that condenses a set of numbers into a single
representative value. The result is a propagated feature map, which captures both the original features
of each object and the aggregated features from its connections in the graph.

Definition 21 (Feature Propagation). Let L = (A,OT,E,O, EA, OA, evtype, time, objtype, eatype, eaval,
oaval, E20, 020, Tomap, <) be an OCEL, GE = (L,A) be an Object Graph Enrichment and f : O —
(X — R) be an Object-Based Feature Map. Given an aggregation function agg : B(R) — R, we define
fagg.c : O = (3 = R) such that for s € ¥ and o € O, fag9.c(0)(s) = agg({f(0)(s) | o=0" V (0,0") €
A}).

We introduce here some potential use cases for feature propagation within the P2P process:
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e Consider the case where the feature of interest is throughput, which measures the time between
the start and end of an object’s lifecycle. Traditionally, we might consider this feature on an
object-by-object basis, treating each object as an isolated entity. However, this view neglects the
interconnected nature of the P2P process. By propagating the throughput feature across related
objects in the Object Graph Enrichment, we begin to capture a broader picture of transaction
duration in the process as a whole. With feature propagation, we effectively compute an aggregated
measure of throughput for each object, taking into account not just the object’s own throughput,
but also those of its associated objects. In doing so, we might unveil systemic issues impacting
transaction duration, such as consistent delays associated with certain object types or specific
stages of the process. This propagation of the throughput feature hence facilitates a process-
wide perspective on transaction speed, promoting a more comprehensive understanding of process
efficiency.

e For the wip feature, which quantifies the number of objects concurrently active with a given object.
In the traditional view, this feature provides an indication of process concurrency at the individual
object level. However, with feature propagation, we aggregate the “wip” features of connected
objects, thereby yielding a more encompassing view of concurrency in the process. This propagated
wip feature represents the collective concurrency across an object and its linked peers in the graph.
High values of the propagated wip feature might suggest areas of the process characterized by high
concurrency and potential bottlenecks. Such insights could inform resource allocation decisions,
thereby contributing to process optimization efforts.

e The activity-related features, represented by the #@a set of features in the basic feature map. These
features account for the frequency of particular activities associated with an object. Propagating
these features across the Object Graph Enrichment can unveil trends in activity execution across
connected objects. For instance, if a propagated activity-related feature is high for a specific activity
across a group of interconnected objects, this might signal the overall prominence of that activity
within that segment of the P2P process. Such insights can be instrumental in understanding process
dynamics, informing decision-making, and guiding interventions aimed at process improvement.

In conclusion, feature propagation in OCELs offers a powerful means of extracting richer and more
meaningful features from the data. By extending our focus beyond individual objects and considering the
interconnectedness of objects within a process, we can gain deeper insights into the underlying process
dynamics.
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3.6 Flattening to Traditional Event Logs

In the realm of process mining, the conventional approach to event logging involves a single case notion,
where each event is intrinsically tied to a single case. However, this traditional method often falls short
in the face of more complex processes, particularly those where different objects interact in a non-trivial
manner. This is the case, for instance, in many real-world settings where a process involves interactions
between multiple entities, each with their own lifecycle and relationships with other entities. The object-
centric approach to event logging was developed to address this very complexity.

However, there are scenarios where we may need to distill this complexity into a simpler, more
traditional form. This is where the concept of “flattening” comes into play. The goal of flattening is to
convert the rich, multi-faceted information encapsulated in an OCEL into a traditional event log, with
each event tied to a single case notion.

In this section, we will explore two types of flattening strategies: Basic Flattening and Object-Graph-
Based Flattening.

In the case of Basic Flattening, we pick an object type of interest and each instance of that object
type is transformed into a separate case in the traditional event log. This method aligns the lifecycle
of each object instance of the selected type (Definition 16) with a single case, effectively simplifying the
information structure from the original object-centric log.

Table 3.6: Lifecycle of the objects (Basic Flattening) of the OCEL presented in Table 3.3.

Object Events in Lifecycle Activities in Lifecycle

D ‘

Purch.Req.

prl (el,e2) ( Create Purchase Requisition, Close Purchase Requisition )

pr2 (e3,ed) ( Create Purchase Requisition, Create Purchase Order )

pr3 (€7, ¢e8,¢9, el0) ( Create Purchase Requisition, PR Formal Approval, Create Pur-
chase Order, Change Purchase Requisition )

prd (€20, €21 ) ( Create Purchase Requisition, Create Purchase Order )

Purch.Ord.

pol (ed,e5) ( Create Purchase Order, Invoice Receipt )

po2 (€9, ell) ( Create Purchase Order, Invoice Receipt )

po3 (el3, el4, el6, €18 ) ( Create Purchase Order, Invoice Receipt, Invoice Receipt,Invoice
Receipt )

po4 (€21, €22, €23 ) ( Create Purchase Order, Invoice Receipt, Quality Check )

pod (€26 ) ( Create Purchase Order )

po6 (27, €29 ) ( Create Purchase Order, Create Invoice )

po7 (€28, €29 ) ( Create Purchase Order, Create Invoice )

Invoices

rl (b, eb ) ( Invoice Receipt, Perform Payment )

r2 (ell, el2) ( Invoice Receipt, Perform Payment )

r3 (el4, elb) ( Invoice Receipt, Perform Payment )

rd (el6, el7) ( Invoice Receipt, Perform Payment )

5 (el8, el9) ( Invoice Receipt, Perform Payment )

r6 (€22, e24) ( Invoice Receipt, Perform Payment )

r7 (€25, €26 ) ( Invoice Receipt, Create Purchase Order )

8 (e29) ( Create Invoice )

Quality Checks

qcl | (e23) | ( Quality Check )

Payments

pl (e6) ( Perform Payment )

p2 (el2) ( Perform Payment )

p3 (elb) ( Perform Payment )

p4 (el7) ( Perform Payment )

p5 (el9) ( Perform Payment )

p6 (e24) ( Perform Payment )

Definition 22 (Basic Flattening). Given an OCEL L = (A,OT, E,O, EA, OA, evtype, time, objtype,
eatype, eaval, oaval, E20, 020, Tomap, <), and an object type ot € OT, we define the flattened event log
flat(L, ot) = (A, E', C, evtype , time’, case, <') in which:

o C ={0€ O | objtype(o) = ot}.

o E'={(e,o) e ExO|e€E A 0€ Tomaple) N objtype(o) = ot}.
o case((e,0)) = o for (e,0) € E'.

o evtype ((e,0)) = evtype(e) for (e,0) € E’.

o time'((e, 0)) = time(e) for (e,0) € E'.
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o <'={((e,0),(e,0)EFE XE' |e<e V(e =€eNo <, 0)}.

Table 3.6 shows the results of Basic Flattening (i.e., the lifecycle of the objects) for the different
object types of the log in Table 3.3.

Table 3.7: Object-Graph-Based Flattening of the OCEL presented in Table 3.3.

Activities in Lifecycle

Object Events in Lifecycle

ID

Purch.Req.

prl (el,e2)

pr2 (e3, e4, €5, e6 )

pr3 (€7, €8, €9, el0, ell, el12 )

prd (€20, e21, €22, €23, €24 )
Purch.Ord.

pol (€3, e4, b, e6 )

po2 (e7, e8, €9, el0, ell, el2 )

po3 (€13, el4, el5, el6, el7, €18, €19 )
pod (€20, €21, €22, €23, €24 )

po5 (€25, €26 )

pob (€27, €28, €29 )

po7 (€28, €28, €29 )

Invoices

rl (€3, e4, b, e6 )

r2 (e7, e8, €9, el0, ell, el2 )

r3 (el3, el4, el5, el6, el7, €18, €19 )
r4 (el3, el4, elb, el6, el7, €18, €19 )
r5 (el3, el4, el5, el6, el7, el8, el9 )
r6 (€20, €21, €22, €23, €24 )

r7 (€25, 26 )

8 (€27, €28, €29 )

Quality Checks

qcl | (e23)

Payments

pl (€3, e4, b, e6 )

p2 (e7,e8, €9, el0, ell, el2 )

p3 (el3, el4, el5, el6, el7, €18, €19 )
pd (€13, el4, elb, el6, el7, €18, €19 )
p5 (el3, el4, el5, el6, el7, el8, el9 )
p6 (€20, €21, €22, €23, €24 )

( Create Purchase Requisition, Close Purchase Requisition )

( Create Purchase Requisition, Create Purchase Order, Invoice
Receipt, Perform Payment )

( Create Purchase Requisition, PR Formal Approval, Create Pur-
chase Order, Change Purchase Requisition, Invoice Receipt, Per-
form Payment )

( Create Purchase Requisition, Create Purchase Order, Invoice
Receipt, Quality Check, Perform Payment )

( Create Purchase Requisition, Create Purchase Order, Invoice
Receipt, Perform Payment )

( Create Purchase Requisition, PR Formal Approval, Create Pur-
chase Order, Change Purchase Requisition, Invoice Receipt, Per-
form Payment )

( Create Purchase Order, Invoice Receipt, Perform Payment, In-
voice Receipt, Perform Payment, Invoice Receipt, Perform Pay-
ment )

( Create Purchase Requisition, Create Purchase Order, Invoice
Receipt, Quality Check, Perform Payment )

( Invoice Receipt, Create Purchase Order )

( Create Purchase Order, Create Purchase Order, Create Invoice )
( Create Purchase Order, Create Purchase Order, Create Invoice )

( Create Purchase Requisition, Create Purchase Order, Invoice
Receipt, Perform Payment )

( Create Purchase Requisition, PR Formal Approval, Create Pur-
chase Order, Change Purchase Requisition, Invoice Receipt, Per-
form Payment )

( Create Purchase Order, Invoice Receipt, Perform Payment, In-
voice Receipt, Perform Payment, Invoice Receipt, Perform Pay-
ment )

( Create Purchase Order, Invoice Receipt, Perform Payment, In-
voice Receipt, Perform Payment, Invoice Receipt, Perform Pay-
ment )

( Create Purchase Order, Invoice Receipt, Perform Payment, In-
voice Receipt, Perform Payment, Invoice Receipt, Perform Pay-
ment )

( Create Purchase Requisition, Create Purchase Order, Invoice
Receipt, Quality Check, Perform Payment )

( Invoice Receipt, Create Purchase Order )

( Create Purchase Order, Create Purchase Order, Create Invoice )

( Quality Check )

( Create Purchase Requisition, Create Purchase Order, Invoice
Receipt, Perform Payment )

( Create Purchase Requisition, PR Formal Approval, Create Pur-
chase Order, Change Purchase Requisition, Invoice Receipt, Per-
form Payment )

( Create Purchase Order, Invoice Receipt, Perform Payment, In-
voice Receipt, Perform Payment, Invoice Receipt, Perform Pay-
ment )

( Create Purchase Order, Invoice Receipt, Perform Payment, In-
voice Receipt, Perform Payment, Invoice Receipt, Perform Pay-
ment )

( Create Purchase Order, Invoice Receipt, Perform Payment, In-
voice Receipt, Perform Payment, Invoice Receipt, Perform Pay-
ment >

( Create Purchase Requisition, Create Purchase Order, Invoice
Receipt, Quality Check, Perform Payment )
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On the other hand, the Object-Graph-Based Flattening approach takes a more nuanced perspective.
Instead of focusing on a single object type, this method takes into account the intricate interconnections
among different objects. In this case, a “case” may encompass the lifecycles of multiple interrelated
objects, thus providing a more comprehensive picture of the complex interplays in the original process.

In the following, we conveniently introduce the concept of Eventually Follows Object Graph Enrich-
ment, which represents an important extension to traditional Object Graph Enrichments. It takes into
account not just immediate connections between objects, but also the potential relationships that man-
ifest over time and multiple interactions. These graphs aim to encapsulate these dynamics by exploring
how objects eventually relate to each other, based on the Object Graph Enrichment’s interconnections.
Three types of Eventually Follows Object Graph Enrichments are presented in in Definition 23: the
Forward, the Backward, and the Bidirectional:

e The Forward Graph Enrichment, denoted as GE_., focuses on the downstream relations from a
given object. It tracks all objects that can be reached from a starting object via a sequence of
interactions, effectively capturing all potential “future” relations for each object.

e The Backward Graph Enrichment, represented by GFE ., explores upstream relations to a given
object. It maps all objects that could have interacted and led to the existence of the current object
through a series of steps. This offers a valuable perspective on the “past” relations of an object.

e The Bidirectional Graph Enrichment, GE ..., combines both forward and backward directions.
It signifies objects that can be reached from a given object, either directly or indirectly, through
a series of interactions, regardless of the direction of those interactions. This encapsulates the
entirety of an object’s possible interactions within the process, giving us the most comprehensive
view of the system’s dynamics.

By considering an Eventually Follows Object Graph Enrichment, we can capture more in-depth rela-
tional intricacies that exist in an OCEL. This ultimately enables us to create more accurate and nuanced
mappings when performing the flattening process, particularly for Object-Graph-Based Flattening.

Definition 23 (Eventually Follows Object Graph Enrichments). Given an OCEL L = (A,OT,E, O,
EA,OA, evtype, time, objtype, eatype, eaval, oaval, E20, 020, Tomap, <), and an Object Graph Enrichment
GE = (L, A), we define:

o GE_, =(L,A—.), where

A ={(0,0) €0 x0 | (0,0) €AV Fo, 00....0nc0(0,01),(01,02),...,(0n,0") € A}

e« GE— = (L,A—), where

A ={(0,0) €0 xO | (',0) €NV Fp, 00....0.c0(0,01),(01,02),...,(0n,0) € A}

. GE¢> = (L,A<:>)7 where Aﬁ = A:> U A<:.

Object-Graph-Based Flattening involves the flattening of an OCEL by considering an Object Graph
Enrichment and a specific object type from the log. The main steps involve defining a set of case
identifiers as objects of the chosen type, creating new events that take into account the interactions
between the objects, and finally associating these new events with the original objects they correspond
to. The main benefit of this technique is its capacity to provide a more nuanced and holistic perspective
of the process by considering the interconnectedness of objects within the system.

Definition 24 (Object-Graph-Based Flattening). Given an OCEL L = (A,OT,E,O,EA, OA, evtype,
time, objtype, eatype, eaval, oaval, E20, 020, Tomap, <), an Object Graph Enrichment GE = (L,A), and

an object type ot € OT, we define the flattened event log ccflat(L) = (A, E', C, evtype, time', case, <') in
which:

o C={o0€ O] objtype(o) = ot}.
o E'={(e,0) € E x O | objtype(o) = ot AN Jsco 0 € Tomap(e) A (0 =0V (0,0) € A)}.
o case((e,0)) = o for (e,0) € E'.

o evtype'((e,0)) = evtype(e) for (e,0) € E'.
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Table 3.8: Basic variants computed on the OCEL in Table 3.3.

Variant Objects
Create Purchase Requisition, Close Purchase Requi- ( prl )
sition

Create Purchase Requisition, Create Purchase Order { pr2, pr4 )
Create Purchase Requisition, PR Formal Approval, ( pr3)
Create Purchase Order, Change Purchase Requisi-

tion

Create Purchase Order, Invoice Receipt ( pol, po2)
Create Purchase Order, Invoice Receipt, Invoice Re-  ( po3 )
ceipt,Invoice Receipt

Create Purchase Order, Invoice Receipt, Quality ( pod)
Check

Create Purchase Order ( po5)

Create Purchase Order, Create Invoice { po6, po7 )

Invoice Receipt, Perform Payment (rl, 12,13, rd, 15, 16 )
Invoice Receipt, Create Purchase Order (r7)

Create Invoice (r8)

Quality Check (qel)

Perform Payment ( pl, p2, p3, p4, p5, p6 )

o timé((e,0)) = time(e) for (e,0) € E'.
o <'={((e,0),(e",0)EFE XE" |e<e V(e =€eNo < 0)}.

In Table 3.7 the Object-Graph-Based Flattening (built on the Bidirectional Graph Enrichment) is
computed on top of the OCEL presented in Table 3.3.

We can also introduce the concepts of traces and variants in the object-centric setting. We can
understand traces and variants from two perspectives: a basic perspective and an Object-Graph-Based
perspective.

A “trace” (Definition 25) is essentially a sequence of activities related to a specific object. Now, if we
adopt a basic viewpoint, a trace of an object is nothing more than the series of activities in the object’s
lifecycle. In other words, we’re simply following the chain of actions that the object has undergone in
chronological order. This is what we call a “basic trace”. However, if we shift our lens to an Object-
Graph-Based viewpoint, things get a bit more nuanced. In this case, we’re not only looking at the
lifecycle of the individual object, but we’re also considering the interconnections with other objects.
That means we're tracing the activities not only for the object in question but also for the objects that
it is linked with. This broader perspective is termed as an “Object-Graph-Based trace”.

Definition 25 (Traces (Basic and Object-Graph-Based)). Given an OCEL L = (A,OT,E,O,EA,OA,
evtype, time, objtype, eatype, eaval, oaval, E20, 020, Tomap, <), we define the functions:

o Basic Trace tracepgsic : O — A*, tracepasic(0) = (evtype(er),. .., evtype(e,)) where (e1,...,en) =
lif(0) is the sequence of activities of the lifecycle of an object.

o Object-Graph-Based Trace given an Object Graph Enrichment GE = (L, ), we define an inter-
mediate function g : O — P(0), glo) = {0’ € O | (0,0') € A vV o= 0"}. Then, we can define
trace : O — A*, traceg(o) = (evtype(ey), ..., evtype(en)) where (e1,...,en) = lifg(g(0)) is the
sequence of activities of the lifecycle of the interconnected objects.

Similarly, a “variant” (Definition 26) can be seen as a set of objects that share the same series
of activities, or the same trace. Using the basic concept of a variant, we simply group together the
objects that have identical sequences of activities, i.e., they have the same basic trace. When we apply
the Object-Graph-Based concept, we consider the interconnected objects and group together those that
share the same series of activities, including the activities of their interconnected objects. This gives
us the “Object-Graph-Based variant”. These perspectives provide us with different ways of looking at
the same process. The basic view allows us to examine the process from the lens of individual objects,
while the Object-Graph-Based view provides a more holistic perspective by considering the relationships
between objects.
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Table 3.9: Object-Graph-Based variants computed on the OCEL in Table 3.3. The relationships are
built on the Bidirectional Graph Enrichment.

Variant Objects
Create Purchase Requisition, Close Purchase Requi- ( prl )
sition

Create Purchase Requisition, Create Purchase Or- ( pr2, pol, rl)
der, Invoice Receipt, Perform Payment

Create Purchase Requisition, PR Formal Approval, ( pr3, po2, r2)
Create Purchase Order, Change Purchase Requisi-

tion, Invoice Receipt, Perform Payment

Create Purchase Requisition, Create Purchase Or- ( pr4, po4, r6, p6 )
der, Invoice Receipt, Quality Check, Perform Pay-

ment

Create Purchase Order, Invoice Receipt, Perform ( po3, r3, r4, r5, p3, p4,
Payment, Invoice Receipt, Perform Payment, Invoice p5 )

Receipt, Perform Payment

Invoice Receipt, Create Purchase Order ( pob, 17 )

Create Purchase Order, Create Purchase Order, Cre-  ( po6, po7, r8 )

ate Invoice

Definition 26 (Variants (Basic and Object-Graph-Based)). Given an OCEL L = (A,OT,E,O,EA,
OA, evtype, time, objtype, eatype, eaval, oaval, E20, 020, Tomap, <), we define the functions:

« Basic Variants: We define variantp,sic : A* — P(O) such that for all 0 € A* and o € O,

0 € varianlyysic(0) < tracepgsic(0) = o

o Object-Graph-Based Variants: Given an Object Graph Enrichment GE = (L, A), we define variants :
A* — P(O) such that for all o € A* and o € O,

o € variantg(o) < traceg(o) = o

Table 3.8 introduces the “basic variants” computed from the OCEL in the earlier provided table. The
term “variant”, in this context, represents a unique sequence of activities. For example, the sequence
“Create Purchase Requisition, Close Purchase Requisition” forms a variant. Now, each variant is linked
to a set of objects. These objects are the ones that share the same sequence of activities - i.e., they have
the same basic trace. Thus, the table gives us an organized view of the different sequences of activities
in the log and which objects go through each sequence.

Looking at Table 3.9, we find the “Object-Graph-Based variants”. Unlike the basic variants, these
variants take into account not just the individual objects but also their interrelationships. This is done
by building on an “eventually follows graph”, which captures the sequence of activities across related
objects. This graph is, in turn, derived from the Object Interaction Enrichment, thereby ensuring that
the interconnected nature of objects is taken into consideration. The Object-Graph-Based variants table
(Table 3.9) provides a more nuanced understanding of the process flow. Each variant here represents a
sequence of activities considering interconnected objects. Therefore, compared to the basic variant, each
sequence may encompass activities of multiple objects that are related to each other. Accordingly, the
objects associated with each variant are those that share this sequence, either directly or through their
interactions with other objects.

To sum up, the basic variants table provides a view of the process from the perspective of individual
objects. In contrast, the Object-Graph-Based variants table presents a broader perspective that accounts
for the relationships between objects and the collective sequence of activities across these interconnected
objects. This distinction can be crucial when analyzing complex processes, where understanding inter-
object interactions can provide valuable insights.
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3.7 Assessment

In this section, we introduce the computational intricacies of various operations on OCELs in this section.
Our exploration begins with a thorough assessment of the Basic Flattening execution time (Section
3.7.2), where we evaluate its performance under varied scenarios, distinguished by parameters such as
the number of events and object types, among others. This is followed by a deep dive into the Object-
Graph-Based Flattening execution time (Section 3.7.3). Here, our aim is to understand the influence of
several event log parameters on the execution time of flattening operations targeting a specific object
type.

Shifting our focus to feature extraction, we assess the performance of the feature table’s extraction
(Section 3.7.4), a crucial step for in-depth analysis of event logs. Through this, we aim to comprehend
how the extraction performance behaves in correlation with various parameters of the event logs.

Lastly, Section 3.7.5 offers a quantitative appraisal on the quality of features obtained from our
approach. This is accomplished by contrasting different feature extraction settings to ascertain which
ones yield the most accurate predictions for lifecycle durations.

The experiments were executed on a notebook with an 17-7500U CPU, 16 GB DDR4 RAM, and the
PM4Py 2.7.5.1 library (introduced in Chapter 9). Still, we are confident that the findings are generic
and are also applicable to other configurations/tools.

3.7.1 Event Log Simulation Methodology

In order to comprehensively assess the diverse techniques proposed in this paper, we employed a simple
event log simulation methodology. This approach allowed us to generate an assortment of scenarios and
control variables, which facilitated the examination of the impacts of individual parameters on the overall
results. Herein, we outline the primary steps of this methodology:

1. We initially generate X unique activity labels, providing a diverse pool of potential tasks to be
performed within the process.

2. Following this, we generate Y distinct object types. These serve to add complexity and variation
to the event log, mirroring the multi-dimensional nature of real-world processes.

3. We then generate N event identifiers, each of which is linked to a specific activity label. This forms
the basis for tracking the progression and execution of individual activities.

4. Subsequently, we generate M object identifiers, each tied to a specific object type. These identifiers
help map the interaction of various entities within the process.

5. For each event identifier, we sample a number from a random exponential distribution with a mean
value of p. This number is then rounded up to the nearest integer, and the resulting value is used
to associate the event identifier with an equivalent number of object identifiers.

Through this approach, we can construct event logs where all variables are kept constant except
one. By altering this single variable, we can directly evaluate its influence on the outcomes, providing a
clear understanding of how individual parameters impact the performance and efficacy of the proposed
techniques. This comprehensive and systematic assessment aids in refining the techniques to handle
various scenarios and optimizes their performance for a wide array of potential use cases.
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3.7.2 Assessment of the Basic Flattening Execution Time

In this section, we present our evaluation of the performance of the Basic Flattening operation. As
detailed in Table 3.10, we assessed the operation’s execution time across different scenarios, each dis-
tinguished by the number of events, objects, object types, and activities, as well as the number of
Event-to-Object relationships.

Table 3.10 consolidates the results of multiple experiments, each varying a specific parameter while
holding others constant. For example, in the first section, we adjusted the number of events while keeping
the number of objects, object types, and activities constant, and so forth for each subsequent section.

Following the tabular presentation, we provide a visual depiction of the same data in Figure 3.8.
Each of the four subplots focuses on a different parameter, showing the trend of execution time as this
parameter increases.

Our analysis reveals that the execution time of the flattening operation scales linearly with the number
of events, number of objects, and object types. The influence of other parameters such as the number of
activities appears to be less pronounced.

62



Table 3.10: Execution times for the Basic Flattening operation.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 78721 50 50 1.2132048
100000 10000 158648 50 50 2.4023522
200000 10000 316088 50 50 4.5969565
250000 10000 395001 50 50 4.9876833
300000 10000 473952 50 50 6.4090705
Varying the number of objects
10000 50000 16064 50 50 0.5457078
10000 100000 15784 50 50 0.6847662
10000 200000 15833 50 50 0.9564766
10000 250000 15708 50 50 1.0942039
10000 300000 15842 50 50 1.2447173
Varying the number of object types
10000 10000 15554 50 50 0.4452643
10000 10000 15713 100 50 0.8407514
10000 10000 15743 200 50 1.7031903
10000 10000 15750 300 50 2.5509293
Varying the number of activities
10000 10000 15903 50 50 0.4388332
10000 10000 15734 50 100 0.4443444
10000 10000 15751 50 200 0.4388262
10000 10000 15542 50 300 0.4472764
Varying the number of related objects
10000 10000 16036 50 50 0.4418169
10000 10000 25444 50 50 0.4783739
10000 10000 34974 50 50 0.5006970
10000 10000 45231 50 50 0.5261483
10000 10000 54990 50 50 0.5525253
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Figure 3.8: Execution times for the Basic Flattening operation.



3.7.3 Assessment of the Object-Graph-Based Flattening Execution Time

In order to gauge the computational efficiency of Object-Graph-Based Flattening on OCELSs, we con-
ducted a series of experiments. The objective was to observe how the execution time behaves with the
variation in several parameters of the event logs: the number of events, objects, object types, activities,
and the quantity of Event-to-Object relationships. It is essential to note that in all experiments, the
flattening was consistently performed on one object type from the event log.

The results of these experiments are systematically tabulated in Table 3.11 and graphically illustrated
in Figure 3.9.

A few observations emerge from the collected data:

e Linear Growth with Events and Objects: The execution time for the flattening operation demon-
strates a linear growth trend as the number of events and objects in the log increases. This is
an anticipated behavior, suggesting that each additional event or object adds a roughly consistent
amount of processing time.

o Stability with Increasing Object Types: An intriguing insight from the experiments is the stable
execution time in the face of increasing object types. Considering that the flattening operation is
carried out on a singular object type, it makes intuitive sense. The operation seems to be largely
unaffected by the sheer variety of object types, underscoring its efficiency in scenarios where the
diversity of object types is high but the focus is only on one specific type.

In conclusion, the experiments shed light on the scalability and specificity of the Object-Graph-Based
Flattening operation in handling OCELs. Such insights can inform practitioners about the potential
performance bottlenecks and efficiencies when dealing with large-scale, diverse logs.
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Table 3.11: Execution times for the Object-Graph-Based Flattening.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 79154 50 50 1.2958393
100000 10000 158368 50 50 2.6163894
200000 10000 316452 50 50 5.3483154
250000 10000 394555 50 50 6.5118422
300000 10000 475095 50 50 7.7274229
Varying the number of objects
10000 50000 15698 50 50 21.8129181
10000 100000 15777 50 50 33.2267917
10000 200000 15864 50 50 49.4606195
10000 250000 16041 50 50 60.6836148
10000 300000 15956 50 50 68.8758236
Varying the number of object types
10000 10000 15884 50 50 2.4691261
10000 10000 15896 100 50 2.7061117
10000 10000 15766 200 50 2.4879450
10000 10000 15841 300 50 2.5904176
Varying the number of activities
10000 10000 15689 50 50 2.7355063
10000 10000 15684 50 100 2.5174117
10000 10000 15918 50 200 2.5646962
10000 10000 15929 50 300 2.3879817
Varying the number of related objects
10000 10000 15961 50 50 2.6064566
10000 10000 25554 50 50 0.4457783
10000 10000 34693 50 50 0.4486246
10000 10000 45058 50 50 0.5824439
10000 10000 54504 50 50 0.7669498
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Figure 3.9: Execution times for the Object-Graph-Based Flattening.

67



3.7.4 Performance of the Feature Table’s Extraction

The extraction of feature tables from OCELSs stands as a crucial step towards deeper analysis and insights.
As such, a systematic assessment was undertaken to understand the performance characteristics of this
extraction process.

Our primary findings indicate a linear relationship between the execution time and each of the involved
parameters. Specifically, the execution time was observed to grow linearly with the number of events,
the number of objects, the diversity of object types, the variety of activities, and the intricacies of Event-
to-Object relationships. This linear behavior underscores the predictable scalability of the extraction
process, providing valuable insights for future implementations and adaptations.

For a comprehensive understanding;:

e The execution times for the extraction of a feature table from an OCEL are tabulated in Table
3.12.

e To provide a visual perspective on the same, the corresponding graph detailing these execution
times can be referenced in Figure 3.10.
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Table 3.12: Execution times for the extraction of a feature table starting from an OCEL.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 78716 50 50 10.5661117
100000 10000 158041 50 50 20.4898767
200000 10000 316681 50 50 40.2521503
250000 10000 395430 50 50 53.7625236
300000 10000 474689 50 50 59.9981032
Varying the number of objects
10000 50000 15869 50 50 6.8344423
10000 100000 15931 50 50 12.5959856
10000 200000 15900 50 50 20.8117765
10000 250000 15828 50 50 25.8729881
10000 300000 15801 50 50 29.5575412
Varying the number of object types
10000 10000 15837 50 50 2.9373541
10000 10000 15722 100 50 3.2501874
10000 10000 15892 200 50 3.8688095
10000 10000 15599 300 50 4.3733918
Varying the number of activities
10000 10000 15756 50 50 3.0117373
10000 10000 15898 50 100 3.3211060
10000 10000 15764 50 200 4.0964246
10000 10000 15859 50 300 4.8267142
Varying the number of related objects
10000 10000 15828 50 50 2.9480021
10000 10000 25144 50 50 3.3877771
10000 10000 34789 50 50 4.1231465
10000 10000 45735 50 50 5.2536902
10000 10000 54223 50 50 6.9844339
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3.7.5 Predictive Analytics Using Features Extracted from OCELs

In this subsection, we propose a quantitative assessment of the features extracted from our approach on
top of more complex publicly available event logs. Indeed, we compare four different settings for feature
extraction:

S1 (Baseline) only features related to the lifecycle of an object are considered. This is equivalent to
performing feature extraction on top of traditional event logs.

S2 Features related to the lifecycle of an object and the Object Interaction Enrichment are considered.
This is equivalent to the setting described in [52].

S3 Features related to the lifecycle of an object and the object interaction and creation graph are
considered.

S4 Features related to the lifecycle of an object and the object interaction, creation, and continuation
graphs are considered.

Table 3.13: Event logs used in the quantitative assessment.

Event log Cons. Obj. Types N. N. N.
Events| Ob- Ac-
jects tivi-
ties
Order Management | orders; items; packages 22367 | 11484 | 11
log
SAP ERP IDES in- | all 98350 | 107767 | 23
stance - O2C log
SAP ERP IDES in- | EBELN_EBELP; 20554 | 62353 | 13
stance - P2P log EBELN;
BELNR__EBELN_EBELP
BELNR
Recruiting Process | applicants; applications; | 6607 1339 12
offers

Inputs: the logs that are used in the quantitative assessment are available at the address https:
//www.ocel-standard.org/ and their features are reported in Table 3.13. For some of the event logs,
we filtered out the object types as specified in Table 3.13. This was done because objects of some object
types were connected to a significant number of events, inducing a connection between most of the
events and objects of the event log, therefore making graph-based feature extraction less effective. As
an example, many orders contained the same products, so the products object type was filtered out from
the “Order management log”.

Technique-Dependent Considerations: we assessed the quality of features based on the quality of
machine learning models that can be learned from the data. In particular, we want to predict the lifecycle
duration starting from four different scenarios, S1-t, S2-t, S3-t and S4-t, which are equivalent to the
aforementioned scenarios with the exclusion of the lifecycle duration feature. For this, we use an extra
trees regressor trained on 80% of the objects to predict the lifecycle duration of the remaining objects
and compare the prediction with the actual value.

Table 3.14: Prediction error (MAPE) of the lifecycle duration in the four experimental scenarios S1-t,
S2-t, S3-t, and S4-t (lower is better).

Event Log S1-t S2-t S3-t S4-t
Order Management log 54% 55% 55% 55%
SAP ERP IDES instance - | 53% 36% 28% 27%
02C log

SAP ERP IDES instance - | 147% 134% 132% 129%
P2P log

Recruiting Process 45% 45% 44% 43%
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Table 3.15: Prediction error (RMSPE) of the lifecycle duration in the four experimental scenarios S1-t,
S2-t, S3-t, and S4-t (lower is better).

Event Log S1-t S2-t S3-t S4-t
Order Management log 0.14D 0.15D 0.15D 0.15D
SAP ERP IDES instance - | 3.63D 3.14D 2.85D 2.79D
02C log

SAP ERP IDES instance - | 0.14D 0.12D 0.11D 0.13D
P2P log

Recruiting Process 0.82D 0.82D 0.82D 0.82D

The effectiveness of the prediction was measured using two standard metrics (Mean Absolute Per-
centage Error (MAPE) and Root of Mean Squared Percentage Error (RMSPE)), briefly reported below.
Here, A; is the actual value (the effective throughput time) and F; is the predicted completion time.

Ai — Fi
A;

1 n
MAPE = —
- ; | |
Do (Ai — Fi)?
n

The results are reported in Table 3.14 (for the MAPE metric) and Table 3.15 (for the RMSPE
metric). Lower values indicate better predictions, and, generally, the addition of the Object Interaction
Enrichment and the Object Creation Enrichment contributes to improving the results of the prediction.
Considering the MAPE metric, the best predictive results are obtained in the scenario S4-t for three of
the four logs.

Therefore, considering several different graph-based features contributed to a better prediction in
comparison to considering only features related to the lifecycle of an object (S1-t, which is equivalent
to what is done in [38]) or just the Object Interaction Enrichment (S2-t, which is equivalent to what is
done in [52]).

RMSPE =
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Conclusion

This chapter has laid the essential groundwork for Object-Centric Process Mining, introducing the fun-
damental concepts and formal definitions that underpin this emerging field. We have established the
core object-centric notions, illustrating their practical relevance through examples drawn from familiar
ERP processes. The formal definition of OCELs provides the necessary structure for capturing the rich
interactions and attribute dynamics within object-centric processes. We have explored how feature ex-
traction techniques can be applied to OCELs to create a more informative representation for analysis.
Finally, by examining the process of flattening OCELSs, we have highlighted the limitations of traditional
event logs and motivated the need for specialized object-centric techniques. The concepts and definitions
presented in this chapter form the foundation upon which the rest of the thesis is built. The subsequent
chapters will delve into specific methodologies for data extraction, process discovery, and conformance
checking in object-centric settings, building on the foundational understanding established here. The
formal framework for OCELs and the feature extraction techniques introduced will be instrumental in
developing and evaluating these advanced methodologies.
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Chapter 4

Existing Approaches in OCPM

“The advancement and diffusion of knowledge is the only guardian of true liberty.”
James Madison

Introduction

This chapter provides a comprehensive overview of the existing landscape of OCPM, building on the
foundational insights obtained from [17]. We begin by defining the scope of our literature review, ensuring
a focused and systematic analysis of relevant research following the categorization strategies presented
in the referenced contribution. By leveraging the structured approach and the taxonomies detailed in
[17], we delineate key concepts and clarify core terminologies within OCPM.

We then categorize existing works according to their focus: from data extraction and storage so-
lutions to the preprocessing strategies that facilitate smooth transitions into process discovery, confor-
mance checking, and performance analysis. Throughout this chapter, the identified classification and
criteria extracted from [17] guide the detailed examination of current methods, including their strengths,
weaknesses, scalability, and applicability to real-world scenarios. Trends and future directions are also
discussed based on the temporal evolution and insights derived from the referenced systematic literature
review.

Ultimately, this chapter lays out a structured and in-depth understanding of the current state-of-the-
art in OCPM, setting the stage for the novel contributions presented in subsequent chapters.

4.1 Scope of the Literature Review

In doing this literature review, we want to include all relevant scientific papers on OCPM.

Table 4.1 illustrates the process of refinement of the search query. The scopus search engine [5§]
is considered in this case. We started with some well-known concepts (process mining, object-centric,
artifact-centric) and added some extra keywords:

o Synonyms of the artifact-centric and object-centric concepts (including object-aware, multi-case,
multi-instance, multiple cases, multiple instances, and multiple process instances) have been tried.
However, the only ones that resulted relevant to refine the search query and find additional results
are object-aware and multiple entities.

o The usage of graph databases [43] is a natural choice for storing and querying object-centric event
data, given their ability to store event data with lots of interconnections (Event-to-Event, Event-
to-Object, Object-to-Object). We tried different synonyms for the concept of graph database (e.g.,
event graph, knowledge graph, property graph) but no additional results were found in comparison
to the original query, hence we do not include these synonyms in the search query.

e OCPM techniques have been defined to overcome the necessity to choose a case notion on the data
and the limitations coming with it. Therefore, an OCPM analysis is done on all the possible object
types/case notions. When OCPM techniques were not still developed, the choice of a case notion
was necessary. Hence, including all the techniques helping to choose the case notion is of historical
interest for this review.
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Table 4.1: Refinement process of the search query executed on scopus [58].

Search Query Number of
results
TITLE-ABS-KEY ("process mining") AND TITLE-ABS- | 73

KEY ("object-centric" OR "artifact-centric")
TITLE-ABS-KEY("process mining" OR "process discov- | 82
ery" OR 'conformance checking') AND TITLE-ABS-
KEY ("object-centric" OR "artifact-centric")
TITLE-ABS-KEY("process mining" OR "process discov- | 89
ery" OR 'conformance checking") AND TITLE-ABS-
KEY("object-centric" OR 'artifact-centric' OR  "object-
aware")

TITLE-ABS-KEY("process mining" OR "process discov- | 94
ery" OR 'conformance checking") AND TITLE-ABS-
KEY("object-centric" OR 'artifact-centric' OR "object-
aware” OR "multiple entities")

TITLE-ABS-KEY ("process mining" OR "process discov- | 114
ery" OR 'conformance checking') AND TITLE-ABS-
KEY("object-centric" OR ‘'artifact-centric' OR "object-
aware' OR "multiple entities" OR "graph database")
TITLE-ABS-KEY ("process mining" OR "process discov- | 119
ery" OR 'conformance checking') AND TITLE-ABS-
KEY ("object-centric" OR 'artifact-centric' OR, "object-
aware" OR "multiple entities" OR "graph database" OR
"case notion")

TITLE-ABS-KEY ("process mining" OR "process discov- | 127
ery'" OR 'conformance checking") AND TITLE-ABS-
KEY ("object-centric" OR '"artifact-centric' OR "object-
aware" OR "multiple entities" OR "graph database" OR
"case notion" OR "merging event logs") OR (TITLE-ABS-
KEY("object-aware") AND TITLE-ABS-KEY ("petri net"))

o Also, merging techniques have been used to collate event data coming from different systems/or-
ganizations. Including the log merging techniques in this review helps to understand how multiple
sources of event data were treated when no object-centric technique was available.

e As a reference, we include some object-aware extensions of the Petri net concept, on top of which
discovery/conformance checking techniques will be proposed in the near future.

The final query is reported below:

[frame=single]

(TITLE-ABS-KEY("process mining" OR "process discovery"

OR "conformance checking")

AND TITLE-ABS-KEY("object-centric" OR "artifact-centric"

OR "object-aware" OR "multiple entities"

OR "graph database" OR "case notion" OR "merging event logs"))
OR (TITLE-ABS-KEY("object-aware")

AND TITLE-ABS-KEY("petri net"))

The search query produced some unrelated results, so we propose acceptance criteria to filter the
results according to the goals of the review:

1. The reference should be properly inserted and mentioned in scopus. Moreover, for the duplicated
entries, only one entry is kept. This reduces the number of results from 127 to 96. An example of
an entry excluded with this criteria is 28th International Conference on Cooperative Information
Systems, CoopIS 2022 because it (wrongly) reports the name of a conference as a reference to a
specific paper.
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2. The event data or process model used in the paper should allow for the interaction of an event with
several objects of different types, the interaction between cases of different event logs, the choice of
a case notion between many available possibilities, or being about advanced object-aware processes
on top of which process discovery or conformance checking techniques are currently in the work.
This reduces the number of results from 96 to 71. Examples of entries excluded with this criteria
are Uncertain Case Identifiers in Process Mining: A User Study of the Ewvent-Case Correlation
Problem on Click Data' (because the event correlation is done on data without any case identifier)
and Graph-Based Token Replay for Online Conformance Checking® (because a traditional TBR
technique is applied).

3. The paper should be published between January 2010 and June 2023 (this did not reduce the
number of results, but makes the review reproducible).

This allows us to obtain the related works included in this review (Table 4.2).

4.2 Conceptualization

We could identify some categories for the different types of OCELs formats proposed in the literature:
e E2O: the events are related to different objects of different object types.
e 020: Object-to-Object relationships (for example, parent-children relationships) are recorded.

o E2E: event-to-event relationships (for example, connecting events with different levels of granular-
ity) are recorded.

The original OCEL 1.0 format https://www.ocel-standard.org belongs to the category E20, but
not to 020 or E2E. The commercial vendor Celonis proposed the usage of multi-event logs, which
are collections of event logs and relationships between the cases/objects of such logs. Therefore, multi-
event logs belong to the category O20. Moreover, always Celonis proposed the signal link functionality
exploiting event-to-event relationships (E2E) to connect event data.
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Figure 4.1: OCDFG [25]. This process model belongs to the ET2ET (activities are connected by arcs)
and ET20T (arcs are colored according to the object type) categories.

A flattening operation converts an OCEL to a traditional event log after the choice of a case notion.
The choice of a case notion leads to the three problems of deficiency, convergence and divergence [115],
which can be summarized as follows:

1Pegoraro, Marco, et al. “Uncertain case identifiers in process mining: A user study of the event-case correlation
problem on click data.” Enterprise, Business-Process and Information Systems Modeling: 23rd International Conference,
BPMDS 2022 and 27th International Conference, EMMSAD 2022, Held at CAiSE 2022, Leuven, Belgium, June 6-7, 2022,
Proceedings. Cham: Springer International Publishing, 2022.

2Waspada, Indra, et al. “Graph-Based Token Replay for Online Conformance Checking” IEEE Access 10 (2022):
102737-102752.
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o A deficiency problem occurs when some events are not included in any case (for example, events of
a purchase requisition that is not transformed into a purchase order are not included if the order
is chosen as a case notion).

e A convergence problem occurs when the same event needs to be replicated among different cases
(for example, the events related to an invoice with multiple orders, when the order is chosen as
case notion).

e A divergence problem occurs when several concurrent instances of the same activity appear in the
same case (for example, the events related to different invoices of the same order).

OCPM techniques exploit OCELs and object-centric process models. Object-centric process models
can be abstracted as multigraphs in which the set of nodes are the activities or the object types involved
in the business process, and logical connections of different types connect the nodes. Discovery techniques
for object-centric process models have been proposed. Among object-centric process models, we identify
the following categories (all at the model level):

o ET2ET: the model allows for logical connections between event types/activities. These connections
can either be direct (e.g., two activities are connected in a Directly-Follows Graph, see Figure 4.1)
or indirect (e.g., there is a path in the Petri net between two visible transitions in an OCPN).

o ET20T: the model allows for logical connections between event types/activities and object types,/-
classes. In most situations, these connections report conditions on the start/end/synchronization
between object types, or cardinality constraints (see Figure 4.10). In the literature, the term
artifact-centric is commonly used to refer to process models (BAUML, Guard-Stage-Milestone,
Proclets, Object-aware) belonging to the ET2ET and OT20T categories.

o OT2O0T: the model allows for logical connections between object types/classes. In most situations,
these connections are reported as arcs (between event and object types) or as arc types (examples:
activity-to-activity arcs, see Figure 4.1).

4.3 Categories of Analysis

In this section, we categorize the results obtained from the search query into different categories. Table
4.2 includes a synthetic representation of such categories. In particular, for every paper we include:

o The title and the authors of the paper.
e The year and the month in which the paper was published.
o The types of OCELs used in the paper (E20, 020, E2E; see Section 4.2).

o The types of object-centric process models used in the paper (ET2ET, OT20T, ET20T; see Section
4.2).

o The different techniques adopted in the paper (described in this section).

o The dimensions valued in the paper (see Section 4.4).

4.3.1 Extraction of Object-Centric Event Data

The techniques described in this subsection allow us to connect to a relational/non-relational database
and extract an OCEL.

Here, we distinguish between the definition of meta-models for the extraction (without any proposed
implementation, e.g., [95, 93, 94]) or actual extraction techniques that have been used to extract an
OCEL. In [80], an approach for artifact-centric process mining on top of SAP ERP is proposed, with an
implementation (as a plug-in of ProM) allowing to ingest the artifact-centricity from SAP and visualize
the performance of the artifacts. According to the authors, the implementation is tricky to configure
and this makes the usage difficult for the final user. In [18, 134], a generic approach to extract event
data from SAP ERP is proposed. This starts from the specification of a starting object type/table of
SAP and its progressive extension to a bigger set of object types/tables through user interaction. Then,
the tables and the relationships between them are considered to automatically extract an OCEL. This
is user-friendly (no SQL query is asked to the end user), allows quick extraction of different processes in
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SAP, and the tool support is publicly available. However, the paper does not properly assess the resulting
OCEL. In [133], Konetki, a tool offering a structured approach to prepare event data for process mining,
is presented. Konetki implements an object-centric data model from which OCELSs can be extracted or
different traditional event logs can be exported using different case notions.

The extraction of an event log from the Dollibar ERP system is described in [79]. This log can be
used with the object-centric behavioral constraints techniques. Also, a log (always for OCBC techniques)
has been extracted starting from popular social media platforms (Facebook, Linkedin, Twitter) in [75].

In [136, 137], the Virtual Knowledge Graph (VKG) approach to access data in relational databases is
exploited to extract OCEL logs from databases. The VKG approach is knowledge-based (and a similar
approach, OnProm, has been previously proposed to extract XES logs from databases).

4.3.2 Storage of Object-Centric Event Data

Here, we introduce the different formats that have been proposed for the storage of object-centric event
data.

For OCELSs satisfying E20, a tabular format has been proposed in [22] and [115]. Each row corre-
sponds to an event, the attributes at the event level are columns, and also the object types are columns.
Each cell corresponding to an object type column contains the set of related objects to the event of such
an object type. Eventually, the OCEL specification has been proposed in [53] with some implementa-
tions in JSON and XML. The standard allows for attributes at the event and object level; moreover,
each event is related to a set of objects.

For OCELs satisfying O20, the ACEL standard has been proposed in [86, 84] for the storage of
artifact-centric event data from blockchain applications.

The XOC format that has been proposed in [79] to store object-centric event data satisfying E20
and O20. This can be exploited for the discovery of object-centric behavioral constraint models. Every
event that changes the status of the database model (creation, update, deletion of rows in the tables)
is stored along with the entire status of the database (since the discovery of object-centric behavioral
constraint models requires such information). This results in large logs even for small databases (because
of the persistence of the status of the database for every event).

Some alternative storages have been adopted in the context of object-centric event data. In partic-
ular, graph databases [44, 45, 43] have been used to store and query object-centric event data. Also,
document databases are used to store object-centric event data (in particular, MongoDB [12]). The
Parquet columnar format has been proposed in [22] for keeping object-centric event data in-memory.
As efficient compression algorithms can be used on the columns of a columnar database, the storage
proves enormously competitive in comparison to OCEL for basic object-centric event data but loses the
possibility to store nested attributes.

Limitations of the Current Formats: The importance of storing dynamic object attribute values
has been highlighted as a necessity in two recent studies. In the context of Internet of Things (ToT),
the study [28] highlights the need for accommodating rapidly changing IoT data within process mining
techniques, underscoring the inability of existing formats like OCEL to track dynamic attribute values
effectively. The study [57], concentrating on data-aware process mining, points out the ambiguity prob-
lems in linking attributes to events or objects in current OCEL formats, emphasizing the importance of
support for dynamic object attributes.

4.3.3 Preprocessing of Object-Centric Event Data

We consider in this section only techniques that prepare/transform data for the application of other
techniques (not the internal preprocessing steps of every algorithm).

In this section, we divide between merging techniques (some event logs are provided as input, and an
event log is obtained as output containing the information of the different logs), the flattening/choice of
a case notion (a criterion that is used to group events together) and filtering techniques (allowing to get
an OCEL with a subset of the behavior of the original log).

Merging event logs: different approaches have been proposed to merge the contribution of different
event logs into one. In [106], an approach to merge event logs with many-to-many relationships is
proposed. A more user-guided technique is proposed in [36]. The usage of a hybrid artificial immune
algorithm for event log merging is proposed in [139]. Since the merged logs may have different levels of
granularity, in [107] an approach to consider such granularity is proposed. Therefore, merging allows the
application of traditional process mining techniques to a set of interconnected logs. This is of particular
importance for inter-organizational processes. In [116], federated process mining is proposed to create
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an event log out of event data collected across organizational boundaries. Another approach for merging
event logs in the context of inter-organizational process mining is proposed in [59].

Case Notion: we assume that events can be extracted from an information system with many
different attributes and connections to objects, but it is unclear which are the suitable case notions in
order to use the event data with traditional process mining techniques. Implementation of the OpenSLEX
meta-model [40, 39] act as a bridge between the database and the eventual event logs. The contents of
the database are transformed into a format that allows to easily query the data and retrieve a list of
possible case notions. This can then be used to construct a traditional event log.

Filtering: the tool proposed in [25] allows some basic filtering operations (activities occurrences,
number of objects per object type, sampling, activity - object type filtering). Also, the MongoDB support
for OCEL [12] naturally allows for many filters on the event data. Graph databases usually have powerful
query languages. In [43], the Neo4J graph database language Cypher is used to preprocess the event
data before other operations, such as the discovery of a process model, are used.

Feature Extraction: in [4], the interconnections between different objects in an OCEL are used
to define variants in the object-centric setting. In particular, the connected components of the Object
Interaction Enrichment are used to identify clusters of related objects. These clusters are used to identify
correlated events in the OCEL. The graph-related properties of these events and objects are then used
to identify events/objects with similar behavior (this is eventually called variant). These properties
are also exploited in [4] for feature extraction on OCELs. Different use cases (including predictive
analytics) and types of feature extraction (table-based, graph-based) are proposed. In particular, the
importance of the single features for the target is identified using explainable AI techniques (including
the usage of SHAP values). The assessment of the paper is done starting from a traditional event log
“adapted” as an OCEL. The related tool support is publicly available and can be easily installed. The
paper [52] introduces feature extraction on OCELs for the goals of predictive analytics (prediction of
the remaining time, activities occurrences, and customer satisfaction). It shows how considering the
interaction between objects (Object Interaction Enrichment) leads to an improvement in the quality of
the prediction on OCELs, compared to only considering the flattened event logs. This has been evaluated
in a real-life case study. Also, [55] considers predictive monitoring starting from OCELs, focusing on
the prediction of the next activity and remaining time starting from traditional and interaction-based
features.

Alternative Approaches: in [108], an approach to transform traditional event logs into OCEL(s)
is proposed. In [68], an approach to normalize an OCEL to a STAR and fully normalized database
schema is shown. In [51], an object-centric clustering approach with the purpose of identifying alternative
“behavioral patterns” is proposed, helping the user to understand different executions of the same process.
Clustering is also proposed in [62], but with the different purpose of identifying object types that would
produce a similar flattened traditional event log.

4.3.4 Process Discovery Techniques

Here, we divide the techniques that discover models satisfying ET2ET+OT20T (but not ET20T),
ET2ET+ET20T (but not OT20T)
and ET2ET+0T20T+ET20T.

ET2ET+OT20T: in [91], a set of discovery techniques is proposed starting from the relational
database. First, the artifact schema is discovered from the relational database. Then, the data is divided
between artifacts. This data is used to create event logs for the single artifacts, and to discover the
lifecycle of the artifacts. An approach for artifact-centric process discovery specific to SAP ERP is
proposed in [80]. Moreover, a meta-model that can be used to extract an event log from generic ERP
systems is described in [95], with an application on Dynamics NAV ERP.

A discovery approach for Guard-Stage-Milestone models is proposed in [101, 103], with an initial
discovery of Petri nets from the event data and its conversion to GSM models.

The discovery of composite state machines is introduced in [126], along with an implementation as
a plug-in of the ProM framework and an assessment on the popular BPI Challenge 2017 dataset. A
refinement is proposed in [127], allowing the enhancement of the model with performance metrics.

A user-guided approach for artifact-centric process modeling is proposed in [89] (BAPE, bottom-up
artifact-centric process environments) with a process discovery integration that allows to construct the
overall process model from the event data of the fragments.

The discovery of object-aware processes in the PHILharmonicFlows platform is described in [31].

ET2ET+ET2O0T: the basic idea of mainstream OCPD algorithms is to flatten the OCEL into the
single object types, apply a traditional process discovery algorithm for such logs and then collate the
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results together. This has been done in [22, 43] (collation of Directly-Follows Graphs) and [119] (collation
of Petri nets). In [25], several new metrics (number of events, unique objects, total objects) are proposed
to decorate the diagrams. Also, MPM process mining proposes a model as a collation of models for
the single object types [85]. An alternative approach includes the Event-to-Object and Object-to-Object
relationships [11]. The tool [8] offers OCPD capabilities (OCPNs; visualization of variants).

Case studies on the discovery of OCPNs from manufacturing systems are proposed in [81, 110].

A tool for the discovery of process cubes on top of object-centric event data is proposed in [54], which
uses OCDFGs and Petri nets.

ET2ET+OT20T+ET20T: several papers have been published on the discovery of object-centric
behavioral constraints models [76] [74] [138]. Based on the constraints of the object model, an event
correlation approach is also defined [77]. Also, some example applications of the discovery on top of
event logs extracted from the Dollibar ERP system and from popular social media platforms [75, 37]
are proposed. Object-centric behavioral constraint models are very sensitive to noise. Therefore, [138]
introduces a technique to manage the noise during the discovery of such process models. Tool support
is available [74], but it is not working with the current version of the ProM framework.

In [2], the care pathways for multi-morbid patients have been visualized using event graphs. These
graphs include activity-to-activity, activity-to-entity, and entity-to-entity relationships.

Alternative Approaches: in [47], a process discovery approach for event knowledge graphs is
proposed, in which the relationships between the single events and objects are represented.

4.3.5 Conformance Checking Techniques

Here, we divide between techniques performing conformance checking on models satisfying
ET2ET+O0OT20T (but not ET20T) or ET2ET+ET20T (but not OT20T).

ET2ET+O0OT20T: the main idea to perform conformance checking, proposed in [49, 48], is to
split the problem into behavioral conformance of the single entities (this can be done using traditional
conformance checking techniques such as TBR and alignments) and interaction conformance between
different entities.

The approach proposed in [46] is based on checking different conditions (constraints over the maximum
number of related entities; conditions over the transitions in the lifecycles) starting from a BAUML model.

In [30], conformance checking over object-aware processes is done, with a formalism that allows for
flexible lifecycle executions (different workflow nets are created for different conformance categories).

ET2ET+4+ET20T: OCPNs have been proposed in [119], which allow for conformance checking on
OCELs. On top of OCPNSs, the concepts of fitness and precision have been defined [7].

In [98], object-centric constraint graphs are introduced with the purpose of representing constraints
considering the interaction of objects. These constraints are checked on a live stream of events.

A tool support offering support for OCCC is described in [25]. This allows for the application of
standard conformance checking techniques on the flattened logs (e.g., the log skeleton and the temporal
profile), but also conformance rules based on the interaction between different objects in the OCEL. The
proprietary tool of [85] also implements an OCCC approach, but the exact specification is unavailable.

4.3.6 Performance Analysis Techniques

Here, we collect some performance analysis techniques on top of object-centric process models.

Among models satisfying ET2ET+0OT20T, but not ET20T, [127] allows for the decoration of
composite state machine models with performance metrics (are delays in the processing of an artifact
correlated with delays in another artifact?). Among models satisfying ET2ET+ET20T, but not
OT20T, we cite the tool OC-PM [25]. Moreover, [96] introduces the enhancement of OCPNs with
performance metrics.

Predictive analytics techniques are described in [52, 4, 55]. The prediction of variables such as the
total throughput time is possible thanks to learning a model out of the features of the objects of the
OCEL and their interactions.

4.3.7 Other Approaches

Here, we collect approaches that do not belong to any of the aforementioned categories.
In [56], an extension of colored Petri nets is proposed with two main highlights:
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o The tokens are objects, and they can be created either by firing a transition (for example, an order
with identifier ogsse is obtained by firing the Create Order transition), or from a catalogue (for
example, the order ogssg includes the product iPhone).

e Advanced conditions allowing to fire a transition can be inserted and checked from an underlying
database. As an example, the shipment of an order with a total mass of 10000 kg cannot be done
on a truck ¢; with a capacity of 5000 kg, while it can be done on a truck t5 with a capacity of
20000 kg (the capacity of the trucks ¢; and ¢ is checked on the database).

o Data can be added to the objects/tokens after firing a transition (always with the possibility to
look up the underlying database).

This is more advanced than the models presented in the earlier sections of the paper, and a discovery
operation would not need only to discover the control-flow perspective for every object type, but also to
consider advanced interactions between the objects (e.g. > i i corder Weight(item) < capacity(truck) ).
In [123], the concept of token is associated with a set of objects. For example, the placement of an order
involves an order object and several item objects, which are logically connected, therefore it makes sense
to consider them as a single token in the Petri net. The type and cardinality of the objects are taken
into account when firing a transition.

Currently, no process discovery/conformance checking approach is available for either [56] (extension
of colored Petri nets) and [123] (tokens associated with sets of objects). However, the information
needed to discover such models is contained in the OCEL (more specifically, in the E2E and 020
relationships, and the attributes at the event/object level), therefore we expect the proposal of process
discovery/conformance checking techniques in the future.

82



Table 4.2: Summary of the included results.

Log Type | Model Type Technique Quality
= o0 3 & § ¢
E e e |5 . F 2 il gL E
3 S ggouleg Q|8 ¥ g EEE S E
h-1 NN NN N N < = Q o - = w0
= 0 B O R E & H|E S £ g & <& £ @
: SRR NI
> £ S g a ©
A Virtual Knowledge Graph Based Approach for OCELs Extrac- | 202310 | X X X X
tion [137]
Process mining for artifact-centric blockchain applications [84] 202309 X X X
Normalizing object-centric process logs by applying database prin- | 202305 | X X X X
ciples [68]
Object-Centric Process Predictive Analytics [52] 202303 | X X X
Object Type Clustering Using Markov Directly-Follow Multigraph | 202212 | X X X
in OCPM [62]
A Framework for Extracting and Encoding Features from Object- | 202211 | X X X X X
Centric Event Data [4]
Object-Centric Predictive Process Monitoring [55] 202211 | X X X X
Enabling Multi-process Discovery on Graph Databases [43] 202210 | X X X X X X
OPerA: Object-Centric Performance Analysis [96] 202210 | X X X X X X X
ocpa: A Python library for object-centric process analysis [5] 202210 | X X X X X X X X X X
Enhancing Data-Awareness of OCELs [57] 202210 | X X X X
Interactive Process Identification and Selection from SAP ERP | 202210 | X X X
[134]
Konekti: A Data Preparation Platform for Process Mining [133] | 202210 | X X X X X
Clustering Analysis and Frequent Pattern Mining for Process Pro- | 202210 | X X X
file Analysis: An Exploratory Study for OCELs [51]
Defining Cases and Variants for Object-Centric Event Data [6] 202210 | X X X X
Monitoring Constraints in Business Processes Using Object- | 202210 | X X X X
Centric Constraint Graphs [98]
Uncovering Object-Centric Data in Classical Event Logs for the | 202209 | X X X X
Automated Transformation from XES to OCEL [108]
Assessing the Suitability of Traditional Event Log Standards for | 202209 | X X
ToT-Enhanced Event Logs [28]
OC-PM: Analyzing OCELs and Process Models [25] 202208 | X X X X X X|X X X
Discovery of Object-Centric Behavioral Constraint Models With | 202208 | X X X X X X X X
Noise [138]
Extraction of OCELSs through Virtual Knowledge Graphs [136] 202208 | X X X | X X X
Extracting Artifact-Centric Event Logs From Blockchain Appli- | 202207 X X X X
cations [86]
Petri net-based object-centric processes with read-only data [56] | 202207 X
OCm: Object-Centric Process Insights [8] 202206 | X X X X X X X
Process Mining over Multiple Behavioral Dimensions with Event | 202206 | X X X X X
Knowledge Graphs [47]
Data and Process Resonance - Identifier Soundness for Models of | 202206 X
Information Systems [123]
Enabling Conformance Checking for Object Lifecycle Processes | 202205 X X X X X
(30]
Process Mining to Discover the Global Process from its Fragments’ | 202204 X X X X X X
Executions [89]
A Methodology to Apply Process Mining in End-To-End Order | 202201 | X X X X X X
Processing of Manufacturing Companies [110]
Multi-Dimensional Event Data in Graph Databases [45] 202112 | X X X | X X X X X X X X X
An Event Data Extraction Approach from SAP ERP for Process | 202111 | X X X X X
Mining [18]
Associative Intelligence for OCPM with MPM [85] 202111 | X X X X X X X
A Scalable Database for the Storage of OCELs [12] 202111 | X X X X X X X
Precision and Fitness in OCPM [7] 202111 | X X X X X
A Python Tool for OCPM Comparison [54] 202111 | X X X X X X X X
Discovering Care Pathways for Multi-morbid Patients Using Event | 202110 | X X X X X X
Graphs [2]
Federated Process Mining: Exploiting Event Data Across Orga- | 202109 X X X X
nizational Boundaries [116]
Storing and Querying Multi-dimensional Process Event Logs Us- | 202109 | X X X | X X X X X X X X X
ing Graph Databases [44]
OCEL: A Standard for OCELs [53] 202108 | X X X X
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4.4 Dimensions

In this section, we verify the dimensions of the papers under different criteria (scalability, generalization,
availability of tool support, and case studies on real-life event data). We divide the analysis between
techniques working with process models belonging to the ET2ET and the ET20T categories (but not
OT20T), techniques working with process models belonging to the ET2ET and the OT20T categories
(but not ET20T); techniques working with process models belonging to the three categories ET2ET,
OT20T and ET20T.

4.4.1 Scalability

In this section, we discuss the scalability of the techniques as a dimension influencing the applicability
of object-centric techniques in real-life contexts.

ET2ET+ET20T: since mainstream OCPD techniques are based on: i) flattening the OCEL on
the different object types; ii) discovering a traditional process model on the flattened log; iii) collating
everything together, the discovery techniques ([22, 119, 25]) have good scalability. However, the process
enhancement phase (decorating the model with frequency or performance metrics) requires a replay
operation that has lower scalability (considering the metrics described in [119] and [96]).

ET2ET+OT20T: these models can be discovered from the event data in three different phases: i)
discovery of the lifecycle of the entities; ii) discovery of the interaction between different entities; iii) for
some models, the discovery of the synchronization conditions between the entities. While for the first
phase process discovery algorithms on traditional event logs can be used, therefore good scalability could
be achieved, for the second and especially the third phase the scalability is generally problematic.

ET2ET+OT20T+ET2O0T: the discovery of the declarative constraints of object-centric behavioral
constraint models [76] scales poorly. Moreover, also the event log format (XOC) proposed in [79] is of
difficult usage in real-life contexts due to the persistence of the status of the database for every event.

4.4.2 Generalization

In this section, we discuss the generalization of the techniques as a dimension influencing the applicability
in different real-life scenarios.

ET2ET+ET20T: these techniques can be applied to OCELs, and some publicly available OCELSs
can be downloaded from http://www.ocel-standard.org/. Hence, most of these techniques are generic
and do not depend on the target information systems.

ET2ET+OT20T: composite state machines can be discovered starting from XES event logs using
the CSM miner plugin [126]. Therefore, the technique can be applied to any event log. Other techniques
are highly dependent on the database ([91])/information system ([80]), hence they cannot be generalized.

ET2ETH+OT20T+ET20T: object-centric behavioral constraint techniques [76] start from XOC
logs [79], hence they are generic. However, due to the problems in the scalability and the lack of publicly
available XOC logs, the application of such techniques to mainstream systems is difficult. The authors
describe in a scientific paper the extraction of event logs from the Dollibar ERP system [79] and from
popular social media platforms [75].

4.4.3 Availability of Tool Support

The main open-source tool supports for OCPM are OC-PM [25] (offering process discovery, conformance
checking, machine learning, and filtering algorithms) and OC- [8] (offering process discovery and variants
visualization capabilities). The following scientific tools are also covering OCPM analyses:

o Process cubes are described in [54] for process comparison purposes.
A proprietary tool for OCPM is described in [85].

o A tool to extract OCELs from SAP ERP systems is proposed in [18].
o A Python library for OCPM is described in [5].

Tool support is offered for the discovery of object-centric behavioral constraint models [76] as a plugin
of the ProM framework?3. Other types of models can be discovered (for example, [80]), however, the tool
support is older and difficult to launch.

3The plug-in is of difficult usage and the public available XOC logs are difficult to retrieve.
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Figure 4.2: Categories of event logs used in the considered papers.

4.4.4 Case Studies using Real-Life Event Data

Here, we analyze which papers included in the review have applied their techniques to case studies on
real-life information systems. These would help to prove the readiness of the discipline. This criterion
excludes papers with an assessment done on a publicly available real-life event log, because the questions
and the results have not been discussed with the business.
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Figure 4.5: Criteria used in the considered papers.

Unfortunately, only a few case studies have been proposed. In [81], the problem of modeling a
production system including different assembly stations (where every station records the event data
singularly) using object-centric process models is assessed, and a flow shop including the assembly stations
is successfully discovered. This allows for building a simulation model with the desired behavior. In [110],

an end-to-end object-centric process is extracted with different stages of the manufacturing process (sales,
manufacturing, shipping).
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In [84], an application of artifact-centric process mining to public Ethereum applications is proposed.

4.5 Temporal Evolution of the Discipline

We represented in four graphs the temporal evolution of the discipline:

o In Figure 4.2, we show the usage of different categories of event logs (E20, 020, E2E) during
the considered timeframe. Event logs containing Object-to-Object relationships were mostly used
between 2011 and 2016, while recently the interest moved to event logs in which an event can be
related to different objects of different object types.

e In Figure 4.3, we show the usage of different categories of process models (ET2ET, OT20T,
ET20T) during the considered timeframe. Between 2011 and 2016, the focus was on process
models describing ET2ET and OT2OT interactions, while recently the interest moved to process
models describing ET2ET and ET20T interactions.

o In Figure 4.4, we show a categorization of the techniques (extraction, storage, preprocessing, dis-
covery, conformance, performance analysis) used in the papers during the considered timeframe.
Greater focus is put in recent times on storage, preprocessing, and performance analysis.

e In Figure 4.5, we show a categorization of some criteria (scalability, generalization, tool support,
case studies) used in the papers during the considered timeframe. The availability of tool support,
and the interest in scalability, increased over time.
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4.6 Description of Existing Process Models

Here we include the description of a subset of existing process models that have been adopted in the
scientific research.

4.6.1 Artifact-Centric Models

Building upon the foundational concepts elucidated by the BALSA framework [60] and BAUML models,
we explore artifact-centric business process models in this section. The BALSA framework posits four
integral dimensions that should be inherent in any artifact-centric business process model, as enumerated:

o Business Artifacts: These are significant data crucial for the attainment of business goals. Business
artifacts, their relationships, and constraints can be depicted using entity-relationship models or
UML class diagrams.

o Lifecycles: These delineate the life journey of an artifact from its inception to its eventual disposal.
Statecharts or state machine diagrams can serve as visual representations.

e Services: Fundamental to the business process, services evolve the process by creating, updating,
and deleting artifacts. They can be represented through a range of techniques, from natural
language to logic, or via operation contracts specified in OCL.

o Associations: These lay down the restrictions on the manner in which services can modify artifacts,
imposing constraints on services. These can be depicted using procedural representations, such as
a workflow or BPMN, or using declarative representations, such as condition-action rules.

This section’s remaining content is dedicated to introduce several artifact-centric models.

Guard-Stage-Milestone Models

Introduced by IBM Research, the Guard-Stage-Milestone (GSM) [61] is an artifact-centric business pro-
cess model. It was developed as a reaction to the shortcomings of process-centric models that are not
capable of adequately handling data and complex correlations between various data objects.

The GSM model has its roots in the Business Artifact Model (BAM) [90], which was created by
Nigam and Caswell. GSM extended the Business Artifact Model by adding lifecycles to the artifacts.
The lifecycles are described by a series of stages, where each stage represents a significant period in the
life of the artifact.

In a GSM model, an “artifact” is an abstract data construct, representing a key business entity
tracked through a business process. Each artifact instance has a data schema (a set of data fields), and
an associated lifecycle model which is a state-machine-like construct, built using stages, milestones, and
guards:

e Stages: A stage represents a significant period in an artifact’s lifecycle. It has a start and an end,
and contains a set of milestones.

e Milestones: Milestones are specific, significant achievements within a stage. They indicate the
progress of an artifact within a particular stage but do not influence the flow of control.

e Guards: Guards are conditions associated with transitions between stages. They control the
progress of the artifact through the lifecycle by monitoring milestone achievements and data
changes.

Proclets

In [117, 118] an innovative modeling paradigm based on Petri nets is proposed, which conceptualize
complex business processes as a collection of interacting, smaller process fragments, or proclets (see
Figure 4.6). This model improves the clarity and flexibility of process representation, particularly in
distributed and dynamic environments.

The interaction between proclets is governed by the exchange of messages, known as performatives. A
performative is characterized by several attributes, including the time of creation or receipt, the channel
used for exchange, the sender (proclet generating the performative), and the set of receivers (proclets
designated to receive the performative).
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Figure 4.6: Example healthcare process expressed as a collection of proclets (taken from [82]).

A critical component of the proclet framework is the concept of channels. Channels serve as medi-
ums to facilitate the transport of messages, or performatives, from one proclet to another. Depending
on the channel’s properties, different interaction types can be supported, including push/pull commu-
nication, synchronous/asynchronous interaction, and verbal/non-verbal communication. Channels also
offer the flexibility to send messages to a specific proclet or a group of proclets, supporting multicast
communication.

Object-Aware Processes (in PhilharmonicFlows)

The PhilharmonicFlows project, developed by a dedicated team of researchers from the University of
Potsdam, Germany, is a novel initiative focusing on the development of a robust, object-aware process
management system, with the aim of achieving seamless integration and flexible management of business
data and processes, thereby overcoming the limitations of traditional Workflow Management Systems.
This led to the development of the concept of “Object-aware Process Management” in Philharmon-
icFlows [69]. This approach aims to offer a generic component which possesses the beneficial features
found in hard-coded application systems while also leveraging the advantages known from W{MS.
Several challenges were identified that, when addressed, could significantly advance process manage-
ment technology. These challenges revolved around integrating views of data and processes, defining uni-
form granularity for process modeling considering underlying data structure, synchronizing concurrently
executed process instances, enabling data-based process modeling and data-driven process execution,
ensuring flexible activity granularity, and addressing user involvement in Object-aware Process Manage-
ment Systems. By addressing these challenges, PhilharmonicFlows aims to provide a clear methodology
for harmonized process modeling, a separation between business rules and process logic, controlled evo-
lution of data and processes, and a knowledge-driven process execution to better assist users, among
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Figure 4.7: Object and relation type modeling view in PhilharmonicFlows (taken from [112]).

other benefits.

The goal of PhilharmonicFlows is to develop a comprehensive framework for an Object-aware Pro-
cess Management System that addresses these challenges. This project aims to offer detailed insights
into the different components of this framework and their complex interdependencies. Ultimately, Phil-
harmonicFlows is envisioned to make a significant contribution towards achieving more flexible process
management technology, where daily work can be carried out in a more intuitive manner.

The BAUML Specification

In [34], the BALSA framework is extended through the development of the Business Artifact-centric
Unified Modeling Language (BAUML) model (an example is reported in Figure 4.9). BAUML represents
the four essential dimensions of an artifact-centric business process model using UML and OCL, standard
languages typically used for conceptual modeling. Specifically, BAUML uses UML class diagrams for
artifact, object, and relationship types; UML state machine diagrams for artifact lifecycles; UML activity
diagrams for associations, and OCL operation contracts for services.

A BAUML model B is defined in [34] as a tuple (M, O, S, P), where:

e M is a UML class diagram, with some classes representing business artifacts. Each artifact is the
top class of a hierarchy whose leaves are subclasses with dynamic behavior.

e O is a set of OCL constraints over M.

o Sis a set of UML state transition diagrams, one per artifact in artifacts(M). For each artifact, S
contains a state transition diagram that encodes the allowed event-driven transitions of an artifact
instance from the current state to a new subclass.

e P is a set of UML activity diagrams, such that for every transition diagram and for every event,
there exists one and only one activity diagram.

In BAUML, conditions are expressed as OCL queries over the UML class diagram M. Each atomic
task is associated with an operation contract, which expresses a precondition on the executability of the
task, and a postcondition describing the effect of the task, both formalized in terms of OCL queries over
M. Thus, tasks in this context represent services as per the BALSA framework’s terminology.
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4.6.2 Object-Centric Behavioral Constraint Models

In [78], the novel paradigm of Object-Centric Behavioral Constraint (OCBC) models is introduced. Draw-
ing from a diverse array of influential frameworks, the OCBC models ingeniously amalgamate concepts
from declarative, constraint-based languages, such as Declare, with elements grounded in data/object
modeling techniques like Entity-Relationship (ER), Unified Modeling Language (UML), or Object-Role
Modeling (ORM). A distinguishing trait of OCBC models is the utilisation of cardinality constraints as
a unifying mechanism. This mechanism effectively addresses the data and behavioral dependencies, as
well as their intricate interplay. The primary application of OCBC models is illustrated in Figure 4.10.

Given the underlying methodologies, these models encapsulate both behavior and data aspects of
business processes in a harmonised manner. Consequently, the OCBC models provide an invaluable
analytical tool that reconciles the object-oriented approach to data management with the intricacies of
process behavior, thereby enabling a more comprehensive and integrated analysis of business processes.

Object-Centric Behavioral Constraint (OCBC) models fundamentally rely on the input of specific
logs, termed OCELSs, or XOC logs in shorthand. Within each log, individual events reflect an associated
object model, appearing under the “Object Model” column. This model represents the state of the
process immediately subsequent to the event’s execution. Besides the object model, each event aligns
with a specific activity and might encompass additional attributes, for instance, the timestamp of the
event’s occurrence.

Despite the strengths of XOC logs in representing process behavior and data, one must acknowledge
that they present scalability issues. Specifically, the requirement of storing the entire state of the model
for each event can lead to substantial data storage demands, particularly for complex processes with a
high number of events. This can result in both storage inefficiencies and computational difficulties when
analyzing large logs.

To address these scalability issues, a subsequent version of XOC logs proposes a different approach:
instead of storing the complete state for each event, the logs now keep track of the updates to the state.
This approach significantly reduces the storage requirements, as only changes to the state are recorded,
not the complete state at each event. This method enhances the scalability of XOC logs, making them
more suitable for handling larger, more complex processes while maintaining their ability to represent
both the behavioral and data perspectives of processes effectively.
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Figure 4.10: Object-centric behavioral constraints model (taken from [76]). This process model belongs
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Conclusion

This chapter has provided a comprehensive overview of the existing research landscape in Object-Centric
Process Mining. By systematically analyzing existing approaches and methodologies, we have identified
key strengths and weaknesses, common themes, and areas ripe for further exploration. The discussion
of different OCEL formats, process models, and analysis techniques has highlighted the diversity of
approaches within the field. The evaluation of these approaches across various dimensions, including
scalability, generalization, and tool support, has provided a critical perspective on the current state-of-
the-art. Furthermore, by tracing the temporal evolution of OCPM, we have identified key trends and
shifts in research focus, paving the way for future research directions. While significant advancements
have been made in areas like data extraction and process discovery, challenges remain, particularly in the
development of scalable and robust conformance checking techniques and the application of OCPM to a
wider range of real-world scenarios. These limitations and open questions motivate the research contri-
butions presented in the following chapters, where we will introduce novel methodologies and techniques
aimed at addressing these challenges and advancing the field of OCPM. Specifically, the insights gained
from this literature review will inform the design and evaluation of our proposed approaches for data
extraction, process discovery, and conformance checking, ensuring that our contributions build upon and
extend the current state-of-the-art.
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Chapter 5

Data Extraction and Preprocessing

“Data is a precious thing and will last longer than the systems themselves.”
Tim Berners-Lee, Inventor of the World Wide Web.

Introduction

In the realm of Object-Centric Process Mining (OCPM), the quality and structure of event data serve as
the bedrock for meaningful analysis and informed decision-making. Without a robust method to extract
and preprocess the data scattered across various relational databases, the potential insights remain locked
behind complexity, redundancy, and noise. The methods presented in this chapter build upon previous
contributions worked by the author of this thesis, including:

e The introduction of a semi-automated methodology for extracting OCELs from relational databases,
specifically tailored for SAP ERP, as in [18], providing a first iterative approach for identifying ta-
bles and generating OCELs.

e The refinement and generalization of the extraction methodology, also assessing scalability and
quality aspects, as in [19], thereby establishing a systematic, end-to-end solution for OCEL gener-
ation.

o The definition of the OCEL standard for storing object-centric event logs, as introduced in [53],
ensuring a uniform and extensible format for representing complex, object-centric data.

e The development of a tool that supports the semi-automated extraction of OCELs from SAP ECC
ERP systems, as presented in [134], enabling practitioners to interactively select processes and
generate OCELs.

¢ The evolution of the OCEL standard into version 2.0, providing robust resources and improved spec-
ifications as described in [67], ensuring enhanced capabilities for representing dynamic attributes
and object-to-object relationships.

This chapter leverages these foundational contributions to tackle the process of transforming raw
relational data into enriched, well-organized OCELs. We begin by introducing a systematic approach
to event data extraction, starting with process identification and table selection. By leveraging abstract
models and blueprints, we establish a scalable framework for mapping domain-specific databases into
standardized OCEL formats, encompassing both the original OCEL 1.0 and the enhanced OCEL 2.0
representations. This ensures that organizations can construct logs that capture the complex interplay
of multiple object types—such as orders, customers, and resources—and their associated events.

Once the data is in OCEL form, we turn to the critical step of preprocessing. This chapter presents a
range of filtering techniques that allow analysts to narrow their focus, removing irrelevant events and ob-
jects, and homing in on the most pertinent slices of the process. From filtering based on event timestamps
or activities to focusing on specific object types or lifecycle attributes, we demonstrate how flexible and
iterative data refinement leads to clearer, more tractable datasets. Maintaining consistency—ensuring no
orphaned events or objects remain isolated—is emphasized as a key aspect of reliable data preparation.

To illustrate the utility of these methods, we introduce the concept of On-Time In-Full (OTIF) as a
representative performance indicator that can only be meaningfully evaluated against high-quality, well-
structured object-centric data. OTIF, common in supply chain and logistics domains, measures whether
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deliveries meet both timing and quantity requirements. Through the lens of OTIF and other real-
world applications, we show how the filtering and preprocessing strategies enable finer-grained analyses,
allowing organizations to detect inefficiencies, improve their operations, and realize more value from their
OCPM initiatives.

In essence, this chapter provides a roadmap from raw relational structures to refined object-centric
logs—equipping practitioners and researchers with the tools needed to ensure their OCPM analyses rest
on a solid foundation. With these extraction, preprocessing, and filtering techniques, practitioners can
confidently derive actionable insights, benchmark performance metrics like OTIF, and pave the way for
more advanced object-centric process analytics.
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Figure 5.1: Highlight of the problems tackled in this specific chapter.
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5.1 Data Extraction and Storage for OCELs

5.1.1 Data Extraction

Databases, and particularly relational databases, play an essential role in process mining. They are
often the primary source of event data which can be used to reconstruct the process execution. In
many organizations, business processes are supported by various IT systems like ERP, CRM, or bespoke
software applications. As these systems carry out tasks, they generate data about the activities they
perform. This data, which includes information about what happened, when it happened, and who or
what was involved, is often stored in a database. Relational databases, with their structured tables and
powerful SQL querying capabilities, are especially common in this context. The transactional nature
of most business processes aligns well with the relational model, which organizes data into tables with
relationships between them.

To conduct process mining, we need to extract this event data from the database. This typically
involves selecting the relevant tables, fields, and records from the database, and structuring this data
into an event log format that can be analyzed by process mining tools. The ability to properly extract
and structure this data is a critical skill in process mining. However, extracting event data from a
relational database can sometimes be complex, as the event data may be scattered across different tables
or encoded in ways that are not immediately suitable for process mining. We often need to join multiple
tables, filter records, and transform data to obtain a suitable event log. Once we have the event log, we
can apply various process mining techniques to discover the underlying process model, check conformance
with a given model, or enhance an existing model. But without the rich, detailed event data stored in
databases, none of this would be possible.

The process of extracting an event log from a database can be distilled into four distinct steps: process
identification, table selection, extraction, and preprocessing. Initially, the task of process identification
involves pinpointing a multitude of business processes underpinned by various information systems, and
then selecting a specific business process for analysis. This is followed by table selection, which focuses
on picking an appropriate set of database tables for the process under scrutiny. The third stage is
the extraction phase, where we retrieve event logs by formulating specific data queries and assign a case
identifier to correlate related events, with the understanding that process mining typically operates under
a single case motion, such as a patient in a healthcare process. The final step is preprocessing, which is
dedicated to readying the event log for various process mining techniques.

The section ahead presents a method for extracting OCELSs, offering support to process analysts at
every stage of event log extraction. To aid in this, we first put forward an abstracted view of the database
along with a representation of principal database-level relationships, termed as Graph of Relationships
(GoRs). This abstraction layer is designed to facilitate the stages of process identification and table
selection. Subsequently, we present blueprints which lay out how the data from the selected tables
correlates with the events of OCELs, thus aiding the extraction phase.

Despite the evident promise and utility of our automated approach in extracting OCELs, we recognize
that it may not be suitable for all scenarios. Particularly in contexts where the database structure is
highly intricate or the event log requirements are unusually specific, manual extraction might still be
necessary. However, it is crucial to acknowledge the potential value of automated methods in reducing
the often substantial burden of the Extraction, Transformation, and Load (ETL) process, which forms a
significant chunk of time spent on every process mining project. Rather than replacing manual extraction
entirely, we envision our approach serving as a helpful tool that can streamline the extraction process,
handle the bulk of standard cases, and free up process analysts to focus on more complex and nuanced
aspects of the process mining task. The ultimate goal is to strike a balance between automated efficiency
and the bespoke precision of manual extraction, to optimize the quality and effectiveness of process
mining outcomes.

5.1.2 Relational Databases

In many organizations, relational databases form the backbone of their information systems, storing
everything from transactional data to user information. Consequently, they often serve as the primary
source of data for process mining, where detailed event data stored in these databases is extracted, trans-
formed, and loaded into process mining tools for analysis. Understanding the structure and operation of
these databases is therefore crucial in the field of process mining.

A relational database organizes data into tables, where each table has a unique name and represents a
specific entity or concept within a domain. Each row in a table corresponds to a single record or instance
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Figure 5.2: An example relational database (Microsoft Access 2000’s Northwind).

of that entity, and each column represents an attribute or characteristic of the entity. For example, in
a table representing employees, each row would hold data for an individual employee, with columns for
attributes such as “employee ID”, “name”, “position”, and so on.

The “relational” aspect comes into play when tables are linked based on shared attributes, often using
keys. These shared attributes enable the creation of relationships between tables, ensuring data integrity
and allowing for complex queries across multiple tables. For instance, an “employee” table might be
related to a “department” table through a shared “department ID” field.

Users interact with relational databases using SQL (Structured Query Language), which allows them
to perform complex queries, update records, and retrieve specific information efficiently. For example,
one can query the database to obtain a list of all employees in a particular department, sorted by their
hire date.

To generalize and abstract the concept of a database, we introduce an abstraction of the database
concept. This abstraction captures both the relational structure—comprising tables with their attributes
and relationships—and the data records with their interconnections. In this abstraction:

e Tables represent entities or object types.

e Rows or records within these tables correspond to objects—individual instances of those entities.
o Attributes are properties associated with each object, defined by the columns in the table.

e Relationships between objects are captured through shared keys, both primary and foreign.

This framework is technology-agnostic, meaning it does not depend on specific database systems like
MySQL, Oracle, or MSSQL, nor on particular implementation details. For example, in some informa-
tion systems like SAP ERP, schema integrity is managed at the application layer rather than within
the database itself. Additionally, methods for preserving updates—such as using REDO logs, in-table
versioning, or separate change tables—vary across systems. This abstraction focuses on the essential
components and relationships within a database, regardless of these implementation differences.

With this understanding, we can formally define the abstracted concept of a database in Definition
27.

Definition 27 (Database Abstraction). A database is a tuple DB = (T,0,0T, A, D, TR, te, tr, otyp,
attdomain, transact, primary, foreign) such that:
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T C Usapie s a set of tables (identifiers).
O C Ugy; is a set of objects (identifiers).
OT C Ugiype 1s a set of object types.

A C Uy is a set of attribute names.

D C Ugom is a set of attribute domains.
TR C Uiransact S a set of transactions.

te: T — P(OXT X Upme X (A 4 Uyal)) is the table entries function associating to a table name a
set of table entries, each identified by an object identifier, a reference table, a (creation) timestamp,
and an attribute map. We denote TE = O X T X Ugimme X (A # Uyal) as the set of table entries.

tr: T xT 4 P(O x O) is the tables relationships function associating to each couple of tables
a set of tuples of objects that are related. Given ty,ts € T, tr(ti,t2) C AE(t1) x AE(t3), where
AE(t) = {mi(y) | y € te(t)}.

otyp : O — OT associates to every object (identifier) the corresponding object type.
attdomain : A — D associates to every attribute name the corresponding domain.
transact : TE 4 TR associates to some table entries a transaction.

primary : T — P(A) associates to every table a set of attributes that are primary keys for the given
table.

foreign : T — P(A) associates to every table a set of attributes that are foreign keys for the given
table.

We introduce as a simple example for the previous definition an abstraction of a database with three
tables, the third one hosting the changes operated to the objects of the other two tables:

T = {t1,t2, changetab}

O = {011,012,021, 022}

OT = {oty,0t2}

A=D=10

TR = {TRANSACT1}

te(t1) = {ent11 = (011, t1,2007 — 04 — 05, vinapy, ), ent12 = (012, t1,2007 — 04 — 07, vinap;,) }
te(ty) = {enta; = (021, t2,2007 — 04 — 10, vinaps; ), entas = (022, t2, 2007 — 04 — 11, vimapy,) }
te(changetab) = {ent3; = (011,t1,2007 — 04— 15, vimap?, ), entzy = (021, t2, 2007 — 04 — 20, vimap3, ) }
tr(ty,t2) = {(011,021), (012, 022)}

otyp(o11) = otyp(o12) = oty

otyp(021) = otyp(022) = otz

transact((o11, t1, 2007 — 04 — 05, vimap,;)) = TRANSACT1

In the given abstraction illustration, we have table ¢; consisting of two entries, whose object identifiers
are 011 and 012 respectively, and their object type is given by oty. Similarly, table ¢5 holds two entries,
with object identifiers 027 and 092, and their object type is oto. Additionally, there exists another table,
denoted as changetab, which registers changes made to entries from the previous two tables. The first
logged change pertains to the entry having object identifier 017 from table t;, and the second change
relates to the entry marked with object identifier 0o from table ¢5. In the context of the abstraction
being proposed, object 011 shares a relationship with 021, and in a similar manner, 015 has a relationship
with 095. We don’t discuss the reasons for these relationships at this point. Furthermore, the creation
of the first entry in table ¢; is associated with the transaction labeled TRANSACT1.
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More Comprehensive DB Example

We introduce, as an additional example for Definition 27, an abstraction of a database with four ta-
bles representing a company’s operations: FEmployees, Departments, Projects, and Assignments. This
database includes various attributes, relationships, and transactions to illustrate the complexity of the
abstraction.
Defining the Components:

o T = {Employees, Departments, Projects, Assignments} is the set of tables (identifiers).

o O = Ogmployees Y ODepartments U O Projects U O Assignments 1S the set of objects (identifiers), where
each Opype corresponds to the set of objects in that table.

o OT = {EmployeeType, DepartmentType, Project Type, AssignmentType} is the set of object types.
e A is the set of attribute names:

A = {EmpID, EmpName, DeptID, DeptName, ProjID, ProjName, AssignedDate, Role}.

e D is the set of attribute domains:

— Upgqe: Natural numbers (for IDs).
— Ustring: Strings (for names, roles).

— Upate: Dates (for assignment dates).

o TR={TR1, TR2, TR3} is the set of transactions.

Attribute Domains: The function attdomain : A — D assigns domains to attributes:

attdomain(EmplD) = Unat, attdomain(EmpName) = Ugiring,
attdomain(DeptID) = Upgy, attdomain(DeptName) = Usiring,
attdomain(ProjID) = Upgt, attdomain(ProjName) = Usiring,
attdomain(AssignedDate) = Upge, attdomain(Role) = Usgtring-

Primary and Foreign Keys: The functions primary and foreign define primary and foreign keys:

o primary(Employees) = { EmpID}.

o primary(Departments) = { DeptID}.

o primary(Projects) = { ProjID}.

o primary(Assignments) = { EmpID, ProjID}.

o foreign(Employees) = { DeptID} (references Departments).

o foreign(Assignments) = { EmpID, ProjID} (references Employees and Projects).
Table Entries: The function te : T — P(T'E) maps each table to its set of entries. For simplicity, we
define a few entries for each table:

o te(Employees) = {

(e1, Employees, 2023-01-10, { EmpID — 1, EmpName — " Alice”, DeptID — 10}),
(e2, Employees, 2023-02-15, { EmpID +— 2, EmpName — "Bob”, DeptID — 20})}.

Here, e; and ey are object identifiers in O gmpioyees-
o te(Departments) = {

(d10, Departments, 2023-01-05, { DeptID +— 10, DeptName — "HR}),
(dao, Departments, 2023-01-07, { DeptID +— 20, DeptName — ”Engineering”})}.

Here, dip and dyo are object identifiers in O pepartments-
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o te(Projects) = {

(p100, Projects, 2023-03-01, { ProjID — 100, ProjName — " ProjectX”}),
(pago, Projects, 2023-04-01, { ProjID — 200, ProjName — " ProjectY”})}.

Here, p,oo and pyq are object identifiers in O projects-

o te(Assignments) = {

(a1, Assignments, 2023-03-15, { EmpID — 1, ProjID — 100, AssignedDate — 2023-03-15, Role — ” Developer™}),
(ag, Assignments, 2023-04-10, { EmpID — 2, ProjID — 200, AssignedDate — 2023-04-10, Role — "Tester”})}.

Here, a; and ay are object identifiers in O gssignments-

Object Types: The function otyp : O — OT assigns object types:

otyp(e1) = Employee Type, otyp(ez) = Employee Type,
otyp(dio) = DepartmentType, otyp(dao) = Department Type,
otyp(p199) = Project Type, otyp(pagg) = Project Type,

otyp(ay) = Assignment Type, otyp(ag) = Assignment Type.

Table Relationships: The function tr: T x T' 4 P(O x O) captures relationships between tables:
o Relationship between Employees and Departments via DeptID:
tr(Employees, Departments) = {(e1, dio), (ez, dao)}.

This indicates that e; (Alice) belongs to department djp (HR), and ez (Bob) belongs to department
dso (Engineering).

« Relationship between Assignments and Employees via EmplID:
tr( Assignments, Employees) = {(a1, e1), (a2, e2)}.
« Relationship between Assignments and Projects via ProjID:

tr(Assignments, Projects) = {(a1, p1oo), (a2, P200)}-

Transactions: The function transact : TE 4 TR associates table entries with transactions:
e The creation of e; and d;q is associated with transaction TRI:
transact((e;, Employees, 2023-01-10, ...)) = TRI,
transact((dyo, Departments, 2023-01-05, ...)) = TR1.
e The creation of a; is associated with transaction TR2:

transact((a1, Assignments, 2023-03-15, ...)) = TR2.
o The creation of ey, dao, Pogg, and ag are associated with transaction TR3.

Explanation of the Example: In this abstraction, we have four tables representing different aspects
of a company’s operations:

1. Employees table:

o Contains entries for two employees, Alice and Bob.
o Attributes include EmpID, EmpName, and DeptID.

o FEach employee is associated with a department via DeptID.
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2. Departments table:

o Contains entries for two departments, HR and Engineering.
o Attributes include DeptID and DeptName.

e Serves as a reference table for employees’ department assignments.
3. Projects table:

o Contains entries for two projects, Project X and Project Y.
o Attributes include ProjID and ProjName.

e Projects are assigned to employees through the Assignments table.
4. Assignments table:

e Represents the assignment of employees to projects.

e Composite primary key consists of EmpID and ProjID.

o Attributes include AssignedDate and Role.

o Establishes relationships with both Employees and Projects via foreign keys.

Relationships and Integrity Constraints: The relationships between tables are enforced through
primary and foreign keys, ensuring referential integrity:

e An employee must be associated with a valid department.
e An assignment must reference valid employee and project entries.

e The use of composite primary keys in the Assignments table prevents duplicate assignments of the
same employee to the same project.

Transactions: Transactions in this example capture the operations that modify the database:

e TRI: Initial setup transactions, adding Alice and the HR department.
e TR2: Assigning Alice to Project X.

e TR3 Adding Bob, the Engineering department, Project Y, and assigning Bob to Project Y.

This structuring allows for tracking changes over time and associating data modifications with specific
transactions, which is useful for auditing and rollback operations.
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5.1.3 Table Selection (Step 1)

In this section, we propose the concept of Graphs of Relationships (GoRs). GoRs underscore the pivotal
tables and object types within an information system’s database, thereby enabling the selection of a set
of interrelated tables that correspond to a specific process. The visual cues provided by GoRs greatly
facilitate the process of identifying processes and selecting appropriate tables. As per Definition 28, a
GoR is derived from an abstract representation of the database.

Definition 28 (Graph of Relationships (GoR)). Given a database DB = (T,0,0T, A, D, TR, te, tr, otyp,
attdomain, transact, primary, foreign), the graph of relationships is defined as the tuple GoR(DB) = (T,
A,D,OT, TR, Rrr, Rt A, Ra,D, Rr,0T, RT TR, BT PR, RT FR) Where:

o T is a set of tables (identifiers).

e A is a set of attribute names.

e D is a set of attribute domains.

e OT is a set of object types.

e TR is a set of transactions.

o Rpp = {(t1,t2) € dom(tr) | |tr(t1,t2)| > 1} is the set of connections between tables.

e Rpa = {(t,a) € T x A | Jyeserya € dom(ma(y))} is the set of connections between tables and
attributes.

o Rap={(a,d) € Ax D | attdomain(a) = d} is the set of connections between attribute names and
domains.

o Rror ={(t,ot) € T x OT | ycser)otyp(mi(y)) = ot} is the set of connections between tables and
object types.

e Rrrr = {(t,tra) € T x TR | Jycieryy € dom(transact) A transact(y) = tra} is the set of
connections between tables and transactions.

o Rrpr={(t,pr) € T x A| a € primary(t)} is the set of connections between tables and primary
keys.

o Rrrr={(t fr)eT xA|ac foreign(t)} is the set of connections between tables and foreign keys.

The GoR serves as an instrumental tool in identifying the tables that correspond to different processes
within an information system. For instance, in the SAP system, tables related to the Procure-to-Pay
(P2P) process are included in the GoR. To identify these interconnected tables, we can either initiate
from a particular object type, such as “EINKBELEG”, which is linked to a set of process-specific tables,
or begin from a subset of tables, which can be expanded by tracing the paths in the GoR.

5.1.4 Formulating Blueprints (Step 2)

Subsequently, we introduce the concept of blueprints, which link a table to a collection of primitive events.
Each primitive event comprises an activity, a timestamp, and a set of associated objects. This trinity
succinctly describes what transpired, when it transpired, and which business objects were implicated
in the occurrence. As an example, a blueprint can transmute a table entry (such as one stating that
on 1989-02-20, a table named “BIRTHS” recorded an event with attributes BABYNAME = Alex and
NURSE = Lucia) into an event (a baby was born on that specific date, involving two related entities,
baby Alex and nurse Lucia). Nevertheless, a database entry may be linked with no event or more than
one event. Given that a database entry always corresponds to a single object, this implies that a blueprint
could potentially associate multiple events with each individual object.

Definition 29 (Blueprint). Given a database DB = (T,0,0T, A, D, TR, te, tr, otyp, attdomain, transact,
primary, foreign), a blueprint is a function bluep : T — P(Uetype X Upime X P(O)), that associates to the
tables a set of primitive events having an activity, a timestamp and a set of related objects.
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The data gleaned from applying the blueprint serves as the foundation for constructing an OCEL.
Such a log can be examined using OCPM instruments. We unveil a basic blueprint that systematically
correlates a primitive event to the table entries, leveraging the entry’s timestamp of insertion (as pre-
scribed by the given abstraction), the object immediately associated with the entry, and other objects
connected to the said object in the database. Moreover, an activity is assigned to the table entry based
on the table type. We classify some table types in Definition 30.

Definition 30 (Types of Tables). Given a database DB = (T,0,0T, A, D, TR, te, tr, otyp, attdomain,
transact, primary, foreign), we identify different types of tables:

o Change Tables (CT C T): tables recording changes happening in other tables. If t € CT, then
t & {ma(y) |y € te(t)}.

o Transaction Tables (TT C T): non-change tables recording different transactions executed on their
entries. Moreover, every entry is associated with a transaction. If t € TT, then

{transact(y) | y € te(t) N dom(transact)}| > 1 A
Vyetet)y € dom(transact)

o Object tables (OT C T): tables not falling in any of the previous categories.

Concerning SAP ERP, we could mention a table for every type: CDHDR is a generic change table;
RBKP contains the transactions executed to verify the invoices (hence it is a transaction table), VBAK
contains information on different sales order documents without reporting the transaction (hence it is an
object table). In Definition 31, the basic blueprint is introduced. We see that entries of a change table
are associated with the label of the table on which the change is applied; entries of a transaction table
are associated with the executed transaction; entries of a creation table are associated with the label
of the table. Variations of the basic blueprint are possible, for example considering the fields that were
inserted/deleted /updated during the change.

Definition 31 (Basic Blueprint). Given a database DB = (T,0,0T, A, D, TR, te, tr, otyp, attdomain,
transact, primary, foreign), and a labeling function label : T — Us (which can be the identity function),
the basic blueprint is defined as Byas : T — P(Uetype X Utime X P(O)) such that for t € T, Bpas(t) =

{(a(y),ts(y),robj(y)) | y € te(t)} where:
o ts(y) = ms(y)
o robj(y) ={o€ O [o=mi(y) V gy t)erxr(mi(y),0) € tr(ti, t2) V (0,m1(y)) € tr(ts,t2)}

“Changed’ @ label(m2(y)) ift € CT.
a(y) = { “Executed” @ transact(y) ifte TT.
“Created” @ label(t) if t € OT.

In the example presented previously, the basic blueprint would return the following primitive events:
o For t;:

— a(enty1) = “Createdtl”, ts(enty1) = 2007 — 04 — 05, robj(ent11) = {011, 021}
— a(entyo) = “Createdtl”, ts(ent13) = 2007 — 04 — 07, robj(ent12) = {012, 022}

e For ty:

— a(ente;) = “Createdt2”, ts(enta;) = 2007 — 04 — 10, robj(enta;) = {011, 021}
— a(entyy) = “Createdt2”, ts(entes) = 2007 — 04 — 11, robj(entas) = {012,092}

e For changetab:

— a(ents;) = “Changedtl”, ts(ente;) = 2007 — 04 — 15, robj(entar) = {011, 021}
— a(entsz) = “Changedt2”, ts(entas) = 2007 — 04 — 20, robj(entas) = {011, 021}
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We note that the set of related objects for ent3; and entss obtained using the basic blueprint is
suboptimal. Indeed, only 017 should be associated with the primitive event obtained from entgz;, and
only 012 should be associated with the primitive event obtained from entss.

The basic blueprint, as previously introduced, operates on the database abstraction devoid of addi-
tional domain knowledge. However, circumstances exist where the basic blueprint falls short of capturing
the interconnection between entries logged in disparate tables. A simplistic illustration is a situation
where an order accompanied by three items is placed. This generates one entry in the “orders” table
and three entries in the “items” table. The basic blueprint would recognize these distinct entries as four
separate primitive events. If we have the capability to incorporate domain knowledge into the process,
such as explicitly linking the four entries from the “orders” and “items” tables, we could correctly identify
the primitive event.

We introduce the notion of domain knowledge in Definition 32. Here, a view is employed to cluster
the associated entries in the database. Primitive events can be derived from these clusters, considering
the activity as the amalgamation of the names of the tables of the associated entries, the timestamp as
an aggregation of the timestamps of the related entries, and the set of associated objects as the union of
the objects implicated in the related entries.

Definition 32 (Blueprint with Domain Knowledge). Given a database DB = (T,0,0T, A, D, TR, te, tr,
otyp, attdomain, transact, primary, foreign), TE as the set of table entries in DB, and a labeling function
label : T — Uy (which can be the identity function), let VIEW (DB) C P(TE) be a collection of related
entries specified by the domain knowledge. Let t € T be a table (which is arbitrarily used to represent the
view). The blueprint Baomk : T — P (Uetype X Utime X P(O)) is defined such that:
® Bdomk(t/) =0 Zf t ?’é t
o Baomi(t) = {(a(v),ts(v),robj(v)) | v € VIEW} where:
— a(v) = “Updated” @, label(m2(y)) is the concatenation of the names of the tables of the
related entries.
— ts(v) = minye,m3(y) is the minimum of the timestamps of the related entries.
— robj(v) = {m1(y) | y € v} is the union of the object identifiers of the related entries.

In the example presented previously, we could provide the following domain knowledge of the rela-
tionships between the entries:

VIEW(DB) = {vl = {enty1,enta },v2 = {ent1a, entas},
v3 = {ent31 },v4 = {ents2}}

In this situation, using the blueprint with domain knowledge, we obtain the following primitive events:

o a(vl “Updatedt1t2”, ts(vl) = 2007 — 04 — 05, robj(vl) = {011, 021}

o a(v2) = “Updatedt1t2”, ts(v2) = 2007 — 04 — 07, robj(v2) = {012,022}

o a(v3

(v1) =
(v2) =
(v3) = “Updatedtl”, ts(v3) = 2007 — 04 — 15, robj(v3) = {011}
(vd) =

o a(vd) = “Updatedt2”, ts(vd) = 2007 — 04 — 20, robj(vd) = {012}

The resulting primitive events can be stored in an OCEL.
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5.1.5 OCEL format for OCELSs

Motivation

Standards for storing OCELSs serve as a crucial backbone in managing and analyzing complex process
data. They provide a coherent, uniform, and structured approach to representing, storing, and exchang-
ing event data across multiple systems, platforms, and applications. The adoption of a standard has
several significant benefits:

e Interoperability: a standard promotes seamless data interchange between diverse systems. It elimi-
nates data silos by ensuring that event logs are represented in a universally understandable format.

e Scalability: a well-structured standard allows efficient handling of data, enabling it to scale with
increasing complexity and volume. It ensures that the data remains manageable, reducing the
overhead of dealing with unstructured or inconsistently structured logs.

o Data Integrity and Consistency: the standardization of event logs upholds the consistency and
integrity of data across different sources. It provides a uniform structure to data, making it less
prone to inconsistencies and errors, thereby improving the overall data quality.

o Simplifies Analysis: by adhering to a standard, the interpretation and analysis of event logs are
significantly simplified. It enables the use of standard analysis tools and methods, fostering easy
comparability and benchmarking of results.

e Future-Proofing: standards also future-proof data, ensuring that it remains accessible, reusable,
and comprehensible even as technologies evolve.

The development and adoption of a standard for storing OCELs are vital for realizing the full potential
of process mining and other data-driven analytics methods. It paves the way for more effective, efficient,
and reliable data management and analysis strategies.

OCEL 1.0

Unlike traditional event logs that solely revolve around process instances, OCEL 1.0 goes beyond this
linear perspective by introducing an object-centric model. This model embraces the complex nature of
real-life processes, where a multitude of objects interact over time. It brings into focus the inherent
relationships between objects, and the roles they play in the context of different events. Implemented
in both JSON and XML formats, OCEL 1.0 provides the flexibility and efficiency required for diverse
applications. Each event in the log is detailed with crucial information including the performed activity,
timestamp, and other attributes. Additionally, each object within the log is clearly identified by its type
and carries its specific attributes.

Listing 5.1 exemplifies the structure of an XML-OCEL specification. This particular configuration is
marked by a primary log tag enclosing four crucial elements, as detailed below:

o A global element, attributed with scope="log’, is embedded to serve three primary functions:

— The version element conveys the version of the OCEL standard employed.

— The attribute-names key is associated with a list of attribute names used across the log’s
events and objects. The attribute name is listed as a string value to the attribute-name key.

— The object-type key links to a list of the object types that pertain to the log’s objects. Each
object type is assigned to the object-type key as a string value.

e The second global element, characterized by scope="event’, details the requisite elements of events
and their respective default values if not explicitly stated as event properties. This is encoded in
the XML format using the attribute type as the tag, the attribute name as the key, and the default
value as the value.

o Analogous to the preceding, another global element with scope=’object’ explicates the obligatory
elements of objects and their respective default values in instances when they are not explicitly
articulated as object properties.
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In addition to the aforementioned, the log element encompasses multiple events and objects. Every event,
demarcated by the event tag within the events element, and object, identified by the object tag within
the objects element, possesses various properties. Each property is characterized by a tag that designates
its type and a key that signifies its name. Each event is defined by an identifier (id, type: string), an
activity (activity, type: string), and a timestamp (timestamp, type: date). Furthermore, it is linked to an
object map (omap, type: list) and an attribute map (vmap, type: list), the latter detailing the attributes
associated with the event. Every object also comprises an identifier (id, type: string) and is connected
to an object type (type, type: string) as well as an attribute map (ovmap, type: map) that enlists the
associated attributes. As a matter of implementation discretion, the ocel: prefix is deliberately omitted
from the keys in the XML-OCEL format.
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Listing 5.1: XML-OCEL example

<?xml version="1.0" encoding="UTF—-8’7>
<log>
<global scope="log">

<string key="version" value="0.1"/>

<list key="attribute—names">
<string key="name" value="color"/>
<string key="name" value="costs"/>
<string key="name" value="customer"/>
<string key="name" value="prepaid—amount"/>
<string key="name" value="resource"/>
<string key="name" value="size"/>
<string key="name" value="total—weight"/>
<string key="name" value="weight"/>

</list>

<list key="object—types">
<string key="type" value="customer"/>
<string key="type" value="item"/>
<string key="type" value="order"/>
<string key="type" value="package"/>
<string key="type" value="product"/>

</list>

< /global>

< global scope="event">
<string key="id" value="__ INVALID _ "/>
<string key="activity" value="__ INVALID_ _ "/>
<string key="timestamp" value="__ INVALID __ "/>
<string key="omap" value="__ INVALID __ "/>

< /global>

<global scope="object">
<string key="id" value="__ INVALID___ "/>
<string key="type" value="__ INVALID __"/>

< /global>

<events>
<event>

<string key="id" value="el"/>
<string key="activity" value="place_order"/>
<date key="timestamp" value="2020—07—09,,08:20:01.5274+01:00" />
<list key="omap">
<string key="object—id" value="i1"/>
<string key="object—id" value="o01"/>
<string key="object—id" value="i2"/>
</list>
<list key="vmap">
<string key="resource" value="Alessandro"/>
<float key="prepaid—amount" value="200.0"/>
</list>
< /event>
<event>
<string key="id" value="e2"/>
<string key="activity" value="check_ availability"/>
<date key="timestamp" value="2020—07—09,,08:21:01.5274+01:00" />
<list key="omap">
<string key="object—id" value="i1"/>
</list>
<list key="vmap">
<string key="resource" value="Anahita"/>
<float key="weight" value="10.0"/>
</list>
</event>
<event>
<string key="id" value="e3"/>
<string key="activity" value="load_ package"/>
<date key="timestamp" value="2020—07—09,,08:22:01.5274-01:00"/>
<list key="omap">
<string key="object—id" value="r1"/>
<string key="object—id" value="p1"/>
</list>
<list key="vmap">
<string key="resource" value="Gyunam"/>
<float key="total—weight" value="100.0"/>
</list>
< /event>
< /events>
<objects>
<object>
<string key="id" value="ol"/>
<string key="type" value="order"/>
<list key="ovmap">
<string key="customer" value="Apple"/>
<float key="costs" value="3500.0"/>
</list>
< /object>
<object>
<string key="id" value="i1"/>
<string key="type" value="item"/>
<list key="ovmap"/>

108




</object>
<object>
<string key="id" value="i2"/>
<string key="type" value="item"/>
<list key="ovmap">
<string key="color" value="green"/>
<string key="size" value="small"/>
</list>
</object>
<object>
<string key="id" value="p1"/>
<string key="type" value="package"/>
<list key="ovmap"/>
< /object>
<object>
<string key="id" value="r1"/>
<string key="type" value="product"/>
<list key="ovmap"/>
< /object>
</objects>
</log>

Listing 5.2 presents a JSON-OCEL specification example. Within this structure, four crucial elements
are incorporated into the log as follows:

e The property ocel:global-log, which provides two key aspects:

— The ocel:version property indicates the version of the OCEL standard in use.

— The ocel:attribute-names property corresponds to a list containing the attribute names asso-
ciated with the log’s events and objects.

— The ocel:object-types property corresponds to a list comprising the object types related to the
log’s objects.

e The ocel:global-event property serves to specify the required elements of an event, as well as the
respective values when these are not explicitly provided as event properties. These details are
encoded within a dictionary.

e Analogously, the ocel:global-object property outlines the mandatory elements of an object and their
associated values when these are not directly supplied as object properties. This information is
similarly cataloged within a dictionary.

Events are housed within the ocel:events key. Each event is represented as a map connecting the
event identifier to a dictionary. This dictionary entails the activity (ocel:activity), the timestamp
(ocel:timestamp), the object map (ocel:omap) — a list of associated objects, and the attribute map
(ocel:vmap) — which assigns each attribute name to an attribute value. In a similar vein, objects reside
under the ocel:objects key. Each object is represented as a map linking the object identifier to a dic-
tionary. This dictionary includes the object type (ocel:type) and the attribute map (ocel:ovmap), which
pairs each attribute name with an attribute value.
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Listing 5.2: JSON-OCEL example

"ocel:global—log": {
"ocel:version": "1.0",
"ocel:attribute—names": |

"color",

"costs",
"customer",
"prepaid—amount",
"resource",

"size",
"total—weight",
"weight"

"ocel:object—types": [
"customer",
"item",
"order",
"package",
"product”

I

"cl)cel:globalfevent": {
"ocel:activity": " INVALID__ "

}
"ocel:global—object": {
"ocel:type": "___INVALID___"

"ocel:events": {
"el": {

"ocel:activity": "place_order",

"ocel:timestamp": "2020—07—09 08:20:01.527401:00",

"ocel:omap": |
"1
"ol",
nion

"locelzvmap": {
"resource": "Alessandro”,
"prepaid—amount": 200.0

1,
"e2":
"ocel:activity": "check__availability",
"ocel:timestamp": "2020—07—09 08:21:01.527401:00",
"ocel:omap": |
i

"ocel:vmap": {
"resource": "Anahita",
"weight": 10.0
}
b
"e3": {
"ocel:activity": "load__package",
"ocel:timestamp": "2020—07—09 08:22:01.527401:00",
"ocel:omap": |
T
"l

)
"ocel:vmap": {
"resource": "Gyunam",
"total—weight": 100.0
}
¥

"ocel:objects": {
"ol": {
"ocel:type": "order",
"ocel:ovmap": {
"customer": "Apple",
"costs": 3500.0

}

}
"i1": {
"ocel:type": "item",
"ocel:ovmap": {
"color": NaN,
"size": NaN

}

}
"2": {
"ocel:type": "item",
"ocel:ovmap": {
"color": "green",
"size": "small"

}
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)
"l {
"ocel:type": "package",
"ocel:ovmap": {}

¥

"r1": {
"ocel:type": "product”,
"ocel:ovmap": {}

}

OCEL 1.0 was effectively integrated with MongoDB, a scalable document-oriented NoSQL database
system. This was accomplished by adapting the JSON-OCEL standard, which facilitated a smooth
transition to MongoDB’s document data model. By utilizing MongoDB’s ability to efficiently balance
in-memory and on-disk computations, the scalability of the OCEL 1.0 was significantly improved. This
integration expanded the ability to manage a higher volume of events and objects, without compromising
on processing performance. Consequently, the implementation of OCEL 1.0 within MongoDB marked
an important development for OCPM, as it facilitated the handling of larger and more complex data
sets, catering to a broader range of environments.

OCEL 2.0

The initial version of the OCEL standard, OCEL 1.0, marked a significant milestone in the development
of process mining techniques and tools. This approach allowed for the comprehensive and flexible storage
of diverse event and object types within a single log. It innovatively facilitated each event’s correlation
with multiple objects of varied types, establishing a high level of complexity and detail within event logs.
In addition to this, OCEL 1.0 incorporated the capability to associate numerous attribute values with
each event and object. This feature notably enhanced the richness and granularity of the information
captured in the logs, thus bolstering the depth of analysis possible and the insights that could be gleaned
from the data. Specifications of OCEL 1.0 based on JSON and XML are offered.

Despite these substantial advancements, OCEL 1.0 had its limitations, which were perceived as an in-
complete solution for OCPM. Specifically, it lacked support for capturing Object-to-Object relationships,
an aspect that is critical in representing and understanding complex processes involving interactions be-
tween different objects. Furthermore, another shortfall of OCEL 1.0 was its incapacity to handle dynamic
object attribute values.

OCEL 2.0 is introduced to address these limitations, in particular offering support to:

e Object-to-Object Relationships: the presence of qualified Object-to-Object relationships in an OCEL
not only enhances the understanding of individual object lifecycles, but also unlocks a deeper
comprehension of how these objects interact, depend, and influence each other within a business
process. Each object in the process does not exist in isolation; instead, it is a part of a complex
network of relationships, actions, and interactions that together form the fabric of the business
process. By capturing these relationships, the OCEL offers an enriched perspective on the systemic
interdependencies, dependencies, and associations between the objects. This level of detail can
reveal pivotal insights about process performance, bottlenecks, inefficiencies, and anomalies that
would otherwise remain hidden in a process-centric or non-relational view. Furthermore, Object-
to-Object relationships provide a foundation for advanced analytics techniques, such as network
analysis and predictive modeling, opening up new possibilities for optimizing business process
performance. By storing and analyzing these relationships, we can move towards a more holistic
and integrated view of the process, facilitating a deeper understanding of the process dynamics
and empowering more informed decision-making.

e Dynamic Object Attribute Values: the conventional approach of statically assigning attribute values
to objects is reimagined in favor of a more dynamic perspective that considers the temporal evolu-
tion of these attribute values. This is a significant shift, as it means that each attribute value for an
object is not represented as a singular, immutable data point, but rather as a time-variant entity,
capable of changing over the course of the process execution. The initial value of an attribute is
stored at the onset, and any subsequent alterations to this attribute are captured as updates in
the event log. This approach reflects a more realistic and comprehensive understanding of process
instances, as it acknowledges that the attributes of an object are not static, but rather are subject
to changes influenced by the execution of events and the progression of time. The importance of
this approach is multifold. First, it provides a more accurate and complete representation of the
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Figure 5.3: OCEL 2.0 Relational Schema for the P2P process
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Figure 5.5: OCEL 2.0 meta-model

process, since it captures the changing nature of attribute values. Second, it allows for a more
precise analysis of process behavior and performance, since the effect of attribute changes can be
tracked and correlated with different outcomes. Third, it enables the discovery of patterns, trends,
and anomalies related to attribute changes, which can provide valuable insights for process opti-
mization, risk mitigation, and decision-making. Finally, it empowers more sophisticated process
mining techniques that leverage the temporal dimension, such as time series analysis and predictive
modeling, enriching the possibilities for process analysis and improvement. Therefore, the adoption
of dynamic attribute values in OCEL 2.0 significantly enhances the richness of the event log and
the depth of the analysis that can be conducted, leading to more insightful and actionable findings.

Moreover, also the specifications have been enhanced, in particular:

e Relational Specification based on Dense Tables: one of the salient features of OCEL 2.0 is its data
structure specification, which capitalizes on the concept of dense tables. Essentially, OCEL 2.0
organizes its data into multiple tables, each corresponding to a unique event or object type. Each
table stores the attributes pertinent to the associated type, ensuring that the information remains
tightly clustered and contextually coherent. This approach presents several benefits which bolster
the efficiency, scalability, and utility of OCEL 2.0. Firstly, this design contributes to enhanced
data density, which, in turn, ensures that storage space is optimized. Instead of housing the
data in a monolithic, dense table that might result in many empty or irrelevant fields for certain
types, each table in this framework only contains the attributes that are relevant to the specific
event or object type it represents. This approach significantly reduces data redundancy and storage
overhead, improving the efficiency of data storage and retrieval operations. Secondly, this structure
supports scalability. As new event or object types emerge, new tables can be easily appended to
the existing schema without disrupting the current structure. This also facilitates easy updating
and maintenance of the database structure as business processes evolve over time. Lastly, by
organizing attributes by type in distinct tables, OCEL 2.0 promotes enhanced data accessibility
and interpretability. Each table provides a focused snapshot of a particular event or object type,
thereby making it easier to explore, understand, and analyze the characteristics and behavior of that
type. In essence, OCEL 2.0’s relational specification based on dense tables presents a technically
advanced and elegant solution to managing data in process mining, marrying practical efficiencies
with analytic capabilities to facilitate the extraction of comprehensive and actionable insights from
event logs.

o Improved XML Specification: The OCEL 2.0 introduces a significant advancement in its XML
specification that effectively handles complex data structures within an OCEL, ensuring an efficient,
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comprehensive, and meaningful representation of data. The revised specification represents the
essential information for events and objects, such as timestamp, event type, and object type, directly
within the corresponding “event” and “object” tags, enhancing the readability and interpretability
of the data. Furthermore, it accommodates the specification of Object-to-Object relationships and
encapsulates changes to attributes at the object level. This adaptive feature is crucial in illustrating
the dynamics of attributes over time, providing invaluable insights into the evolving state of objects.

The meta-model shown in Figure 5.5 introduces the main concepts of OCEL 2.0. The OCEL 2.0
schema for the P2P process is reported in Figure 5.3. The one for the O2C process is reported in Figure
5.4.

5.2 Data Preprocessing Techniques

The pre-processing stage in data analysis is a critical step that involves the transformation and restruc-
turing of data to improve the quality and efficiency of subsequent analysis. When working with OCELs,
there are several pre-processing techniques that can be leveraged, including but not limited to filtering.
In the context of OCELs, filtering mechanisms allow for the reduction of noise and complexity, facilitating
a more efficient and focused analysis.

Three key types of filters can be utilized in this context: event filters, object filters, and object type
filters. An event filter operates by retaining a selected subset of events from the original log, effectively
reducing the volume of data under consideration. Similarly, an object filter works by maintaining a
specific subset of objects from the initial log. The third type, an object type filter, functions by retaining
a subset of object types from the original log, which naturally induces a filter on the objects of such
types.

These filtering strategies contribute significantly to the simplification of complex logs and reduction
of computational load, improving both the performance and clarity of subsequent analysis tasks. Thus,
their implementation serves as a crucial step in the pre-processing pipeline of OCEL analysis.
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5.2.1 Filtering Events

In the realm of data preprocessing on OCELs, filtering at the event level plays a crucial role in stream-
lining the logs for effective analysis. In line with Definition 33, this approach involves selecting a subset
of events from the total set, creating a filtered log that contains only these chosen events.

Definition 33 (Filtering at the Event Level). Given an OCEL L = (A,OT,E,O,EA, OA, evtype, time,
objtype, eatype, eaval, oaval, E20, 020, Tomap, <) and a subset of events E' C E, we define the filtered log

Lpig = (A,OT, E',0, EA, OA, evtype g, time, 1, objtype, eatype, eaval|prx ga, oaval, E200 (E' X Ugyal X
O)a 0207 7romap|E/ ) §|E’)

The primary feature of this event-level filtering is its focus on reducing the overall volume of events in
the log. This reduction not only applies to the total set of events but also restricts the domain of related

functions, including the activity, timestamp, and object map functions. Consequently, this limitation
narrows down the scope of these functions, effectively focusing their output on the selected events.

Table 5.1: Filter on timestamp (04-2021) applied on the log presented in Table 3.3.

Ev.ID Activity Timestamp Purch.Req. Purch.Ord. Quality Checks Invoices Payments
el Create Purchase Requisition ~ 2021-03-20 10:30 {’prl’}

e2 Close Purchase Requisition  2021-03-20 14:00 {’prl’}

€3 Create Purchase Requisition  2021-03-21 09:30 {’pr2’}

ed Create Purchase Order 2021-03-22 14:59 {’pr2’} {’pol’}

eb Invoice Receipt 2021-03-25 11:00 {’pol’} {11’}

e6 Perform Payment 2021-03-30 11:58 {1’} {'p1’}
e7 Create Purchase Requisition — 2021-04-01 09:15 {’pr3’}

e8 PR Formal Approval 2021-04-01 10:15 {’pr3’}

e9 Create Purchase Order 2021-04-02 17:00 {'pr3’} {"po2’}

el0 Change Purchase Requisition 2021-04-03 10:00 {’pr3’}

ell Invoice Receipt 2021-04-05 15:00 {’po2’} {12’}

el2 Perform Payment 2021-04-15 09:27 {2’} {'p2’}
el3 Create Purchase Order 2021-04-17 14:29 {’po3’}

eld Invoice Receipt 2021-04-28 10:00 {"po3’} {3’}

elb Perform Payment 2021-04-30 15:00 {13’} {'p3’}
el6 Invoice Receipt 2021-05-28 10:01 {’po3’} {4}

el7 Perform Payment 2021-05-30 15:17 {4} {'p4’}
el8 Invoice Receipt 2021-06-28 10:01 {’po3’} {5}

el9 Perform Payment 2021-06-30 15:29 {5} {'p5’}
€20 Create Purchase Requisition  2021-07-01 11:15 {’pra’}

e2l Create Purchase Order 2021-07-02 09:38 {’pra’} {’pod’}

€22 Invoice Receipt 2021-07-09 16:00 {’pod’} {6’}

€23 Quality Check 2021-07-11 10:30 {’pod’} {’qcl’}

e24 Perform Payment 2022-05-15 09:00 {6’} {'p6’}
€25 Invoice Receipt 2022-05-20 12:00 {7}

€26 Create Purchase Order 2022-05-20 15:00 {’po5’} {7}

€27 Create Purchase Order 2022-06-01 09:17 {’po6’}

€28 Create Purchase Order 2022-06-02 11:48 {’po7’}

€29 Create Invoice 2022-06-05 09:00 {’po6’,’po7’} {8’}

Definition 34 (Different Filters at the Event Level). Given an OCEL L = (A,OT, E, 0, EA, OA, evtype,
time, objtype, eatype, eaval, oaval, E20, O20, Tomap, <), we propose the following filters at the event level,
requiring Definition 33.

o Filtering on Timestamp: given a subset of times T C Uiime, we define
E' ={e€ E | time(e) € T}
 Filtering on Activities: given a subset of activities A’ C A, we define

E' ={e € E | evtype(e) € A’}

o Filtering on Activity Frequency: given a subset of natural numbers X C N, we consider the filter
on activities starting from the following set of activities:
A'={ae A||{e€ E | evtype(e) = a}| € X}
e Filtering on the Overall Number of Related Objects: given a subset of natural numbers X C N, we

define
E' = {c € E | [Tomap(e)] € X}
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Table 5.2: Filter on activities (Invoice Receipt, Perform Payment) applied on the log presented in Table

3.3.
Ev.ID Activity Timestamp Purch.Req. Purch.Ord. Quality Checks Invoices Payments
el Create Purchase Requisition — 2021-03-20 10:30 {’prl’}
€2 Close Purchase Requisition — 2021-03-20 14:00 {’prl’}
e3 Create Purchase Requisition  2021-03-21 09:30 {’pr2’}
ed Create Purchase Order 2021-03-22 14:59 {’pr2’} {’pol’}
eb Invoice Receipt 2021-03-25 11:00 {’pol’} {1’}
e6 Perform Payment 2021-03-30 11:58 {1’} {’pl’}
e7 Create Purchase Requisition  2021-04-01 09:15 {’pr3’}
e8 PR Formal Approval 2021-04-01 10:15 {’pr3’}
€9 Create Purchase Order 2021-04-02 17:00 {’pr3’} {’po2’}
el0 Change Purchase Requisition  2021-04-03 10:00 {’pr3’}
ell Invoice Receipt 2021-04-05 15:00 {’po2’} {2’}
el2 Perform Payment 2021-04-15 09:27 {2’} {’p2’}
el3 Create Purchase Order 2021-04-17 14:29 {’po3’}
eld Invoice Receipt 2021-04-28 10:00 {’'po3’} {'r3’}
elb Perform Payment 2021-04-30 15:00 {3’} {'p3’}
el6 Invoice Receipt 2021-05-28 10:01 {’po3’} {4’}
el7 Perform Payment 2021-05-30 15:17 {4’} {'p4’}
el8 Invoice Receipt 2021-06-28 10:01 {’po3’} {'r5’}
el9 Perform Payment 2021-06-30 15:29 {5’} {’p5’}
€20 Create Purchase Requisition ~ 2021-07-01 11:15 {’prd’}
e21 Create Purchase Order 2021-07-02 09:38 {’prd’} {’pod’}
€22 Invoice Receipt 2021-07-09 16:00 {’pod’} {6’}
€23 Quality Check 2021-07-11 10:30 {’pod’} {’qc1’}
€24 Perform Payment 2022-05-15 09:00 {6’} {'p6’}
€25 Invoice Receipt 2022-05-20 12:00 {7}
€26 Create Purchase Order 2022-05-20 15:00 {’po5’} {7}
€27 Create Purchase Order 2022-06-01 09:17 {’po6’}
€28 Create Purchase Order 2022-06-02 11:48 {’poT’}
€29 Create Invoice 2022-06-05 09:00 {’po6’,’po7’} {8}

Filtering on the Number of Related Objects per Object Type: given an object type ot € OT and a
subset of natural numbers X C N, we define

E' ={e€ E | |{0 € Tomap(€) | objtype(o) = ot}| € X}

Each kind of filtering proposed in Definition 34 targets a specific aspect of events, which allows
analysts to tailor their analysis approach according to the research questions and the nature of the event

data.

Filtering on Timestamp: This type of filtering is used when we are interested in events that occurred
during a particular time period. It could be useful when studying seasonal trends, response times
during certain hours of the day, or investigating events during a known period of disruption or
change. An example is provided in Table 5.1.

Filtering on Activities: This filter is applied when the focus of analysis is a subset of activities in
the log. This could be beneficial in scenarios where specific activities are known to be problematic
or of particular interest. For example, in a hospital setting, focusing on activities related to patient
discharge might help to understand and improve the discharge process. An example is provided in
Table 5.2.

Filtering on Activity Frequency: This type of filter helps in investigating events that have occurred
a specific number of times. It can be useful to identify outliers, for instance, activities that occur
unusually often or infrequently, which might indicate bottlenecks or inefficiencies in the process.
An example is provided in Table 5.3.

Filtering on the Overall Number of Related Objects: This filtering method selects events based on
the total number of objects associated with them. It might be valuable in settings where events
with a high number of associations signify complexity or require more resources. For instance, in a
manufacturing context, an event related to many parts could indicate a complex assembly process.
An example is provided in Table 5.4.

Filtering on the Number of Related Objects per Object Type: This filter helps in zeroing in on events
that have a certain number of associated objects of a specific type. It can be especially useful when
different object types have different significance or roles in the process. For example, in a customer
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Table 5.3: Filter on activity frequency (> 7) applied on the log presented in Table 3.3.

Ev.ID Activity Timestamp Purch.Req. Purch.Ord. Quality Checks Invoices Payments

Create Purchase Order 2021-03-22 14:59 {'pr2’} {’pol’}
Invoice Receipt 2021-03-25 11:00 {’po1’} {11’}

Create Purchase Order 2021-04-02 17:00 {’pr3’} {’po2’}

Invoice Receipt 2021-04-05 15:00 {'po2’} {2’}

Create Purchase Order 2021-04-17 14:29 {’po3’}
Invoice Receipt 2021-04-28 10:00 {'po3’} {3’}

Invoice Receipt 2021-05-28 10:01 {'po3’} {4}

Invoice Receipt 2021-06-28 10:01 {’po3’} {’r5'}

Create Purchase Order 2021-07-02 09:38 {’prd’} {’pod’}
Invoice Receipt 2021-07-09 16:00 {’pod’} {6’}

Invoice Receipt 2022-05-20 12:00 {17}
Create Purchase Order 2022-05-20 15:00 {’po5’} {17}
Create Purchase Order 2022-06-01 09:17 {’po6’}

Create Purchase Order 2022-06-02 11:48 {'po7’}

service context, events with numerous associated customer objects might be considered more critical
than those with fewer customer associations. An example is provided in Table 5.5.

Random sampling of events from an OCEL can provide significant value, particularly when dealing
with logs with a high degree of complexity or a substantial number of events. In certain scenarios, the
sheer volume of events captured in a log might become overwhelming, leading to high computational
requirements and potentially excessive detail for analysis. In such cases, random event sampling serves
as an effective technique to create a representative, manageable subset of the original log. An example
sampling is provided in Table 5.6.
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Table 5.4: Filter on overall number of related objects (> 2) applied on the log presented in Table 3.3.

Ev.ID Activity Timestamp Purch.Req. Purch.Ord. Quality Checks Invoices Payments

Create Purchase Order 2021-03-22 14:59 {’pr2’} {’pol’}
Invoice Receipt 2021-03-25 11:00 {’pol’} {1’}
Perform Payment 2021-03-30 11:58 {1’} {'p1'}

Create Purchase Order 2021-04-02 17:00 {’pr3’} {'po2’}

Invoice Receipt 2021-04-05 15:00 {’po2’} {2’}
Perform Payment 2021-04-15 09:27 {r2’} {'p2’}

Invoice Receipt 2021-04-28 10:00 {’po3’} {3’}

el5 Perform Payment 2021-04-30 15:00 {3’} {'p3’}
el6 Invoice Receipt 2021-05-28 10:01 {’po3’} {4’}
el7 Perform Payment 2021-05-30 15:17 {4’} {'p2’}
el8 Invoice Receipt 2021-06-28 10:01 {’po3’} {5’}
el9 Perform Payment 2021-06-30 15:29 {5’} {'p5’}
€20 Create Purchase Requisition  2021-07-01 11:15 {’prd’}
e21 Create Purchase Order 2021-07-02 09:38 {’prd’} {’pod’}
€22 Invoice Receipt 2021-07-09 16:00 {'pod’} {r6’}
€23 Quality Check 2021-07-11 10:30 [pod’} {qel’}

Perform Payment 2022-05-15 09:00 {r6’} {’p6’}

Create Purchase Order 2022-05-20 15:00 {’po5’} {7’}

Create Invoice 2022-06-05 09:00 {’po6’,’po7’}

Table 5.5: Filter on overall number of related objects per type (PO > 2) applied on the log presented in
Table 3.3.

Ev.ID Activity Timestamp Purch.Req. Purch.Ord. Quality Checks Invoices Payments

Create Invoice 2022-06-05 09:00 {’po6’,’po7’} {8’}
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Table 5.6: Random sampling on the events applied on the log presented in Table 3.3.

Ev.ID Activity

Close Purchase Requisition — 2021-03-20 14:00 {’prl’}

Timestamp Purch.Req. Purch.Ord. Quality Checks Invoices Payments

Perform Payment 2021-03-30 11:58 {1’} {’pl’}
PR Formal Approval 2021-04-01 10:15 {’pr3’}
Create Purchase Order 2021-04-02 17:00 {’pr3’} {’po2’}
Perform Payment 2021-04-15 09:27 {r2’} {’p2’}
Invoice Receipt 2021-04-28 10:00 {’po3’} {r3’}
Perform Payment 2021-04-30 15:00 {r3’} {’p3’}
Invoice Receipt 2021-06-28 10:01 {’po3’} {’r5'}
Perform Payment 2021-06-30 15:29 r5'} {'p5’}
Create Purchase Order 2021-07-02 09:38 {'pra’} {'pod’}
Quality Check 2021-07-11 10:30 {’pod’} {'qel’}
Invoice Receipt 2022-05-20 12:00

Create Purchase Order 2022-05-20 15:00 {’po5’}
Create Purchase Order 2022-06-01 09:17 {’po6’}

€29 Create Invoice 2022-06-05 09:00 {’po6’,’po7’} {8’}
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5.2.2 Filtering Objects

Table 5.7: Filter on lifecycle length (> 4) starting from the OCEL proposed in Table 3.3.

Ev.ID Activity Timestamp Purch.Req. Purch.Ord. Quality Checks Invoices Payments
el Create Purchase Requisition  2021-03-20 10:30

e2 Close Purchase Requisition ~ 2021-03-20 14:00

e3 Create Purchase Requisition — 2021-03-21 09:30

e4 Create Purchase Order 2021-03-22 14:59

eb Invoice Receipt 2021-03-25 11:00

€6 Perform Payment 2021-03-30 11:58

e7 Create Purchase Requisition — 2021-04-01 09:15 {’pr3’}

e8 PR Formal Approval 2021-04-01 10:15 {’pr3’}

e9 Create Purchase Order 2021-04-02 17:00 {’pr3’}

el0 Change Purchase Requisition = 2021-04-03 10:00 {’pr3’}

ell Invoice Receipt 2021-04-05 15:00

el2 Perform Payment 2021-04-15 09:27

el3 Create Purchase Order 2021-04-17 14:29 {’po3’}
eld Invoice Receipt 2021-04-28 10:00 {’po3’}
elb Perform Payment 2021-04-30 15:00

el6 Invoice Receipt 2021-05-28 10:01 {’po3’}
el7 Perform Payment 2021-05-30 15:17

el8 Invoice Receipt 2021-06-28 10:01 {’po3’}
el9 Perform Payment 2021-06-30 15:29

€20 Create Purchase Requisition ~ 2021-07-01 11:15

e21 Create Purchase Order 2021-07-02 09:38

€22 Invoice Receipt 2021-07-09 16:00

€23 Quality Check 2021-07-11 10:30

e24 Perform Payment 2022-05-15 09:00

€25 Invoice Receipt 2022-05-20 12:00

€26 Create Purchase Order 2022-05-20 15:00

e27 Create Purchase Order 2022-06-01 09:17

€28 Create Purchase Order 2022-06-02 11:48

€29 Create Invoice 2022-06-05 09:00

OCELs often contain a vast amount of data. As such, it is common to employ pre-processing tech-
niques to improve the performance of subsequent process mining tasks and to focus on the most relevant
aspects of the data. Among these techniques, filtering objects in an OCEL stands out as an effective
method to pare down the data based on certain criteria.

Filtering can enhance the readability of the mined models, reduce the computation time, and allow
analysts to focus on particular aspects or perspectives of the process. For instance, by filtering out
objects that are not involved in the activities of interest, we can minimize noise and enhance the focus
on specific behaviors. A formal definition of filtering at the object level is proposed in Definition 35.

Definition 35 (Filtering at the Object Level). Given an OCEL L = (A,OT,E,O,EA, OA, evtype, time,
objtype, eatype, eaval, oaval, E20, 020, Tomap, <) and a subset of objects O' C O, we define the filtered
log Lojor = (A,OT,E, 0", EA, OA, evtype, time, objtype o, eatype, eaval, 0avalor « 0 Ax U, E2O N (E x
Uguat X O"), 0200 (0" X Uguat X O'); Tpmap <)- where 7. (€) = Tomap(e) N O".

Some filters at the object level are proposed in Definition 36.

Definition 36 (Different Filters at the Object Level). Given an OCEL L = (A,OT,E,O,EA,OA,
evtype, time, objtype, eatype, eaval, oaval, E20, 020, Tomap, <), we propose the following filters at the ob-
ject level, requiring Definition 35.

e Filtering on Lifecycle Length given a subset of natural numbers X C N, we define
O ={o€ 0| |liflo)| € X}
« Filtering on Lifecycle Duration given a subset of real numbers R C RZ%, we define
O’ ={o € O | (time(end(0)) — time(start(o))) € R}
« Filtering on Lifecycle Activities (Positive) given a subset of activities A” C A, we define
O ={o€ 0| A n{evtype(e) | e € lif(0)} # 0}
o Filtering on Lifecycle Activities (Negative) given a subset of activities A’ C A, we define

O ={oec O | A n{evtype(e) | e € lif(0)} = 0}
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Table 5.8: Filter on lifecycle activities (having “Create Purchase Order”) starting from the OCEL pro-
posed in Table 3.3.

Ev.ID Activity Timestamp Purch.Req. Purch.Ord. Quality Checks Invoices Payments
el Create Purchase Requisition  2021-03-20 10:30

e2 Close Purchase Requisition ~ 2021-03-20 14:00

e3 Create Purchase Requisition — 2021-03-21 09:30 {’pr2’}

ed Create Purchase Order 2021-03-22 14:59 {’pr2’} {’pol’}

eb Invoice Receipt 2021-03-25 11:00 {’pol’}

€6 Perform Payment 2021-03-30 11:58

e7 Create Purchase Requisition  2021-04-01 09:15 {’pr3’}

e8 PR Formal Approval 2021-04-01 10:15 {’pr3’}

e9 Create Purchase Order 2021-04-02 17:00 {’pr3’} {’po2’}

el0 Change Purchase Requisition 2021-04-03 10:00 {’pr3’}

ell Invoice Receipt 2021-04-05 15:00 {’po27}

el2 Perform Payment 2021-04-15 09:27

el3 Create Purchase Order 2021-04-17 14:29 {’po3’}

eld Invoice Receipt 2021-04-28 10:00 {’po3’}

elb Perform Payment 2021-04-30 15:00

el6 Invoice Receipt 2021-05-28 10:01 {’po3’}

el7 Perform Payment 2021-05-30 15:17

el8 Invoice Receipt 2021-06-28 10:01 {’po3’}

el9 Perform Payment 2021-06-30 15:29

€20 Create Purchase Requisition — 2021-07-01 11:15 {’prd’}

e21 Create Purchase Order 2021-07-02 09:38 {'prd’} {’pod’}

€22 Invoice Receipt 2021-07-09 16:00 {’pod’}

€23 Quality Check 2021-07-11 10:30 {’pod’}

e24 Perform Payment 2022-05-15 09:00

€25 Invoice Receipt 2022-05-20 12:00 {7}
€26 Create Purchase Order 2022-05-20 15:00 {’po5’} {7}
e27 Create Purchase Order 2022-06-01 09:17 {"pob6’}

€28 Create Purchase Order 2022-06-02 11:48 {’po7’}

€29 Create Invoice 2022-06-05 09:00 {"pob6’,’po7’}

 Filtering on Start Activities given a subset of activities A’ C A, we define

O" = {o € O | evtype(start(o)) € A’}

« Filtering on End Activities given a subset of activities A’ C A, we define

O' = {0 € O | evtype(end(o)) € A’}

o Filtering on Variants given a subset of activity sequences A* C A*, and a trace function trace :
O — A* | we define
O ={0€ O | trace(o) € A*}

One way to perform this filtering is based on the lifecycle length of objects. This allows us to include
or exclude objects based on the number of events they participate in. For instance, objects that have a
very short or a very long lifecycle might be of special interest due to their exceptional behaviors or might
be filtered out as they represent outliers. An example is provided in Table 5.7.

Filtering on lifecycle duration is another significant way of customizing the scope of data analysis in
an OCEL. In a business process, objects represent cases that go through a sequence of events, and these
sequences take a certain amount of time to complete. This duration, from the start to the end of an
object’s lifecycle, can vary greatly among different objects.

A filter based on lifecycle duration can help segregate objects whose lifecycles span a specific time
range. This filtering method is particularly useful in scenarios where analysts are interested in studying
patterns, trends, or anomalies associated with the time it takes to complete processes. For instance,
they may choose to exclude objects with exceptionally short or long lifecycle durations, as these could
be outliers that might distort the overall understanding of the process. Conversely, they may specifically
focus on these objects to understand why their durations are significantly different.

Another type of filter involves focusing on the lifecycle activities of the objects. A positive filter
includes objects that have participated in a specific subset of activities, highlighting their influence on
these activities. Conversely, a negative filter removes objects that have participated in a certain set of
activities, eliminating their influence on the process analysis. Examples are provided in Table 5.8 and
Table 5.9.
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Table 5.9: Filter on lifecycle activities (not having “Create Purchase Order”) starting from the OCEL
proposed in Table 3.3.

Ev.ID Activity Timestamp Purch.Req. Purch.Ord. Quality Checks Invoices Payments
el Create Purchase Requisition  2021-03-20 10:30 {’prl’}

€2 Close Purchase Requisition — 2021-03-20 14:00 {’prl’}

e3 Create Purchase Requisition — 2021-03-21 09:30

e4 Create Purchase Order 2021-03-22 14:59

eb Invoice Receipt 2021-03-25 11:00 {1’}

e6 Perform Payment 2021-03-30 11:58 {1’} {’pl'}
e7 Create Purchase Requisition — 2021-04-01 09:15

e8 PR Formal Approval 2021-04-01 10:15

€9 Create Purchase Order 2021-04-02 17:00

el0 Change Purchase Requisition  2021-04-03 10:00

ell Invoice Receipt 2021-04-05 15:00 {2’}

el2 Perform Payment 2021-04-15 09:27 {2’} {'p2’}
el3 Create Purchase Order 2021-04-17 14:29

eld Invoice Receipt 2021-04-28 10:00 {3’}

elb Perform Payment 2021-04-30 15:00 {3’} {'p3’}
el6 Invoice Receipt 2021-05-28 10:01 {4’}

el7 Perform Payment 2021-05-30 15:17 {4’} {'p4’}
el8 Invoice Receipt 2021-06-28 10:01 {5’}

el9 Perform Payment 2021-06-30 15:29 {5’} {’p5’}
€20 Create Purchase Requisition — 2021-07-01 11:15

e21 Create Purchase Order 2021-07-02 09:38

e22 Invoice Receipt 2021-07-09 16:00 {6’}

€23 Quality Check 2021-07-11 10:30 {’qcl’}

e24 Perform Payment 2022-05-15 09:00 {6’} {'p6’}
€25 Invoice Receipt 2022-05-20 12:00

€26 Create Purchase Order 2022-05-20 15:00

e27 Create Purchase Order 2022-06-01 09:17

€28 Create Purchase Order 2022-06-02 11:48

€29 Create Invoice 2022-06-05 09:00 {8’}

Filtering can also be based on the start and end activities of the objects. This allows us to target
objects that have begun or ended with certain activities, providing insight into specific process entry or
exit points. Examples are provided in Table 5.10 and Table 5.11.

Random sampling of objects from an OCEL is a valuable tool, particularly when dealing with ex-
tensive datasets. Large logs can be challenging to handle due to storage and computational constraints.
Moreover, thorough analysis of all objects might be time-consuming and, in many cases, unnecessary
for deriving actionable insights. Random sampling allows researchers to select a representative subset of
objects without any bias, giving them the opportunity to make valid inferences about the entire popula-
tion. This technique can be particularly effective when the distribution of the characteristics of interest
is uniform across the object population, as it preserves the statistical properties of the original log in the
sampled subset. An example is provided in Table 5.12.
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Table 5.10: Filter on start activities (being “Create Purchase Order”) starting from the OCEL proposed
in Table 3.3.

Ev.ID Activity Timestamp Purch.Req. Purch.Ord. Quality Checks Invoices Payments
el Create Purchase Requisition — 2021-03-20 10:30

e2 Close Purchase Requisition ~ 2021-03-20 14:00

e3 Create Purchase Requisition — 2021-03-21 09:30

ed Create Purchase Order 2021-03-22 14:59 {’pol’}
eb Invoice Receipt 2021-03-25 11:00 {’pol’}
eb Perform Payment 2021-03-30 11:58

e7 Create Purchase Requisition — 2021-04-01 09:15

e8 PR Formal Approval 2021-04-01 10:15

e9 Create Purchase Order 2021-04-02 17:00 {’po2’}
el0 Change Purchase Requisition —2021-04-03 10:00

ell Invoice Receipt 2021-04-05 15:00 {’po2’}
el2 Perform Payment 2021-04-15 09:27

el3 Create Purchase Order 2021-04-17 14:29 {’po3’}
eld Invoice Receipt 2021-04-28 10:00 {’po3’}
eld Perform Payment 2021-04-30 15:00

el6 Invoice Receipt 2021-05-28 10:01 {’po3’}
el7 Perform Payment 2021-05-30 15:17

el8 Invoice Receipt 2021-06-28 10:01 {’po3’}
el9 Perform Payment 2021-06-30 15:29

€20 Create Purchase Requisition  2021-07-01 11:15

e21 Create Purchase Order 2021-07-02 09:38 {’pod’}
€22 Invoice Receipt 2021-07-09 16:00 {’pod’}
€23 Quality Check 2021-07-11 10:30 {’pod’}
e24 Perform Payment 2022-05-15 09:00

€25 Invoice Receipt 2022-05-20 12:00

€26 Create Purchase Order 2022-05-20 15:00 {’po5’}
e27 Create Purchase Order 2022-06-01 09:17 {’po6’}
€28 Create Purchase Order 2022-06-02 11:48 {’po7’}
€29 Create Invoice 2022-06-05 09:00 {’po6’,’po7’}

Table 5.11: Filter on end activities (being “Perform Payment”) starting from the OCEL proposed in
Table 3.3.

Ev.ID Activity Timestamp Purch.Req. Purch.Ord. Quality Checks Invoices Payments
el Create Purchase Requisition — 2021-03-20 10:30

e2 Close Purchase Requisition  2021-03-20 14:00

e3 Create Purchase Requisition — 2021-03-21 09:30

ed Create Purchase Order 2021-03-22 14:59

e5 Invoice Receipt 2021-03-25 11:00 {1’}

€6 Perform Payment 2021-03-30 11:58 {1’} {’p1l’}
e7 Create Purchase Requisition — 2021-04-01 09:15

e8 PR Formal Approval 2021-04-01 10:15

e9 Create Purchase Order 2021-04-02 17:00

el0 Change Purchase Requisition 2021-04-03 10:00

ell Invoice Receipt 2021-04-05 15:00 {2’}

el2 Perform Payment 2021-04-15 09:27 {2’} {’p2’}
el3 Create Purchase Order 2021-04-17 14:29

eld Invoice Receipt 2021-04-28 10:00 {3’}

elb Perform Payment 2021-04-30 15:00 {3’} {’p3’}
el6 Invoice Receipt 2021-05-28 10:01 {ra}

el7 Perform Payment 2021-05-30 15:17 {’r4’} {’p4’}
el8 Invoice Receipt 2021-06-28 10:01 {5’}

el9 Perform Payment 2021-06-30 15:29 {5’} {’p5’}
€20 Create Purchase Requisition  2021-07-01 11:15

e2l Create Purchase Order 2021-07-02 09:38

€22 Invoice Receipt 2021-07-09 16:00 {6’}

€23 Quality Check 2021-07-11 10:30

e24 Perform Payment 2022-05-15 09:00 {6’} {’p6’}
€25 Invoice Receipt 2022-05-20 12:00

€26 Create Purchase Order 2022-05-20 15:00

e27 Create Purchase Order 2022-06-01 09:17

e28 Create Purchase Order 2022-06-02 11:48

€29 Create Invoice 2022-06-05 09:00
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Table 5.12: Random sampling on the events applied on the log presented in Table 3.3.

Ev.ID Activity Timestamp Purch.Req. Purch.Ord. Quality Checks Invoices Payments
el Create Purchase Requisition — 2021-03-20 10:30 {’pr1’}

€2 Close Purchase Requisition — 2021-03-20 14:00 {’pr1’}

e3 Create Purchase Requisition  2021-03-21 09:30 {'pr2’}

ed Create Purchase Order 2021-03-22 14:59 {’pr2’} {’pol’}

eb Invoice Receipt 2021-03-25 11:00 {’pol’} {1’}

€6 Perform Payment 2021-03-30 11:58 {1’} {'p1’}
e7 Create Purchase Requisition — 2021-04-01 09:15 {’pr3’}

e8 PR Formal Approval 2021-04-01 10:15 {’pr3’}

e9 Create Purchase Order 2021-04-02 17:00 {'pr3’} {"po2’}

el0 Change Purchase Requisition  2021-04-03 10:00 {’pr3’}

ell Invoice Receipt 2021-04-05 15:00 {"po2’} {2’}

el2 Perform Payment 2021-04-15 09:27 {2’} {’p2’}
el3 Create Purchase Order 2021-04-17 14:29 {’po3’}

el4 Invoice Receipt 2021-04-28 10:00 {’po3’} {3’}

elb Perform Payment 2021-04-30 15:00 {3’} {’p3’}
el6 Invoice Receipt 2021-05-28 10:01 {"po3’} {ra}

el7 Perform Payment 2021-05-30 15:17 {’r4’} {'p4’}
el8 Invoice Receipt 2021-06-28 10:01 {’po3’} {5’}

el9 Perform Payment 2021-06-30 15:29 {’r5’} {’p5’}
€20 Create Purchase Requisition  2021-07-01 11:15 {’prd’}

e21 Create Purchase Order 2021-07-02 09:38 {’prd’} {’pod’}

€22 Invoice Receipt 2021-07-09 16:00 {’pod’} {16’}

€23 Quality Check 2021-07-11 10:30 {’pod’} {’qcl’}

€24 Perform Payment 2022-05-15 09:00 {6’} {’p6’}
e25 Invoice Receipt 2022-05-20 12:00 {7}

€26 Create Purchase Order 2022-05-20 15:00 {’po5’} {7}

e27 Create Purchase Order 2022-06-01 09:17 {’po6’}

€28 Create Purchase Order 2022-06-02 11:48 {’po7’}

€29 Create Invoice 2022-06-05 09:00 {’po6’,’po7’} {18}
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Table 5.13: Filtering on object types applied on the log presented in Table 3.3 (here, we removed the
Invoices and Payments object types).

Ev.ID Activity Timestamp Purch.Req. Purch.Ord. Quality Checks Invoices Payments
el Create Purchase Requisition  2021-03-20 10:30 {’prl’}

€2 Close Purchase Requisition — 2021-03-20 14:00 {’prl’}

e3 Create Purchase Requisition — 2021-03-21 09:30 {’pr2’}

ed Create Purchase Order 2021-03-22 14:59 {’pr2’} {’pol’}

ed Invoice Receipt 2021-03-25 11:00 {’pol’} {r1'}

eb Perform Payment 2021-03-30 11:58 {r1’} {’p1’}
e7 Create Purchase Requisition  2021-04-01 09:15 {’pr3’}

e8 PR Formal Approval 2021-04-01 10:15 {’pr3’}

e9 Create Purchase Order 2021-04-02 17:00 {’pr3’} {’po2’}

el0 Change Purchase Requisition 2021-04-03 10:00 {’pr3’}

ell Invoice Receipt 2021-04-05 15:00 {’po27} {r2’}

el2 Perform Payment 2021-04-15 09:27 {r2'} {'p2’}
el3 Create Purchase Order 2021-04-17 14:29 {’po3’}

el4 Invoice Receipt 2021-04-28 10:00 {’po3’} {r3"}

elb Perform Payment 2021-04-30 15:00 {r3"} {'p3’}
el6 Invoice Receipt 2021-05-28 10:01 {’po3’} {r4’}

el7 Perform Payment 2021-05-30 15:17 {r4’} {'p4’}
el8 Invoice Receipt 2021-06-28 10:01 {’po3’} {r5"}

el9 Perform Payment 2021-06-30 15:29 {r5'} {'p5’}
€20 Create Purchase Requisition — 2021-07-01 11:15 {’prd’}

e21 Create Purchase Order 2021-07-02 09:38 {'prd’} {’pod’}

€22 Invoice Receipt 2021-07-09 16:00 {’pod’} {16}

€23 Quality Check 2021-07-11 10:30 {’pod’} {’qcl’}

e24 Perform Payment 2022-05-15 09:00 {16’} {'p6’}
€25 Invoice Receipt 2022-05-20 12:00 {r7'}

€26 Create Purchase Order 2022-05-20 15:00 {"po5’} {r7}

e27 Create Purchase Order 2022-06-01 09:17 {"pob6’}

€28 Create Purchase Order 2022-06-02 11:48 {’po7’}

€29 Create Invoice 2022-06-05 09:00 {’po6’,’po7’} {8}

5.2.3 Filtering Object Types

In many analyses of OCELSs, there’s a need to focus only on certain object types, removing the noise
and redundancy presented by others. Within this section, we introduce a structured approach to achieve
this granularity. By means of Definition 37, we present a methodical procedure to filter the event log
based solely on a predefined collection of object types. This targeted filtering aids in refining our log to
capture only the events of particular interest, providing a clearer and more concise view of the underlying
processes.

Definition 37 (Filtering at the Object Type Level). Given an OCEL L = (A,OT,E,O,EA, OA, evtype,
time, objtype, eatype, eaval, oaval, E20, 020, Tomap, <) and a subset of objects OT' C OT, let

O' = {o € O | objtype(o) € OT"}

be the set of objects having type in OT'. We define the filtered log Lorior = (A, 0T, E,0', EA,OA,
evtype, time, objtype o, eatype, eaval, 0avalior x 0 Ax Uy, r E2ON (E X Ugyar x 0), 020N (0" x Ugya x O'),

ﬂgmap, <). where ﬂf,map(e) = Tomap(€) N O'.

Following the filtering mechanism outlined in Definition 37, we demonstrate its practical utility using
a concrete example. In Table 5.13, we apply the filter to selectively exclude the Invoices and Payments
object types. This illustrates how one can strategically tailor the log to focus on specific aspects of a
process, effectively omitting undesired object types and thereby streamlining the analysis.

5.2.4 Consistency of the Filtering Operation

In the realm of OCEL analysis, filtering is an essential step. While introducing numerous filters can
be beneficial, it is crucial to be wary of unintended consequences. Specifically, filtering on either events
or objects might unintentionally leave certain events or objects without any corresponding counterpart,
rendering them as “orphans”. These orphan entities could potentially skew the analysis and insights
drawn from the logs. To address this, Definition 38 emphasizes the importance of ensuring the consistency
of the filtering process. Through our proposed definition, we present a methodology for eliminating such
orphan events and objects, ensuring a clean and consistent filtered log for further analysis.
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Definition 38 (Removing Orphan Events and Objects). Given an OCEL L = (A,OT,E,O,EA,
OA, evtype, time, objtype, eatype, eaval, oaval, E20, O20, Tomap, <), we define the filtered log (Lgjg/)ojo
where:

o« F = {6 ek | 7T'omap(e) 7é Q]}
o O'={0€0 | 3ecr0 € Tomap(e)}

In light of the outlined challenges with orphaned entities, Definition 38 should invariably be employed
following any filtering operation to guarantee a consistent and coherent log.

5.2.5 Influence of Implicit and Explicit Object Relationships on Filtering

While the previous sections focused on various filtering techniques for events, objects, and object types,
it is crucial to recognize that the effectiveness and outcomes of these filtering steps can be significantly
shaped by how object relationships are defined and leveraged. Object-centric event data inherently
captures the complex interplay of multiple objects interacting over time, and this interplay can be
represented using both implicit and explicit object relationships.

Implicit vs. Explicit Object Relationships

o Implicit Relationships (Event-to-Object, E20): In many OCELs, relationships between objects can
be inferred from their joint participation in the same events. For instance, if an event references
both a Purchase Order (PO) object and a Supplier object, these two objects are implicitly related
at least for the context of that event. Such implicit relationships arise naturally whenever objects
co-occur in the same event, without any additional explicit linkage.

o FEzplicit Relationships (Object-to-Object, 020): In some OCELs, Object-to-Object relationships
are explicitly recorded. These relationships can represent stable or contractual connections, such
as a Contract object that is explicitly linked to certain Purchase Orders. Unlike the ephemeral,
event-level co-occurrences that define implicit relationships, explicit O20 relationships stand as
enduring links between objects, independent of any single event.

Influence on Filtering Criteria and Outcomes

When applying filters at the event, object, or object-type level, the presence and nature of relationships
among objects can heavily influence the selection of data:

1. Object Retention due to Implicit Relations: Filters based on lifecycle attributes, event frequencies,
or activity types might inadvertently remove objects that appear to be disconnected if only explicit
relationships are considered. However, when implicit relationships via E20 connections are taken
into account, an object that might otherwise be discarded could be retained because it consistently
co-occurs with other relevant objects at the event level. This richer understanding prevents the
premature removal of potentially important objects, ensuring a more faithful representation of the
underlying process.

2. Pruning via Ezxplicit Object Links: When explicit O20 relationships are available, filtering can
leverage these stable links to preserve or eliminate clusters of objects that are tightly interconnected.
For example, consider a scenario where a particular object type (e.g., Supplier) is consistently linked
to certain Contracts and Purchase Orders via explicit O20 relationships. By focusing on these
stable links, filters can either target this interconnected network for deeper investigation or exclude
it entirely if it does not align with the analysis objectives. This approach helps in isolating or
grouping objects more systematically and can lead to more meaningful subsets of the OCEL.

3. Refining Lifecycle-based Filters: Lifecycle-based filters (e.g., focusing on objects with long lifecycles)
may benefit from a hybrid view of relationships. Implicit relationships can highlight that certain
lengthy object lifecycles are not independent but occur in tandem with other object lifecycles due
to frequent joint events. Conversely, explicit relationships can confirm whether certain extended
lifecycles are driven by long-standing dependencies (like a contract that continually affects multiple
purchase orders).
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4. Awvoiding Orphaned Entities: Combining implicit and explicit relationships helps maintain con-
sistency and avoids generating orphan objects or events during filtering. While relying solely on
activity- or attribute-based filters may leave some objects isolated, considering both E20 and 020
relationships can ensure that the final filtered subset remains cohesive, with all objects meaning-
fully connected. This results in a more coherent dataset that accurately reflects the complexity
and interdependencies in the original OCEL.

Practical Considerations

When designing and applying filters, consider the following;:

e Data Availability: If O20 relationships are present in the log, explicitly harnessing them can guide
more informed filtering strategies. If they are absent, relying on E20-based implicit relationships
may still yield valuable insights.

e Process Complezity: More complex processes often require a careful, relationship-aware filtering
approach. A simplistic, relationship-agnostic filtering may strip away critical dependencies or
inadvertently isolate objects.

e Hybrid Approaches: Combining filters—e.g., first applying a lifecycle-based filter, then refining with
020-based criteria—can yield a balanced and targeted subset of the OCEL, suitable for advanced
process mining tasks.

In summary, object relationships—both implicit and explicit—play a pivotal role in shaping the out-
come of filtering steps in object-centric event logs. By acknowledging and leveraging these relationships
during the filtering process, analysts can retain essential context, maintain cohesive object networks, and
ultimately improve the fidelity and interpretability of subsequent analyses and results.

5.3 Example: On-Time In-Full (OTIF) in Object-Centric Pro-
cesses

In this section, we illustrate how the concepts introduced in this chapter facilitate the computation of
a key performance indicator (KPI) that inherently involves multiple object types. We consider On-
Time In-Full (OTIF) as a corner example of such a KPI, where different kinds of objects (e.g., orders,
shipments, deliveries) must be jointly analyzed. OTIF is widely used in supply chain and logistics to
measure whether orders are delivered on schedule (on-time) and in the requested quantity (in-full).

On-Time In-Full evaluates the extent to which deliveries meet both timeliness and quantity require-
ments, thereby providing a comprehensive measure of delivery performance. From an object-centric
perspective, computing OTIF becomes more structured and transparent, as all relevant objects and
events can be properly modeled, interconnected, and filtered.

Relating OTTF to the concepts discussed in this chapter, we see that it can be computed and analyzed
more effectively using an object-centric event log (OCEL). Since the chapter has focused on extracting,
preprocessing, and structuring event data into OCELs, it has laid the groundwork for analyzing KPIs
like OTIF. By leveraging the object-centric data model:

e We can represent each order, shipment, and product type as distinct objects.

e We can track their lifecycles through events such as order creation, picking, packing, shipping, and
delivery.

e By applying the preprocessing filters introduced in this chapter, we can isolate the subset of events
and objects that are relevant for assessing OTIF. For example, we may filter out irrelevant object
types, focus on events within a particular timeframe, or zoom in on objects (e.g., orders) with
delayed or partial deliveries.

In this sense, the techniques covered in the chapter—data extraction from relational databases,
blueprint formulations to shape OCELs, and extensive filtering strategies—are all enablers that en-
sure we have “clean”, well-structured, and process-relevant data. Without these methods, computing
OTIF from raw and possibly noisy data would be far more difficult and less reliable.
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Example of Using OCEL Data to Compute OTIF

Consider a scenario in which an organization uses the methodology from this chapter to extract and
preprocess event data from a relational database supporting their ERP system. After selecting the
relevant tables and applying blueprints, the resulting OCEL represents:

o Order objects (e.g., O1) with attributes like requested quantity, requested delivery date, and cus-
tomer.

e Shipment events linked to these orders that detail when the goods left the warehouse.

e Delivery confirmation events that indicate when and how many units were actually delivered.

Once the log is structured as an OCEL, the filtering methods from this chapter can be used to isolate
the exact subset of interest:

o Apply filtering on object types to focus on orders and shipments while removing unrelated processes.
o Use event-level filters to consider only deliveries that occurred within a defined time window.

e Employ object-level filters to retain only those orders that have a full cycle of requested, shipped,
and delivered events, ensuring a coherent set of data for OTIF calculation.

With the resulting refined OCEL, each order object can be evaluated against the OTIF criteria:

e On-Time: Check whether the delivery confirmation event’s timestamp is on or before the requested
delivery date.

e In-Full: Verify if the delivered quantity matches the requested quantity specified in the order
object’s attributes.

For example, assume order O requested 100 units of product P1, due on January 20. The shipment
event recorded on January 19 contains 90 units. Although the order was delivered before the deadline
(on-time), it was not delivered completely (in-full). Hence, O1 is classified as OTIF-fail due to insufficient
quantity.

In this example, the techniques introduced in the chapter—such as table-to-OCEL extraction, even-
t/object filters, and object-centric structuring—have directly enabled a precise, context-rich computation
of OTIF. Without these steps, identifying that O was not fully delivered on time would be more chal-
lenging, as the data might be dispersed across multiple tables, difficult to correlate, or cluttered by
irrelevant information.

In conclusion, by combining the methodologies presented in this chapter with the object-centric
paradigm, we gain the capability to compute and analyze complex KPIs like OTIF that hinge on multiple
types of interconnected objects. This exemplifies how the foundations laid out here support a richer,
more reliable, and more insightful assessment of process performance.

5.4 Filtering Chains in Different Applications

To fully understand the utility and flexibility of the filtering techniques described in the previous sections,
it is valuable to illustrate how they can be combined and adapted to form chains of preprocessing steps
tailored to specific application scenarios. By presenting realistic cases, we demonstrate why it is worth
introducing this methodological framework here, at this stage of the discussion: at this point, readers
have a grasp of the foundational concepts and can now appreciate how these concepts translate into
actionable strategies. In other words, the role of this section is to bridge the gap between the theoretical
aspects of data preprocessing and their practical deployment across various domains.

Data preprocessing plays an important role in transforming raw data into meaningful, actionable
insights. Through the lens of realistic situations, we introduce in this section diverse scenarios where a
chain of filters can be applied, creating a comprehensive methodological framework for data preprocessing.

This framework, although not exhaustive, illustrates the vast applicability of OCEL filters across
domains. By understanding the situation at hand and leveraging the appropriate filters in a logical
sequence, one can extract targeted insights, driving data-informed decision-making. As industries evolve,
so will the use cases, making it imperative for analysts to remain agile, continually adapting their
preprocessing strategies to fit the changing landscape. Concluding this section, the reason why we
introduce these examples now becomes evident: we have established a toolkit of filters and techniques,
and here we show their effectiveness in real-world scenarios, thus reinforcing their practical relevance and
offering a clearer pathway from abstract theory to tangible results.
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Customer Journey Optimization in E-commerce

Situation: An e-commerce platform aims to understand and optimize the customer journey, from brows-
ing products to checkout, hoping to improve user experience and sales.
Filtering Approach:

Filtering on Timestamp: By focusing on peak sale periods (e.g., Black Friday, Christmas), analysts
can study customer behaviors during high-traffic times.

Lifecycle Activities (Positive): Filtering to only include objects that have participated in “Add to
Cart” and “Purchase” activities can highlight successful customer journeys.

Lifecycle Activities (Negative): Conversely, filtering out objects that include “Abandon Cart” can
isolate problematic or interrupted customer journeys.

Object Filtering: Zooming into specific object types like “Premium Customers” or “First-time
Users” can provide segmented insights.

Rationale: By studying the steps leading up to a purchase and identifying potential pitfalls, the
platform can streamline the process, making it more user-friendly and increasing conversion rates.

Quality Assurance in Manufacturing

Situation: A manufacturing plant wants to trace the lifecycle of faulty products to understand at which
stage the most errors occur.
Filtering Approach:

Filtering on Activities: Pinpoint specific activities, like “Quality Check Failed” or “Product Re-
turn”.

Filtering on Activity Frequency: Isolate activities that occur frequently, indicating recurrent issues.

Lifecycle Duration: Identify products with unusually long production times, as these might corre-
late with defects.

Object Filtering: Focus on specific batches or product types to trace batch-specific errors.

Rationale: By targeting the problematic stages in the manufacturing lifecycle, the plant can imple-
ment targeted interventions to enhance product quality.

Resource Optimization in Hospitals

Situation: A hospital wants to improve patient flow and resource allocation in its emergency department.
Filtering Approach:

Filtering on Timestamp: Focus on high-traffic times, like weekends or flu season, to understand
resource constraints.

Lifecycle Length: Identify patient cases with extended wait times or prolonged treatment.

Start Activities and End Activities: Trace the entry (e.g., “Triage”) and exit points (e.g., “Dis-
charge”) of patients.

Object Filtering: Differentiate between “Critical” and “Non-Critical” patients to ensure priority
resource allocation.

Rationale: Enhancing patient flow and optimizing resource allocation can drastically improve patient
care and reduce hospital crowding.

130



Fraud Detection in Banking

Situation: A bank is looking to enhance its fraud detection mechanisms by studying transaction patterns.
Filtering Approach:

Filtering on Activities: Pinpoint suspicious activities like “Multiple Quick Transfers” or “High-
Value Overseas Transaction”.

Filtering on Activity Frequency: Focus on accounts with a high frequency of suspicious activities
in a short time frame.

Lifecycle Duration: Look for transactions that are processed unusually quickly or slowly, which
might indicate anomalies.

Object Filtering: Focus on “High-Value Accounts” or “Newly Created Accounts” for targeted anal-
ysis.

Rationale: Identifying patterns in fraudulent activities can lead to enhanced detection algorithms
and safer banking.

Marketing Campaign Analysis

Situation: A company wants to evaluate the effectiveness of its new marketing campaign.
Filtering Approach:

Filtering on Timestamp: Zoom into the duration of the marketing campaign.

Lifecycle Activities (Positive): Identify customers who interacted with the campaign, signed up for
offers, or made a purchase.

Lifecycle Length: Track the time between campaign interaction and conversion to gauge campaign
effectiveness.

Object Type Filtering: Differentiate between “New Customers” and “Returning Customers” to
measure campaign reach and retention.

Rationale: Evaluating campaign effectiveness can inform future marketing strategies, ensuring better
reach and conversion.
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5.5 Assessment

In this assessment we take a closer look at how different OCEL specifications perform during importing
and exporting processes. We begin by evaluating the earliest JSON and XML versions, moving on to
more recent XML and relational formats.

The experiments were executed on a notebook with an I7-7500U CPU, 16 GB DDR4 RAM, and the
PM4Py 2.7.5.1 library (introduced in Chapter 9). Still, we are confident that the findings are generic
and are also applicable to other configurations/tools.

5.5.1 Assessment of the OCEL 1.0 (JSON-OCEL) Importing and Exporting
Performance

The OCEL 1.0 JSON-OCEL specification serves as a pivotal standard for OCELs, enabling seamless and
standardized interactions across platforms and tools. An important aspect of this standard lies in its
performance, particularly during the importing and exporting phases. Hence, a thorough evaluation was
conducted to discern the associated execution times.

Our examination revealed a linear correlation between execution times and several parameters of the
OCEL. Specifically, the execution times exhibited a linear increase with respect to the number of events,
the count of objects, and the complexity of Event-to-Object relationships. This behavior is attributable to
the inherent structure of the JSON-OCEL file; each event, object, and their interrelationship necessitates
the creation of distinct lines within the file.

For a detailed breakdown:

e The execution times concerning the importing of JSON-OCEL can be consulted in Table 5.14. A
visual representation elucidating these times can be viewed in Figure 5.6.

e Analogously, for insights into the exporting process of JSON-OCEL, readers can refer to Table 5.15
and Figure 5.7.
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Table 5.14: Execution times for the JSON-OCEL importing.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 79350 50 50 1.1654643
100000 10000 158069 50 50 2.3192996
200000 10000 315882 50 50 4.3986419
250000 10000 395731 50 50 5.4498097
300000 10000 475162 50 50 6.5014450
Varying the number of objects
10000 50000 15722 50 50 0.4619411
10000 100000 15789 50 50 0.7287910
10000 200000 15747 50 50 1.2908618
10000 250000 15897 50 50 1.5373688
10000 300000 15730 50 50 1.8183474
Varying the number of object types
10000 10000 15827 50 50 0.2503010
10000 10000 15832 100 50 0.2739639
10000 10000 15778 200 50 0.2791158
10000 10000 15702 300 50 0.2796873
Varying the number of activities
10000 10000 15783 50 50 0.2820757
10000 10000 15908 50 100 0.3520604
10000 10000 15732 50 200 0.2799790
10000 10000 15694 50 300 0.2734964
Varying the number of related objects
10000 10000 15830 50 50 0.2818980
10000 10000 25477 50 50 0.3318018
10000 10000 34864 50 50 0.3816009
10000 10000 45906 50 50 0.4408452
10000 10000 54890 50 50 0.4860194
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Table 5.15: Execution times for the JSON-OCEL exporting.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 78984 50 50 4.805901
100000 10000 158722 50 50 7.4372167
200000 10000 315860 50 50 15.2403649
250000 10000 396100 50 50 19.3114568
300000 10000 475175 50 50 25.0929785
Varying the number of objects
10000 50000 15924 50 50 1.7018712
10000 100000 15833 50 50 2.6975883
10000 200000 15938 50 50 4.7394419
10000 250000 15785 50 50 5.7338925
10000 300000 15875 50 50 9.7941782
Varying the number of object types
10000 10000 15972 50 50 0.8989004
10000 10000 15715 100 50 0.9429617
10000 10000 15986 200 50 0.9427095
10000 10000 15827 300 50 0.8827834
Varying the number of activities
10000 10000 15727 50 50 0.9386734
10000 10000 15708 50 100 0.9236933
10000 10000 15758 50 200 0.8857196
10000 10000 15864 50 300 0.8808995
Varying the number of related objects
10000 10000 15918 50 50 0.9350085
10000 10000 25615 50 50 0.9384892
10000 10000 35154 50 50 1.0180133
10000 10000 45755 50 50 1.0412745
10000 10000 55289 50 50 1.0591959
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5.5.2 Assessment of the OCEL 1.0 (XML-OCEL) Importing and Exporting
Performance

In the domain of OCELSs, the OCEL 1.0 XML-OCEL specification is a critical standard, ensuring consis-
tent and effective interactions across diverse platforms and analytical tools. One of the primary aspects
that necessitates rigorous scrutiny is the performance efficiency of this standard, especially during the
pivotal stages of importing and exporting.

Upon evaluating this standard, we discovered a clear linear relationship between the execution times
and several integral components of the OCEL. Specifically, the increase in execution times is directly
proportional to the volume of events, the multitude of objects, and the intricacy of Event-to-Object
relationships present in the log. This observed behavior is fundamentally rooted in the structural design
of the XML-OCEL file. Each unique event and object, coupled with their interconnected relationships,
demands the introduction of new lines in the file.

For an in-depth understanding:

¢ Insights into the performance metrics during the importing phase of XML-OCEL are encapsulated
in Table 5.16. A complementary visual portrayal can be accessed in Figure 5.8.

o For those keen on the exporting dynamics of XML-OCEL, the relevant data is presented in Table
5.17 with an illustrative interpretation available in Figure 5.9.
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Table 5.16: Execution times for the XML-OCEL importing.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 79385 50 50 2.2899837
100000 10000 158289 50 50 4.4153928
200000 10000 316563 50 50 8.6114975
250000 10000 395068 50 50 10.9812265
300000 10000 473584 50 50 12.8496765
Varying the number of objects
10000 50000 15921 50 50 1.1052274
10000 100000 15595 50 50 3.1729632
10000 200000 15809 50 50 4.2061151
10000 250000 15813 50 50 3.9145160
10000 300000 15918 50 50 4.4373181
Varying the number of object types
10000 10000 15957 50 50 0.5418531
10000 10000 15716 100 50 0.5438293
10000 10000 15804 200 50 0.5405987
10000 10000 15839 300 50 0.5382997
Varying the number of activities
10000 10000 15931 50 50 0.5337336
10000 10000 15806 50 100 0.5400656
10000 10000 15896 50 200 0.5326837
10000 10000 15850 50 300 0.5358560
Varying the number of related objects
10000 10000 15949 50 50 0.5405576
10000 10000 25367 50 50 0.6034297
10000 10000 34712 50 50 0.7415162
10000 10000 45493 50 50 0.7698205
10000 10000 55316 50 50 0.8517845
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Table 5.17: Execution times for the XML-OCEL exporting.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 79012 50 50 3.9705261
100000 10000 158372 50 50 7.1479790
200000 10000 315318 50 50 14.6917108
250000 10000 395565 50 50 17.7828745
300000 10000 474097 50 50 21.5698638
Varying the number of objects
10000 50000 15894 50 50 1.7196090
10000 100000 15948 50 50 3.0834063
10000 200000 15792 50 50 4.9735830
10000 250000 16033 50 50 5.5814352
10000 300000 15800 50 50 6.5699145
Varying the number of object types
10000 10000 15769 50 50 0.9278010
10000 10000 15656 100 50 0.9186205
10000 10000 15931 200 50 0.8686433
10000 10000 15833 300 50 0.9073590
Varying the number of activities
10000 10000 16006 50 50 0.9291305
10000 10000 15780 50 100 0.8990814
10000 10000 15733 50 200 0.8938648
10000 10000 15814 50 300 0.8968855
Varying the number of related objects
10000 10000 15878 50 50 0.9714318
10000 10000 25380 50 50 0.9734456
10000 10000 35710 50 50 1.0692974
10000 10000 44836 50 50 1.1170109
10000 10000 54387 50 50 1.1800500
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5.5.3 Assessment of the OCEL 2.0 (XML) Importing and Exporting Perfor-
mance

Our investigation revealed a pronounced linear relationship between the execution times and integral
elements of the OCEL, namely the count of events, the array of objects, and the complexity stemming
from Event-to-Object relationships. The underlying rationale for this linear progression resides in the
inherent architecture of the XML file associated with the OCEL 2.0 specification. The file format
necessitates the generation of new lines for every event, object, and their relationships.

For a comprehensive perspective:

e Table 5.18 captures a detailed breakdown of performance nuances during the importing phase of
the OCEL 2.0 (XML) standard. Complementing this, Figure 5.10 offers a graphical representation,
bridging numerical data with visual comprehension.

o For insights concerning the exporting dynamics of the OCEL 2.0 (XML) specification, refer to
Table 5.19. A visual representation is portrayed in Figure 5.11.
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Table 5.18: Execution times for the OCEL 2.0 (XML) importing.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 79435 50 50 1.7118646
100000 10000 158540 50 50 3.2552428
200000 10000 316321 50 50 6.3962816
250000 10000 395409 50 50 8.0954118
300000 10000 474810 50 50 9.5073211
Varying the number of objects
10000 50000 15877 50 50 0.7417446
10000 100000 15684 50 50 1.1704036
10000 200000 15813 50 50 2.0019393
10000 250000 15647 50 50 2.3549721
10000 300000 15831 50 50 5.3788872
Varying the number of object types
10000 10000 15910 50 50 0.5457578
10000 10000 15771 100 50 1.7147929
10000 10000 15735 200 50 0.4879503
10000 10000 15962 300 50 0.4647944
Varying the number of activities
10000 10000 15734 50 50 0.5119915
10000 10000 15699 50 100 0.4340967
10000 10000 15909 50 200 0.4994736
10000 10000 15886 50 300 0.3915132
Varying the number of related objects
10000 10000 15816 50 50 0.4394561
10000 10000 25578 50 50 0.4799230
10000 10000 35857 50 50 0.5917849
10000 10000 44929 50 50 0.6845015
10000 10000 55194 50 50 0.7571096
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Table 5.19: Execution times for the OCEL 2.0 (XML) exporting.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 79028 50 50 3.9116333
100000 10000 158034 50 50 7.6043889
200000 10000 316605 50 50 15.0541424
250000 10000 396034 50 50 19.1210075
300000 10000 474523 50 50 22.2182205
Varying the number of objects
10000 50000 15673 50 50 1.3432566
10000 100000 15919 50 50 1.8360404
10000 200000 15859 50 50 2.9361057
10000 250000 15800 50 50 3.4872515
10000 300000 15899 50 50 3.9762817
Varying the number of object types
10000 10000 15884 50 50 0.9473345
10000 10000 15843 100 50 1.0400404
10000 10000 15817 200 50 1.0070991
10000 10000 15852 300 50 1.0771524
Varying the number of activities
10000 10000 15803 50 50 0.9423322
10000 10000 16036 50 100 0.9442702
10000 10000 15928 50 200 1.0275111
10000 10000 15744 50 300 1.0884441
Varying the number of related objects
10000 10000 15770 50 50 0.9317355
10000 10000 25441 50 50 0.9598051
10000 10000 35309 50 50 1.0858352
10000 10000 44893 50 50 1.0800734
10000 10000 55384 50 50 1.1682494
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5.5.4 Assessment of the OCEL 2.0 (relational) Importing and Exporting
Performance

The advent of the OCEL 2.0 SQLite implementation heralds a significant evolution in the realm of
OCELs. By leveraging relational databases, this approach facilitates more efficient and structured data
storage and retrieval. In this context, we embarked on a detailed exploration of its performance metrics,
specifically focusing on the dynamics during the importing and exporting stages.

Regarding the importing phase, our analysis echoed the findings from the XML counterpart. The
execution time exhibited a linear progression based on three primary elements: the volume of events,
the array of objects, and the intricacies inherent to Event-to-Object relationships.

However, the exporting phase presented a nuanced picture. While the execution time still followed
a linear trajectory, it was influenced by a broader spectrum of factors. Specifically, the number of
activities and object types also played pivotal roles, in addition to events, objects, and Event-to-Object
relationships. This can be attributed to the architecture of the relational implementation. Events
corresponding to different activities are partitioned and stored in distinct tables, mirroring the approach
taken for objects of varying object types.

For readers seeking an in-depth numerical perspective:

e Table 5.20 provides granular data on the performance metrics during the importing stage of the
OCEL 2.0 (relational) format. To complement this, Figure 5.12 illustrates these findings in a
graphical format.

o Insights into the exporting dynamics can be found in Table 5.21, with Figure 5.13 rendering a
visual counterpart for easier comprehension.
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Table 5.20: Execution times for the OCEL 2.0 (relational) importing.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 79038 50 50 1.9315053
100000 10000 158146 50 50 2.8229280
200000 10000 316105 50 50 5.6736681
250000 10000 395318 50 50 7.4138748
300000 10000 474574 50 50 8.3505543
Varying the number of objects
10000 50000 15788 50 50 0.7674552
10000 100000 15695 50 50 1.1962698
10000 200000 15781 50 50 2.1488750
10000 250000 15897 50 50 2.3957930
10000 300000 15741 50 50 2.8453596
Varying the number of object types
10000 10000 15695 50 50 0.4353955
10000 10000 15855 100 50 0.4897248
10000 10000 15743 200 50 0.6834859
10000 10000 15760 300 50 0.6480713
Varying the number of activities
10000 10000 15723 50 50 0.4624380
10000 10000 15858 50 100 0.4525937
10000 10000 15750 50 200 0.5684830
10000 10000 15820 50 300 0.6042211
Varying the number of related objects
10000 10000 15938 50 50 0.4631735
10000 10000 25568 50 50 0.4693716
10000 10000 35134 50 50 0.5556717
10000 10000 44691 50 50 0.5779192
10000 10000 55974 50 50 0.6343540
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Table 5.21: Execution times for the OCEL 2.0 (relational) exporting.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 79023 50 50 2.8800067
100000 10000 158213 50 50 3.8179100
200000 10000 316364 50 50 5.3827405
250000 10000 394911 50 50 6.1423498
300000 10000 474662 50 50 7.1400479
Varying the number of objects
10000 50000 15822 50 50 2.5544626
10000 100000 15843 50 50 3.4439342
10000 200000 15821 50 50 4.2837820
10000 250000 15756 50 50 4.8393653
10000 300000 15862 50 50 5.8866952
Varying the number of object types
10000 10000 15782 50 50 2.1295528
10000 10000 15802 100 50 3.1041289
10000 10000 15934 200 50 5.0965092
10000 10000 15933 300 50 6.8869124
Varying the number of activities
10000 10000 15906 50 50 2.4272622
10000 10000 15811 50 100 2.9434838
10000 10000 15799 50 200 5.3021660
10000 10000 15829 50 300 6.7925570
Varying the number of related objects
10000 10000 15996 50 50 2.1074866
10000 10000 25431 50 50 2.4425101
10000 10000 35281 50 50 2.1926336
10000 10000 45689 50 50 2.6579667
10000 10000 55132 50 50 2.2449341
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Conclusion

This chapter has addressed the critical tasks of data extraction and preprocessing for Object-Centric
Process Mining. We have presented a structured methodology for extracting OCELs from relational
databases, providing a step-by-step approach from table selection to event log extraction, encompassing
the formulation of blueprints and the nuances of storing OCELSs in various formats. Furthermore, we
have explored a range of preprocessing techniques, focusing on filtering methods and their consistent
application to maintain data integrity. The assessment of importing and exporting performance across
different OCEL versions offers valuable insights into the practical considerations of working with OCEL
data. By establishing robust data handling procedures, this chapter has laid the groundwork for the
subsequent chapters on object-centric process discovery and conformance checking. The ability to extract,
store, and preprocess OCEL data efficiently and effectively is crucial for the successful application of
OCPM techniques. The standardized OCEL format and the preprocessing techniques presented here
will enable us to conduct meaningful analyses and derive valuable insights from complex, object-centric
processes in the following chapters. Furthermore, the performance evaluations conducted in this chapter
provide a benchmark for future tool development and optimization in the field of OCPM.

152



Chapter 6

Object-Centric Process Discovery

(OCPD)

“In understanding the whole, one must seek to understand the parts; in every complex system, lies the
beauty of individual components.”
Dr. Eugene Fielding

Introduction

This chapter explores the core task of Object-Centric Process Discovery (OCPD), aiming to uncover
insightful process models from OCELSs that effectively capture the complex interplay of multiple objects.
We begin by examining the concept of collating traditional process models, establishing a baseline for
comparison with object-centric approaches. We then introduce Object-Centric Directly-Follows Graphs
(OCDFGs), including their textual abstraction for analysis with Large Language Models (LLMs), as a
means of visualizing the sequential relationships between activities across different object types. Sub-
sequently, we delve into Object-Centric Petri Nets (OCPNs), providing a more formal and expressive
model capable of capturing concurrency and complex control flow patterns. The chapter further explores
the discovery of Object Graph Enrichments, demonstrating their application to real-world processes like
Purchase-to-Pay (P2P) and Order-to-Cash (O2C). A detailed methodological framework for OCPD is
presented, guiding the reader through the selection of appropriate discovery algorithms and relevant ob-
ject types. Finally, a comprehensive assessment of the proposed methodology, focusing on the execution
times for discovering OCDFGs, OCPNs, and Object Graph Enrichments, is provided.

The following contributions, all worked by the author of this thesis, have been integrated into the
chapter:

e Concepts and techniques for extracting multi-viewpoint models from OCELs, including OCDFGs,
as discussed in [22].

« A token-based replay approach that streamlines conformance checking and process enhancement,
building on [24].

e FExtensions of OCDFG modeling and accompanying metrics, as well as supporting tooling for
OCPD, informed by [25].

e Methods for discovering OCPNs from OCELs, leveraging token-based replay for determining arc
typing and evaluating model quality, grounded in [119].

e Foundational ideas on OCDFGs derived from “StarStar Models” computed from event-to-object
graph enrichments, introduced in [21].

o Enhanced token-based replay strategies offering improved diagnostics, as reported in [23].

o Textual abstractions that enable LLM-driven process mining analyses, presented in [20].
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6.1 Collations of Traditional Models

Definition 39 introduces the concept of OCPD (translating an OCEL to an object-centric process model).

Definition 39 (OCPD). An OCPD operation is a method discoc : Uor, — Uonr associating an OCEL
to an object-centric process model.

In OCPD, the simplest class of models are those that are derived by transforming the OCEL into
traditional event logs and subsequently applying a conventional process discovery algorithm to it. This
approach essentially converts every object type to a corresponding traditional process model, allowing
for the seamless integration and reuse of existing process discovery techniques.

Definition 40 (Traditional Process Discovery). A traditional process discovery operation is a method
disc: Upr, — Uy associating a traditional event log to a (traditional) process model.

Various classes of process models can be effectively considered in this process. Definitions 40 and 41
introduce and elaborate on these traditional process discovery approaches and the different classifications
of process models.

Definition 41 (Types of Traditional Process Discovery). We define the following types of traditional
process discovery:

e discprg : Urp, — Uprg discovers a Directly-Follows Graph from a traditional event log

diSCDFG (TL> = (A; F7 Tmeasns 71-mease)

o discapn : Urp, — Uapn discovers an accepting Petri net from a traditional event log

d’iSCApN(TL) = (]D7 T, F, )\, M[, MF)

OCPD can be conceived as a comprehensive assembly of traditional process models. The different
types of collations that we consider are described in Definition 42

Definition 42 (Types of Collated Object-Centric Models). Given a set of object types OT C Uoiype, we
define the following types of collated object-centric models:

e OT — Uppg is a collation of Directly-Follows Graphs.
e OT — Uapn is a collation of Petri nets.

Definition 43 elucidates this idea, proposing it as a unification of traditional process models corre-
sponding to different object types found within the OCEL.

Definition 43 (Discovery of Collated Object-Centric Models

(Basic Flattening)). Given an OCEL L = (A,OT, E,O, EA, OA, evtype, time, objtype, eatype, eaval, oaval,
E20, 020, Tomap, <) and a traditional discovery operation disc : Ury, — Urnm, we define colly, : OT —
Urn in which for ot € OT, colly(ot) = disc(flat(L, ot)).

Definition 44 proposes the usage of Object-Graph-Based Flattening, instead of Basic Flattening.
Therefore, models are discovered on flattened logs that contain the events of interconnected objects.

Definition 44 (Discovery of Collated Object-Centric Models
(Object-Graph-Based Flattening)). Given an OCEL L = (A,OT,E,O,EA, OA, evtype, time, objtype,
eatype, eaval, oaval, E20, 020, Tomap, <) and a traditional discovery operation disc : Urr, — Urnm, we

define coll?TF . OT — Uy in which for ot € OT, colld™TF (ot) = disc(ccflat(L, ot)).

This methodology of OCPD not only simplifies the complexity of process discovery but also proves
beneficial in conformance checking. The flattened version of the OCEL enables the application of tra-
ditional conformance checking methods. Thus, the overall approach enhances both the discovery and
validation processes of object-centric models, driving their effective interpretation and evaluation in
complex system analysis.
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6.2 Object-Centric Directly-Follows Graphs

Object-Centric Directly-Follows Graphs (OCDFGs) provide a way to visualize how activities are con-
nected across multiple object types, capturing the idea that each object type evolves through a charac-
teristic sequence of activities. This is formally introduced as an OCDFG in Definition 45.

Definition 45 (OCDFG). An OCDFG is a tuple (A, OT, F, Tmeasn, Tmease), Where
o A C Ueype is a set of activities.
o OT C Uyiype 15 a set of object types.
e For ot € OT, >y is the start node of the object type, U, is the end node of the object type.

o F C {(a,ot,b) | a,b € A AN ot € OT} U{(bot,0t,a) |a€e A AN ot € OT} U {(a,0t,0) | a €
A AN ot €OT}

o Tmeasn : A 7 RZY is a measure on the nodes.
o Tmease : F 7 RZ0 is a measure on the edges.

While a traditional Directly-Follows Graph (DFQG) is typically associated with a single “case type”
and models how one activity follows another in that linear perspective, an OCDFG incorporates multiple
object types and their interlinked event sequences. Thus, an OCDFG allows us to see not only that an
activity b may follow an activity a, but also for which object types this ordering occurs, and how these
local sequences of events, grounded in different object types, interleave within a broader process.

6.2.1 From Data to Semantics: What Does “Follows” Mean?

When we say that one activity “follows” another activity in an OCDFG, we refer to a relation grounded
in the data of an Object-Centric Event Log (OCEL). In an OCEL, events are linked to multiple objects
of potentially different types (e.g., purchase orders, invoices, or items). For a given object type ot, the
events that mention objects of this type can be arranged in a sequence that reflects how each object
moves through various activities over time. The notion of “directly-follows” emerges from examining
these sequences.

Formally, consider an object o of type ot. The lifecycle of o, denoted lif(0), is the sequence of events
related to o in chronological order. If at some point in this sequence we see an event e; labeled with
activity a followed immediately by another event e labeled with activity b (with no other event of type
ot in between), then we say that “b directly follows a for object type ot.” This captures a local ordering
constraint observed in the data: whenever we look at the lifecycle of an object of type ot, if we encounter
activity a, and later b appears immediately after a in that object’s timeline, we record a directly-follows
relationship (a, ot, b).

Thus, the meaning of the directly-follows relation is tied to how real-world objects evolve:

o Each edge (a,ot,b) in the OCDFG indicates that, for at least one object of type ot, there exists a
pair of consecutive events (e1, e2) in that object’s lifecycle where e1’s activity is a, and ey’s activity
is b.

e This does not necessarily mean every occurrence of a for that object type is followed by b, but it
does mean there is at least one instance of ot for which b came immediately after a with no other
event of type ot interrupting the sequence.

6.2.2 Local Semantics and Partial Orders

The semantics of OCDFGs can be understood in terms of local partial orders induced by object lifecycles:

1. Object-Centric Perspective: For each object type ot, the events referencing objects of that type
form a linear sequence (per object) that can be aggregated across all objects of type ot. The
directly-follows relations extracted from these sequences reflect minimal precedence constraints: if
(a,ot,b) is in the OCDFG, a must occur before b on at least one object’s lifecycle of type ot, and
b appears as the immediate successor of a for that object.
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2. From Local to Global Structure: The OCDFG merges these local relations for all object types into
a single graphical artifact. Edges labeled with different object types show how, within each type-
specific “thread” of execution, some activities tend to follow others. Globally, these threads (one per
object type) interweave to form the overall process. Although the OCDFG itself does not explicitly
represent concurrency or synchronization across object types, the presence of multiple object types
often implies that different portions of the process can unfold simultaneously. For example, one
purchase order might be advancing from “Create Purchase Order” to “Invoice Receipt” while,
independently, a related invoice is moving from “Invoice Receipt” to “Perform Payment.” The
OCDFG, by showing these edges per object type, reveals the multi-object interplay without forcing
a single linear sequence of events.

3. Minimal Precedence Constraints: The directly-follows relation is a minimal and local constraint.
It does not say that a must always come before b; it merely documents that there is at least one
object instance for which a and b occur in immediate succession. Nor does it say anything about
events of other object types happening in parallel. The OCDFG’s edges are simply the recorded
minimal “building blocks” of observed orderings, from which more sophisticated models can infer
concurrency, choice, and synchronization patterns.

6.2.3 Assigning Meaning to Frequencies and Performance Measures

Beyond the existence of edges, the OCDFG can be annotated with frequency and timing metrics. For
example, one can measure how often b follows a for a given object type, or the average time elapsed
between these two activities. This introduces a richer semantic layer:

o A frequent edge (a,ot,b) suggests a strong, stable ordering pattern within the lifecycle of objects
of type ot.

e A high average time between activities a and b indicates that, while b may follow a, significant
delays are common.

These metrics offer a semantic interpretation of process behavior:

o High frequency edges are more likely to represent critical transitions in the object lifecycle.

e Long durations suggest potential bottlenecks or complexity in moving from one state to the next
within an object’s lifecycle.

In sum, the directly-follows edges do not merely say “a comes before b” in some abstract sense; they
link the structural notion of succession to actual process characteristics: how consistently b succeeds a,
and how much time, on average, passes between them.

6.2.4 Discovery of Object-Centric Directly-Follows Graphs

Having established the meaning and semantics of directly-follows relations in an object-centric setting,
we now describe how to systematically derive an OCDFG from an Object-Centric Event Log (OCEL).
The goal is to transform raw event data—where each event references one or more objects of potentially
different types—into a structured model that captures how activities are chained together for each object
type, and then aggregate these relationships into a comprehensive, object-centric view.

High-Level Idea. To discover an OCDFG, we iterate over each object type present in the OCEL and
extract the sequences of events associated with that object type. Within each such sequence, we identify
all pairs of consecutive events and derive the corresponding directly-follows relations between activities.
These type-specific relations form the edges in the OCDFG, complemented by conceptual start and end
nodes for each object type. Once these edges are collected from all object types, they are combined into
a single model that captures the interplay of multiple object lifecycles.

Detailed Procedure. Formally, we start with an OCEL and identify its set of activities A and object
types OT'. For each object type ot € OT, we consider all objects of that type and look at their lifecycles.
By detecting consecutive activity pairs (a,b) for each ot, we introduce an edge (a, ot,b) into our graph.
Additionally, we represent the initial and final activities encountered in each object’s lifecycle by edges
connecting to the artificial start (>,;) and end () nodes for that object type. In doing so, we create a
graph that shows how, for each object type, activities flow from a conceptual start node towards an end
node.
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Refining the Model. While the initial set of edges directly reflects the observed event sequences,
they can be further enriched and filtered. We can annotate activities and edges with measures such
as frequency and timing metrics. For instance, we may record how often a particular (a, ot,b) relation
occurs, or the average time elapsed between a and b. Such metrics allow for a more nuanced interpretation
of the process structure, highlighting the most common or time-consuming transitions.

Definitions 46 and 47 introduce Object-Centric Directly-Follows Tuples and their aggregations, pro-
viding the foundational elements needed to precisely identify and measure the arcs. Definition 48 then
formally specifies the discovery step itself, starting from an OCEL and producing an OCDFG equipped
with various optional metrics.

Definition 46 (Object-Centric Directly-Follows Tuples). Given an OCEL L = (A’,OT',E,O,EA,
OA, evtype, time, objtype, eatype, eaval, oaval, E20, 020, Tomap, <), and given ot € OT, let Oy = {0 €
O | objtype(o) = ot}, we define the directly-follows tuples for an object type ot € OT of L as:

DFTot: U {(ei,0,€i+1> | 1<i< |llf(0>|}
0€O0,¢,lif(0)=(e1,...,en)
Given two activities a,b € A’, we define
DFToqp = {(e1,0,e2) € DFT, | evtype(e1) =a A evtype(ez) = b}

Definition 47 (Aggregations of Object-Centric Directly-Follows Tuples). Given an OCEL L = (A’,OT",
E,0,EA,OA, evtype, time, objtype, eatype, eaval, oaval, E20, 020, Tomap, <), given ot € OT, a,b € A, we
define

. Ecot,a,b = {(61; 62) | (6la o, 62) S DFTot,a,b}
° UOot,a,b - {0 ‘ (61,03 62) S DFTot,a,b}

The discovery of an OCDFG is presented in Definition 48. Here, the fundamental elements of the
OCEL are leveraged to uncover an OCDFG. Through a series of steps involving the definition of the
activities, object types, and measures on nodes and edges, a coherent and structured OCDFG can be
derived.

Definition 48 (Discovery of an OCDFG). Given an OCEL L = (A’,OT',E,O,EA, OA, evtype, time,
objtype, eatype, eaval, oaval, E20, 020, Tomap, <), we discover an OCDFG (A, OT, F, Tmeasn, Tmease) S
follows:

« A=A
« OT =0T".
o For ot € OT, let N0y = {0 € O | objtype(o) = ot A Tecpo € Tomaple)}. We define the set of

edges as:

F= U {(evtype(er), objtype(o), evtype(ea)) | (e1,0,e2) € DF Ty} U
oteOT

U {(or, ot evtype(tifl0)(1))), (evtype(tif{o)(|liff0)))), ot, Do)}

0€0,¢

o We can define Tmeasn : A — RZ0 in three ways:
— (number of events) Tmeasny(a) = |{e € E | evtype(e) = a}|
— (number of unique objects) Tmeasnyo (@) = {0 € O | Tecr evtype(e) =a N 0 € Tomap(e)}]

— (number of total objects) Tmeasnro (@) = |{(e,0) € E x O | evtype(e) =a A 0 € Tomap(e)}]

o We can define Tmease : F /> RZ0 in several different ways for (a,ot,b) € F (where a,b € A and
ot € OT):

— (number of event couples) s (a,o0t,b) = |ECotqp
EC

mease
— (average time between events) Tpeaser  (a,0t,b) = avg{time(ez)—time(er) | (e1,€2) € ECoap}

f (a,ot,b) = |UOot,a,b
o

— (number of unique objects) Tmease!,
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— (number of total objects) T s (a,o0t,b) = |DF Ty 0]
TO

mease
— (average time in the flattened log) mycaser (a,0t,b) = avg{time(ez) — time(e1) | (e1,0,€2) €
DFTot,a,b}

Note that the cardinality functions meqsn and Tmeqse are partial functions because certain measures
may not be defined for the start >,; and end [J,; nodes and edges; therefore, they may not have values
for these elements. According to Definition 48, different metrics are introduced both for the frequency
of activities and for the frequency of edges in the context of an OCDFG.

For the frequency of activities, we have:

o the number of events (Tmeasny): This metric measures the number of events for each activity,
where an event is associated with the activity if its activity property (evtype) matches the activity.

o the number of unique objects (Tmeasnye ): This measures the number of distinct objects associated
with an activity. An object is associated with an activity if there exists an event where the event’s
activity property matches the activity, and the object is part of the object mapping of the event.

o the number of total objects (Tmeasnyo): This calculates the total number of times an object is
associated with an activity. This includes counting multiple occurrences of the same object.

For the frequency of edges, we have:

o the number of event couples (m : This counts the number of pairs of events that form an

measeéc)
edge. An edge here is defined as a sequence of two activities associated with the same object type.

o the number of unique objects (m : This measures the number of distinct objects that are

measego )
associated with an edge, where an edge is defined as before.

o the number of total objects (m : This calculates the total number of times an object is

measegﬂo )
associated with an edge, including multiple occurrences of the same object.

In terms of performance metrics at the edge level, two different measurements are used:

e average time between events (ﬂ'mease% C): This metric calculates the average duration between two
consecutive events that form an edge.

e average time in the flattened log (Wmease’; O): This metric also measures the average time duration,
but in the context of the flattened log, which could lead to convergence issues.

So, to summarize, Definition 48 proposes a framework for measuring both the frequency and the
performance of activities and edges within an OCDFG. The metrics account for the multiple roles that
objects can have in different activities and edges, which is a distinctive feature of OCELs.

The resulting OCDFG thus becomes an aggregated, object-aware map of how observed activities
follow one another, offering a richer perspective than traditional DFGs and serving as a stepping stone
towards more expressive and formal object-centric models.
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We include some representations of OCDFGs:

e Figure 6.2: This figure displays the OCDFG derived from the example event log shown in Table
3.3. The frequency of the activities is determined by the number of events (Tmeasny ), While the

frequency of the arcs is determined by the number of event couples (7, . ).
EC

e Figure 6.3: This figure presents the OCDFG extracted from the example event log provided in
Table 3.3. The frequency of the activities is calculated based on the number of unique objects
(Tmeasnyo ), and the frequency of the arcs is calculated based on the number of unique objects
(m

f
measey;

e Figure 6.4: This figure shows the OCDFG obtained from the example event log in Table 3.3. The
frequency of the activities is computed by counting the total number of objects (Tmeasnro ), and

the frequency of the arcs is measured by counting the total number of objects (7, . .r ).
TO

o Figure 6.5: This figure illustrates the OCDFG identified from the example event log described in
Table 3.3. The frequency of the activities is determined by the number of events (meqsny), and
the performance of the arcs is evaluated by the average time between events (Wmease’}; C).

e Figure 6.6: This figure depicts the OCDFG discovered from the example event log in Table 3.3.
The frequency of the activities is assessed by the total number of objects (Tmeasnro), and the

performance of the arcs is calculated by the average time in the flattened log (WmeasePT ).

Definition 49 describes how to apply filtering on an OCDFG based on thresholding the frequency of
activities and edges.

Definition 49 (Frequency Thresholding). Given an OCDFG OCDFG = (A,OT, F, Tmeasn; Tmease)s
and two thresholds n,m € RZ%, we define OCDFG' = (A", OT, F', ! ! ) in which:

measn’ 'mease

o A = {a cA | aé dOm(ﬂ'measn) Vv 7Tmeasn(a) > n}
o [V = {f er ‘ f ¢ dom(ﬂ'mease) \ Wmease(.f) 2 m}

Tmeasn’ = Mmeasn| 4s

* Tmease’ = Tmease|p

The main goal of Definition 49 is to keep the most frequent activities and arcs in the OCDFG, without
any ensurance on the connectness of the graph.

6.2.5 Textual Abstraction of OCDFGs

When it comes to OCELSs, we often utilize OCDFGs as part of the abstraction process. An example
of such an abstraction is depicted in Listing 6.1. In this case, each type of object within the log has a
corresponding set of arcs in its Directly-Follows Graph. These arcs illustrate the flow and sequence of
activities involving that particular object type. However, similar to traditional Directly-Follows Graphs,
we must be mindful of the context window limitation. As a result, arcs with fewer occurrences may be
omitted from the textual abstraction to maintain a manageable size. Regardless of this omission, the
critical insight here is the pattern of activities and interactions concerning each object type.

Like the previously discussed abstractions, the way in which these object-specific arcs are represented
in the abstraction does not significantly affect how advanced LLMs interpret them. As long as the
arcs are clearly stated, the LLM can efficiently process and generate useful insights from them. This
flexibility underlines the applicability and utility of advanced LLMs in understanding and analyzing
complex object-centric artifacts.
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Listing 6.1: Textual abstraction of the OCDFG obtained from Table 3.3 (obtained using the method
pmédpy.llm.abstract_ocel_ocdfg).

If T have an OCEL with the following directly follows graph (split between the different object types):

Object type: Invoices
Invoice Receipt —> Perform Payment (frequency (number of events) = 6, frequency (number of objects) = 6, duration =
4768890.00)
Invoice Receipt —> Create Purchase Order (frequency (number of events) = 1, frequency (number of objects) = 1, duration =
10800.00)

Object type: Purch.Ord.

Create Purchase Order —> Invoice Receipt (frequency (number of events) = 4, frequency (number of objects) = 4, duration =
514710.00)

Invoice Receipt —> Invoice Receipt (frequency (number of events) = 2, frequency (number of objects) = 1, duration =
2635230.00)

Create Purchase Order —> Create Invoice (frequency (number of events) = 2, frequency (number of objects) = 2, duration =
296850.00)

Invoice Receipt —> Quality Check (frequency (number of events) = 1, frequency (number of objects) = 1, duration =
153000.00)

Object type: Purch.Req.

Create Purchase Requisition —> Create Purchase Order (frequency (number of events) = 2, frequency (number of objects) =
2, duration = 93360.00)

PR Formal Approval —> Create Purchase Order (frequency (number of events) = 1, frequency (number of objects) = 1,
duration = 110700.00)

Create Purchase Order —> Change Purchase Requisition (frequency (number of events) = 1, frequency (number of objects) =
1, duration = 61200.00)

Create Purchase Requisition —> Close Purchase Requisition (frequency (number of events) = 1, frequency (number of objects)
= 1, duration = 12600.00)

Create Purchase Requisition —> PR Formal Approval (frequency (number of events) = 1, frequency (number of objects) = 1,
duration = 3600.00)
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6.3 Object-Centric Petri Nets (OCPNs)

An Object-Centric Petri Net (OCPN) is a special kind of Petri net designed to model processes involving
multiple types of objects, capturing the interactions between them. Traditional Petri nets are typically
used to model the flow of a single case type, but OCPNs extend this by incorporating multiple object
types, like orders, items, and customers in an online shop.

In this section, we introduce OCPNs with an emphasis on their semantics, especially the concept
of variable arcs, which enable the model to capture many-to-one or one-to-many relationships between
objects and activities.

6.3.1 Definition and Semantics of OCPNs

First, we formalize the concept of OCPNs.

Definition 50 (OCPN). An Object-Centric Petri Net (OCPN) is a tuple ON = (N, pt, Fyqr) where:
1. N=(P,T,F,)\) is a labeled Petri net.
2. pt: P — Ugyype maps places onto object types.
8. Fyar C F is the set of variable arcs.

In an OCPN:

e Object Types: Each place represents a type of object, such as “Order”, “Item”, or “Customer”.
Tokens in these places represent specific instances of those objects (e.g., order #123, item #456).

Activities/ Transitions: Transitions represent activities in the process, connecting the object-type
places.

e Regular Arcs: These arcs connect places and transitions and usually represent a one-to-one rela-
tionship. For example, an arc from “Order” to “Process Payment” might mean that processing
payment requires one order.

o Variable Arcs: These arcs are represented by double lines and indicate that an activity can consume
or produce multiple objects of a certain type. For example:

— An arc from “Item” to “Pack Order” with a variable arc signifies that the “Pack Order”
activity consumes multiple items.

— Conversely, a variable arc from “Pack Order” to “Package” would indicate that packing an
order produces one package.

Non-variable arcs can be traversed by a single token, whereas variable arcs can be traversed by a
variable number of tokens, reflecting event data associated with multiple objects. Variable arcs enable
the model to capture the many-to-one or one-to-many relationships between objects and activities that
are common in real-world processes.

An illustrative example of an OCPN is provided in Figure 6.7.

To properly define the execution semantics of OCPNs, we introduce the concept of bindings, which
are similar to the bindings in colored Petri nets but adapted to the object references in the event logs.

A token, represented as (p, 07), is located in place p and is associated with the object oi. A marking
M is a multiset of such tokens.

Definition 51 (Marking). Let ON = (N, pt, Fyar) be an OCPN with N = (P, T, F, ).

Qon = {(p, 0i) € P x Uny; | type(oi) = pt(p)} is the set of possible tokens.
A marking M of ON is a multiset of tokens, i.e., M € B(Qon).

The semantics of an OCPN are defined in terms of the movement of tokens across the net based on
enabled transitions and their bindings.

Definition 52 (Binding Execution). Let ON = (N, pt, Fyor) be an OCPN with N = (P, T, F,\). Let
tpl(t) denote the set of object types associated with transition t. Let tpl,, (t) denote the set of object types
associated with non-variable arcs of t. Let Ugymap be the set of all possible object mappings, where an
object mapping b € Uomap 5 a function from object types to sets of object instances, i.e., b: OT — 2Uobi ,
Let type(oi) be a function that returns the object type of an object instance oi.
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Create Purchase Requisition

PR Formal Approval

Create Purchase Order

Perform Payment

| | | | | | I.Create Invoice

| Close Purchase Requisition

| Quality Check

| Change Purchase Requisition

S

Purch.Req.

Invoices

Figure 6.7 An OCPN computed on the example event log provided in Table 3.3 using the Inductive
Miner as the underlying process discovery algorithm (no filtering applied).
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The set of all possible bindings is defined as:

B = {(£,6) € T X Uppnap | dom(B) = tpl(t) A Yoseupr, o b(ot)] = 1}
Given a binding (t,b), we define:
o cons(t,b) = [(p, 0i) € Qon | p € ot A oi € b(pt(p))],

o prod(t,b) = [(p,0i) € Qon | p Ete A oi € b(pt(p))].

The binding (t,b) is enabled in marking M € B(Qon) if cons(t,b) < M. The occurrence of an
enabled binding (t,b) in marking M leads to the new marking M' = M — cons(t,b) + prod(t,b). This is
denoted as M 22w

In the above, Uymap denotes the set of object mappings b where each object type in tpl(t) is mapped
to a set of object identifiers of that type. Non-variable arcs require that exactly one object is consumed

or produced, i.e., for ot € tpl, (t), [b(ot)| = 1.
We define the following for a transition ¢:

e pl(t) = ot U te are the places connected to t.

o Pl () ={p € pl(t) | (p,t) € Fyar V (t,p) € Fyar} are the places connected to ¢t through variable
arcs.

o pl,,(t) = pl(t) \ pl,,.(t) are the places connected through non-variable arcs.
o tpl,a.(t) = {pt(p) | p € pl,,-(t)} are the object types of places connected through variable arcs.

o tpl,,(t) = {pt(p) | p € pl,,(t)} are the object types of places connected through non-variable arcs.

A well-formed OCPN enforces that for any given transition ¢, the arcs connected to places of the
same object type are either all variable or all non-variable.

Definition 53 (Well-Formed OCPN). An OCPN ON = (N, pt, Fyor) is well-formed if for each transition
t € T, the sets of object types associated with variable and non-variable arcs are disjoint, i.e., tpl,,-(t) N

tplnv(t) =0.
We can define the initial and final markings to establish an accepting OCPN.

Definition 54 (Accepting OCPN). An accepting OCPN is a tuple AN = (ON, M;ni, Mpna1), where
ON s a well-formed OCPN, and My, Mana are initial and final markings respectively.

The behavior of an accepting OCPN can be described by the sequences of visible bindings from the
initial marking to the final marking.

Definition 55 (Language of an OCPN). An accepting OCPN AN = (ON,Mni, Mpna1) defines a
language ¢(AN) = {0y | M — Mpnai}, where o, is the sequence of visible bindings (transitions with
labels) from Mini to Mpna.

6.3.2 Discovery of OCPNs

Having established the definitions and execution semantics of OCPNs, we proceed to discuss the discovery
of OCPNSs from event logs.

While Object-Centric Directly-Follows Graphs (OCDFGs) provide the ability to depict the frequency
and performance of interconnections between varied activities within an Object- Centric Event Log (OCEL),
their capacity to handle concurrency is limited. To address this limitation, we utilize OCPNs for repre-
senting business processes involving concurrency.

The discovery of OCPNs involves several primary steps:

o We first flatten the OCEL for each object type and apply a standard process discovery algorithm,
such as the Inductive Miner.

o A Token-Based Replay (TBR) is then performed between the flattened log and the resulting model.
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e The discovery of an OCPN involves the amalgamation of the places, transitions, and arcs derived
from the collection of Petri nets. While we incorporate the places and the invisible transitions from
the object-type-specific Petri nets, we retain only a single visible transition for each label, adding
the arcs accordingly.

e To discern the variable arcs, we use the outcomes of the TBR. The arcs connected to places of
object type ot and the transitions, which according to the TBR results consistently consume one
object of the object type ot, are regarded as non-variable. Otherwise, they are marked as variable
arcs.

This process presents a systematic and efficient approach to the discovery of OCPNs.

Definition 56 (Discovery of OCPNs). Given an OCEL L, and a process discovery algorithm discapn
that produces an accepting Petri net per object type, we define the discovered OCPN ON as follows:

e For each object type ot in L, we flatten L to obtain a traditional event log for ot.
o Apply discapn to each flattened log to obtain an accepting Petri net N;.

o Combine the nets { Ny} into a single net N, merging transitions with the same label into a single
transition, and retaining places, silent transitions, and arcs.

e Define the mapping pt from places to object types based on their origin.

e Perform TBR on the flattened logs and the corresponding models to obtain metrics on the usage of
tokens.

e For each arc f in N, determine whether it is variable based on the TBR metrics: if the number of
consumed or produced tokens varies across events, the arc is variable (f € Fyar); otherwise, it is
non-variable.

Formally, an OCPN ON = (N, pt, Fy4r) is constructed where N = (P, T, F, \).

Indeed, the method detailed in Definition 56 is designed to be compatible with any conventional
process discovery algorithm, such as the Alpha Miner or the Inductive Miner. We opt to utilize the
Inductive Miner due to its robust theoretical underpinnings.

6.3.3 Visualization and Annotation of OCPNs

The visualization of OCPNs can be annotated by frequency and performance metrics obtained during
the TBR (an operation needed to identify the variable arcs). The TBR operation returns metrics at the
place level (number of missing, consumed, produced, and remaining tokens), associates each transition
with the list of corresponding events, and measures the time from the activation of the transition to its
firing.

Using this data, we can effectively annotate the OCPN. Figure 6.8 presents an OCPN decorated with
frequency information derived from the flattened event logs.

Similarly, Figure 6.9 showcases the same Petri net but annotated with performance metrics.

6.3.4 Conversion to Object-Centric BPMN

Another common procedural modeling notation used in business process management is the Business
Process Model and Notation (BPMN 2.0) [1]. It is a rich, graphical representation for specifying business
processes in a business process model, offering a more extensive set of symbols compared to Petri nets,
thereby allowing more precise business communication [65, 64]. However, the expressiveness of BPMN
can lead to ambiguity due to the potential for different interpretations of its constructs [42, 92].

An object-centric BPMN diagram has the distinct advantage of presenting the same information as
an OCPN but does so using fewer nodes and edges. This reduced complexity not only aids in readability
but also streamlines the modeling process. Given this efficiency, it is advantageous to convert an OCPN
to an object-centric BPMN diagram. The conversion process entails transforming the Petri nets of
individual object types into BPMN diagrams and subsequently collating these diagrams into a cohesive
representation.

To illustrate the utility of object-centric BPMN diagrams, Figure 6.10 showcases such a diagram,
which is decorated with frequency information derived from flattened event logs.
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Figure 6.8: OCPN decorated with frequency information (measured on the flattened event logs).
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Figure 6.9: OCPN decorated with performance information (measured on the flattened event logs).
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Figure 6.10: Object-centric BPMN diagram decorated with frequency information (measured on the
flattened event logs).
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Similarly, Figure 6.11 presents an object-centric BPMN diagram adorned with performance metrics.
By referencing such metrics, the diagram can shed light on the efficiency and effectiveness of the depicted
business processes.

6.3.5 Projection to Traditional Petri Nets

The process of mapping an OCPN to a collection of models for the individual object types is straight-
forwardly delineated in Definition 57. This operation facilitates the disentanglement of the overarching
process into distinct, object-specific models.

Definition 57 (Projection of an Accepting OCPN to a Collection of Traditional Accepting Petri
Nets). Given an accepting OCPN AN = ((P,T,F,\), pt, Fyar, Minit, Mfina), and OT = {pt(p) | p €
P}, we define coll : OT — Uppn, where for each ot € OT, the accepting Petri net coll(ot) =
(Pot7 T0t7 Fot7 >\ot7 Minit,oh Mﬁnal,ot) is de.ﬁ'rwd as:

o Pyy={p€ P|ptp)=ot},

o Toy={teT |3IpePy:(p,t)eFV(tp) €F},

° Fot :Fm((Pot XTot)U(Tot X Pot>)7

e Aot is the restriction of \ to Ty,

° FOTp S Pot; Minit,ot(p) = ZOierbj Minit(pa 02‘)7

. Forp S Pot; Mﬁnal,ot(p) = ZOiEUobj Mﬁnal(p7 07’)

6.3.6 Conclusion

In summary, OCPNs provide a powerful formalism for modeling processes involving multiple interacting
object types. By incorporating variable arcs and defining precise execution semantics, OCPNs can
represent complex real-world processes that involve many-to-one and one-to-many relationships between
activities and objects. The discovery of OCPNs from event logs enables analysts to extract accurate
representations of such processes, which can be visualized and analyzed using annotations derived from
performance and frequency metrics.
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Figure 6.11: Object-centric BPMN diagram decorated with performance information (measured on the
flattened event logs).

175



D @ @ :I
@@@@@
ololololololo

olo

Figure 6.12: Object Interaction Enrichment built on top of the event log described in Table 3.3.

6.4 Discovering Object Graph Enrichments

In process analysis, the relationships between objects can take various forms, each revealing a different
aspect of the process dynamics. Therefore, to provide a comprehensive overview of a process, it is
essential to explore these different types of object relationships. In the following, we introduce several
distinct types of Object Graph Enrichments, each capturing a unique dimension of object interaction
within a process. This is done in Definition 58.

Definition 58 (Some Types of Object Graph Enrichments). Given an OCEL L = (A,OT,E,O,EA,
OA, evtype, time, objtype, eatype, eaval, oaval, E20, 020, Tomap, <), we define:

o (Object Interaction Enrichment) GErq = (L, A1g) where Ajg = {(01,02) € O X O | Jecgo1,02 €
Tomap(€)}-

o (Object Creation Enrichment) GEcre = (L, Acrg) where Acra = {(01,02) € Arg | start(o1) <
start(o2)}.

o (Object Continuation Enrichment) GEcoc = (L, Acog) where Acoc = {(01,02) € Arc | start(o1) <
start(oz) A end(o1) = start(os)}.

o (Object Cobirth Enrichment) GEcp = (L,Acp) where Acp = {(01,02) € Arg | start(o) =
start(oz)}.

o (Object Codeath Enrichment) GEcp = (L,Acp) where Acp = {(01,02) € Aig | end(o1) =
end(o2)}.

i &b B

Figure 6.13: Object Creation Enrichment built on top of the event log described in Table 3.3.
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Figure 6.14: Object Continuation Enrichment built on top of the event log described in Table 3.3.

In Definition 58, we introduce several types of Object Graph Enrichments:

e Firstly, we introduce the concept of Object Interaction Enrichment. This graph maps out all
the objects that are related in the same event, highlighting the direct interactions that can take
place within a single event. It gives a sense of the degree of concurrency or interdependence that
characterizes the process.

e Next, we consider the Object Creation Enrichment. This graph captures the interactions between
objects where the lifecycle of one starts before the other. It can give insights into the temporal
dependencies between objects, such as the prerequisite relationships that require one object to be
initiated before another.

e We also define the Object Continuation Enrichment. This graph is a refinement of the Object
Creation Enrichment, where the lifecycle of the first object ends exactly when the second one
starts. It shows the seamless handovers in the process, marking points where the completion of
one task immediately triggers the start of another.

e Additionally, we introduce the concept of an Object Cobirth Enrichment. This graph connects
objects that start their lifecycle in the same event. It indicates the simultaneous creation of objects,
highlighting the points in the process where multiple tasks or activities are launched concurrently.

e Finally, we define the Object Codeath Enrichment. This graph links objects that end their lifecycle
in the same event. It identifies points in the process where multiple objects are completed at once,
indicating synchronized closures of tasks or activities.

Together, these different types of Object Graph Enrichments provide a multi-faceted view of the process,
reflecting the diversity of object interactions that can influence process execution and performance. In
Figure 6.12, Figure 6.13 and Figure 6.14, we show respectively the object interaction, creation and
continuation graphs starting from the event log presented in Table 3.3.

6.4.1 Discovering Object Graph Enrichments for the Purchase-to-Pay Pro-
cess

In the realm of business process modeling, understanding the intricate relationships between various enti-
ties or objects is paramount. These relationships often reflect the operational flow and interdependencies
between different stages of a process. As an exemplification of this, we discuss the Purchase-to-Pay pro-
cess, a fundamental procedure in the business domain which we previously introduced in Section 3.2.1.
In the ensuing content, we uncover some of the pivotal object relationships within the Purchase-to-Pay
process, categorizing them based on their nature: creation, continuation, and cobirth.

Some Object Creation relationships in the P2P Process

e “Purchase Requisition” — “Purchase Order”: A Purchase Requisition is a request or instruction
to Purchasing to procure a certain quantity of a material or a service for a certain date. Upon its
approval, a Purchase Order is created. The Purchase Requisition lifecycle doesn’t conclude until
the Purchase Order is created, establishing a creation relationship.
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Figure 6.15: Abstraction showing the different relationships between the object types of a Purchase-to-
Pay process.

“Purchase Order” — “Delivery”: Once a Purchase Order is issued to a supplier, the next step is the
delivery of the goods or services that were ordered. The lifecycle of the Purchase Order continues
until the goods or services are delivered, and thus the delivery lifecycle begins, establishing a
creation relationship.

“Delivery” — “Goods Receipt”: The Goods Receipt process begins when the ordered goods are
delivered. The completion of the delivery (and hence its lifecycle) is not marked until the goods
are received and checked, triggering the start of the Goods Receipt lifecycle.

“Goods Receipt” — “Invoice”: Once the goods are received and checked, the supplier issues an
invoice. The lifecycle of the Goods Receipt continues until the Invoice is created, thus establishing
a creation relationship between the two objects.

“Invoice” — “Payment”: After the invoice is created, the next step is the payment of the invoice.
The lifecycle of the Invoice continues until the Payment has been initiated.

In each case, the lifecycle of the first object is not complete until the lifecycle of the second object has
begun, which is why these are considered “creation” relationships.

Some Object Continuation relationships in the P2P Process

e “Purchase Requisition” — “Purchase Order”: In many organizations, a Purchase Requisition’s
completion immediately kicks off the creation of a Purchase Order. The Purchase Order effectively
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“continues” the intent of the Purchase Requisition, transitioning the request from an internal desire
for goods or services to an external order with a supplier.

“Purchase Order” — “Delivery”: The lifecycle of a Purchase Order concludes when the goods or
services ordered have been delivered, at which point the Delivery lifecycle starts. The order details
in the Purchase Order continue directly into the Delivery, as the Delivery fulfills the requirements
laid out in the Purchase Order.

“Delivery” — “Goods Receipt”: Once the Delivery is complete and goods have arrived, the Goods
Receipt process begins. This marks the continuation from Delivery to Goods Receipt. The act of
receiving the goods is the final act of the Delivery process, and the first act of the Goods Receipt
process.

The continuity and direct relationship between these objects indicate a high degree of interdependence.

Some Object Cobirth relationships in the P2P Process

“Purchase Requisition” — “Contract”: In some business environments, when a Purchase Requisi-
tion is made, it may coincide with the creation of a Contract, especially if it is a new agreement
with the supplier.

“Purchase Order” — “Supplier”: Often, when a Purchase Order is created for the first time for a
specific item or service, the Supplier who provides that item or service might be registered (if it is
a new supplier) or marked for reference in the system at the same time.

“Delivery” — “Supplier”: When a Delivery is initiated for a new supplier, the Supplier object is
also “born” in the system. This may occur when the company is dealing with a supplier for the
first time or if it is a new branch of a supplier.

“Goods Receipt” — “Warehouse”: The Warehouse object may be created or designated at the
same time as a Goods Receipt is issued, particularly if it is a new warehouse or storage location
that is being used for the first time.

“Invoice” — “Bank”: An Invoice could cause the “birth” of a Bank object if it is the first time that
a specific bank account is being used for invoicing purposes.

“Payment” — “Bank”: Similarly, the Payment process might coincide with the creation of a Bank
object if it is the first time a particular bank or account is being used for making payments.

6.4.2 Discovering Object Graph Enrichments for the Order-to-Cash Process

In Section 3.2.2, we introduced the Order-to-Cash (O2C) process. This section goes deeper into the
relationships between the various objects within the O2C workflow. Using Figure 6.16 as a reference, we
will categorize and detail these relationships to better understand the overall process.

Some Object Creation relationships in the O2C Process

“Customer Order” — “Goods Issue”: In the O2C process, the customer order is the beginning of
the cycle. The customer order includes details like what goods the customer wants, how many they
want, and where they should be delivered. Once the customer order is received and validated, it
triggers the creation of a goods issue. The goods issue involves taking the requested goods from
the inventory and preparing them for delivery. In other words, the customer order directly leads
to the creation of the goods issue.

“Goods Issue” — “Delivery Note”: After the goods have been prepared for delivery, a delivery
note is created. This note is an essential document that accompanies the goods throughout the
transportation process. It includes information like the goods included in the shipment, their
quantities, and the destination. Therefore, the process of issuing goods creates the delivery note.

“Delivery Note” — “Transportation”: Once the delivery note is created, transportation is arranged.
The delivery note will accompany the goods during transportation and will be used to confirm the
delivery once it reaches the customer. In this context, the creation of the delivery note triggers the
creation of a transportation order or request.
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Figure 6.16: Abstraction showing the different relationships between the object types of an Order-to-
Cash process.

e “Goods Issue” — “Invoice”: At the same time as the goods are being prepared for delivery (or
sometimes after delivery confirmation), an invoice is generated. This invoice will detail the cost of
the goods, any taxes, delivery fees, and the total amount due from the customer. It is crucial to
note that while the invoice is created after the goods issue, it might be sent to the customer at a
different time depending on the business’s invoicing policies.

e “Invoice” — “Payment”: After the invoice has been sent to the customer, it is expected that the
customer will make a payment. The invoice thus directly leads to the creation of a payment. Once
the payment is received, it will be processed and recorded in the company’s financial system.

Some Object Continuation relationships in the O2C Process

e “Customer Order” — “Goods Issue”: In the O2C process, the customer order doesn’t merely trigger
the goods issue; it also sets the stage for the goods issue process. The details within the customer
order, such as product descriptions, quantities, and delivery locations, continue to be pertinent
during the goods issue process. Thus, the lifecycle of the customer order continues into the goods
issue, and the two are directly linked in a sequence.

e “Goods Issue” — “Delivery Note”: The information from the goods issue process, like what items
are being shipped and their quantities, is vital in creating the delivery note. Therefore, the lifecycle
of the goods issue continues into the delivery note. This continuation means that the process isn’t
complete with just issuing the goods; the detailed documentation in the form of a delivery note
also needs to be created.

e “Delivery Note” — “Transportation”: The delivery note provides all the necessary details for the
transportation of the goods, such as destination and items to be transported. It is used for valida-
tion upon delivery. Therefore, the lifecycle of the delivery note continues into the transportation
process, indicating that the delivery note is not just an isolated document but a part of the broader
transportation and delivery process.

Some Object Cobirth relationships in the O2C Process

e “Customer Order” — “Sales Contract”: This cobirth relationship reflects the possibility that a
new sales contract may be created concurrently with a customer order. While it is certainly
possible to have sales contracts pre-existing or being created independently, there are situations
where a unique sales contract may be created for a specific customer order. For example, in the
case of a customized order or unique business arrangement, the customer order and sales contract
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would be “born” together, marking the first involvement of that specific sales contract in the O2C
process. In subsequent operations, the same sales contract may be reused without being in a cobirth
relationship with another customer order.

“Goods Issue” — “Inventory”: The cobirth relationship here represents scenarios where a new
inventory item is first recognized at the point of goods issue. This might be the case for drop-
shipping scenarios or with just-in-time inventory systems where an item enters the company’s
inventory system only when it is being issued. As the goods issue process commences, the inventory
record “comes to life” alongside it. However, once an inventory item has been introduced this way,
it may be involved in numerous other transactions, not necessarily tied to a goods issue event.

“Delivery Note” — “Transportation”: This cobirth relationship acknowledges that a specific trans-
portation event might be initiated in sync with the creation of a delivery note. A delivery note
generally prompts the physical transfer of goods, thus the specific act of transportation tied to this
delivery note comes into existence simultaneously. It is important to note that while the trans-
portation entity is born with the delivery note, the same transportation resource (like a vehicle or
a shipping partner) may participate in many such events, not always related to a cobirth context.

“Transportation” — “Customer”: The cobirth relationship here is indicative of the possibility that a
new customer’s first interaction with the company is through a delivery, i.e., a transportation event.
This could happen in case of direct delivery models where the product is delivered to the customer
as soon as they place the order. In such a scenario, the customer and the transportation event are
“born” together in the company’s O2C process. However, this doesn’t prevent the customer from
having more interactions with the company that are not directly tied to a transportation event.

6.5 Methodological Framework for OCPD

We initiate with a deep dive into the algorithmic choices available for OCPD in Section 6.5.1. Here, a
comparative analysis between the OCDFGs and OCPNs is laid out, presenting the strengths, weaknesses,
and contextual applicability of each. Following this, Section 6.5.2 focuses on the pivotal step of selecting
the most pertinent object types, emphasizing criteria that ensure the resultant process models are both

meaningful and insightful.

6.5.1 Choice of the OCPD Algorithm

Characteristic/Performance
Metric

OCDFGs

OCPNs

Scalability

Superior due to the lightweight
computation of Directly-Follows
Graphs for an object type.

Moderate, as computations can
be intensive, especially when
employing complex discovery
algorithms and TBR.

Handling Concurrency

Limited effectiveness, especially
when processes are highly
concurrent.

Robust mechanism to manage
concurrency.

Frequency and Performance
Metrics Calculation

Straightforward and direct
calculations.

Requires TBR operation,
making it more complex and
potentially resource-intensive.

Process Discovery Phase

Efficient due to inherent
simplicity.

Could be computationally
demanding, sometimes
rendering it inefficient for
certain applications.

Table 6.1: Comparison between OCDFGs and OCPNs

In the realm of OCPD, practitioners often struggle with the decision of which algorithmic approach

to employ.
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The OCDFGs exhibit considerable advantages when it comes to scalability. Given that the computa-
tional overhead of deriving a Directly-Follows Graph for a specific object type is relatively minimal, this
methodology is particularly beneficial for scenarios with large datasets or when rapid iterative analysis
is essential. Furthermore, when it comes to metrics—specifically frequency and performance—the calcu-
lations within this framework are direct and uncomplicated, allowing for straightforward interpretations
and actionable insights.

The primary limitation of the OCDFGs is their somewhat constrained ability to handle concurrency
effectively. As processes become more intertwined and concurrent operations become prevalent, the
clarity and accuracy of this approach may diminish.

On the other hand, the OCPNs bring a different set of attributes to the table. While they provide
a robust mechanism to address concurrency, this strength comes at a cost. Evaluating frequency and
performance metrics within the ambit of an OCPN is far from straightforward. It necessitates a TBR
operation—a computational endeavor that can be quite resource-intensive. To make matters more chal-
lenging, when attempting to apply well-established process discovery algorithms like the inductive miner
to this framework, the computational demands can surge, rendering the approach inefficient for certain
applications.

In summation, the choice between these two methodologies should be guided by the specific re-
quirements of the analytical task at hand. For scenarios where scalability and rapid computations are
paramount, the OCDFGs might be more fitting. However, when the intricate handling of concurrency
is a core concern, despite the computational overhead, the OCPNs may emerge as the more prudent
choice. Table 6.1 summarizes these findings.

6.5.2 Selection of the Relevant Object Types

Selecting the appropriate object types from an event log for process discovery is a crucial step in Object-
Centric Process Mining (OCPM). This selection aims at identifying the object types for which process
discovery will yield meaningful and insightful models. The decision is multifaceted and goes beyond sim-
ple frequency counts, demanding a holistic understanding of the event log’s structure and the underlying
process dynamics. Here are some criteria to consider:

1. Activity Frequency: An object type should be included if it is involved in a sufficient number of
activities within the log. Too few activities might result in a simplistic or uninteresting process
model, while extremely high frequencies might indicate noise or overly generic behavior. A balance
must be struck, potentially using frequency thresholds or statistical analysis (e.g., considering the
distribution of activity counts across object types).

2. Interaction with other Objects: If an object type is heavily interconnected with other object types, it
can be a significant factor in process behavior and thus should be included in the process discovery.
This interaction can be further analyzed by:

e Object-to-Object Relationships: Analyze direct relationships between objects, such as com-
positions (e.g., an ’order’ object containing ’order item’ objects), dependencies (e.g., a "task’
object depending on a ’resource’ object), or associations (e.g., a 'customer’ object related to
multiple ’orders’). High interconnectedness suggests a central role in the process.

e Fwvent-to-Object Relationships: Consider how events link different object types. For example,
an ’order shipped’ event might connect ’order’, ’shipment’, and ’customer’ objects. Examining
the cardinality and types of these relationships (one-to-one, one-to-many, many-to-many)
provides insights into the process flow and object dependencies.

3. Lifecycle Analysis: Objects that exhibit clear lifecycle stages (create, update, complete, etc.) can
make a substantial contribution to the discovery of a process model. The stages in an object’s
lifecycle often map directly to process steps, making these objects ideal candidates for inclusion.
The presence of well-defined start and end events is a strong indicator. This analysis should also
consider:

o Completeness of Lifecycles: Incomplete lifecycles might indicate data quality issues or process
exceptions. Assessing the proportion of completed lifecycles helps determine the reliability of
the object type for process discovery.

o Lifecycle Variability: Different instances of the same object type might follow different lifecycle
paths. Understanding this variability is crucial for capturing the full complexity of the process.
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4. Domain Relevance: Some objects might be more important based on domain-specific knowledge.
It is advisable to include object types that are considered significant within the context of the
business process being studied, even if their frequency or interaction metrics are not exceptionally
high. This requires close collaboration with domain experts.

5. Variability in Behavior: Object types that exhibit variability in behavior across different instances
can be valuable for discovering different process paths or alternative sequences of activities. If an
object type is always involved in the same sequence of activities, it might not add much information
to the process model. Conversely, high variability can also indicate noise or lack of process stan-
dardization. Techniques like entropy measures or clustering of object behavior can help quantify
variability.

6. Temporal Dynamics: Object types that have significant temporal properties, such as time con-
straints or patterns in activity sequences, can be valuable to include, as they may provide insight
into process timing and scheduling aspects. This includes:

o Inter-arrival Times: Analyzing the time between events related to an object type can reveal
bottlenecks or inefficiencies.

o Activity Durations: The time an object spends in certain states or activities can be indicative
of process performance.

o Temporal Dependencies: Identifying temporal constraints or dependencies between activities
involving different objects (e.g., object A must be completed before object B can start).

7. Event Types and Fvent Type Signatures: The types of events associated with an object type are
crucial. Some event types might indicate critical process steps, while others might be less informa-
tive.

e Fvent Type Significance: Prioritize object types associated with events that mark significant
milestones or transitions in the process.

e Event Type Diversity: A diverse set of event types for an object type might indicate a richer
and more complex process behavior.

o Event Type Signatures (Event Type per Object Type Matrix): Analyzing the co-occurrence of
event types and object types can reveal important relationships. This can be represented as a
matrix where rows are event types, columns are object types, and entries indicate the presence
or frequency of associations. This matrix can highlight central object types and the events
that shape their behavior. Analyzing this matrix can help to see which object types share
similar event signatures and potentially aggregate them or identify those that are unique and
thus process-relevant.

8. Data Quality Considerations: The quality of the event data associated with an object type can
significantly impact the reliability of the discovered process model.

o Completeness: Object types with incomplete or missing data should be treated with caution.

o (Consistency: Inconsistencies in event data or object attributes can lead to inaccurate process
models.

e Noise: High levels of noise or irrelevant events associated with an object type can obscure the
underlying process.

Selecting the right object types is an iterative process that often involves experimentation and re-
finement. It is recommended to start with a broader set of object types and then narrow it down based
on the criteria mentioned above, potentially using a combination of automated techniques and domain
expertise. The goal is to identify a set of object types that provides a comprehensive and insightful view
of the underlying process, while avoiding unnecessary complexity and noise.
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6.6 Assessment

In the endeavor to gauge the efficiency and scalability of various methods under the OCPD umbrella, an
assessment was conducted, centered around their execution times.

The experiments were executed on a notebook with an I7-7500U CPU, 16 GB DDR4 RAM, and the
PM4Py 2.7.5.1 library (introduced in Chapter 9). Still, we are confident that the findings are generic
and are also applicable to other configurations/tools.

6.6.1 Execution time of the OCDFG’s Discovery

The results for the discovery of the OCDFG can be found in Table 6.2 and are visually represented in
Figure 6.17.

In our observations, the complexity of this discovery method exhibited a linear growth pattern with
respect to several factors: the number of events, objects, object types, and the Event-to-Object rela-
tionships within the OCEL. Interestingly, when it came to the number of activities, the complexity
showcased a logarithmic growth. These findings suggest a relatively scalable performance, especially
when one considers the multifaceted nature of object-centric processes. In terms of absolute execution
times, the method performed admirably, yielding good execution times that make it a practical choice
for real-world applications.
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Table 6.2: Execution times for the (complete) discovery of the OCDFG.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 79334 50 50 9.9989679
100000 10000 158529 50 50 19.3358028
200000 10000 316252 50 50 40.6315356
250000 10000 394532 50 50 47.7114672
300000 10000 474015 50 50 58.2313785
Varying the number of objects
10000 50000 15767 50 50 7.4006251
10000 100000 15769 50 50 5.8893235
10000 200000 15818 50 50 7.4490436
10000 250000 15750 50 50 8.3237062
10000 300000 15748 50 50 9.2625536
Varying the number of object types
10000 10000 15686 50 50 2.2700013
10000 10000 15824 100 50 2.5989102
10000 10000 15674 200 50 3.2902072
10000 10000 15788 300 50 3.9549183
Varying the number of activities
10000 10000 16005 50 50 2.2849185
10000 10000 15893 50 100 2.2755908
10000 10000 15858 50 200 2.2950811
10000 10000 15670 50 300 2.4775128
Varying the number of related objects
10000 10000 15873 50 50 2.4208826
10000 10000 25254 50 50 2.4780450
10000 10000 35032 50 50 2.6884402
10000 10000 45758 50 50 2.9693739
10000 10000 55654 50 50 3.6149181
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6.6.2 Execution time of the OCPN Discovery

Proceeding to the discovery of the OCPN without the TBR, the empirical data is consolidated in Table
6.3, with a complementary graphical representation in Figure 6.18.

Again, our findings indicated that the complexity in this method grows linearly across all considered
dimensions of the OCEL. This consistent linear trend underscores the method’s robustness, irrespective
of the intricate interplays and relationships in the data. The execution times, in line with the previ-
ous method, were found to be commendable, further solidifying the utility of this approach in various
application scenarios.

Finally, when we shifted our attention to the annotation of the OCPN via TBR, the results were
tabulated in Table 6.4, and the trends were graphically depicted in Figure 6.19.

The experiments for this method unveiled a mixed bag of results in terms of complexity. Notably,
the complexity skyrocketed exponentially with the number of events within the OCEL. However, a more
predictable linear growth was observed concerning the number of objects, object types, Event-to-Object
relationships, and activities. This exponential trend, particularly for events, emphasizes the need for
caution when dealing with large event logs, as the computational demands could be steep.
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Table 6.3: Execution times for the discovery of an OCPN.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 79244 50 50 8.6180656
100000 10000 158281 50 50 14.8746944
200000 10000 316145 50 50 24.1265743
250000 10000 395529 50 50 34.6905827
300000 10000 474519 50 50 42.4510047
Varying the number of objects
10000 50000 15804 50 50 4.5960451
10000 100000 15854 50 50 5.6567329
10000 200000 15851 50 50 8.7660005
10000 250000 15808 50 50 9.6429751
10000 300000 15825 50 50 10.9071395
Varying the number of object types
10000 10000 15798 50 50 4.911101
10000 10000 15833 100 50 6.756428
10000 10000 15831 200 50 9.3146081
10000 10000 15861 300 50 11.5613695
Varying the number of activities
10000 10000 16023 50 50 5.3901469
10000 10000 15962 50 100 7.3736042
10000 10000 16025 50 200 10.7486131
10000 10000 15853 50 300 10.3408823
Varying the number of related objects
10000 10000 15693 50 50 4.7351841
10000 10000 25394 50 50 4.7984414
10000 10000 35701 50 50 5.3273096
10000 10000 45340 50 50 4.8957335
10000 10000 54353 50 50 7.8225067
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Table 6.4: Execution times for the annotation (via TBR) of an OCPN.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 78676 50 50 28.4022595
100000 10000 158599 50 50 58.1410163
200000 10000 316480 50 50 142.6987869
250000 10000 394530 50 50 216.4297574
300000 10000 473741 50 50 456.2423821
Varying the number of objects
10000 50000 16009 50 50 7.4174876
10000 100000 15860 50 50 7.4331230
10000 200000 15757 50 50 9.8557481
10000 250000 15861 50 50 10.9753322
10000 300000 15939 50 50 13.0213402
Varying the number of object types
10000 10000 15906 50 50 9.4877269
10000 10000 15793 100 50 10.3810137
10000 10000 15854 200 50 12.9235588
10000 10000 15860 300 50 16.2318602
Varying the number of activities
10000 10000 15827 50 50 8.7196110
10000 10000 15800 50 100 12.0125144
10000 10000 15745 50 200 17.6411984
10000 10000 15683 50 300 18.3971866
Varying the number of related objects
10000 10000 15785 50 50 9.6429870
10000 10000 25384 50 50 10.4247165
10000 10000 34680 50 50 13.5367084
10000 10000 45392 50 50 15.0955733
10000 10000 55287 50 50 18.4198908
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6.6.3 Execution time of the Object Graph Enrichments Discovery

In the quest to understand the behavior and interactions of various Object Graph Enrichments, a series
of experiments were undertaken. These studies were primarily focused on the relationship between
execution times and the number of events, alongside other influencing factors like the number of objects,
the types of these objects, the activities involved, and the Event-to-Object relationships.

Central to our findings is the observation that the execution time consistently grows in a linear fashion
with the rise in the number of events. This behavior is attributed to the PM4Py implementation that
necessitates an iteration over the set of events to compute the respective graphs. Interestingly, while the
number of events played a pivotal role in determining the computation time, other parameters such as
the quantity of objects, their types, specific activities, and Event-to-Object relationships seemed to exert
a comparatively milder influence on the computation duration.

Delving deeper into the specifics:

e The execution times for the discovery of the Object Interaction Enrichment can be referred to in
Table 6.5 and its corresponding visual representation in Figure 6.20.

e For the Object Creation Enrichment, the data is tabulated in Table 6.6, and its graphical elucidation
is showcased in Figure 6.21.

o The results concerning the Object Continuation Enrichment are captured in Table 6.7 and Figure
6.22.

« For those keen on the nuances of the Object Cobirth Enrichment, pertinent data is housed in Table
6.8 with its graphical counterpart found in Figure 6.23.

e Lastly, the Object Codeath Enrichment yields insights presented in Table 6.9 and graphically
delineated in Figure 6.24.
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Table 6.5: Execution times for the discovery of the Object Interaction Enrichment.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 79320 50 50 1.0632479
100000 10000 158470 50 50 2.1910442
200000 10000 316336 50 50 4.4199972
250000 10000 395239 50 50 5.8346664
300000 10000 475074 50 50 6.9346699
Varying the number of objects
10000 50000 15807 50 50 0.2128277
10000 100000 15692 50 50 0.2418600
10000 200000 16019 50 50 0.2373974
10000 250000 15842 50 50 0.2077019
10000 300000 15832 50 50 0.2415340
Varying the number of object types
10000 10000 15721 50 50 0.2393621
10000 10000 15666 100 50 0.2317085
10000 10000 15879 200 50 0.2115367
10000 10000 15632 300 50 0.2394102
Varying the number of activities
10000 10000 15714 50 50 0.2430799
10000 10000 15780 50 100 0.2054818
10000 10000 15743 50 200 0.2324343
10000 10000 15932 50 300 0.2424954
Varying the number of related objects
10000 10000 15782 50 50 0.2363361
10000 10000 25584 50 50 0.2142516
10000 10000 35320 50 50 0.2722809
10000 10000 44939 50 50 0.2743355
10000 10000 54084 50 50 0.3294501
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Table 6.6: Execution times for the discovery of the Object Creation Enrichment.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 79055 50 50 1.1416385
100000 10000 158657 50 50 2.3744270
200000 10000 316556 50 50 4.6282279
250000 10000 395214 50 50 5.5803505
300000 10000 474363 50 50 6.9704797
Varying the number of objects
10000 50000 15783 50 50 0.2485605
10000 100000 15685 50 50 0.2393862
10000 200000 15765 50 50 0.2206899
10000 250000 15877 50 50 0.2499782
10000 300000 15709 50 50 0.2144595
Varying the number of object types
10000 10000 15727 50 50 0.2174273
10000 10000 15812 100 50 0.2430007
10000 10000 15815 200 50 0.2573430
10000 10000 15749 300 50 0.2159478
Varying the number of activities
10000 10000 15812 50 50 0.2479893
10000 10000 15650 50 100 0.2473708
10000 10000 15675 50 200 0.2153236
10000 10000 15911 50 300 0.2404341
Varying the number of related objects
10000 10000 16028 50 50 0.2183837
10000 10000 25175 50 50 0.2512068
10000 10000 35383 50 50 0.2503241
10000 10000 44958 50 50 0.2623304
10000 10000 55228 50 50 0.2373689
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Table 6.7: Execution times for the discovery of the Object Continuation Enrichment.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 79060 50 50 1.8611197
100000 10000 158581 50 50 2.5878750
200000 10000 316002 50 50 5.1607249
250000 10000 395602 50 50 6.9657898
300000 10000 474370 50 50 8.0419183
Varying the number of objects
10000 50000 15851 50 50 0.2632948
10000 100000 15876 50 50 0.2558091
10000 200000 15650 50 50 0.4168834
10000 250000 15925 50 50 0.2783517
10000 300000 15859 50 50 0.3059711
Varying the number of object types
10000 10000 15857 50 50 0.237366
10000 10000 15741 100 50 0.2643976
10000 10000 15871 200 50 0.2404972
10000 10000 15865 300 50 0.225401
Varying the number of activities
10000 10000 15732 50 50 0.2712406
10000 10000 15715 50 100 0.2738194
10000 10000 15833 50 200 0.2350025
10000 10000 15813 50 300 0.2674970
Varying the number of related objects
10000 10000 15818 50 50 0.2722514
10000 10000 25485 50 50 0.2533215
10000 10000 35418 50 50 0.2836054
10000 10000 45086 50 50 0.2943195
10000 10000 54975 50 50 0.2762306
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Table 6.8: Execution times for the discovery of the Object Cobirth Enrichment.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 78974 50 50 1.1838358
100000 10000 158173 50 50 2.3153614
200000 10000 316417 50 50 4.7558060
250000 10000 395634 50 50 5.9624541
300000 10000 473836 50 50 7.1723412
Varying the number of objects
10000 50000 15823 50 50 0.2383703
10000 100000 15725 50 50 0.2184494
10000 200000 15810 50 50 0.2256589
10000 250000 15683 50 50 0.2368044
10000 300000 15764 50 50 0.2563428
Varying the number of object types
10000 10000 15842 50 50 0.2311399
10000 10000 15735 100 50 0.2553477
10000 10000 15929 200 50 0.2323784
10000 10000 15932 300 50 0.2523271
Varying the number of activities
10000 10000 15857 50 50 0.2742662
10000 10000 15747 50 100 0.2652889
10000 10000 15846 50 200 0.2373665
10000 10000 15891 50 300 0.2593147
Varying the number of related objects
10000 10000 15735 50 50 0.2689829
10000 10000 25800 50 50 0.2353707
10000 10000 35298 50 50 0.2673202
10000 10000 45571 50 50 0.2772591
10000 10000 55510 50 50 0.2539511
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Table 6.9: Execution times for the discovery of the Object Codeath Enrichment.

# Events # Objects # E-O Relations # Object Types # Activities Execution Time (s)

Varying the number of events

50000 10000 79070 50 50 1.1752827
100000 10000 158250 50 50 2.3627996
200000 10000 316003 50 50 4.8694325
250000 10000 395766 50 50 6.0514137
300000 10000 474240 50 50 7.3069175
Varying the number of objects
10000 50000 15849 50 50 0.2652916
10000 100000 15888 50 50 0.2399566
10000 200000 15806 50 50 0.2812486
10000 250000 15703 50 50 0.2400150
10000 300000 15740 50 50 0.2420852
Varying the number of object types
10000 10000 15713 50 50 0.2652902
10000 10000 15823 100 50 0.2512983
10000 10000 15906 200 50 0.2669229
10000 10000 15974 300 50 0.2802488
Varying the number of activities
10000 10000 15761 50 50 0.2912541
10000 10000 15752 50 100 1.0569380
10000 10000 15802 50 200 0.3326528
10000 10000 15918 50 300 0.2922242
Varying the number of related objects
10000 10000 15673 50 50 0.2364007
10000 10000 25536 50 50 0.2652944
10000 10000 35620 50 50 0.3229823
10000 10000 45478 50 50 0.3081768
10000 10000 55846 50 50 0.3593774
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Conclusion

This chapter has delved into the core task of Object-Centric Process Discovery (OCPD), introducing and
evaluating various techniques for uncovering process models from OCELs. We have explored the collation
of traditional process models as a starting point and introduced OCDFGs and OCPNs as specialized
object-centric representations, highlighting their respective strengths and limitations. The incorpora-
tion of textual abstractions for analysis with LLMs demonstrates the potential for integrating advanced
language technologies with process mining. The detailed exploration of Object Graph Enrichment dis-
covery, illustrated with examples from P2P and O2C processes, showcases the practical application of
these techniques for understanding object interactions. Finally, the assessment of execution times for
different discovery methods provides valuable insights into their performance characteristics. This chap-
ter provides a robust foundation for the subsequent exploration of object-centric conformance checking,
which will build upon the discovered process models to assess the alignment between observed behavior
and normative expectations. The insights gained from OCPD, particularly the understanding of object
interactions and process flow captured by OCDFGs, OCPNs, and Object Graph Enrichments, will be
crucial for evaluating conformance and identifying deviations in the next chapter. Moreover, the effi-
cient discovery methods presented here pave the way for scalable and practical applications of OCPM in
real-world settings.
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Chapter 7

Object-Centric Conformance

Checking (OCCC)

“In every complex system, there is a pattern; in every pattern, an anomaly.”
Nassim Nicholas Taleb, The Black Swan

Introduction

This chapter presents Object-Centric Conformance Checking (OCCC), focusing on verifying the align-
ment between observed process behavior in Object-Centric Event Logs (OCELs) and expected normative
models. The approaches described here are grounded in and extend the author’s contributions in the
field:

o [24] provides refined techniques that support handling complexity and obtaining advanced diag-
nostics in conformance checking.

o [23] offers foundational insights into token-based replay methods, instrumental for adapting con-
formance checking to object-centric Petri nets.

« [15] introduces methodologies for explainable object-centric anomaly detection, enabling the inte-
gration of domain knowledge into the analysis.

Building on these contributions, this chapter explores three perspectives for OCCC: OCDFG-based,
Object-Type-Graph-based, and Event-Type-to-Object-Type Graph-based conformance checking. Each
perspective emphasizes different aspects of object interactions and activity flows, complemented by def-
initions and fitness functions for quantifying conformance. An Order-to-Cash (O2C) example illustrates
how deviations can be identified and interpreted, providing actionable insights. The chapter concludes
by presenting a comprehensive approach to object-centric anomaly detection, integrating dimensionality
reduction, feature selection, anomaly detection algorithms, correlation analysis, and domain expertise.

205



Object-Centric

Data Model

The set of all the objectsand
events recorded in the processes
of an organization

Leads to

= 3

9 |

Is a View of
(Sec, 5.1)

Object-Centric
Event Log

¥

- Chapter 3 — Base Object-Centric
Process Mining Concepts

1. Definition of OCEL(Sec. 3.1)
2. Extractionof ML Features (Sec3.4)
3. Flatteningto
Traditional Logs (Sec. 3.5)
Can be

analyzed
using

N Toolkit
(Chapter 9)

Object-Centric Process
Mining Case Studies
(Chapter 10)

Can be stored using

Can be reduced using

OCEL Storage
Format (Sec. 5.1)

N

Filtering (Sec. 5.2) ‘-—

A process model
can be

discovered
¥

Anomalies

can be found
v

Object-Centric

Object-Centric

P . Conformance
rocess Discovery hecki
(Chapter B) Checking
(Chapter 7)
F Y Y

Figure 7.1: Highlight of the problems tackled in this specific chapter.

206




7.1 OCDFG-Based Conformance Checking

Ensuring that the observed behavior in processes captured by Object-Centric Event Logs (OCEL) aligns
with the expected behavior defined by a normative model is crucial for process compliance and im-
provement. The Object-Centric Directly Follows Graph (OCDFG) acts as such a normative model,
representing the ideal sequences of activities and their relationships with respect to different object

types.
To assess conformance between an OCEL and an OCDFG, a systematic approach is needed to compare

the observed activities and flows in the event log with those prescribed by the normative model. This
comparison helps identify discrepancies such as missing or additional activities and flows, significant
deviations in activity and flow frequencies, and provides a quantitative measure of overall conformance.

The following definition formalizes this conformance checking approach, detailing how to compare ac-
tivities and flows, evaluate measure differences, and compute a fitness value that quantifies the alignment
between the observed process behavior and the normative model.

Definition 59 (Conformance Checking between OCEL and OCDFG). Let L = (Ap,OTy,EL, Oy,
EAL,OAyL, evtypey, timey,, objtype; , eatype; , eavaly,, oavalr,, E20r,, 020y, meap, <) be an OCEL, as in
Definition 13.

Let M = (Ang, OTng, Engy o oo ) be a normative OCDFG, as in Definition 5.

Let discocpra be a discovery operator that derives an OCDFG from an OCEL. Applying this operator
to L, we obtain discocpra(L) = (A%, OTLFi,WLl L ), where A7, C Ap, and OT; C OTy.

measn’ mease

We define the conformance between L and M as follows:
1. Activity Conformance

e Missing Activities:
Amissing = AM \ A/L
These are activities present in the normative OCDFG M but not in the discovered OCDFG
from L.

o Additional Activities:
Aadditional = AIL \ AM

These are activities present in the discovered OCDFG from L but not in the normative OCDFG
M.

2. Flow (Edge) Conformance

o Missing Flows:
Fmissing = FM \F£
These are flows present in M but not in the discovered OCDFG from L.
o Additional Flows:
Fadditionat = F1, \ Fu

These are flows present in the discovered OCDFG from L but not in M.
3. Measure Conformance

o For each activity a € Apy N A%, define the measure difference:

’
AaCt(a) = W%easn(a) - Wﬁleasn(a)

The activity a is considered non-conforming in measure if:
Aact(a) > eact

where 04.¢ is a predefined threshold.
o For each flow f € Fyy N F}, define the measure difference:

Aﬂow(f) = Tr%ease(f) - Trf/n,ease(f)

The flow f is considered non-conforming in measure if:

Afiow(f) > Ofiow

where Opow s a predefined threshold.
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Fitness Value
We define a fitness function ¢(L, M) to quantify the overall conformance between the OCEL L and
the normative OCDFG M :
Q- |Amissing‘ +8- ‘Fmissing| +v- ZaGAMﬂA/ 611675(0’) +0- ZfeFMﬁF/ 6ﬂ0w(f)
O(L, M) =1~ : L
N
where:

e «, 8,7, d are weighting factors for missing activities, missing flows, non-conforming activities,
and non-conforming flows, respectively.

. 6act(a) — {]—a Zf Aact(a) > eact

0, otherwise

1; Zf Aﬂow(f) > gﬂow
0, otherwise

* dpoulf) = {
e N is a normalization constant defined as:
N=o-|Ayu[+ 8- [Ful+7-[Au|+6-|Fu|

ensuring that 0 < ¢(L, M) < 1.

A higher value of ¢(L, M) indicates better conformance between the OCEL L and the normative OCDFG

M.

Definition 59 provides a systematic approach for conformance checking between an OCEL and a
normative OCDFG. The approach consists of the following key components:

Activity Conformance: Identifying discrepancies in the set of activities executed in the process.
Specifically, we detect:

— Missing Activities: Activities present in the normative OCDFG M but absent in the discovered
OCDFG from L.

— Additional Activities: Activities present in the discovered OCDFG from L but not defined in
the normative OCDFG M.

Flow (Edge) Conformance: Detecting discrepancies in the process flow by comparing the di-
rectly follows relationships (flows) between activities:

— Missing Flows: Flows present in M but not observed in the discovered OCDFG from L.
— Additional Flows: Flows observed in the discovered OCDFG from L but not prescribed by

the normative model M.

Measure Conformance: For activities and flows present in both models, assessing quantitative
differences in associated measures, such as frequency counts:

— Computing the measure difference for each activity and flow.

— Identifying activities and flows as non-conforming in measure if the measure difference exceeds
predefined thresholds 6, and fgoy, respectively.

Fitness Function: Aggregating the identified discrepancies into a single fitness value ¢(L, M),
which quantifies the overall conformance level between the observed behavior and the normative
model. A value closer to 1 indicates better conformance. The weighting factors «, 5, 7, and §
allow for adjusting the emphasis on different aspects of conformance.

Before applying this conformance checking approach, we use the discovery operator discocprg to
derive an OCDFG from the OCEL L. This discovered OCDFG, denoted as discocprg(L), represents
the actual behavior observed in the event log.

The conformance checking process involves comparing the normative OCDFG M with the discovered
OCDFG from L across the aspects outlined above.
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7.1.1 Example Application of OCDFG-Based Conformance Checking to an
O2C Process

In this section, we apply the OCDFG-based conformance checking approach to an Order-to-Cash (O2C)
process. We compare a hypothetical normative OCDFG (Figure 7.2) with a realistic OCDFG extracted
from an object-centric event log (Figure 7.3) for the O2C process, and elaborate on the non-conformities
identified.

100 Receive Payment 100 O

100

100 Send Invoice

100 O

100 100 | Approve Order igg ‘ Prepare Shipment
300 Create Order 300 =

3

‘ Create Invoice

. o 100
100 Close Order O
o0

{Og ‘ Ship Order

3

Object Types

Order
Item

Invoice
Payment|

Figure 7.2: Hypothetical normative OCDFG for an O2C process. The arcs are decorated with the
expected frequencies of the directly-follows relationships for the object types.
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Figure 7.3: Realistic OCDFG extracted from an object-centric event log for an O2C process. The arcs
are decorated with the observed frequencies of the directly-follows relationships for the object types.

Comparative Analysis of the Normative and Real-Life OCDFGs

Figures 7.2 and 7.3 present the normative and real-life OCDFGs, respectively. The O2C process involves
several activities and object types, including Order, Item, Invoice, and Payment. Each object type is
represented with a specific color, and the arcs represent the directly follows relationships, annotated with
their frequencies.

Using the conformance checking approach defined in Definition 59, we proceed to identify non-
conformities between the two OCDFGs.

Activity Conformance Missing Activities (Amissing):
e None. All activities present in the normative OCDFG are also present in the real-life OCDFG.

Additional Activities (A.dditional):
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e Handle Return

e Refund Payment

These activities appear in the real-life OCDFG but are not defined in the normative OCDFG. This in-
dicates that in practice, there are cases where orders are returned and payments are refunded—exceptions
not accounted for in the normative model.

Flow (Edge) Conformance Missing Flows (Fissing):

e None. All flows present in the normative OCDFG exist in the real-life OCDFG, though frequencies
may differ.

Additional Flows (F,4aitional):

o Order Object Type (Blue):

— Create Order — Prepare Shipment (frequency: 10)
— Ship Order — Handle Return (frequency: 5)
— Handle Return — Close Order (frequency: 5)

e Payment Object Type (Orange):

— Receive Payment — Refund Payment (frequency: 5)
— Refund Payment — Payment End (frequency: 5)

These additional flows represent deviations from the expected process sequences defined in the nor-
mative model.

Measure Conformance We assess the quantitative differences in measures (frequencies) associated
with activities and flows.
Activities (A]W N A/L)
For each activity a present in both models, we compute the measure difference:
M L
AaCt(a) = Trmeasn(a’) - Wmeasn(a)
e Approve Order:

— Normative frequency: 100
— Real-life frequency: 90 (since 10 orders skip approval)
— Measure difference: A,.t(Approve Order) = |100 — 90| = 10

e Receive Payment:

— Normative frequency: 100
— Real-life frequency: 100

— Since frequencies are equal, A,.;(Receive Payment) = 0

Flows (Fy N F}):
For each flow f present in both models, we compute the measure difference:

AﬁOW(f) = 7Tr]1\i[ease(f) - ’/TrI;llease(f)

o Approve Order — Prepare Shipment [Order]:

— Normative frequency: 100
— Real-life frequency: 90
— Measure difference: Agow(f) =100 — 90| = 10

« Receive Payment — Payment End [Payment]:
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— Normative frequency: 100
— Real-life frequency: 95
— Measure difference: Agow(f) =100 — 95| =5

Non-Conforming Measures:
Assuming predefined thresholds:

o Activity threshold (0act): 5
o Flow threshold (ffow): 5
We identify activities and flows where the measure difference exceeds the thresholds:
¢ Non-Conforming Activities:
— Approve Order: A, (Approve Order) = 10 > 0,4
¢ Non-Conforming Flows:

— Approve Order — Prepare Shipment [Order]: Agoyw(f) =10 > Ogow

Fitness Value Computation

Using the fitness function defined in Definition 59:

« - |AmiSSing| + 6 : |Fmissing| +7- ZaeAMmA/L 5act(a) +4- Z]"EFMOFI: (Sﬁow(f)

o(L, M) =1~ 5

Where:
. (5act (a) _ 17 if Aact('a) > Gact
0, otherwise

17 if Aﬂow(f) > 9ﬂ0w
0, otherwise

o daow(f) = {
e N=a-|[Ayu|+ B |Fu|+7-[Apm|+0-|Ful
Assuming weights:

o a =1 (weight for missing activities)

o =1 (weight for missing flows)

e 7 =1 (weight for non-conforming activities)
e § =1 (weight for non-conforming flows)
Compute Components:

o |Amissing] = 0 (no missing activities)

* |Fissing| = 0 (no missing flows)

* ZaeAMmA’L Sact(a) =1

— dact (Approve Order) = 1 (measure difference exceeds threshold)

— Other activities have dact = 0

® ZfGFMﬂFi 5ﬂow(f) =1

— Ogow(Approve Order — Prepare Shipment|[Order]) = 1
— Other flows have dgow = 0
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o |Ar| = 8 (number of activities in the normative model)
o |Fy| =7 (number of flows in the normative model)

e N=1-8+1-74+1-8+1-7=30

Compute Fitness Value:

1-0+1-04+1-1+1-1 2
L M)=1- =1-——=1-0.0667 = 0.9333
o(L, M) 30 30
Thus, the fitness value is ¢(L, M) = 0.9333, indicating a high level of conformance between the

real-life OCEL and the normative OCDFG, with some deviations.

Summary of Non-Conformities

Process Deviations:

o Skipping Approval: 10% of orders skip the Approve Order activity, directly proceeding to Prepare
Shipment.

e Returns Handling: 5% of orders involve a return process, introducing the Handle Return and
Refund Payment activities not present in the normative model.

Additional Activities:

e Handle Return

e Refund Payment
Non-Conforming Measures:

o Approve Order activity has a significant reduction in frequency (10 fewer occurrences), suggesting
potential non-compliance with approval policies.

o The flow from Approve Order — Prepare Shipment [Order| has a decreased frequency (90
instead of 100), aligning with the skipped approvals.

Potential Compliance Issues:

« Bypassing Approval: Skipping the approval step may violate organizational policies or regulatory
requirements, posing a risk of unauthorized orders being processed.

¢ Unaccounted Returns: The occurrence of returns and refunds suggests that the normative model
does not fully capture the real-life process, indicating a need to update the model to include these
exceptions.

Conclusion

The comparison between the normative and real-life OCDFGs reveals areas where the actual process
deviates from the expected behavior. The identified non-conformities include additional activities, devi-
ations in process sequences, and significant differences in activity and flow measures.

By applying the OCDFG-based conformance checking approach, the organization can gain valuable
insights:

e Investigate Process Shortcuts: Examine the reasons behind orders bypassing the approval step
and address any compliance risks associated with this deviation.

e Update Normative Models: Incorporate common exceptions, such as returns and refunds, into
the normative model to better reflect the real-life process.

e Enhance Process Compliance: Implement controls and training to ensure that all orders un-
dergo the necessary approval process, reducing the likelihood of unauthorized transactions.

Overall, this approach enables organizations to systematically identify and address deviations, leading
to improved process efficiency, compliance, and alignment between prescribed procedures and actual
execution.
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7.2 Object-Type-Graph-Based Conformance Checking

Understanding how different object types interact in complex processes captured by Object-Centric Event
Logs (OCEL) is crucial for analyzing and improving process performance. Object Graph Enrichments
enable us to define various types of relationships between objects based on their interactions within
events. However, to perform conformance checking by comparing these interactions against a normative
model, we need an abstraction that not only summarizes these relationships at the level of object types
but also includes the frequency of these interactions.

This need motivates the introduction of the Object Type Graph (Definition 60), which provides a high-
level view of how object types are related through various kinds of interactions, explicitly incorporating
the frequency of these interactions between object types.

Definition 60 (Object Type Graph with Edge Frequencies). Given an OCEL L = (A,OT,E,O,EA,
OA, euvtype, time, objtype, eatype, eaval, oaval, E20, 020, Tomap, <) and a set of Object Graph Enrichments
{GE, = (L,A,) | 0 € £} as per Definition 58, we define the Object Type Graph OTG = (OT,E&, f) as
a weighted multigraph where:

e OT = OT is the set of object types.
e ECOT xX xOT is the set of edges, where:

— X is the set of relationship types (e.g., Interaction, Creation, Continuation, Cobirth, Codeath).

— FEach edge (ot1,0,0ts) € E, with oty, 0ty € OT and o € X, represents that there are interactions
of type o between objects of types ot1 and oty.

e f:& — N assigns a frequency to each edge, indicating how many times the interaction of type o
between oty and oty occurs in the log.

The Object Type Graph serves as an aggregated representation of the relationships between object
types derived from individual object interactions, explicitly capturing the frequency of these interactions.
By focusing on object types and their interaction frequencies, we can compare the overall structure and
patterns of interactions in the observed data against a normative model without getting overwhelmed
by the details of individual object instances.

To construct the Object Type Graph from an OCEL and a set of Object Graph Enrichments, we
follow the procedure described in Definition 61.

Definition 61 (Construction of Object Type Graph from OCEL). Given an OCEL L and a set of
Object Graph Enrichments {GE, = (L,A,) | 0 € X}, where X is the set of relationship types as defined
in Definition 58, the Object Type Graph OTG = (OT,E, f) is constructed as follows:

o For each object type ot € OT, include a node in OT .
o Initialize the set of edges £ as empty.
o For each relationship type o € X, and for each pair (01,02) € Ay

— Let ot; = objtype(o1) and ots = objtype(os).

— Crreate or update the edge (ot1,0,0ts) in E:
« If (ot1,0,0t2) ¢ &, add it to £ and set f((ot1,0,0t2)) = 1.
x If (ot1,0,0ta) € &, increment f((ot1,0,0ts)) by 1.

This construction process aggregates the object-level relationships captured by the Object Graph
Enrichments into type-level relationships with explicit frequencies. The resulting Object Type Graph
encapsulates how different object types interact across various relationship types and how often these
interactions occur, providing a concise summary of the process’s structural properties.

To perform conformance checking between the observed interactions in the OCEL and the normative
model, we compare the discovered Object Type Graph with the normative Object Type Graph. This
comparison involves identifying missing and additional object types and edges, as well as significant
differences in edge frequencies.
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Definition 62 (Conformance Checking between Object Type Graphs). Let OTGy = (OT mr, Enmn, far)
be a normative Object Type Graph, and OTGr = (OT ,EL, fr) be the Object Type Graph discovered
from an OCEL L using Definition 61.

We define the conformance between OTG, and OT Gy as follows:

1. Object Type Conformance

e Missing Object Types:
OTmissing = OTM \ OTL

These are object types present in the normative OTG but not in the discovered OTG.

o Additional Object Types:
OTadditional = OTL \ OTM

These are object types present in the discovered OTG but not in the normative OTG.
2. Edge Conformance

e For each relationship type o € %:
— Missing Edges:

g(r,missing = {(Otla g, 0t2) € “:M ‘ (Oth g, 0t2) ¢ gL}

These are edges of type o present in the normative OTG but not in the discovered OTG.
— Additional Edges:

Eo additional = {(0t1,0,0t2) € E | (ot1,0,0t2) & Enr}
These are edges of type o present in the discovered OTG but not in the normative OTG.

3. Edge Frequency Conformance

o For each edge e = (ot1,0,0ta) € Epy NEL:
— The frequency in the normative OTG:

fu(e) = frequency assigned to edge e in far
— The frequency in the discovered OTG:
fr(e) = frequency assigned to edge e in fr,

— The relative frequency difference:

fr(e) = fu(e)
fu(e)

— An edge e is considered non-conforming in frequency if:

Aedge(e) =

Aedge(e) > 90
where 0, is a predefined threshold (e.g., a percentage) for relationship type o.

4. Fitness Value
We define a fitness function ¢(OTGr,OTGyr) to quantify the conformance:

@ - |OT missing| + B - Xpes |€o,missingl + 7 2Lgen 2eeeyne,, Sedge(€)
N

$(OTGL,OTG ) =1 —

where:

e «, 3, v are weighting factors for missing object types, missing edges, and non-conforming edge
frequencies, respectively.
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1, Zf Aedge(e) >0,
0, otherwise

o Jedge(€) = {

e N is a normalization constant defined as:

N=a-[0Tul+8-) Emel +7- Y [Eno

ocx oeX

where Enr, e = {e € Enr | e = (0t1,0,0t2)} is the set of edges of type o in OTG .

The fitness value ¢(OTGr,, OTGyr) ranges from 0 to 1, where a higher value indicates better con-
formance.

Through this conformance checking approach, we systematically compare the normative expectations
expressed in the normative Object Type Graph OTG); with the actual observations captured in the
discovered Object Type Graph OTG |, explicitly considering the frequencies of edges. This comparison
highlights discrepancies in terms of missing or unexpected object types and interactions, as well as
significant deviations in the frequency of interactions.

Understanding the interactions between different object types, along with how frequently they occur,
is critical in processes where multiple entities collaborate to achieve process goals. By abstracting these
interactions to the level of object types and including frequency information, we can capture the structural
patterns of the process and how different entities are expected to relate to each other quantitatively. This
abstraction enables us to:

o Identify discrepancies in the process design versus execution, including underutilization or overuti-
lization of certain interactions.

e Detect potential compliance issues, such as missing mandatory interactions or excessive occurrence
of prohibited interactions.

e Analyze the structural robustness and complexity of the process.

e Provide actionable insights for process improvement and governance.

7.2.1 Example Application of Object-Type-Graph-Based Conformance Check-
ing to an O2C Process

In this section, we apply the Object-Type-Graph-Based Conformance Checking approach to an Order-
to-Cash (O2C) process. We define a hypothetical normative Object Type Graph (OTG) representing the
expected interactions and frequencies in the process and a realistic OTG that might occur in practice.
We then elaborate on the non-conformities based on the described approach.

The normative OTG, illustrated in Figure 7.4, captures the expected object types and their interac-
tions in the O2C process. The arcs are annotated with the expected frequencies of the interactions.

The realistic OTG, shown in Figure 7.5, represents the observed interactions and frequencies discov-
ered from an object-centric event log, including possible deviations from the normative model. The arcs
are annotated with the observed frequencies of the interactions.

Non-Conformities Based on Conformance Checking Approach

Using the conformance checking approach described in Definition 62, we compare the normative OTG
with the realistic OTG to identify non-conformities.

1. Object Type Conformance Missing Object Types
e None. All object types present in the normative OTG are also present in the realistic OTG.
Additional Object Types

e Return: This object type is present in the realistic OTG but not in the normative OTG.
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reation (200)

Interaction (600)

reation { 200) \Creation (200)

Figure 7.4: Hypothetical normative OTG for an O2C process. The arcs are decorated with the expected

frequencies of the different interactions.

2. Edge Conformance Missing FEdges

e None. All edges present in the normative OTG are also present in the realistic OTG.

Additional Edges
o Order leads to Return (Interaction, frequency: 30)
o Payment interacts with Order (Interaction, frequency: 40)

o Customer interacts with Return (Interaction, frequency: 30)

These additional edges represent interactions not accounted for in the normative model, indicating

deviations or extensions in the actual process.

3. Edge Frequency Conformance For edges present in both OTGs, we compute the relative fre-
quency difference and identify those exceeding the threshold (assumed to be 15% for both Creation and

Interaction relationships).
Edges Ezceeding the Threshold

1. Customer creates Order

Creation (250)

Interaction (700)

[nteraction (40)

Creation (30)

Interaction ( 30)

-

Figure 7.5: Realistic OTG extracted from an object-centric event log for an O2C process. The arcs are

decorated with the observed frequencies of the different interactions.
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o Normative frequency: 200
¢ Realistic frequency: 250
o Relative difference:

250 — 200

Redge = ‘ 200

‘ =25% (exceeds 15% threshold)

2. Order includes Item

¢ Normative frequency: 600
e Realistic frequency: 700
o Relative difference:

700 — 600

Aedge = ‘ 600

’ =16.67% (exceeds 15% threshold)

3. Delivery fulfills Item

¢ Normative frequency: 600
o Realistic frequency: 500
¢ Relative difference:

500 — 600

Aedge = ‘ 600

’ =16.67% (exceeds 15% threshold)

FEdges Within the Threshold

1. Order leads to Invoice

e Normative frequency: 200
¢ Realistic frequency: 180
¢ Relative difference:

180 — 200

Redge = ’ 200

’ =10% (within threshold)

2. Invoice leads to Payment

e Normative frequency: 200
¢ Realistic frequency: 190
« Relative difference:

190 — 200

Aedge = ‘ 200

‘ =5% (within threshold)

3. Order leads to Delivery

e Normative frequency: 200
e Realistic frequency: 180
o Relative difference:

180 — 200

Redge = ‘ 200

‘ =10% (within threshold)
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4. Fitness Value Calculation Using the fitness function defined in Definition 62, we compute the
overall fitness value.
Assuming weights:

5.

a=1
B=1
v=1

Total normative object types (|OT a|): 6
Total normative edges (|Exr|): 6
Normalization constant:

N=a- |OTu|+B8 &l +7-|Em| =1-64+1-64+1-6=18

Calculating the numerator:

Missing object types: 0
Missing edges: 0

Non-conforming edge frequencies: 3 (edges exceeding threshold)

Therefore, the fitness value is:

_0+40+3

H(OTG L, 0TG ) = 1 5

3
1—— =0.8333
18

Interpretation of Non-Conformities Additional Object Types and Edges

Return object type and its interactions indicate that returns are occurring in practice, which were
not included in the normative model. This suggests either an oversight in the normative model or
that returns represent exceptional cases not modeled.

Payment interacting directly with Order suggests that payments are sometimes made directly
for orders, possibly indicating prepayments or immediate payments upon order placement.

Customer interacting with Return suggests customer involvement in the return process.

Edge Frequency Deviations

The higher frequency of Customer creates Order (25% increase) indicates more orders are being
placed than expected, possibly due to an increased customer base or promotional activities.

The higher frequency of Order includes Item (16.67% increase) suggests that orders contain more
items on average than anticipated, which might indicate changes in customer purchasing behavior
or effective upselling strategies.

The lower frequency of Delivery fulfills Item (16.67

Conclusion The realistic OTG aligns with the normative OTG in terms of the overall structure but
exhibits several non-conformities:

Process Extensions: The presence of Return processes not accounted for in the normative
model suggests that returns are a part of the process that need to be formally included in the
model.

Process Deviations: Direct interactions between Payment and Order indicate deviations or
alternate payment procedures, such as advance payments, which are not captured in the normative
process.

Frequency Variances: Significant differences in expected frequencies highlight changes in process
execution or customer behavior. For instance, increased order and item frequencies suggest higher
demand, while decreased delivery fulfillment rates may point to operational challenges.

By applying the Object-Type-Graph-Based Conformance Checking approach, organizations can iden-
tify and analyze these deviations to improve process alignment with expectations, update normative
models to reflect actual practices, and address operational issues revealed by frequency variances.
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7.3 Event-Type-to-Object-Type Graph-Based Conformance Check-
ing

Understanding the relationships between event types (activities) and object types is crucial in object-
centric process analysis. The FEwvent-Type-to-Object-Type Graph (ETOT Graph) provides a high-level
abstraction of these relationships, indicating which activities involve which kinds of objects and how fre-
quently these associations occur. By comparing this graph derived from observed data with a normative
model, we can perform conformance checking to identify deviations and assess the alignment between
actual process behavior and expected behavior.

This section introduces the formal definitions necessary for establishing this conformance checking

approach, detailing how to construct the ETOT Graph from an OCEL, compare it against a normative
model, and compute a fitness value that quantifies the level of conformance.

Definition 63 (Event-Type-to-Object-Type Graph). Given an OCEL L = (A,OT,E,O, EA, OA, evtype,
time, objtype, eatype, eaval, oaval, E20, 020, Tomap, <) as per Definition 13, an Event-Type-to-Object-

Type Graph (ETOT Graph) is a weighted bipartite graph G = (A, OT, R, w) where:
o A is the set of event types (activities).
e OT is the set of object types.

e RC AxOT is the set of relationships, where an edge (a,ot) € R indicates that events of type a
are associated with objects of type ot.

e w: R — N assigns a frequency to each relationship, representing the number of times events of
type a are associated with objects of type ot in the log.

The ETOT Graph captures the associations between event types and object types, along with the
frequency of these associations. This information is valuable for understanding which activities involve
which kinds of objects and identifying patterns or anomalies in process execution.

To extract the ETOT Graph from an OCEL, we follow a systematic discovery approach.

Definition 64 (Discovery of Event-Type-to-Object-Type Graph from OCEL). Given an OCEL L, the
discovery of the Event-Type-to-Object-Type Graph G = (A, OT, R, w) proceeds as follows:

1. Initialize the set of relationships R as empty.

2. For each event e € E:

(a) Let a = evtype(e).
(b) For each object 0 € Tomap(e):
i. Let ot = objtype(0).
ii. If (a,0t) ¢ R, add (a,ot) to R and set w(a,ot) = 1.
iii. If (a,0t) € R, increment w(a,ot) by 1.

This approach processes each event, recording the associations between its event type and the types
of objects it references, building up the relationship set R and computing the frequencies w.

To assess conformance between the observed ETOT Graph and a normative ETOT Graph, we define
a conformance checking method that compares the two graphs and computes a fitness value indicating
the degree of alignment.

Definition 65 (Conformance Checking between ETOT Graphs). Let Gy = (Ans, OTar, Rar, war) be a
normative ETOT Graph defining the expected associations between event types and object types, and let
G = (AL, 0Ty, Ry, wy) be the ETOT Graph discovered from an OCEL L using Definition 6.

We define the conformance between G and Gy as follows:

1. Node Conformance

e Missing Activities:
Amissing = AM \ AL

Activities present in the normative ETOT Graph but not observed in the discovered ETOT
Graph.
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o Additional Activities:
Aadditional = AL \ AM
Activities observed in the discovered ETOT Graph but not defined in the normative ETOT
Graph.
¢ Missing Object Types:
OTmZ’SSmg = OTM \ OTL

Object types present in the normative ETOT Graph but not observed in the discovered ETOT
Graph.

« Additional Object Types:
OTudditionat = OTp, \ OTyy

Object types observed in the discovered ETOT Graph but not defined in the normative ETOT
Graph.
2. Edge Conformance
o Missing Relationships:
Rmissing = RM \ RL

Relationships present in the normative ETOT Graph but not observed in the discovered ETOT
Graph.

o Additional Relationships:
Radditional = RL \ R]\/[
Relationships observed in the discovered ETOT Graph but not defined in the normative ETOT
Graph.

3. Edge Frequency Conformance

o For each relationship r = (a,0t) € Ryy N Rr:
— Compute the relative frequency difference:

wr(r) —wp(r)
wa(r)

— The relationship r is considered non-conforming in frequency if:

Arel(r) > 97’61

where O, is a predefined threshold (e.g., a percentage) indicating acceptable relative de-
viations.

4. Fitness Value
We define the fitness function ¢(Gr,Gur) as:

Arel('r) -

: (|Amissing| + |0Tmissing|) + ﬂ ' |Rmissing‘ +7- ZTERMQRL 5r'el(7")

O(Gr, Ga) =1 = =

where:

e «, B, v are weighting factors for missing nodes (activities and object types), missing relation-
ships, and non-conforming frequencies, respectively.

1 ) Are Hre

® 6rel(r) = ’ Zf l(r) ” :
0, otherwise

e N is a normalization constant defined as:

N =a-(|Ap|+|0Ty|) + B - |Rul + v - |Ru|
ensuring that 0 < ¢(Gr,Gpr) < 1.
A higher value of ¢(Gr,Gpr) indicates better conformance between the discovered ETOT Graph and
the normative model.

This conformance checking method systematically compares the normative ETOT Graph Gj; with
the discovered ETOT Graph G, by evaluating the presence and absence of nodes and edges, as well as
significant deviations in the frequencies of relationships. The fitness function aggregates these discrep-
ancies into a single value that quantifies the overall conformance level.
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7.3.1 Example Application of Event-Type-to-Object-Type Graph-Based Con-
formance Checking to an O2C Process

In this section, we apply the ETOT Graph-based conformance checking approach to an Order-to-Cash
(0O2C) process. We construct a hypothetical normative ETOT Graph representing the expected process
model (Figure 7.6) and a realistic ETOT Graph derived from observed data, which includes some devi-
ations (Figure 7.7). We then identify and analyze the non-conformities based on the approach described
in Definition 65.

Ship Order Prepae Shipment Close Order Validate Order Receive Order Send Invoice Receive Payment

95

100 100 XlOO 90 90

Figure 7.6: Hypothetical normative ETOT Graph for an O2C process. The arcs are annotated with the
expected frequencies of the associations.

Receive Order Approve Order Close Order Prepare Shipment Ship Order Send Invoice Receive Payment

100 100 B0 90 100 95 a5 100 \100 80 50

Figure 7.7: Realistic ETOT Graph extracted from an object-centric event log for an O2C process. The
arcs are annotated with the observed frequencies of the associations.

Analysis of the Normative and Realistic ETOT Graphs

The normative ETOT Graph (Figure 7.6) represents the expected interactions between event types and
object types in the O2C process. The realistic ETOT Graph (Figure 7.7) reflects the actual process
execution, including deviations from the normative model.

Node Conformance Missing Activities (Amnissing):
e Validate Order: Expected but not observed in the real-life ETOT Graph.
Additional Activities (A.qditional):
e Approve Order: Observed in the real-life ETOT Graph but not defined in the normative model.
Missing Object Types (OTpmissing):
e Shipment: Expected in the normative model but not observed in the real-life ETOT Graph.
Additional Object Types (OT,qditional):
e Discount: Observed in the real-life ETOT Graph but not defined in the normative model.
Edge Conformance Missing Relationships (Rmissing):
o (Validate Order, Order)

o (Prepare Shipment, Shipment)

e (Ship Order, Shipment
p ) P
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These relationships are expected in the normative model but not observed in the real-life ETOT
Graph.
Additional Relationships (R.dditional ):

o (Approve Order, Order)
o (Approve Order, Discount)

These relationships are observed in the real-life ETOT Graph but not defined in the normative model.

Edge Frequency Conformance For relationships present in both graphs (Rj; N Ry), we compute
the relative frequency differences and identify those exceeding a predefined threshold (6, = 10%).

Relationship Description  wp(r) wr(r) Avel(r)
(Receive Order, Order) Expected 100 100 0.00%
(Receive Order, Customer)  Expected 100 100  0.00%
(Prepare Shipment, Order)  Expected 95 95  0.00%
(Ship Order, Order) Expected 95 95  0.00%
(Send Invoice, Order) Expected 100 100 0.00%
(Send Invoice, Invoice) Expected 100 100 0.00%
(Receive Payment, Invoice) Expected 90 80 11.11%
(Receive Payment, Payment) Expected 90 80 11.11%
(Close Order, Order) Expected 100 100 0.00%

Table 7.1: Relative frequency differences for relationships present in both graphs.

Non-Conforming Relationships in Frequency:
The following relationships exceed the 10% threshold:

o (Receive Payment, Invoice): Relative difference of 11.11%.

o (Receive Payment, Payment): Relative difference of 11.11%.

Fitness Value Calculation Using the fitness function with weighting factorsa =1, =1, y = 1:

o Total normative activities (|Aas| = 7)
o Total normative object types (|OTy| = 5)
o Total normative relationships (|Rps| = 12)

¢ Normalization constant:

N = a(|Aum| + |OTm|) + BI1Rm| +v|Ru| =1-(T+5)+1-124+1-12 =36
e Numerator:
(% (|Amissing| + |OTmissing|) + ﬁ . |Rmissing‘ + - Zérel(r) =1 (1 + 1) +1-34+1-2=7

o Fitness value: .

=1—-— —=0.
&(Gr,Gum) 2 0.8056

Interpretation The fitness value of approximately 0.806 indicates that the observed ETOT Graph
conforms to the normative model to a significant extent, with deviations accounting for approximately
19.44% of the total possible discrepancies.
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Summary of Non-Conformities

Structural Deviations:

e Missing Activity: Validate Order
e Additional Activity: Approve Order
o Missing Object Type: Shipment

e Additional Object Type: Discount
e Missing Relationships:

— (Validate Order, Order)
— (Prepare Shipment, Shipment)
— (Ship Order, Shipment

p p

« Additional Relationships:

— (Approve Order, Order)

— (Approve Order, Discount)
Behavioral Deviations:

« Significant frequency deviations in relationships involving Receive Payment, indicating a higher
rate of unpaid invoices than expected.

Conclusion

By comparing the normative ETOT Graph with the observed ETOT Graph, we have identified several
non-conformities, including missing and additional activities and object types, missing and additional
relationships, and significant deviations in relationship frequencies. The calculated fitness value reflects
the degree of alignment between the actual process behavior and the expected behavior. This analysis
provides valuable insights for process stakeholders to investigate the causes of these deviations and
implement corrective measures to improve process conformance.

7.4 Object-Centric Conformance Checking Using Petri Nets

In addition to graph-based approaches, object-centric conformance checking can be conducted using Petri
nets adapted to handle multiple object types. Traditionally, conformance checking techniques, such as
Token-Based Replay (TBR), have been applied to event logs where each trace represents a single case.
In these scenarios, TBR simulates the firing of transitions on a Petri net and tracks produced, consumed,
missing, and remaining tokens to evaluate how well the model aligns with the observed behavior.

When shifting from single-case (trace-based) logs to object-centric event logs (OCELSs), each event
may relate to multiple objects of different types. This complexity can be captured by object-centric
Petri nets, where tokens can be differentiated by the object types they represent. Instead of tracking a
single token flow corresponding to a single process instance, multiple tokens of various object types can
move through the network, each modeling the lifecycle of a particular object or set of objects within the
process.

For example, consider an order-to-cash scenario where an event may relate both to an order object and
to one or more item objects. An object-centric Petri net would include places and transitions that reflect
the relationships and constraints among different object types. During replay, if a transition representing
the shipment of an item fires, it consumes tokens from places corresponding to both the item and the
order contexts if both must be present. If the required tokens (e.g., an order token) are missing, then
a missing token must be inserted, indicating a deviation. Likewise, if tokens remain unconsumed at the
end of the process execution, they signal parts of the model that are never completed as observed in the
log.

Applying TBR in this object-centric setting follows the same principles outlined for the traditional
single-case scenario: tokens are produced and consumed according to transition firings, missing tokens
indicate misalignments, and remaining tokens highlight incomplete executions. The key difference is that
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Figure 7.8: OCPN reporting the number of consumed, produced, missing, and remaining tokens for each
place.
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these tokens now carry the meaning of objects and their relationships, enabling a nuanced understanding
of where and how multiple object lifecycles deviate from the normative model. Figure 7.8 illustrates how
these counts of tokens are recorded during the replay and how discrepancies manifest in terms of token
movements.

By extending TBR to object-centric Petri nets, analysts can leverage the intuitive token-based diag-
nostic approach to identify whether observed object behaviors align with expected patterns. They can
pinpoint precisely which object types or interactions are problematic, leading to more informed reme-
diation strategies. Moreover, because the method aligns closely with the traditional TBR concepts, it
can be integrated with existing toolsets and methodologies, while enriching the diagnostic capabilities
to reflect the more realistic, multi-dimensional nature of modern event data.

7.5 Object-Centric Anomaly Detection

Anomaly detection in object-centric processes presents unique challenges due to the complex interactions
among multiple object types. Unlike traditional event logs where each event is associated with a single
case identifier, Object-Centric Event Logs (OCEL) involve events linked to multiple objects of different
types. This complexity necessitates specialized methods to detect anomalies that may not be apparent
when analyzing individual object lifecycles in isolation.

In this section, we introduce a comprehensive approach to anomaly detection tailored for object-
centric event logs. The methodology encompasses:

e Dimensionality Reduction: Techniques to manage high-dimensional data while preserving es-
sential information.

o Feature Selection: Identifying the most relevant features contributing to anomalies.

e Anomaly Detection Algorithms: Selecting algorithms suited for the nature of object-centric
data.

e Correlation Analysis: Quantifying the impact of features on anomaly scores.

e Domain Knowledge Integration: Leveraging expert insights to interpret anomalies within the
process context.

7.5.1 Method Selection for Dimensionality Reduction, Feature Selection,
and Anomaly Detection

Selecting appropriate methods is crucial for effectively detecting anomalies in object-centric data. Ta-
ble 7.2 compares various techniques based on their suitability for handling the complexities of object-
centric event logs.

Dimensionality Reduction

Principal Component Analysis (PCA) PCA transforms high-dimensional data into a
lower-dimensional space by identifying the directions (principal components) that capture the maximum
variance in the data. While PCA is effective for reducing dimensionality, it assumes linear relationships
among features, which may not fully represent the complex interactions in object-centric data.

t-Distributed Stochastic Neighbor Embedding (t-SNE) t-SNE is a non-linear dimensionality
reduction technique that excels at preserving local structures in high-dimensional data. It is particularly
useful for visualizing complex patterns and clusters in object-centric event logs. However, t-SNE can be
computationally intensive and may not scale well to very large datasets.

Feature Selection

Unsupervised Feature Selection Unsupervised methods select features based on statistical proper-
ties such as variance or redundancy. These methods are suitable when there is no specific target variable
or prior knowledge about anomalies. They help in reducing noise and focusing on features that contribute
most to data variability.
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Table 7.2: Comparison of Methods for Dimensionality Reduction, Feature Selection, and Anomaly De-

tection
Aspect Method A Method B
Dimensionality Re- | Principal Component Analysis | t-Distributed Stochastic Neighbor
duction (PCA): Embedding (t-SNE):

o Effective for linear correlations.

¢ Reduces dimensionality by cap-
turing variance.

e May not capture non-linear rela-
tionships inherent in object inter-
actions.

o Preserves local structures in data.

e Captures complex non-linear pat-
terns.

e Computationally intensive for

large datasets.

Feature Selection

Unsupervised Methods:
e Variance Thresholding.

o Selects features based on intrinsic
properties.

e Useful when no target variable is
specified.

Supervised Methods:

e Mutual Information, Correlation
Coeflicients.

e Considers relationship with tar-
get variable.

o Effective when anomalies are de-
fined concerning specific out-
comes.

Anomaly Detection
Algorithms

Isolation Forest:

o Efficient for
data.

high-dimensional

e Isolates anomalies based on ran-
dom partitions.

e Suitable for
analysis.

individual object

Local Outlier Factor (LOF):

e Detects anomalies based on local
density deviations.

o Effective for capturing anomalies
from object interactions.

e Sensitive to choice of neighbor-
hood size.

Supervised Feature Selection Supervised methods leverage the relationship between features and
a target variable, such as known anomalies. Techniques like mutual information or correlation analysis
identify features that have strong predictive power regarding the target. This approach is beneficial when
anomalies are defined concerning specific outcomes or behaviors.

Anomaly Detection Algorithms

Isolation Forest Isolation Forest is an ensemble-based algorithm that isolates anomalies by construct-
ing random decision trees. It operates on the principle that anomalies are data points that are easier to
separate from the rest of the data. The algorithm is efficient and scales well to large, high-dimensional
datasets.

Local Outlier Factor (LOF) LOF measures the local deviation of a data point’s density relative
to its neighbors. An object is considered an anomaly if it has a significantly lower density than its
neighbors. LOF is effective in detecting anomalies arising from unusual interactions between objects but
may require careful tuning of parameters like the number of neighbors.

7.5.2 Correlating Features with Anomaly Scores

To understand how different features contribute to the anomalies detected, we compute anomaly scores
for each object and analyze the correlation between these scores and the features.
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Definition 66 (Anomaly Scores and Ranking). Given an OCEL L and an anomaly detection model
that assigns a score score(o) € R to each object o € O, we rank the objects based on their scores. Higher
scores indicate higher likelihoods of being anomalous.

Definition 67 (Feature Normalization). For each feature f, we normalize the values across all objects
to ensure comparability:

0, if maz o f(0o') — min »f(0o') =0
frorm(0) = fo) = min o f(0)

therwi.
maz o f(0') — min o f(o') orherise

This scales the feature values to the range [0, 1].

Definition 68 (Feature-Anomaly Correlation). The correlation between a normalized feature fporm and
the anomaly scores score is calculated using Pearson’s correlation coefficient:

> oco (frnorm(0) = Frorm)(score(o) — score)

\/Zon(fnorm(o) - fnorm)Q\/Zoeo(SCO?"e(O) — W)Q

where frnorm and score are the mean values of the normalized feature and the anomaly scores, respectively.

corr(f, score) =

Features with high absolute correlation values are considered to have a significant impact on the
anomaly detection results.

7.5.3 Incorporating Domain Knowledge

Domain expertise is essential for interpreting anomalies detected in object-centric event logs. By ex-
amining the process execution related to anomalous objects, experts can uncover underlying issues that
automated methods may not detect. For an object o € O, the process execution includes all events and
related objects that are connected to o through direct or indirect interactions. This subset of the OCEL
provides context for analyzing the object’s behavior within the process. Analyzing the process execution
helps in:

o Identifying unusual event sequences or patterns.
e Detecting deviations in lifecycle durations.
e Understanding the impact of interactions with other objects.

e Providing insights into potential process inefficiencies or compliance issues.

7.5.4 Application: Anomaly Detection in a Purchase-to-Pay Process
We apply the proposed anomaly detection approach to a Purchase-to-Pay (P2P) process, which involves
multiple object types such as purchase orders, invoices, and goods receipts.
Data Preparation
An OCEL is extracted from a P2P system (Oracle EBS), focusing on key object types:

e Purchase Order

e Purchase Requisition

o Invoice

e Goods Receipt

o Payment

Relevant features are engineered for each object, including:

o Lifecycle Duration: Time between the first and last events related to the object.

¢ Event Count: Number of events associated with the object.

e Interaction Count: Number of other objects the object interacts with.

e Activity Frequencies: Counts of specific activities involving the object.
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Anomaly Detection and Feature Correlation

We apply the Isolation Forest algorithm to the prepared data to compute anomaly scores for each object.
Features are normalized, and correlations with anomaly scores are calculated.

Table 7.3: Features Highly Correlated with Anomaly Scores

Feature Correlation Coefficient
Lifecycle Duration 0.68
Event Count 0.55
Interaction Count 0.72
Frequency of Cancel Purchase Order Activity 0.80

The high correlation between the frequency of the Cancel Purchase Order activity and anomaly scores
suggests that orders with cancellations are more likely to be anomalous.
Analyzing Anomalous Objects

For objects with high anomaly scores, we extract their process executions and analyze them in detail.
Consider a purchase order with an unusually high anomaly score. Examination of its process execution
reveals:

e Multiple Cancellations and Re-approvals: The order was canceled and re-approved several
times, which is atypical.

o« Extended Lifecycle Duration: The order remained open for an extended period compared to
the average lifecycle.

e High Interaction Count: The order interacted with a larger number of invoices and goods
receipts than usual.

These findings may indicate process inefficiencies, potential compliance issues, or fraudulent activities
requiring further investigation.

Domain Expert Interpretation
By involving domain experts, the anomalies detected can be contextualized within the business process:
e Process Deviations: The repeated cancellations and re-approvals may violate company policies.

e Compliance Risks: Extended lifecycles and unusual interactions may expose the organization to
financial risks.

e Operational Inefficiencies: Identifying bottlenecks or errors in the procurement process.

Experts can recommend corrective actions, such as process audits, staff training, or system improve-
ments.
7.5.5 Conclusion

Object-centric anomaly detection provides valuable insights into complex processes involving multiple
interacting objects. By combining advanced analytical techniques with domain knowledge, organizations
can identify and address anomalies that may affect efficiency, compliance, and overall performance.
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7.6 Related Work

This chapter introduced novel object-centric conformance checking approaches using OCDFGs, Object
Type Graphs, and ETOT Graphs. While building on the foundation of traditional process mining and
conformance checking, these approaches address the unique challenges of object-centric event data in
ways that differ from existing research. Several key related works are discussed below, highlighting their
distinct contributions and contrasting them with the methods presented in this chapter.

In [7], conformance checking techniques for object-centric process mining are introduced, utilizing
the concept of “event context” to capture the history of related objects. While this acknowledges the
importance of object interplay, their approach differs from ours by using object-centric Petri nets and
employing a replay algorithm for conformance checking calculations. In contrast, this chapter leverages
graph-based representations (OCDFGs, Object Type Graphs, and ETOT Graphs) and utilizes graph
comparison techniques, offering a different perspective on representing and analyzing object-centric pro-
cesses.

The paper [98] addresses constraint monitoring in object-centric business processes using Object-
Centric Constraint Graphs (OCCGs). While their focus on quantifying relationships between activities
and object involvement aligns with the object-centric perspective of this chapter, their work centers on
constraint violation detection rather than conformance checking. Our approaches, on the other hand,
aim to quantify the overall alignment between observed behavior and normative models, providing a
different type of process analysis.

Object-centric alignments are introduced in [97], extending the concept of alignments to handle the
complexities of multiple interacting objects. This work provides a trace-level analysis of deviations using a
synchronous product net approach. In contrast, the methods presented in this chapter operate at a higher
level of abstraction, focusing on aggregate behavior represented by graphs rather than individual trace
alignments. This difference in granularity provides complementary insights into process conformance.

Another contribution found in [97] introduces a technique for conformance checking and performance
analysis using projected DFGs. This approach decomposes the object-centric problem into multiple
standard conformance checking problems, one for each object type. While we also utilize the concept
of projected DFGs, our methods differ by re-combining the individual object-type analyses to provide
a holistic object-centric perspective, whereas their work primarily focuses on separate analyses for each
object type. Furthermore, their utilization of workflow nets and the A* algorithm contrasts with the
direct graph comparison methods employed in this chapter.

In conclusion, these related works demonstrate the diverse approaches being explored in object-centric
process mining. The techniques presented in this chapter offer distinct methods for representing and
analyzing object interactions, quantifying conformance, and detecting deviations, providing valuable
complements to existing techniques and opening avenues for future research in object-centric process
analysis.

Conclusion

This chapter presented a comprehensive framework for Object-Centric Conformance Checking (OCCC)
and anomaly detection, addressing the inherent complexities of processes involving multiple interacting
objects. We demonstrated how OCDFGs, Object Type Graphs, and ETOT Graphs provide valuable
perspectives for analyzing process conformance, revealing discrepancies between observed and expected
behavior in terms of activities, object interactions, and their frequencies. The introduced fitness functions
allow for quantifying conformance levels, facilitating objective comparisons and highlighting areas of
deviation. The O2C process examples illustrated the practical application of these methods, showcasing
how the identified non-conformities can inform process improvement initiatives. Furthermore, the chapter
detailed an approach for object-centric anomaly detection, emphasizing the importance of combining
analytical techniques with domain knowledge to interpret unusual object behavior and pinpoint potential
process inefficiencies, compliance risks, or even fraudulent activities. By leveraging the methods presented
in this chapter, organizations can gain a deeper understanding of their object-centric processes, identify
areas for improvement, and ultimately enhance process efficiency, compliance, and overall performance.
Future research directions include developing more sophisticated anomaly detection techniques tailored
to object-centric data and exploring the integration of OCCC with other process mining tasks such as
predictive monitoring and process optimization.
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Chapter 8

Real-world Applications and Case
Studies

“In theory, there is no difference between theory and practice. But, in practice, there is.”
Jan L. A. van de Snepscheut

Introduction

In the preceding Chapters 3—7, the theoretical and methodological foundations of Object-Centric Process
Mining (OCPM) were established: object-centric event logs, techniques for object extraction and linking
(Chapter 5), approaches to object-centric process discovery (Chapter 6), object-centric conformance
checking and compliance analysis (Chapter 7), and object-centric performance analysis. These chapters
introduced the formalisms and preprocessing methods that ensure data quality and analytical depth.

Building upon these foundations, this chapter applies the discussed techniques to real-world data
extracted from SAP ECC ERP systems. In particular, the author of this thesis has worked on two
contributions that are included in this chapter:

o [19] provides a semi-automated methodology for extracting object-centric event data from relational
databases supporting SAP ERP, incorporating scalability and quality assessments to achieve robust
data preparation before process discovery and analysis.

o [14] demonstrates how to practically apply OCPM in a Purchase-to-Pay scenario from SAP ECC
ERP data, applying the modeling and analysis frameworks introduced earlier in the thesis to gain
actionable insights into procurement processes.

These contributions directly inform the selection of techniques and frameworks applied in this chapter.
They illustrate how the object-centric methods previously discussed can be used to examine complex
processes, such as Purchase-to-Pay (P2P) and Order-to-Cash (O2C), in a realistic setting. General ERP
and SAP ECC concepts are presented, and then object-centric methods are systematically employed on
both a generic scenario and a dedicated case study at ECE Group. By integrating process models and
conformance checking results directly into the analysis, the chapter shows how to transition from theory
to tangible, data-driven improvements.

This approach ensures that P2P and O2C are not treated as isolated examples but rather as contexts
in which the object-centric techniques perform under realistic conditions. It further clarifies the difference
between generic SAP/P2P/02C elements and the specific details of the ECE environment, thereby
offering valuable lessons for both practitioners and researchers.

8.1 SAP ECC ERP

In Chapter 3, we introduced the fundamental concepts of event data extraction and object identification
from enterprise systems. Here, we focus on SAP ECC ERP, a real-world system that encapsulates the
complexity and richness of integrated processes. Before we apply the object-centric modeling, discovery,
and conformance checking techniques from Chapters 5-7, this section provides a high-level overview of
SAP ECC and its database structure. We distinguish between general ERP-level concepts (applicable
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to any SAP ECC environment) and the particular processes and configurations that will be used in
subsequent case studies.

By clearly outlining the various modules, tables, and data-change tracking mechanisms (e.g., change
documents) in SAP ECC, we set the stage for applying our previously discussed object-centric event
extraction methods. In subsequent sections, we will refer back to this overview when demonstrating how
to extract object-centric event logs (OCELs) and apply the process discovery and conformance checking
techniques introduced in earlier chapters.

SAP ECC supports a vast array of functional modules, each designed to handle specific business areas
or operations:

o Finance (FI): Manages financial transactions and generates financial reports.
o Controlling (CO): Supports planning, reporting, and monitoring of business operations.

o Sales and Distribution (SD): Manages all sales and distribution activities including quotations,
sales orders, shipping, billing, and more.

e Material Management (MM): Deals with procurement and inventory management.

o Production Planning (PP): Manages all activities related to production, from planning to execution.
e Quality Management (QM): Deals with quality control and assurance processes.

o Plant Maintenance (PM): Manages maintenance processes in an organization.

o Human Resources (HR): Handles recruitment, personnel administration, payroll, training, and
more.

e Project System (PS): Helps plan, manage and track projects.

o Customer Service (CS): Deals with after-sales support services for customers.

SAP ECC can be customized to cater to industry-specific requirements, providing the ability to handle
unique business processes and compliance standards. Many businesses of various sizes across different
sectors use SAP ECC to efficiently manage their operations and adapt to changing market needs.

An important aspect of SAP’s database design is the use of change tables (or change documents) to
capture changes made to master data or transaction data. This is a peculiar and highly useful feature
that lets administrators track all modifications made to important data fields.

When changes are made to monitored fields, the system automatically creates a change document
that records the following details:

e The name of the table and the field that was changed.
o The type of change (e.g., insert, modify, delete).

e The old and new values of the field.

e The user who made the change.

e The date and time of the change.

The main tables associated with change documents are CDHDR (Change Document Header) and
CDPOS (Change Document Items). CDHDR stores information about the changes at the header level,
including the transaction code, the user who made the changes, and the time of the change. CDPOS
stores the detailed changes at the field level, including the table and field names and the old and new
field values.

This feature enables a high level of auditability and traceability, as it provides a complete history of
changes, which is critical for many business processes and compliance requirements.
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8.1.1 P2P process (Case Study)

The Purchase-to-Pay (P2P) process, introduced in a general sense in Chapter 3, now becomes a focal point
for applying the object-centric methodologies from Chapters 6-7. In this subsection, we first present the
generic P2P process as implemented in SAP ECC. Then, we highlight how the techniques developed in
the previous chapters—such as object identification, event-to-object mappings, object-centric modeling,
and conformance checking—can be systematically applied to a real P2P scenario.

This sets the stage for introducing the ECE Group case study. We will explicitly distinguish between
the generic P2P implementation in SAP (applicable to many organizations) and the specific ECE case
details. This distinction allows us to show how the general methods introduced earlier can be tailored
and refined to handle the complexities of a particular organizational environment.

Implementation of the Process in SAP ERP

In Chapters 5 and 6, we described how to move from raw database tables to object-centric event logs
and object-centric process models. Here, we apply these principles by detailing how the P2P process is
realized within SAP ECC. We identify the relevant modules, transactions, and database tables, and we
map these to object types and attributes, as introduced in our earlier theoretical chapters.

Crucially, this section remains process-generic. It does not yet focus on the ECE case study but
shows how any SAP ECC system supports the P2P cycle. Later, we will apply our extraction techniques
(Chapter 5) to retrieve OCELSs from these tables and then use object-centric discovery (Chapter 6) and
conformance checking methods (Chapter 7) to analyze the actual execution of the process.

The Purchase-to-Pay (P2P) intersects with various SAP ECC modules:

o Material Management (MM): The P2P process is fundamentally grounded in the MM module. It
starts with a need for materials or services, leading to the creation of a purchase requisition. This
then gets converted into a purchase order, which is sent to the supplier. The MM module effectively
manages these procurement processes, from vendor selection to purchase order management.

o Finance (FI): Once the goods or services have been received and checked, an invoice is received from
the supplier. The FI module comes into play here, as it handles the processing and reconciliation
of the supplier’s invoice. When the invoice is approved, the FI module also handles the payment
processing to the supplier, closing out the P2P process.

o Sales and Distribution (SD): Although the SD module is mainly focused on the company’s outbound
processes, it is indirectly related to the P2P process. For example, in a manufacturing organization,
the materials procured through the P2P process feed into the production of goods, which then
become part of the SD process.

o Controlling (CO): The CO module assists in monitoring and controlling the costs associated with
the P2P process. It can track costs at each stage, from the initial purchase requisition to the final
payment, aiding in budget control and financial reporting.

o Quality Management (QM): Once the goods are received from the supplier, they need to be in-
spected for quality before they can be used in the organization’s operations. The QM module
manages these quality inspection processes, ensuring that the received goods meet the requisite
quality standards.

o Plant Maintenance (PM) and Project System (PS): The PM and PS modules can also be connected
to the P2P process. For instance, the procurement of materials or services could be directly related
to a maintenance task or project, and these modules would manage those processes.

The Purchase-to-Pay process in SAP relies on several key database tables, each housing specific
fields pertinent to the process. These tables and their fields contribute significantly to the process flow,
providing a structured, logical, and efficient mechanism for managing and tracking the procurement and
payment activities.

« EKKO, EKPO (Purchase Order): The EKKO table contains the Purchase Order Header data
and EKPO table contains Purchase Order Item data. They are integral parts of the Purchasing
module in SAP.

— EBELN (EKKO): This field stores the Purchase Order Number. It uniquely identifies a
Purchase Order in the SAP system.
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— EBELP (EKPO): This field represents the line item number in the Purchase Order. Each
line item represents a distinct material or service being ordered.

LIPS (Delivery): This table in SAP contains the Delivery Document Line Item Data.
— VBELN: This field represents the Delivery Document number. It uniquely identifies a De-
livery Document in the system.
— POSNR: This field represents the line item number in the Delivery Document. Each line

item represents a distinct material or service being delivered.

EKBE (Goods Receipt): This table in SAP contains the History per Purchasing Document. It
is used to store changes in Purchasing Document like Goods Receipt.

— EBELN: This field stores the Purchase Order Number. It uniquely identifies a Purchase
Order in the SAP system.

EBELP: This field represents the line item number in the Purchase Order. Each line item
represents a distinct material or service being ordered.

GJAHR: This field corresponds to the Fiscal Year in which the document was posted.
BELNR: This field is the Document Number for Accounting documents.

RBKP, RSEG (Invoice): The RBKP table holds the Invoice Receipt Header data and the RSEG
table holds the Invoice Receipt Item data.

— BELNR (RBKP): This field corresponds to the Accounting Document Number. It uniquely
identifies an Invoice in the SAP system.

— GJAHR (RSEG): This field corresponds to the Fiscal Year of the Document in the SAP
system.

— BUKRS (RBKP): This field represents the Company Code. The Company Code is an
organizational unit within the financial accounting module.

BSEG (Payment): The BSEG table in SAP holds the Accounting Document Segment data,
which is integral to financial transactions in the system.

— BELNR: This field corresponds to the Accounting Document Number. It uniquely identifies
a financial transaction in the SAP system.

— GJAHR: This field represents the Fiscal Year of the Document.

— BUKRS: This field represents the Company Code. The Company Code is an organizational

unit within the financial accounting module.

LFA1 (Supplier): The LFA1 table in SAP contains the Vendor Master data (General section).
This includes information about vendors that supply a company.

— LIFNR: This field corresponds to the Account Number of the Vendor or Creditor in SAP. It
uniquely identifies a supplier in the system.

LFBK (Bank): This table in SAP stores the Bank Details for the Vendor Master.
— BANKS: This field represents the Bank Keys, which are used to define bank details in the
system.
— BANKN: This field stores the Bank Number within the bank key.
EKKO, EKPO (Contract): The EKKO table contains the Purchasing Document Header data

and the EKPO table contains the Purchasing Document Item data. They also store contract data
in the SAP system.

— KONNR (EKKO): This field represents the Contract Number in SAP. It uniquely identifies
a contract in the system.

— KTPNR (EKPO): This field represents the Item Number of Contract in SAP. It identifies
a specific item within a contract.
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o« LAGP (Warehouse): The LAGP table in SAP contains the Storage Bin Master Record data. It
is used to manage and track the storage locations within a warehouse.

— LGPLA: This field corresponds to the Storage Bin. It uniquely identifies a particular storage
location in a warehouse in the system.

« MCHB (Inventory): The MCHB table in SAP contains the Batch Stock data. It is used to
manage batch-level inventory in the system.

— MATNR: This field corresponds to the Material Number. It uniquely identifies a material
in the SAP system.

— CHARG: This field corresponds to the Batch Number. It uniquely identifies a batch of a
specific material.

e QALS (Quality Control): The QALS table in SAP contains the Inspection Lot Record data. It
is used for quality management and inspection in the system.

— AUFNR: This field corresponds to the Order Number. It uniquely identifies an order for
inspection in the quality management module.

Table 8.1 presents a comprehensive overview of the various object types involved in the Purchase-
to-Pay process within the SAP system. It highlights the corresponding SAP tables and identifies the
specific object identifiers that play an essential role in the flow of the P2P process.

Object Type SAP Table Object Identifier

Purchase Requisition | EBAN BANFN (Number) + BNFPO (Item)

Purchase Order EKKO, EKPO | EKKO.EBELN (Number) + EKPO.EBELP (Item)

Delivery LIPS LIPS.VBELN (Number) + LIPS.POSNR (Item)

Goods Receipt EKBE EKBE.EBELN (PO Number) + EKBE.EBELP
(PO Item) + EKBE.GJAHR (Fiscal Year) +
EKBE.BELNR (Document Number)

Invoice RBKP, RSEG | RBKP.BELNR (Document Number) +
RSEG.GJAHR (Fiscal Year) + RBKP.BUKRS
(Company Code)

Payment BSEG BSEG.BELNR (Document Number) +
BSEG.GJAHR (Fiscal Year) + BSEG.BUKRS
(Company Code)

Supplier LFA1 LFA1.LIFNR (Account Number)

Bank LFBK LFBK.BANKS (Bank Key) + LFBK.BANKL (Bank
number)

Contract EKKO, EKPO | EKKO.KONNR (Contract Number) +
EKPO.KTPNR (Item)

Warehouse LAGP LAGP.LGPLA (Storage Bin)

Inventory MCHB MCHB.MATNR (Material) + MCHB.CHARG
(Batch)

Quality Control QALS QALS.AUFNR (Order Number)

Table 8.1: Table summarizing the extraction process for objects of different object type in the P2P
process.

Table 8.2 showcases the extraction process of qualified Object-to-Object relationships within the P2P
process in SAP. It details the link between different SAP tables and their respective object identifiers,
capturing the sequence of actions that transform a purchase requisition into a successful payment.

Table 8.3 outlines the extraction process of the events and their related objects for the P2P process
in SAP. Each row in the table represents an activity, elaborating on its associated tables, the specific
activity fields, the timestamp fields, and the set of related objects involved in each activity. This table
provides a detailed roadmap for the Event-to-Object relationships that make up the backbone of the
P2P process.
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Qualifier SAP Table Source Object Identifier Target Object Identifier
Purchase Requisition Generates Purchase Or- | EBAN, EKKO, EKPO | EBAN.BANFN + | EKKO.EBELN +
der EBAN.BNFPO EKPO.EBELP
Purchase Order Triggers Delivery EKES, LIPS EKES.EBELN + EKES.EBELP | LIPS.VBELN + LIPS.POSNR
Purchase Order Sent To Supplier EKKO, LFA1 EKKO.EBELN + | LFA1.LIFNR
EKPO.EBELP
Supplier Fulfills Delivery LFA1l, EKKO, EKPO | LFA1.LIFNR EKKO.EBELN +
EKPO.EBELP
Delivery Results In Goods Receipt EKKO, EKPO, EKBE | EKKO.EBELN + | EKBE.EBELN +
EKPO.EBELP EKBE.EBELP +
EKBE.GJAHR +
EKBE.BELNR
Goods Receipt Triggers Invoice EKBE, RBKP EKBE.EBELN + | RBKP.BELNR —+
EKBE.EBELP + | RBKP.GJAHR +
EKBE.GJAHR + | RBKP.BUKRS
EKBE.BELNR
Invoice Requires Payment RBKP, BSEG RBKP.BELNR + | BSEG.BELNR +
RBKP.GJAHR + | BSEG.GJAHR +
RBKP.BUKRS BSEG.BUKRS
Invoice Sent To Bank RBKP, LFBK RBKP.BELNR + | LFBK.BANKS +
RBKP.GJAHR + | LFBK.BANKL
RBKP.BUKRS
Bank Processes Payment LFBK, BSEG LFBK.BANKS + | BSEG.BELNR +
LFBK.BANKL BSEG.GJAHR +
BSEG.BUKRS
Purchase Order Bound By Contract EKKO, EKKO EKKO.EBELN + | EKKO.KONNR +
EKPO.EBELP EKPO.KTPNR
Contract Applies To Supplier EKKO, LFA1 EKKO.KONNR + | LFA1.LIFNR
EKPO.KTPNR
Goods Receipt Updates Stock In Warehouse | EKBE, LAGP EKBE.EBELN + | LAGP.LGPLA
EKBE.EBELP +
EKBE.GJAHR +
EKBE.BELNR
‘Warehouse Holds Inventory LAGP, MCHB LAGP.LGPLA MCHB.MATNR +
MCHB.CHARG
Supplier Subjected To Quality Control LFA1, QALS LFA1.LIFNR QALS.AUFNR
Quality Control Approves Delivery QALS, LIPS QALS.AUFNR LIPS.VBELN + LIPS.POSNR

Table 8.2: Table summarizing the extraction process of the qualified Object-to-Object relationships for

the P2P process.

Research Questions and the P2P Process at ECE Group

Having established a generic P2P process view in SAP ECC, we now focus on the specific application
at ECE Group. Here, we formulate research questions that leverage the techniques introduced in earlier
chapters to address ECE’s unique challenges. While Chapter 3 discussed how to frame process-related
inquiries and Chapters 6-7 explained how to discover and analyze object-centric models, we now put
these methods into practice.

We carefully separate what is generally true for SAP-based P2P processes from the particularities of
ECE’s organizational structure, data quality, and business constraints. By doing so, we illustrate how
the generic methods and models can be tailored to elicit meaningful insights in a real-world setting.

The ECE Group, a major player in the European shopping center sector since 1965, manages assets
worth 31 billion Euros across 200 shopping centers in 13 countries. In 2020, aiming to optimize its
data-intensive operations, ECE focused on its Purchase-to-Pay (P2P) process—a critical link between
procurement and Accounts Payable (AP). They established a dedicated “process insights” team and
adopted Celonis as a process mining tool. However, challenges arose in managing process variations
across multiple countries and understanding complex process patterns. To address this, a team of
experts leveraged Object-Centric Process Mining (OCPM) to analyze the P2P process, focusing on
Process Performance, Compliance, and Quality.

To pinpoint areas for improvement using OCPM, particularly where traditional process mining fell
short in managing interdependencies, the following research questions were established:

Process Performance (PP): Focusing on efficiency and throughput.

PP1 What is the current processing capacity of the accounts payable department?
PP2 How long does it take to process/verify an invoice?
PP3 What percentage of purchase orders are “no-touch orders”?

PP4 What is the average throughput time from purchase order to goods receipt or payment for finalized
orders?
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Activity Involved Tables Activity Field | Timestamp Field | Set of Related Objects

Create Purchase Requisition EBAN EBAN.BANFN | EBAN.ERDAT (EBAN.BANFN + EBAN.BNFPO)

Approve Purchase Requisition | EBAN EBAN.BANFN | EBAN.FRGDT (EBAN.BANFN + EBAN.BNFPO)

Create Purchase Order EKKO, EBAN EKKO.EBELN | EKKO.BEDAT (EBAN.BANFN + EBAN.BNFPO,
EKKO.EBELN + EKPO.EBELP)

Goods Receipt LIPS, EKKO LIPS.VBELN LIPS.ERDAT (EKKO.EBELN + EKPO.EBELP,
LIPS.VBELN + LIPS.POSNR)

Check Goods Receipt EKBE, EKKO EKBE.EBELN | EKBE.BUDAT (EKKO.EBELN + EKPO.EBELP,
EKBE.EBELN + EKBE.EBELP +
EKBE.GJAHR + EKBE.BELNR)

Invoice Receipt RBKP, EKBE RBKP.BELNR | RBKP.BLDAT (EKBE.EBELN + EKBE.EBELP +
EKBE.GJAHR + EKBE.BELNR,
RBKP.BELNR + RBKP.GJAHR +
RBKP.BUKRS)

Invoice Posted RBKP RBKP.BELNR | RBKP.BUDAT (RBKP.BELNR + RBKP.GJAHR +
RBKP.BUKRS)

Clearance Posted (Payment) BSEG, LFBK, RBKP | BSEG.BELNR | BSEG.AUGDT (RBKP.BELNR + RBKP.GJAHR
+ RBKP.BUKRS, LFBK.BANKS
+ LFBK.BANKL, BSEG.BELNR +
BSEG.GJAHR + BSEG.BUKRS)

Table 8.3: Table summarizing the extraction process of the events, and the Event-to-Object relationships,
for the P2P process.

PP5 What is the end-to-end P2P process performance?

PP6 Which activities correlate with high processing times?

PPT7 Does high workload in purchasing or AP extend processing times?

Process Compliance (PC): Ensuring adherence to established procedures.

PC1 Is there maverick buying in the process?

PC2 How many purchase requisitions were modified after the purchase order to match information?
Process Quality (PQ): Assessing task quality and identifying deviations.

PQ1 How many orders have multiple invoices, causing extra work for AP?

PQ2 What are the unforeseen patterns in the P2P process execution?

Techniques Used During the Case Study

During our study, we undertook a methodological and robust approach towards both preprocessing and
analyzing our data. We present these techniques and the insights drawn from each of them.

Data Preprocessing Upon obtaining an OCEL for the P2P process, we identified that it might
contain incomplete executions, which might affect the reliability of our subsequent analyses. Our aim
was to gain a clear and complete understanding of the process. Thus, it became essential to eliminate
these incomplete executions. For this purpose, we developed an Object Interaction Enrichment. In this
graph, each node represents an object from the OCEL, and the edges signify the interactions between
these objects. These interactions were determined based on events in the log where multiple objects
were involved. We could then segment our event log based on the connected components in this graph.
By doing so, we achieved a cleaner dataset by retaining only the events associated with objects that
are part of a single connected component. Moreover, our focus was on the end-to-end process ranging
from purchase requisition to payment. To align our data with this focus, we particularly concentrated
on components that had at least a purchase order object and a payment object.
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Figure 8.1: OCDFG discovered on the OCEL extracted during the case study.
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Analysis Techniques The analysis started with the application of traditional object-centric process
discovery techniques (see Figure 8.1). Then, our analysis was structured into two main methodologies:
graph-based and statistical analyses. The decision to not prioritize object-centric directly-follows graphs
or object-centric Petri nets (presented in Chapter 6) in the case study was driven by their limited
analytical capabilities for the specific research goals. While valuable for understanding control flow
and object interactions, these techniques were insufficient for addressing questions related to throughput
times, correlations with processing time and workload, and the detection of outlier patterns. The research
prioritized the development and application of novel analysis techniques specifically designed for object-
centric event logs. These included new graph-based representations and statistical analyses that offered
a more promising path towards achieving the research objectives.

Graph-Based Analyses:

While our preprocessing introduced the concept of the Object Interaction Enrichment, our graph-
based analysis added another layer to this, the Object Creation Enrichment. This new graph allowed us
to understand the logical progression of objects. It showed how objects linked over time, capturing the
essence of the lifecycle of each object. It was particularly useful in identifying the long-term dependencies
between objects, which gave us a structured view of object creation and linkage.

The Object Creation Enrichment was pivotal in addressing various goals:

e Analyzing long-term dependencies between objects to inform process performance.
o Identifying deviations from the standard order-to-invoice flow.

e Studying the time duration between the creation of purchase requisitions and their corresponding
orders.

e Pinpointing orders that have been continued into more than one invoice, an indicator of potential
quality issues.

Statistical Analyses:
To answer specific questions that couldn’t be discerned from the graph-based approach alone, we
turned to statistical methods. Using the OC-PM tool, we performed:

o Correlation studies to understand activities associated with high processing time and assess if a
high workload led to increased processing times.

e Anomaly detection to spot outlier patterns in the business process execution. Using techniques
like isolation forests, we could categorize objects as anomalous or non-anomalous. This helped in
identifying unique patterns associated with these anomalies.

Furthermore, to address specific analysis goals, we executed SQL queries in the OC-PM tool. These
queries facilitated detailed insights into:

e The processing capacity of the accounts payable department.
e The average time required by the accounts payable department to process a single invoice document.

e Identifying procurement orders that were correctly inserted at the inception, eliminating the need
for later changes.

Insights Obtained During the Case Study

The analytical juxtaposition reveals certain advantages of OCPM over traditional process mining method-
ologies:

o We could ascertain the exact number of documents at every stage of the process (PP1). This
particularly pertains to the distinct count of purchase requisitions. Some purchase requisitions
contained items that were subsequently procured through different purchase orders. Consequently,
the count of purchase requisitions deduced through the Celonis software was considerably larger
than the actual count of purchase requisitions, a result of the convergence problem.

o We determined that the end-to-end performance (PP5) of the Purchase-to-Pay process was dis-
torted by the reversal of some payments. This functionality was unsupported by the traditional
extractor due to the computational burden of additional table joins, but it was feasible in the
object-centric setting.
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Furthermore, we discovered some intriguing compliance/quality patterns during the assessed times-
pan:

o Maverick Buying (PC1) is a harmful practice where standard purchase order approval steps are
bypassed and the order is directly placed with the supplier. Following the receipt of an invoice from
the supplier, the purchase order is generated. We could detect a significant occurrence of maverick
buying in our process.

o Post-Mortem Alterations to Purchase Requisitions (PC2): another harmful behavior noted in the
process is the modification of purchase requisitions after their approval to match the amounts or
quantities of the purchase order.

o Orders with Duplicate Invoices (PQ1): we could identify some orders with duplicate invoices in
our system. Also, some orders with an abundance of different invoices exist. Upon investigation,
we found that they are maintenance contracts. An instance of a maintenance contract is a cleaning
contract, repeated weekly under the same conditions and invoiced monthly.

Additionally, the statistical analyses also provided us with intriguing insights:

o We could detect a significant correlation (PP6) between the presence of change activities (for both
orders and invoices) and the processing time. Specifically, modifications in the invoice amount
payable or the expected amounts for the orders, have a particularly detrimental impact on the
processing time.

o In our process and within the evaluated timespan, the workload has a high correlation (correlation
coefficient 0.89) with the processing time (PP7). Therefore, a high workload in the process (number
of open documents) contributes to an extended processing time.

e Considering PQ2, we could pinpoint some purchase orders with a notable count of change activities
(>= 150) performed on the order. Additionally, we can identify invoices associated with more than
20 orders.

8.1.2 Process Improvement Actions

The analysis results are currently being leveraged to enhance the execution of the business process. In
particular, the following improvements have been incorporated in the company:

o Our study explored the concerns surrounding maverick buying (PC1) and post-mortem adjust-
ments in purchase requisitions (PC2). By investigating these areas, we managed to identify steps
to mitigate these issues. Such measures included refining internal documents with supplemen-
tary instructions and making modifications to internal training programs to better the purchasing
process.

o Identifying activities that had a correlation with extended processing times (Pp6 ) facilitated us
in holding a series of workshops with business users. Applying the Pareto principle, we pinpointed
the main underlying causes. This approach enabled us to focus on the largest contributors to the
processing time and develop effective solutions.

o Our analysis highlighted instances of duplicate invoices (PQ1), providing an understanding of
the master data management issues within the company. A deeper investigation indicated that
these duplicates often resulted from individual users implementing workarounds to expedite the
invoice entry process. Addressing these root causes allowed the company to enhance its master
data management and decrease the instances of duplicate invoices.

o By investigating the relationship between high workload and extended processing times (PPT),
we pinpointed peak times of maximum workload. This information led to the development of
temporary resource solutions to balance the workload and ensure a more efficient process.

Other considerations are presently under evaluation but have yet to be implemented:

e By scrutinizing the results of PP1 and PP2, we managed to identify distinct invoice groups that
displayed particularly lengthy or brief lifecycle times. While certain cases might be justified due to
factors like long-term contracts or emergency maintenance orders, we also identified outliers that
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couldn’t be accounted for by these reasons. From the perspective of business users, these outliers
might be deemed excessive. Potential remedial actions to this issue could include updating relevant
master data and conducting interdepartmental workshops to resolve underlying issues.

e By considering the outcomes of PP4 and PP5, we determined whether invoices with extended
lifecycle times were affected by purchase order related issues, such as protracted processing times or
bottlenecks. This information guided the design of improved communication strategies between the
departments responsible for invoice payments and ordering goods, aiming to tackle these identified
issues and anticipate them in future.

o The identification and scrutiny of outliers in interconnected processes (PQ2) kickstarted a discus-
sion about the expected behavior in these processes and what constitutes non-compliant behavior.
This ultimately led to a more profound understanding of the processes and how to refine them.

8.1.3 P2P Process (Automated Extraction)

In Chapter 5, we introduced a semi-automated methodology for creating OCELs from underlying rela-
tional database structures. Here, we apply those concepts to the P2P process data within SAP ECC
using a largely automated extraction procedure. We clarify how the blueprint-based extraction, table-
to-object mapping, and domain knowledge filtering—techniques all previously discussed—facilitate the
automated generation of high-quality object-centric logs.

This section illustrates the scalability and reproducibility of the approaches defined in earlier chapters,
making it clear how theoretical extraction principles hold up under realistic conditions and large data
volumes.

Constructing the Database Abstraction

Here, we build a GoR on top of an instance of SAP ERP. This is done automatically (without user
interaction) in three different steps:

o Extraction of the set of nodes.
« Extraction of the set of arcs.
¢ Association of a set of table entries.

e Definition of the relationships between the different object identifiers.

Table 8.4: SQL queries to extract different categories of nodes of the GoR built on top of SAP ERP.

Node Type | SQL query

tables SELECT DISTINCT TABNAME FROM DDO02L
transactions | SELECT DISTINCT TCODE FROM TSTCT
attributes SELECT DISTINCT FIELDNAME FROM DDO03L
domains SELECT DISTINCT DOMNAME FROM DDO03L

object types SELECT DISTINCT OBJECT FROM TCDOB

Extraction of the set of nodes: The various categories of nodes, along with some queries that
can be utilized for their extraction, are illustrated in Table 8.4. Specifically, five distinct categories
of nodes are recognized: tables (such as EKKO, RBKP, BKPF), transactions (such as MIRO, MR1M,
VA21IN), attributes (like BELNR, representing the invoice number, and GJAHR, denoting the fiscal
year), domains (such as a timestamp (DATUM), organizational resource (USNAM)), and object types
(for instance, EINKBELEG corresponds to the purchase order documents and VERKBELEG refers to
the sales order document).

Extraction of the set of arcs: The various categories of arcs, along with some queries that can be
utilized for their extraction, are outlined in Table 8.5. Specifically, seven different categories of arcs are
recognized: attribute arcs (connecting the tables to some attributes that are neither primary nor foreign
keys for the given table), primary key arcs (linking the tables to some attributes that are primary keys,
but not foreign keys, for the given table), foreign key arcs (connecting the tables to some attributes that
are foreign keys), domain arcs (linking the attributes to the corresponding domain(s)), object type arcs
(connecting the tables to the corresponding object type(s)), transaction arcs (connecting the tables to
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the corresponding transaction(s)), relationship arcs (linking a table to another related table, i.e., two
tables having a pair of related objects).

Table 8.5: SQL queries to extract different categories of arcs of the GoR built on top of SAP ERP.

Category SQL query

attribute arcs SELECT TABNAME,FIELDNAME FROM DD03L WHERE KEYFLAG!="X’
AND CHECKTABLE=""’

primary key arcs | SELECT TABNAME FIELDNAME FROM DD03L WHERE KEYFLAG="X’
AND CHECKTABLE=""’

foreign key arcs | SELECT TABNAME,FIELDNAME FROM DD03L WHERE CHECKTABLE!=""
domain arcs SELECT DISTINCT FIELDNAME,DOMNAME FROM DDO03L

object type arcs SELECT DISTINCT TABNAME,OBJECT FROM TCDOB

transaction arcs | SELECT DISTINCT TABNAME,TCODE FROM CDHDR a JOIN CDPOS b
ON a.MANDANT = b.MANDANT AND a.CHANGENR = b.CHANGENR
relationship arcs | SELECT DISTINCT TABNAME,CHECKTABLE FROM DDO03L

Table entries association: Here, we assign each table to its entries. An approach for this is to
view each row of each table in SAP as a separate entry. In this case, the attributes of the table entry
and the transactions executed against it rely solely on the attributes of each row.

Relationships between different object identifiers: Some tables in the graph can depict rela-
tionships between object identifiers. This is achieved by connecting all the object identifiers referred to
by the foreign keys of the rows of such a table.

Process Identification and Selection

The database abstraction crafted in the preceding section lays the groundwork for extracting an OCEL
from an instance of SAP ERP. SAP ERP houses a variety of processes (such as Order-to-Cash and
Procure-to-Pay) that involve different tables. Consequently, a selection of table subsets is required for
the extraction of an OCEL. Here is a method for selecting the table subsets:

¢ Generate the GoR from the database.

o Begin with a table representative of the process (for instance, EKKO for Procure-to-Pay) or the
tables related to a given object type (for example, EINKBELEG is linked with various tables of
the Procure-to-Pay process, including EKKO, EKET, EKPA).

o Enlarge the set of tables based on the relationships exhibited in the GoR.

The expansion step explores the relationship arcs that target one of the tables in the initial set. Then,
any table serving as the source of such arcs is incorporated into the expanded table set. This expansion
procedure can be repeated multiple times, gradually increasing the set of tables.

At this juncture, the user needs to identify the representative tables and consider which tables from
the proposed expansion could be intriguing for extraction.

Preprocessing the Table Entries

The preprocessing step helps to reduce the number of entries associated with the tables of the provided
set by checking the values allowed by some attributes. For example, in a Procure-to-Pay process, we
might be interested in considering only the orders having a given material (in this case, the attribute is
MATNR).

This step is fully manual (e.g., the user selects the values admitted for the attributes).

Extracting an OCEL

The OCEL can be extracted with the provision (from the user) of a blueprint.

Assessment - Scalability

In this particular subsection, we evaluate the scalability of the approach proposed. Specifically, we
conduct measurements to ascertain the time required to construct the database abstraction, which is the
primary source of computational complexity.
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Table 8.6: Extraction of the different nodes of the GoR. For every category, we report the number of

nodes and the time in seconds needed for the extraction.

Category Number of Nodes | Query Time(s)
tables 662161 0.43 s
transactions 103060 0.80 s
attributes 934546 4.05 s
domains 115484 2.29 s
object types 1885 0.15 s

Table 8.7: Extraction of the arcs of the GoR. For every category, we report the number of arcs, the time
in seconds needed for the extraction, and the postprocessing time.

Arc Type Number of Arcs | Query Time(s) | Postprocessing Time(s)
attribute arcs (Rp 4) 9628155 6.71 s 0.0s

domain arcs (Ra,p) 1311489 9.64 s 0.0s

object type arcs (R o) 4803 0.12 s 0.0s
relationship arcs (Rr.T) 1671478 6.83 s 16.28 s

primary key arcs (Rr,pr) 412183 6.71 s 0.0s

foreign key arcs (R pr) 1931064 1.73 s 0.0s

We conducted our experiments on an instructional instance of SAP ERP loaded with demo data.
Despite the limited number of distinct documents contained in this instance, the relational structure
remains quite comprehensive. Therefore, the number of nodes/edges is fairly representative. Our exper-
imental findings don’t include the time taken for graph insertion (database). Instead, we focus on the
times necessitated to retrieve information from the relational database underpinning SAP ERP, along
with the pre-processing time needed to discern the connections between concepts prior to graph database
insertion.

Table 8.8: Extraction of the table entries for some tables in our educational instance in SAP ERP. For
every table, we report the number of extracted entries and the time needed for the query.

Table | Description Num. Entries | Query Time(s)
EBAN | Purchase Requisitions (Master) 4281 0.18 s
EBKN | Purchase Requisitions (Detail) 1042 0.15 s
EKKO | Purchase Orders (Master) 16214 0.20 s
EKPO | Purchase Orders (Detail) 30985 0.25 s
RBKP | Invoices (Master) 5720 0.18 s
RSEG | Invoices (Detail) 14802 0.22 s
BKPF | Payments (Master) 664021 0.41 s
BSEG | Payments (Detail) 1844532 1.25 s

Tables 8.6 and 8.7 assess the retrieval of the GoR’s nodes/edges. The extraction of relationships
between tables requires postprocessing. In our implementation, it is extracted by associating the tables
that share a foreign key with a given table, and all pairwise relationships between the tables are taken
into account. The execution time for these queries and postprocessing operations is excellent, making
the identification of database abstraction quite timely (24 seconds in our experiment).

Table 8.8 pertains to some tables critical for the Procure-to-Pay process (such as purchase requisitions,
purchase orders, invoices, and payments) and the time required to extract entries from such tables. The
number of entries, and the execution time, are influenced by the educational nature of our instance.
Table 8.9 reveals the time required to extract relationships between object identifiers given the table
containing these relationships. For instance, EKPO relates purchase requisitions and purchase orders,
while RSEG connects invoices and purchase orders. The lion’s share of time is consumed in discovering
the relationships between the object identifiers, thus forming the largest bottleneck in the overall process.

243



Table 8.9: Extraction of the relationships between object identifiers defined in some tables of our educa-
tional instance in SAP ERP. For every table, we report the number of relationships and the query/post-
processing times.

Table | Description Num. Relationships | Query Time(s) | Postprocessing Time(s)
EBKN | Purchase Requisitions (Detail) 8964 0.15 s 0.06 s

EKPO | Purchase Orders (Detail) 748750 0.25 s 3.72's

RSEG | Invoices (Detail) 157086 0.22 s 0.58 s

BSEG | Payments (Detail) 2323792 1.25s 137.79 s

Assessment - Quality
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Figure 8.2: Subgraph showing the tables related to the EINKBELEG object type (purchase orders).

The extraction process begins with identifying and selecting the process. In this stage, we identify a
set of interconnected tables starting from an object type, which is then utilized to extract the OCEL. We
evaluate the set of interconnected tables derived from the purchasing order type (EINKBELEG). This
object type is associated with the Procure-to-Pay process. Consequently, we anticipate the discovery
of tables related to purchase requisitions, invoices, and payments in this step. As illustrated in Figure
8.2, the purchasing order type is indeed linked to tables of other object types, encompassing invoices,
payments, and purchase requisitions, which aligns with our expectations.

Upon executing the tool on our instructional SAP ERP instance, the process identification step
discloses the object types outlined in Table 8.10. As we move forward with the subsequent table selection
and extraction stages, we are capable of connecting each object type to a set of tables and extracting
events from those tables.

A primary concern arises in the naming of activities when utilizing the basic blueprint. Purchase
orders are indiscriminately linked with the same activity, invoices are tied to the transaction conducted on
the respective document, and alterations are associated with the set of fields that undergo changes without
contrasting their values. Consequently, the naming of the activities falls short in quality compared to a
more bespoke extraction.
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Table 8.10: Processes identified on the educational SAP ERP instance.

Object type Number of events | Number of tables | Description of the process
VERKBELEG 412228 11 | Management of Sales Document (02C)
IFLO 133263 3 | PM: Functional Location

EINKBELEG 95490 6 | Management of Purchasing Document (P2P)
VTBFHA 77200 9 | Treasury: Transaction

EQUI 66827 4 | Equipment change document objects
STUE 65430 10 | Object list change documents
BUPA_BUP 45810 6 | Business partner: Use of BUP

PROJ 26067 5 | Project structure plan (PSP)
FTR_TCORT_CO 6586 8 | Treasury: Correspondence

IMAK 4080 5 | Appropriation requests with variant
EHFND__REGLIST 1447 4 | Regulatory List Revision
FARR_CONTRACT 521 4 | Financial Accounting Revenue Recognition

We showcase some logs extracted on an educational instance of SAP ERP related to the O2C process
(VERKBELEG object type) and the P2P process (EINKBELEG object type). The two OCELs are in
the JSON-OCEL implementation and can be retrieved at the addresses:

e https://www.ocpm.info/o2c.jsonocel for the O2C process.

e https://www.ocpm.info/p2p.jsonocel for the P2P process.

8.1.4 0O2C Process

Like P2P, the Order-to-Cash (O2C) process provides another context to apply the object-centric method-
ologies from Chapters 5-6. First, we present a generic O2C implementation in SAP ECC and identify
the relevant tables, object types, and events. Then, building on the frameworks from earlier chapters,
we demonstrate how to extract the O2C-specific OCEL, model its execution using object-centric process
models, and perform conformance checking.

As with P2P, we maintain a clear distinction between the general O2C principles and any case-specific
nuances. This allows us to illustrate the portability and generality of the methods introduced previously,
ensuring that our approach is not confined to a single process type.

The Order-to-Cash (O2C) process intersects with various SAP ECC modules:

Sales and Distribution (SD): The SD module is the central pillar of the O2C process. It manages
sales order processing, shipping and delivery of products, and billing to the customers. From the
initial receipt of a customer order to the creation of an invoice, the SD module handles the key
steps in the O2C process.

Finance (FI)): After the invoice is issued to the customer, the FI module comes into play. It
manages the accounting processes associated with the sale, such as posting the revenue from the
sale and managing the accounts receivable process. The FI module also handles the receipt of
payment from the customer, closing out the O2C process.

Material Management (MM): The MM module indirectly supports the O2C process by ensuring
the availability of goods to be sold. It manages the inventory levels and, in case of a manufacturing
organization, the procurement of raw materials needed for production.

Production Planning (PP): For manufacturing companies, the PP module plays a significant role in
the O2C process. Once a sales order is received, the PP module plans and controls the production
process to meet this demand. It schedules the production runs, manages the use of resources, and
ensures the timely availability of the product for delivery to the customer.

Controlling (CO): The CO module helps monitor and control the costs associated with the O2C
process. It tracks costs and profitability at each stage, providing valuable input for pricing and
cost control strategies.

Quality Management (QM): The QM module ensures that the products being sold meet the requi-
site quality standards. It manages the quality checks before the product is shipped to the customer,
preventing defective or subpar products from being delivered.
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o Plant Maintenance (PM) and Project System (PS): While the direct connection might not be as
apparent, the efficient running of machines (PM) and management of customer-specific projects
(PS) contribute to the successful and timely execution of the O2C process.

The Order-to-Cash process in SAP is orchestrated through a sequence of database tables that hold
relevant fields for each activity. These tables and their specific fields capture the essence of every step in
the O2C process, from order placement to cash realization, enabling a smooth, traceable, and efficient
process execution.

e KNAT1 - General Data in Customer Master: It stores general data about customers in SAP.

— KUNNR: Customer Number
— NAME1: Name of the customer

¢ VBAK - Sales Document: Header Data: It contains the header-level data of sales documents.

— VBELN: Sales Document Number
— ERDAT: Date of document creation
— BSTNK: Customer purchase order number

e VBAP - Sales Document: Item Data: It contains the item-level data of sales documents.

— VBELN: Sales Document Number
— POSNR: Sales document item

« CRMD_ORDERADM_ H - CRM Order Header Table: It stores the header-level data of CRM
orders.

— GUID: CRM Order GUID
— PROCESS _TYPE: CRM Order Process Type

« MCHB - Batch Stock: It stores data about the inventory stock at batch level.

— MATNR: Material number
— LFGJA: Fiscal Year

¢ MKPF - Material Document Header: It contains information about the material document that
is created when goods are issued.

— MBLNR: Material Document Number
— BUDAT': Posting Date in the Document

¢ MSEG - Material Document Item: It contains information about each individual item in the goods
issue.

— MBLNR: Material Document Number
— MATNR: Material Number

e LAGP - Storage Bin: It stores data about the storage bins in the warehouse.
— LGPLA: Storage bin

e VEKP - Handling Unit - Header Table: It contains data about the transportation units used in
logistics.

— EXIDV: External Handling Unit Identification
e LIKP - Delivery Header Data: It contains the header-level data of delivery documents.

— VBELN: Delivery Number
— ERDAT: Date of document creation

o LIPS - Delivery: Item Data: It contains the item-level data of delivery documents.
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— VBELN: Delivery Number
— POSNR: Delivery item

« VBRK - Billing: Header Data: It contains the header-level data of billing documents.

— VBELN: Billing Document Number
— ERDAT: Date of document creation

« VBRP - Billing: Item Data: It contains the item-level data of billing documents.

— VBELN: Billing Document Number
— POSNR: Billing item
e LFBK - Bank Details for Vendor Master: It stores bank details for vendors and customers.

— BANKL: Bank keys
— BANKN: Bank account number

e BSEG - Accounting Document Segment: It contains line item data for accounting documents.

— BELNR: Accounting document number
— AUGDT: Clearing Date

Table 8.11 provides a comprehensive overview of the various object types involved in the Order-

to-Cash (O2C) process, presenting the corresponding SAP tables, and their specific object identifiers,
offering a detailed understanding of the extraction process.

Object Type SAP Table Object Identifier

Customer Order | VBAK, VBAP VBAK.VBELN (Order  Number) +
VBAP.POSNR (Item)

Customer KNA1 KNA1.KUNNR (Customer Number)

Sales Contract VBAK, VBAP VBAK.VBELN (Contract Number) +
VBAP.POSNR (Item)

Inventory MCHB MCHB.MATNR (Material) +
MCHB.CHARG (Batch)

Goods Issue MSEG MSEG.MATNR  (Material ~Number) +
MSEG.LGORT (Storage Location)

Delivery Note LIKP, LIPS LIKP.VBELN  (Delivery = Number) -+
LIPS.POSNR (Item)

Transportation | VEKP VEKP.HUOBJ (Handling Unit)

Invoice VBRK, VBRP VBRK.VBELN  (Invoice — Number) +
VBRP.POSNR (Item)

Bank LFBK LFBK.BANKS (Bank Key) + LFBK.BANKL
(Bank number)

Payment BSEG BSEG.BELNR (Document Number)
+ BSEG.GJAHR  (Fiscal Year) +
BSEG.BUKRS (Company Code)

Warehouse LAGP LAGP.LGPLA (Storage Bin)

CRM CRMD_ORDERADM H | CRMD ORDERADM H.GUID (Global
Unique Identifier)

Table 8.11: Table summarizing the extraction process for objects of different object type in the O2C
process.

As shown in Table 8.12, the complexities of the relationships between different objects within the
02C process are depicted. It elucidates the qualifier roles between source and target objects, and their
respective SAP tables.

Table 8.13 delineates the assortment of activities involved in the O2C process, outlining the associated
tables, activity-specific fields, and timestamps. It further specifies the related objects for each activity,
highlighting the interconnectivity within the process.

247



Qualifier Source SAP Table Source Object Target SAP Table Target Object

Checks VBAK, VBAP VBAK.VBELN + VBAP.POSNR MCHB MCHB.MATNR + MCHB.CHARG

Determines MCHB MCHB.MATNR + MCHB.CHARG MSEG MSEG.MATNR + MSEG.LGORT

Generates MSEG MSEG.MATNR + MSEG.LGORT LIKP, LIPS LIKP.VBELN + LIPS.POSNR

Initiates LIKP, LIPS LIKP.VBELN + LIPS.POSNR VEKP VEKP.HUOBJ

Delivers To VEKP VEKP.HUOBJ KNA1 KNA1.KUNNR

Triggers MSEG MSEG.MATNR + MSEG.LGORT VBRK, VBRP VBRK.VBELN + VBRP.POSNR

Sent To VBRK, VBRP VBRK.VBELN + VBRP.POSNR LFBK LFBK.BANKS + LFBK.BANKL

Processes LFBK LFBK.BANKS + LFBK.BANKL BSEG BSEG.BELNR + BSEG.GJAHR +
BSEG.BUKRS

Received From | BSEG BSEG.BELNR + BSEG.GJAHR + | KNA1 KNA1L.KUNNR

BSEG.BUKRS

Placed By VBAK, VBAP VBAK.VBELN + VBAP.POSNR KNA1 KNA1.KUNNR

Bound By VBAK, VBAP VBAK.VBELN + VBAP.POSNR VBAK, VBAP VBAK.VBELN + VBAP.POSNR

Applies To VBAK, VBAP VBAK.VBELN + VBAP.POSNR KNA1 KNA1L.KUNNR

Stored In MCHB MCHB.MATNR + MCHB.CHARG LAGP LAGP.LGPLA

Dispatches LAGP LAGP.LGPLA MSEG MSEG.MATNR + MSEG.LGORT

Managed By KNA1 KNA1.KUNNR CRMD_ORDERADM_H | CRMD_ORDERADM_H.GUID

Informs CRMD_ORDERADM_H | CRMD_ORDERADM_H.GUID VBAK, VBAP VBAK.VBELN + VBAP.POSNR

Updates VBAK, VBAP VBAK.VBELN + VBAP.POSNR CRMD_ORDERADM_H | CRMD_ORDERADM_H.GUID

Tracks CRMD_ORDERADM_H | CRMD_ORDERADM_ H.GUID BSEG BSEG.BELNR + BSEG.GJAHR +
BSEG.BUKRS

Satisfies BSEG BSEG.BELNR + BSEG.GJAHR + | VBRK, VBRP VBRK.VBELN + VBRP.POSNR

BSEG.BUKRS

Table 8.12: Table summarizing the extraction process of the qualified Object-to-Object relationships for

the O2C process.

CRMD__ORDERADM_H

Activity Involved Tables Activity Table & Field | Timestamp Table & Field | Related Objects

Create Customer Order | VBAK, VBAP, | VBAK.VBELN VBAK.ERDAT Customer Order, Customer, CRM
CRMD_ORDERADM_H, KNA1

Confirm Order VBAK, VBAP, | VBAK.BSTNK VBAK.ERDAT “ustomer Order, Sales Contract, CRM

Check Inventory

MCHB, VBAK, VBAP

MCHB.MATNR

MCHB.LFGJA

Inventory, Customer Order

Issue Goods

MSEG, MCHB, VBAK, VBAP

MSEG.MATNR

MSEG.BUDAT

Goods Issue, Inventory, Customer Or-
der

Pack Goods

MSEG, LAGP, VBAK, VBAP

MSEG.MATNR

MSEG.BUDAT

Goods Issue, Warchouse, Customer Or-
der

Dispatch Goods

MSEG, VEKP, VBAK, VBAP

MSEG.MATNR

MSEG.BUDAT

Goods Issue, Transportation, Customer
Order

Generate Delivery Note | LIKP, LIPS, MSEG, VBAK, VBAP LIKP.VBELN LIKP.ERDAT Delivery Note, Goods Issue, Customer
Order
Create Invoice VBRK, VBRP, LIKP, LIPS, VBAK, | VBRK.VBELN VBRK.ERDAT Invoice, Delivery Note, Customer Order
VBAP
Send Invoice VBRK, VBRP, LFBK, VBAK, VBAP | VBRK.VBELN VBRK.ERDAT Invoice, Bank, Customer Order

Receive Payment

BSEG, LFBK, VBRK,
CRMD__ORDERADM_H

VBRP,

BSEG.BELNR

BSEG.AUGDT

Payment, Bank, Invoice, CRM

Table 8.13: Table summarizing the extraction process of the events, and the Event-to-Object relation-
ships, for the O2C process.
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Conclusion

This chapter has demonstrated the practical application and tangible benefits of Object-Centric Process
Mining through real-world case studies within the SAP ECC ERP system. The detailed examination
of the P2P and O2C processes, including the specific techniques employed and the insights obtained,
has showcased the power of OCPM in uncovering valuable information about process performance, com-
pliance, and quality. The comparison of manual and automated data extraction methods has provided
practical insights into the trade-offs involved in choosing the appropriate approach for different scenar-
ios. The process improvement actions undertaken as a result of the OCPM analyses demonstrate the
real-world impact and potential for optimizing complex business processes. These case studies not only
validate the object-centric methodologies and techniques introduced in earlier chapters, but also highlight
the practical challenges and considerations involved in applying OCPM in real-world settings. The in-
sights gained from these real-world applications provide valuable lessons for practitioners and researchers
alike, paving the way for further development and refinement of OCPM techniques and their application
to an even broader range of processes and industries.
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Chapter 9

Tooling for OCPM

“Tools, of course, can be the subtlest of traps.”
Neil Gaiman

Introduction

This chapter explores the practical application of Object-Centric Process Mining (OCPM) through three
key contributions developed by the author of this thesis:

o Extending OCPM support within the Python-based PM4Py library [26, 27], enabling robust han-
dling of OCEL data and facilitating object-centric process discovery.

o Creating a JavaScript-based OC-PM tool [25], offering a fully in-browser environment to visualize,
analyze, and interact with object-centric models.

e Developing a converter that transforms OCELSs into the Celonis Object-Centric Data Model, bridg-
ing open standards with a commercial platform for comprehensive, enterprise-level OCPM analyses.

These contributions form the backbone of this chapter, demonstrating how OCPM methodologies
can be applied in practice and providing the means to compare different tooling options. By examining
their features, performance, scalability, and usability, this chapter offers guidance for researchers and
practitioners, as well as suggestions for future development, ensuring that OCPM continues to evolve
and address a wide range of academic and industrial scenarios.

9.1 Tools for OCPM

A wide array of tools and libraries have emerged in recent years to support OCPM. These tools aim
to facilitate every step of the OCPM lifecycle—from data ingestion, transformation, and filtering, to
advanced analytics, visualization, and conformance checking—thereby allowing researchers and practi-
tioners to gain deeper insights from complex event data involving multiple, interconnected object types.
Building on open standards, such as the Object-Centric Event Log (OCEL) [27], and leveraging estab-
lished process mining methodologies, modern OCPM tooling significantly lowers the barriers to analyzing
heterogeneous datasets. As a result, it empowers analysts to uncover hidden patterns, dependencies, and
performance bottlenecks that traditional case-centric models often fail to capture.

In this chapter, we present three main contributions to the OCPM tooling landscape. First, we
describe how OCPM functionalities have been integrated into the PM4Py library [26, 27], a widely-used
Python-based open-source ecosystem for process mining. Second, we introduce a novel JavaScript-based
OC-PM tool [25] that enables data exploration, discovery, and conformance checking directly in the
browser, without the need for additional server-side installations. Finally, we illustrate a converter
that transforms standard OCELs into the Celonis Object-Centric Data Model, bridging a popular open
standard with a commercial platform for large-scale business analyses.
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Operation Format | Function

.CSV read__ocel__csv()
.jsonocel | read_ocel json()
xmlocel | read_ocel_xml()
.sqlite read_ ocel sqlite()
xmlocel | read_ocel2_xml()
.sqlite read_ ocel2_ sqlite()
.CSV write_ocel csv()
.jsonocel | write_ocel_json()
xmlocel | write_ocel xml()
.sqlite write__ocel _sqlite()
xmlocel | write_ocel2_xml()
.sqlite write_ocel2_sqlite()

Reading (OCEL)

Reading (OCEL2.0)

Writing (OCEL)

Writing (OCEL2.0)

Table 9.1: Reading/Writing OCELs in PM4Py

9.1.1 Overview of PM4Py Library (Process Mining for Python)

PMA4Py [27] is a state-of-the-art open-source process mining library in Python, underpinning the critical
objective of bridging the gap between the wealth of data produced by modern information systems and
the need for data-driven decision-making and optimization in process-oriented domains. As its name
suggests, PM4Py provides advanced tooling for process mining, a powerful set of techniques to extract
insights about the flow of processes from event data. The library’s broad goal is to offer a complete
suite of process mining techniques and algorithms that can be leveraged by researchers, analysts, and
organizations alike. PM4Py provides functionality for a wide array of process mining tasks, including
but not limited to: process discovery, conformance checking, and model enhancement, each of which
contribute to an improved understanding of organizational processes. As an open-source library, PM4Py
has been designed with flexibility and extensibility in mind. It has been built around the principle of
modularity, which means individual components or algorithms can be replaced or updated with minimal
impact on the overall system. The library makes use of standard data formats and has a well-documented
API, which makes it accessible and easy to integrate into a variety of software environments. Additionally,
PM4Py is backed by a strong scientific foundation, with its algorithms and methods being based on
established research in the process mining field. This grounding in academic research, coupled with its
practical usability, has made PM4Py a popular choice among researchers and practitioners interested in
harnessing the power of process mining.

The list of approaches implemented in PM4Py is quite extensive, indicating the library’s comprehen-
sive support for process mining. Here is a brief summary of them:

e Process Discovery: Process discovery refers to the task of deriving a process model from event log
data. Various algorithms are used, each with their own characteristics and best-use scenarios.
— Inductive Miner [71] discovers block-structured process models from event logs.

— Inductive Miner Infrequent [72] improves upon the Inductive Miner by discovering models
from logs containing infrequent behaviour.

— Inductive Miner Directly-Follows [73] is a scalable variant of the Inductive Miner, focusing on
performance.

— Heuristics Miner [135] is an algorithm designed to discover heuristic knowledge about the
process execution.

— Correlation Miner [105] focuses on discovering process models and event correlations without
case identifiers.

o Conformance Checking: Conformance checking verifies if the real execution of a process, as recorded
in an event log, conforms to a model.
— TBR [24] is a novel technique that speeds up conformance checking.
— Alignments [10] provide a unified approach to quantify the conformance of a trace.

— Decomposed/Recomposed Alignments [70] offer a more efficient way to perform alignments.

Alignments Approzimation [111] focuses on approximation for process trees.
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— Log Skeleton [131] uses a classification approach to discover processes.
— Temporal Profile [113] provides a temporal perspective for conformance checking.

e FEvaluation Log-Model: Several techniques evaluate the discovered process models with respect to
various quality dimensions.

Fitness [24, 32] measures how much of the behavior in the log is allowed by the model.
— ETConformance precision [87, 9] offers a fresh look at precision in process conformance.

— Generalization [32] measures how well the model can deal with unseen behavior.

Simplicity [130] evaluates how simple, and thus understandable, the model is.

Anti-Alignments and Multi-Alignments [35, 29] provide additional tools for measuring the
precision of process models and event logs.

e Other Approaches: PM4Py also supports several other techniques, such as:

— Process Tree Generation [63] for artificial event data.

— Decision Mining [38] for understanding and predicting dynamic behavior.

— Soudness Checking (WOFLAN) [132] for diagnosing workflow processes.

— Trace Clustering [128] for grouping similar process instances.

— Performance Spectrum [41] for fine-grained performance analysis.

— LTL Checker [120] for verifying properties based on temporal logic.

— Process Tree Converter [129] for translating workflow nets to process trees.
— Social Network Analysis [121] for discovering social networks from event logs.
— Roles Discovery [33] for enhancing business models.

— Resource Profiles [100] for mining resource profiles from event logs.

— Organizational Mining [140] for mining organizational models from event logs.
— Differential Privacy [50] for privacy-preserving event log publishing.

— Batch Detection [83] for identifying batch processing in event logs.

— Temporal Feature Extraction [104] for automatic system dynamics model generation for sim-
ulation.

Traditional Log Structure in PM4Py

The traditional logs structures in PM4Py are Pandas dataframes. Pandas is an open-source data analysis
and manipulation library that provides flexible data structures for working with structured data in
Python. It is notably suitable for process mining due to its high-performance, easy-to-use data structures
and data analysis tools. Here’s why:

e The primary data structure in Pandas, the dataframe, aligns naturally with the event log structure
required in process mining. An event log is essentially a tabular dataset, where each row corresponds
to an event and each column to an attribute of the event such as case ID, event name, and
timestamp. These attributes are crucial in process mining for constructing process models, checking
conformance, and conducting other analysis tasks.

e Pandas excels in handling large datasets, which is essential in process mining, given the increas-
ing size of event logs produced by modern information systems. The library offers efficient and
memory-friendly operations for filtering, sorting, aggregating, and transforming data, which are op-
erations commonly performed in process mining. The computational efficiency of Pandas becomes
particularly useful when working with logs containing millions of events.

e The library offers extensive functionality for time series manipulation, a fundamental aspect of
process mining. This includes capabilities for parsing timestamps, resampling time series data,
handling timezones, and calculating time differences. These functions are beneficial when conduct-
ing temporal analysis in process mining, such as computing the duration of process instances or
the waiting time between activities.

e Pandas is well-integrated with other libraries in the Python ecosystem, such as NumPy for numer-
ical computations and Matplotlib for visualization, which are also often used in process mining.
The combination of these libraries allows for a seamless analysis pipeline, from data preprocessing
and analysis to visualization and reporting.

253



OCELs in PM4Py

In PM4Py, the OCEL data structure is represented using a collection of three Pandas dataframes: the
events dataframe, the objects dataframe, and the relations dataframe. The events dataframe records
each event with attributes including an event identifier, an activity, a timestamp, and other event-
specific attributes. The objects dataframe provides a register of each object, accompanied by an object
identifier, a type, and a suite of object-specific attributes. The relations dataframe maps the connection
between each event and object, providing identifiers and types for each.

The application of Pandas dataframes to represent the OCEL offers several substantial advantages.

e Increased filtering capabilities: it affords a well-structured, intuitive, and easily accessible means
of housing and manipulating the OCEL data. This is valuable because each component of the
OCEL can be isolated and interacted with in a more precise and flexible manner. This aspect is
particularly beneficial in scenarios involving filtering, as users can effortlessly apply conditions to
single or multiple attributes within each dataframe, thereby enabling highly granular control and
refinement of the data to meet specific analytical requirements.

e Increased performance: the use of dataframes enables the efficient computation of operations on
the data due to the implementation of vectorized operations in Pandas, which can be significantly
faster than Python’s native operations. This can lead to substantial time savings when dealing
with large event logs, enhancing the scalability of the process mining tasks.

e Robust Pandas ecosystem: leveraging Pandas dataframes also introduces the benefits of the robust
ecosystem around the Pandas library. This includes its extensive functionalities for data analysis
and manipulation, its seamless interoperability with other popular data analysis libraries in the
Python ecosystem, and its strong support for reading from and writing to various data formats.

Overall, the use of Pandas dataframes for representing the OCEL data structure in PM4Py is a well-
considered design choice that capitalizes on the powerful features of Pandas, consequently empowering
users with more refined control and flexibility in their process mining tasks. In PM4Py, a variety of
methods are available for reading and writing OCELs. As shown in Table 9.1, the library supports
importing OCEL from four different formats: CSV (read_ocel_csv()), JSON (read_ocel_json()),
XML (read_ocel_xml()), and SQLite (read_ocel_sqlite()). Moreover, it also provides support for
importing OCEL2.0 event logs from XML (read_ocel2_xml()) and SQLite (read_ocel2_sqlite())
formats. On the other hand, exporting OCEL is facilitated through corresponding functions that allow
for writing logs in CSV (write_ocel_csv()), JSON (write_ocel_json()), XML (write_ocel_xml()),
and SQLite (write_ocel_sqlite()) formats. Similar to the reading operations, exporting OCEL2.0
logs is supported in XML (write_ocel2_xml()) and SQLite (write_ocel2_sqlite()) formats. This
wide range of reading and writing capabilities in PM4Py enables users to handle OCELs effectively across
different data storage and interchange formats.
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Table 9.2: Main computations possible on OCELs in PM4Py

Function

Description

ocel__get_object_ types

Retrieves the object types from an OCEL.

ocel get_attribute names

Retrieves the attribute names from an OCEL.

ocel_flattening

Flattens OCEL with the selection of an object
type.

ocel_object_type_ activities

Gets the activities related to an object type in
an OCEL.

ocel objects_ot_ count

Counts the objects for an object type.

ocel__temporal _summary

Returns the temporal summary from an

OCEL.

ocel__objects__summary

Returns the objects summary from an OCEL.

ocel__objects__interactions_ summary

Returns the objects interactions from an

OCEL.

sample_ ocel objects

Returns a sampled OCEL picking a subset of
the objects of the original one.

sample_ocel__connected__components

Returns a sampled OCEL containing the pro-
vided number of connected components.

ocel drop_ duplicates

Drops relations between events and objects
happening at the same time.

ocel__merge_ duplicates

Merge events in the OCEL which are happen-
ing with the same activity at the same times-
tamp.

ocel 020 enrichment

Enriches the O20 table of the OCEL with the
graph-based relationships.

ocel_e2o0_lifecycle__enrichment

Enriches the relations table of the OCEL with
lifecycle-based information.

cluster__equivalent__ocel

Performs a clustering of the objects of an
OCEL based on lifecycle/interactions similar-

ity.

discover__ocdfg

Discovers an OCDFG from the OCEL.

discover_oc_ petri_net

Discovers an OCPN from the OCEL.

discover__objects_ graph

Discovers an object-based graph from the
OCEL.
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Table 9.3: OCEL Filters in PM4Py

Function

Description

filter _ocel event_ attribute

Filters the events of an OCEL having a given
value for an attribute.

filter_ ocel_object_ attribute

Filters the objects of an OCEL having a given
value for an attribute.

filter_ocel object_ types_ allowed  activities

Filters the relations between events (activi-
ties) and objects (object types) in an OCEL.

filter__ocel object_ per_ type_ count

Filters the objects of an OCEL having at least
the specific amount of objects per object type.

filter_ocel start_events_ per object_type

Filters the events of an OCEL that start the
lifecycle of an object of a given object type.

filter_ocel end_ events_ per_object_ type

Filters the events of an OCEL that end the
lifecycle of an object of a given object type.

filter_ ocel events_ timestamp

Filters the events of an OCEL based on a
timestamp range.

filter_ocel object_ types

Filters a specified collection of object types
from the OCEL.

filter ocel events

Filters a specified collection of event identifiers

from the OCEL.

filter_ocel objects

Filters a specified collection of object identi-
fiers from the OCEL.

filter__ocel cc_ object

Filters a connected component from the
OCEL to which the object with the provided
identifier belongs.
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Table 9.4: PM4Py Connectors

Connector

Description

extract_log_outlook_ mails

Extracts a traditional Pandas dataframe representing the Outlook
mails

extract_log_outlook_ calendar

Extracts a traditional Pandas dataframe representing the Outlook
calendar

extract_log_ windows_ events

Extracts a traditional Pandas dataframe containing the Windows
events registry

extract_log_chrome_ history

Extracts a traditional Pandas dataframe containing the Chrome
navigation history

extract_log_firefox_ history

Extracts a traditional Pandas dataframe containing the Firefox
navigation history

extract_log_ github

Extracts a traditional Pandas dataframe of a Github repository
(issues management)

extract_log_camunda_ workflow

Extracts a traditional Pandas dataframe from the database sup-
porting Camunda

extract_log sap_o02c

Extracts a traditional Pandas dataframe from the database sup-
porting SAP (O2C process)

extract_log sap_ accounting

Extracts a traditional Pandas dataframe from the database sup-
porting SAP (Accounting process)

extract_ocel outlook mails

Extracts an OCEL representing the Outlook mails

extract_ocel outlook calendar

Extracts an OCEL representing the Outlook calendar

extract__ocel windows_ events

Extracts an OCEL representing the Windows events

extract__ocel__chrome_ history

Extracts an OCEL representing the Chrome history

extract_ocel_firefox_ history

Extracts an OCEL representing the Firefox history

extract__ocel__github

Extracts an OCEL of a Github repository (issues management)

extract__ocel camunda_workflow

Extracts an OCEL from the database supporting Camunda

extract__ocel__sap_o2c

Extracts an OCEL from the database supporting SAP (O2C pro-
cess)

extract_ocel sap_ accounting

Extracts an OCEL from the database supporting SAP (Account-
ing process)
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Filtering and Available Operations on OCELs

Here we describe the filtering and statistical operations possible using pm4py.

Filtering: as shown in Table 9.3, PM4Py also offers a multitude of filtering functions for OCELs
(OCELs). These allow for precise control over the data included in analysis and range from filtering
events or objects based on attribute values
(filter_ocel_event_attribute() and filter_ocel_object_attribute()), to managing relations be-
tween events and objects (filter_ocel_object_types_allowed_activities()). It is possible to filter
objects based on their count per type (filter_ocel_object_per_type_count()) and to filter events
based on their role in the lifecycle of objects
(filter_ocel_start_events_per_object_type() and filter_ocel_end_events_per_object_type()).
Filtering is also supported based on a timestamp range (filter_ocel_events_timestamp()) or speci-
fied collections of object types, event identifiers, and object identifiers
(filter_ocel_object_types(), filter_ocel_events(), and
filter_ocel_objects()). Additionally, PM4Py can filter out a connected component from the OCEL
based on an object identifier (filter_ocel_cc_object()), enabling more focused exploration and anal-
ysis of OCEL data.

Statistics: the PM4Py library provides a robust suite of functions for computations on OCELs
(OCELs), as outlined in Table 9.2. These include functions for retrieving object types
(ocel_get_object_types()) and attribute names (ocel_get_attribute_names()), flattening an OCEL
(ocel_flattening()), and counting objects for a specific type (ocel_objects_ot_count()). Further,
PM4Py offers functions to obtain various summaries such as the temporal summary
(ocel_temporal_summary()), object summary (ocel_objects_summary()), and interaction summary
(ocel_objects_interactions_summary()). It also provides capabilities for sampling OCELs based on
objects (sample_ocel_objects()) or connected components (sample_ocel_connected_components()).
Additional functionality includes removing and merging duplicates, enriching OCEL tables with graph-
based and lifecycle-based information, clustering objects based on similarity, and discovering object-
centric graphs and Petri nets. This comprehensive set of computations empowers users to perform
detailed analysis and manipulation of OCELs in diverse ways.

Connectors:

PM4Py offers a plethora of connectors tailored to integrate data from various platforms and appli-
cations. These connectors ensure the seamless extraction of data logs, both in traditional formats like
Pandas dataframes and the emerging OCEL representation. The table provided lists these connectors
along with their descriptions:

e Mail and Calendar Systems:

— The extract_log_outlook_mails and extract_log_outlook_calendar connectors enable
users to obtain event logs from the popular Microsoft Outlook application. This can be useful
for analyzing communication patterns, meeting distributions, or work habits.

— The object-centric versions, extract_ocel_outlook_mails and
extract_ocel_outlook_calendar, cater to the object-centric paradigm, focusing on multi-
dimensional aspects of these events.

e Operating System FEvents:

— With ‘extract_log_windows_events’, users can mine system-level events registered by the
Windows operating system. Such logs often provide insights into software behavior, system
usage, or potential security incidents.

— The ‘extract_ocel_windows_events‘ connector offers an object-centric version of the same.
e Web Browsing History:

— The connectors ‘extract_log_chrome_history‘ and
‘extract_log_firefox_history‘ pull browsing data from Google Chrome and Mozilla Fire-
fox, respectively. This data can reveal browsing habits, website preferences, or the frequency
of particular web-based tasks.

— Their object-centric counterparts, ‘extract_ocel_chrome_history‘ and
‘extract_ocel_firefox_history‘, provide a multidimensional view of this browsing history.

e Software Development Activities:

258



— For those managing software projects on Github, the ‘extract_log_github‘ connector fur-
nishes an event log related to issue management, which is instrumental in understanding the
development lifecycle, issue resolution times, and collaborative practices.

— ‘extract_ocel_github‘ provides an object-centric perspective on the same data.
o Workflow Management Systems:

— Camunda, a workflow and decision automation platform, can be connected via the
‘extract_log_camunda_workflow‘ connector. This allows analysts to study workflow pat-
terns, process bottlenecks, and task distributions.

— The object-centric version, ‘extract_ocel_camunda_workflow‘, provides a more intricate
view of these workflows.

e Enterprise Resource Planning Systems:

— SAP, one of the leading ERP systems, is catered to with connectors like ‘extract_log_sap_o2c'
and ‘extract_log_sap_accounting’ for the Order-to-Cash and Accounting processes, respec-
tively. Such logs are vital for understanding enterprise-level operations, financial flows, and
customer interactions.

— Their object-centric versions, ‘extract_ocel_sap_o2c‘ and
‘extract_ocel_sap_accounting’, offer deeper insights into these complex processes.

In conclusion, these PM4Py connectors stand as bridges to a wide variety of data sources, ensuring
that the vast realm of process mining can be applied to diverse domains, from individual software usage
to large-scale enterprise operations.

Example Code Snippets

Process discovery: in Listing 9.1, the PM4Py library, is employed to perform OCPD. The code en-
compasses a series of steps including the importation of an OCEL, the discovery of an OCDFG, the
visualization of this graph with frequency and performance metrics, and the discovery and visualization
of an OCPN. Firstly, an OCEL is read from a JSON OCEL file through the pm4py.read_ocel() func-
tion. This event log is the basis for all subsequent operations. The pm4py.discover_ocdfg() function is
then utilized to derive an OCDFG [25] from the imported event log. This graph represents the relations
between events based on their chronological order and the interconnectedness of their associated objects.
This graph is visualized twice with the help of the pm4py.save_vis_ocdfg() function. The first visu-
alization decorates the graph with frequency metrics, offering insights into the commonality of different
event sequences. The second visualization provides a performance-oriented view, outlining the efficiency
of various process pathways. Lastly, an OCPN is discovered using the pm4py.discover_oc_petri_net ()
function. This mathematical modeling language allows for a more comprehensive representation of the
concurrent, asynchronous, distributed, and nondeterministic elements of the process. The Petri net is
then visualized and saved with the pm4py.save_vis_ocpn() function.

Anomaly detection: the provided Python code snippet in Listing 9.2 employs the PM4Py library and
additional machine learning libraries, specifically scikit-learn and pandas, to perform anomaly detection
on an OCEL. The code carries out several steps including importing the event log, filtering it based on
object types, computing a feature table, applying Principal Component Analysis (PCA), implementing
an anomaly detection algorithm, and finally, printing the resultant dataframe. Initially, the script reads
an OCEL from a CSV file using pm4py.read_ocel (). Subsequently, the event log is filtered to retain only
specific object types (“orders”, “items”, and “packages”) using pmdpy.filter_ocel_object_types().
The code then extracts features from the event log with the pmdpy.extract_ocel_features() function,
focusing specifically on “orders”. The result is a feature table that represents each order as a feature
vector in a high-dimensional space. To alleviate the curse of dimensionality and improve the efficiency
of subsequent computations, PCA, a dimensionality reduction technique, is applied to the feature table,
retaining only the first five principal components. The transformed data is stored in a new Pandas
dataframe. Following the data transformation, the script applies the Isolation Forest algorithm, an
effective anomaly detection method particularly suited to high-dimensional datasets. The anomaly scores
generated by this model are added to the dataframe, and each row is assigned the corresponding order
object ID. The dataframe is then sorted based on the anomaly scores and the order IDs. Finally, the
resultant dataframe, featuring order IDs and their respective anomaly scores, is printed, providing a
clear, concise overview of potential anomalies in the event log data.
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Listing 9.1: OCPD using pm4py.

import pm4py
ocel = pmdpy.read_ocel("tests/input__data/ocel/newocel.jsonocel")

# discovers an OCDFG
ocdfg = pmdpy.discover_ocdfg(ocel)

# views the OCDFG decorated with frequency metrics.
pmdpy.save_ vis_ocdfg(ocdfg, "PM4Py_ocdfg_freq.png", annotation="frequency",
act__metric="events", edge__metric="event__couples")

# views the OCDFG decorated with performance metrics.
pmdpy.save vis_ocdfg(ocdfg, "PM4Py_ocdfg perf.png", annotation="performance")

# discovers an OCPN
ocpn = pmdpy.discover__oc_ petri_net(ocel)

# saves the visualization of the OCPN.
pmdpy.save_ vis_ocpn(ocpn, "PM4Py_ ocpn.png")

Listing 9.2: OCAD using pm4py.

import pm4py
from sklearn.decomposition import PCA
from sklearn.ensemble import IsolationForest

import pandas as pd
ocel = pmdpy.read_ocel("tests/input__data/ocel/ocel order_simulated.csv")

# filter the OCEL on a subset of object types
ocel = pmdpy.filter_ocel_object_types(ocel, ["orders", "items", "packages"])

# computes the feature table and keeps (in the table) only the rows of the objects
# of type ‘“‘order’’.
df = pmdpy.extract_ocel features(ocel, "orders")

# applies the PCA algorithm to keep a subset of the columns/features
pca = PCA(n__components=5)
df2 = pd.DataFrame(pca.fit_ transform(df))

# applies anomaly detection (based on the isolation forest algorithm)

model = IsolationForest()

model.fit(df2)

df2["scores"] = model.decision_ function(df2)

df2["object"] = list(ocel.objects[ocel.objects[ocel.object_type_column] == "orders"]
[ocel.object_id__column])

# sorts the dataframe on the anomaly score

df2.sort__values(["scores", "object"])

# prints the resulting dataframe
print(df2)
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Figure 9.1: OCDFG, annotated with frequency metrics, discovered in PM4Py using the code snippet

proposed in Listing 9.1.
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proposed in Listing 9.1.
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Figure 9.5: Functionality to convert an unstructured CSV to a structured OCEL.



9.1.2 Overview of the OC-PM Tool

The OCPM (OC-PM) tool [25] is a web-based graphical application for OCPM. It leverages pmdjs,
a robust JavaScript library for process mining that enables comprehensive in-browser data processing
without requiring API calls to external web services.

The pmdjs library provides broad capabilities in the field of traditional process mining, offering
support to different types of objects:

Handling of traditional event logs, allowing users to import XES and CSV logs and export logs in
XES and CSV formats. Furthermore, users can convert these logs to an event stream for further
analysis.

Creation and management of Petri nets, offering functionality for creating a new Petri net and
understanding its execution semantics. Users can import and export Petri nets and visualize them
using Graphviz.

Process trees can also be managed within pm4js, with support for importing, exporting, and
visualizing process trees. Importantly, pm4js supports the conversion of process trees into accepting
Petri nets.

The library also deals with Directly-Follows Graphs (DFGs), enabling users to work with both fre-
quency and performance DFGs, import and export frequency DFGs, and maximize DFG capacity.

BPMN objects are supported, with functionalities including importing and exporting BPMN dia-
grams, converting BPMN to accepting Petri nets and vice versa.

Support to several traditional process mining algorithms is offered in pmd4js, including:

Process discovery techniques, including the Inductive Miner [71], the Inductive Miner Directly-
Follows [73], and the log skeleton [131]. Conformance checking capabilities are also provided,
including TBR [24], alignments on Petri nets [10] and DFGs, and conformance checking using
the Log Skeleton [131]. Furthermore, it provides functionality for temporal profile conformance
checking [113].

Various metrics are available, including replay fitness [24], ETConformance precision [87], general-
ization [32], and simplicity[130].

Support for filtering of event logs and sliding directly follows graphs, and the simulation feature
enables playout of a DFG.

With the feature extraction capabilities [38], users can extract features on event logs and OCELs
based on both events and objects.

Statistics feature offers general log statistics, and for interoperability with Celonis, pm4js provides
a Celonis Connector.

The OC-PM tool provides a rich set of OCPM features, including;:

Ingestion/exporting of OCELs in the OCEL standard format (JSON-OCEL and XML-OCEL).
Flattening the OCELs into traditional event logs with the choice of a case notion.

Advanced preprocessing features (filtering, sampling).

Discovering object-centric process models: OCDFGs, and OCPNs.

Conformance checking on OCELs based on declarative and temporal constraints (log skeleton,
temporal profile).

Exploration of the events/objects of the OCEL.

Machine learning (anomaly detection, correlation analytics, advanced conformance checking).
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Figure 9.6: Visualization of the list of events (along with their attributes and related objects) offered by

the OC-PM tool.
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Figure 9.9: Anomaly detection using the OC-PM tool and the isolation forest method.



S'E € 5z [4 ST T 50 a
0
.
.
. so
. L]
. -
- . .
™ T
. . .
-
- . ‘ g
@
. . ST 2
O
o
3
a ~ g
2
‘ 3
2
.
- . . 4
Aunbur3adaldoad e
wswdiysTIdALd0a e -
uoneIONyd 3dAL30a e
S010AU IdALD00 e ’
JURLIBACW SPO0S 3dALD0Q e :
J8plo Jajsuel) SWM 3dALD00 e
Al2AIIPAT3dALD0Q e ’
13pI0TIdALD00 e mm

uopoaNpay Alljeuoisuswiq

~ dYW1SY | :enbiuyos) uononpal Ayjeuoisuswip sy) 108|188

‘(seunes) paje|nojes 8y} Jo SWIS) Ul) JolAeyad Jejiwis yim s1osldo Jo sdnolb syl Ainuapl Ajlensia o) syuuad siy] -sbed siy) ul pajelsn||l aie sainjes) palaAcosip au) 10 sjusuodwod oM 18Il 8y |

S8|NY 0UBLLIOUOYD §  SONSIIBIS UONB[BLI0D [ S99I| UOISIa§  UoNonpay Ajljeuoisuswi I 1sa104 uonejos| g Jalojdxe 1OS &

[z
275

=¥+

X F NOST T ons F souewouo] W sonsnels 49 Buuayig paoueapy (G Buiurea aungaepy H{ spalqgn 8 swan3 ewayog ssao01g My

10n

ionality reducti

11mens

tion of a di

1Ca

Planar visualization of the features after the appli

Figure 9.10

technique.

271



wawdys 3d,
JapJo Jzjsuel
. 3210AUT 3dAL

- 13pJo I3j5URl
Inp~y"[qe@
. adloau] 31eal

. 1espodT||esz
TWXVL pabue
Aunnbut s1ea1
passazold Aj|
ne paiued sl

174 384D Pt
passazold Az
LS89 pabue
151 INOZVYM
passad0ig Al

LST UHNVM 2
WS 4BpI0 L
passadoud AR

. JUBWAACW S[
. AsBAlEa 3dA
. uopeond 93¢

[~

1UBI0Je0D UONBISLI0D] (palapisuod aq pinoys 1w o)shels Jo adA) au) 109)as

[~

wewdiys Emmhowuum\h___\_gc@@i :e|qeuen Jebie) ay) 108j9g

"aInjes) usAlb ay) sousn|jul S10108] 18U10 UYdIYM PUE)SIepuUn o siuuad siy] "seinjes] SIaylo 8l |[& pue ainjes] pelos|as e Usamiaq UoNER|S1100 ay) SMoUS

SNy SOUBLIOIOD §F  SOISIBIS uone|alo) @

soueuLOjUO) W D)

ZINX T NOSIF F  9AS F neis

seal] uolsinag ¥

Buusiid paaueapy G

uoonpay AljeuoisuswIq 158104 uonejos| g Jelojdxe TOS 8

Buuestsumpen ¥ spslqn B 0 SWsAZ @R Eweus sssold By

Figure 9.11: Correlation statistics between a feature and all the other features extracted from an OCEL.
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Figure 9.12: Decision tree showing the most influent factors for the values of a given feature.

273



The OC-PM tool’s intuitive interface ensures that users can effectively utilize its wide array of func-
tionalities. To aid the understanding of its various features, a series of illustrations are provided:

Conversion of Data Formats: The tool enables users to transform unstructured CSV files into struc-
tured OCELs, thus ensuring a seamless data ingestion process. This feature is particularly beneficial
when dealing with disparate data sources, as illustrated in Figure 9.5.

Event-centric and Object-centric Views: Visualization is a significant part of any analysis process.
In the OC-PM tool, users can explore both the events and the associated attributes as well as the
connections to related objects (Figure 9.6). Moreover, the tool provides an overview of objects for a
particular object type, showcasing their related timestamps and aiding in understanding the lifecycle of
each object type, as seen in Figure 9.7.

Machine Learning and Analytics Features: The integration of machine learning [13] is vital in modern
process mining tools. The OC-PM tool offers a range of analytics functionalities:

e Feature computation on object-centric logs enables users to derive crucial insights from the data,
as presented in Figure 9.8.

e Anomaly detection using methods such as isolation forests helps in identifying potential outliers or
uncommon patterns in the logs. An example of this can be found in Figure 9.9.

e Dimensionality reduction techniques, as shown in Figure 9.10, allow users to visualize complex
feature sets in a 2D space, aiding in pattern identification.

e The tool also provides correlation statistics between features, helping users understand relationships
and dependencies between different event attributes or object attributes, as evidenced by Figure
9.11.

o Decision trees (Figure 9.12) offer users insights into the most influential factors for a specific
feature’s values, allowing for a deeper understanding of feature interactions.
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Figure 9.13: Dotted chart visualization (where the Y axis contains all the objects of the OCEL).

275



We comment into the statistical visualizations provided by the OC-PM tool:

Dotted Chart Visualization: A crucial aspect of process analysis is understanding the temporal dis-
tribution of events. The dotted chart visualization, illustrated in Figure 9.13, presents a timeline rep-
resentation where each dot corresponds to an event. The Y-axis groups these events by the respective
objects from the OCEL. This visualization assists in identifying patterns, sequences, or gaps in event
occurrences across different objects, aiding in trend analysis and potential bottleneck identification.

Objects per Type Statistic: To understand the distribution and importance of various object types
in a process, the OC-PM tool offers the “Objects per type” statistic. As showcased in Figure 9.14,
this visualization provides a pie chart representing the count of different object types in the log. It
aids in identifying the most frequent and the least frequent object types, enabling analysts to focus on
predominant objects or investigate rare ones.

Objects per Type

DOCTYPE_Goods movement
DOCTYPE_Order
DOCTYPE_Delivery
DOCTYPE_WMS transfer order
DOCTYPE_Invoice
DOCTYPE_Quotation
DOCTYPE_Inquiry
DOCTYPE_Shipment

index

Figure 9.14: Objects per type statistic as computed by the OC-PM tool.

Objects Lifecycle Length Statistic: The duration that each object remains active in the process is an
essential metric for several analyses, such as performance analysis or compliance checking. The “Objects
lifecycle length” statistic, demonstrated in Figure 9.15, visualizes the time span of each object type from
its initiation to completion. This can reveal insights on which objects have longer lifecycles, potentially
due to delays, waiting times, or inherent complexity.

Events per Activity Statistic: Analyzing the frequency of activities in a process can provide valuable
insights into which tasks are predominant or require optimization. Figure 9.16 depicts the “Events per
activity” statistic, where each activity’s frequency is displayed. This visualization can help pinpoint the
most common activities, thereby allowing for streamlining or optimization opportunities. Conversely,
less frequent activities may be candidates for automation or further investigation.

Events per Time Statistic: Understanding how events are distributed over time is vital for workload
analysis, forecasting, and identifying seasonal patterns. The “Events per time” statistic, represented in
Figure 9.17, plots the number of events against a time axis (e.g., days, weeks, months). Peaks in this
graph can indicate busy periods, while troughs can indicate idle times. Such insights are instrumental
in resource planning, capacity management, and optimizing process performance.

In summary, these statistical visualizations offered by the OC-PM tool enrich the analytical capabil-
ities of analysts, researchers, and professionals. They not only provide a granular view of the process
data but also furnish actionable insights that can be pivotal for process improvement and optimization
endeavors.
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Figure 9.16: Events per activity statistic as computed by the OC-PM tool.
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Figure 9.17: Events per time statistic as computed by the OC-PM tool.
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Figure 9.18: Screenshot of the OC-PM Visualizer (OCDFG visualization) in the ProM framework

OC-PM (ProM Framework)

The ProM framework is a versatile and extensible open-source platform primarily used for process mining.
It offers a wide range of functionalities through its plugin-based architecture, allowing users to perform
various analyses on event logs, from process discovery and conformance checking to performance analysis
and prediction. The ProM framework provides a robust foundation upon which specialized packages can
be built, and the OCELStandard package is one such extension, tailored for the analysis of Object-Centric
Event Logs (OCELs).

The OCELStandard package is a collection of plugins for the ProM framework specifically designed
to handle and analyze OCELs. This package empowers users to leverage the ProM framework’s capa-
bilities in the context of object-centric process mining. The plugins within the OCELStandard package
mirror many of the functionalities found in the web-based OC-PM tool, offering a cohesive experience
for users who prefer a desktop environment or need to integrate OCEL analysis into larger ProM-based
workflows.

The OCELStandard package for ProM includes the following plugins, which align with the function-
alities provided by the OC-PM web-based tool:

Data Import/Export:

o Import OCEL from JSON/XML/CSV: This plugin enables importing OCEL data from JSON-
OCEL, XML-OCEL, CSV files.

o FEzport OCEL to CSV/JSON/XML file: Enables exporting OCEL data to CSV-OCEL, JSON-
OCEL, and XML-OCEL formats.

e Import OCEL 2.0 from JSON/XML/SQLite: These plugins facilitate the ingestion of OCELs in
the standard JSON-OCEL, XML-OCEL, and SQLite formats.

o Ezport OCEL 2.0 to JSON/XML/SQLite file: Allows users to export processed or analyzed OCELSs
back into the standard formats.

Log Transformation and Filtering:

o Flatten OCEL to traditional event log and Advanced flattening of OCEL log (SAP document flow):
These plugins convert OCELSs into traditional event logs by choosing a case notion, allowing for
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Figure 9.19: Screenshot of the OC-PM Visualizer (OCPN visualization) in the ProM framework

the application of traditional process mining techniques. The advanced version provides support
for specific use cases, like SAP document flows.

o Classic Event Log to OCEL (simple conversion): This plugin converts classic event logs into OCEL
format, enabling object-centric analysis on traditional data.

e Filter OCEL on activities - object types correspondence: Allows filtering based on the relationship
between activities and object types.

o Filter OCEL on activities occurrences: Enables filtering based on the number of times activities
occur.

e Filter OCEL on object types’ objects: Provides the capability to filter based on specific objects of
given object types.

e Filter OCEL on specified activities and Filter OCEL on specified object types: These plugins allow
users to focus on relevant parts of the OCEL by filtering based on specific activities or object types.

o Filtered log export: Exports the filtered OCEL for further analysis or storage.

Process Discovery and Visualization:

o OC-PM Discovery: Discovers object-centric process models such as OCDFGs and OCPNs (see
Figure 9.18 and Figure 9.19).

e OC-PM Visualizer: Provides visualizations tailored for OCELs, allowing users to understand the
object-centric process flows.

e Visualize Events from Object-Centric Model: Visualizes events from the object-centric model.

e Visualize Lifecycle Duration from Object-Centric Model and Visualize Object Lifecycle Length from
Object-Centric Model: Provide insights into the duration of object lifecycles.

o Visualize Objects from Object-Centric Model: Enables visualization of objects involved in the pro-
cess model.
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Conformance Checking:

e Perform Token-Based Replay: Allows for conformance checking using token-based replay techniques
on OCELs.

e Petri Net with TBR result projected: Projects the results of token-based replay onto a Petri net
for visual inspection.

These plugins collectively provide a comprehensive suite for object-centric process mining within the
ProM framework, mirroring the functionalities offered by the web-based OC-PM tool and allowing for
in-depth analysis of OCELs in a desktop environment.
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9.1.3 Overview of Celonis Object-Centric Process Mining (PAM)

Celonis, a globally recognized process mining software provider, has been at the forefront of innovative
developments in the field, particularly regarding OCPM. The object-centric approach takes a broader
view compared to traditional event log analysis, accounting for the interconnected nature of different
object types through the use of multi-event logs.
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Figure 9.20: Multi-event log visualization showing the interaction between different logical components
of the process (procurement and accounts payable).

The first implementation related to OCPM is called Multi Fvent Log. It consists in a data model
where event logs of different object types are connected thanks to Object-to-Object relationships. The
Object-to-Object relationships within these multi-event logs serve as a crucial source of information for
deriving insights about event relations. To this end, Celonis offers four unique miners that enable users
to explore these relationships in different ways:

e The Match Miner uses attribute matching to identify and connect events related to interconnected
objects. This technique ensures that only those events which share the same attribute values are
linked, offering a level of precision in the mining process.

e The Manual Miner, as the name suggests, facilitates user-driven mining. It allows users to man-
ually determine the connections between events based on their activity names. This provides the
user with a high degree of control and customization, enabling them to guide the mining process
according to their unique needs or understanding of the processes involved.

e The Interleaved Miner and Non-Interleaved Miner focus on extracting temporal order between
events of interconnected objects. The Interleaved Miner is more flexible, permitting a single event
to serve as both the source and target of a connection. The Non-Interleaved Miner, on the other
hand, adopts a more restrictive approach and does not allow for this kind of dual-role event.

The insights are visualized on top of arcs interconnecting the activities of different process maps (one
for each event log included in the data model).

Figure 9.20 contains an example multi-event log, in which the interleaved miner has been used to
mine temporal interactions between the two process maps (the right one related to the “procurement”
log, the left one related to the “accounts payable” log). We could see different interactions, including:

e An interaction between the Create Purchase Requisition, the Create Purchase Order, and the Ven-
dor Creates Invoice activities, considering the order in which they are created. If goods are ordered
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Figure 9.21: “Objects and Events” feature in Celonis, allowing for the ingestion of the Object-Centric
Data Model (OCDM).

prior to issuing of Purchase Requisition and Purchase Order, then maverick buying happens. Prob-
lems connected to maverick buying can lead to a number of issues, such as overspending or lack
of proper approvals. Tracking the temporal interactions between different process maps using the
interleaved miner can further improve visibility and understanding of the overall purchase process.

e An examination of the interactions between the Enter Goods Receipt and Receive Invoice activities
is crucial to understand how the business users are processing goods receipts in practice. In theory,
the goods receipt processing transaction (MIGO, in SAP) should be used to confirm the quantity
and quality of received materials. However, if it is observed that there is only a minimal time
gap between the receipt of an invoice and entering the goods receipt activity, the users might be
entering both invoice information and goods receipt information simultaneously. This interaction
can be used to identify categories of goods for which the goods receipt activity is unnecessary and
only pro forma. This can help organizations to optimize their processes, eliminate unnecessary
steps and reduce costs. Additionally, it can also help to identify potential errors or discrepancies
in the invoicing and goods receipt process and improve the accuracy of financial and inventory
records.

However, while the meaning of some interactions discovered by the method was clear, some others are
quite difficult to interpret, since event-to-event relationships are approximated by the interleaved miner.

Celonis has significantly advanced its support for Object-Centric Process Mining (OCPM) through
several key innovations:

o Object-Centric Data Model (OCDM): The OCDM serves as a comprehensive, extensible represen-
tation of an entire business, acting as a single source of truth for process intelligence. This model
simplifies data integration by allowing businesses to work with familiar terms—such as invoices,
orders, and deliveries—rather than the technical language of source systems. It is system-agnostic,
enabling companies to leverage Celonis applications and process content regardless of their under-
lying ERP, SCM, or CRM systems. The OCDM also offers flexibility, allowing organizations to
dynamically adjust process analyses without revisiting source data, thereby accelerating onboarding
and insight generation!.

o Objects and Events Feature: This feature enables the extraction and transformation of data into
objects and events, forming the foundation of the object-centric data model. Users can connect
to various source systems to create these objects and events, facilitating a comprehensive view of
complex, interrelated business processes. Celonis provides prebuilt extractions and transformations

for systems like SAP ECC and Oracle EBS, streamlining the setup process?.

1 https://www.celonis.com/blog/celonis-announces-next-generation-mri-process-mining-technology-with-process-sphere/

https://techcrunch.com/2022/11/09/celonis-can- p-multiple-pr and-present-them-in-subway-style-map/
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o PAM (former Process Sphere): Introduced as a capability within the Celonis platform, PAM lever-
ages OCPM to provide end-to-end visibility of business operations. It allows users to visualize and
analyze the relationships between objects and events across interconnected processes, offering a

dynamic, three-dimensional view of operations”.

3

e Multi-Object Process Fxplorer: Building upon the existing Process Explorer, this enhanced tool
allows users to explore how activities are connected across multiple objects. It enables the visual-
ization of relationships between different objects and how events relate to multiple objects within
a process. This capability is particularly valuable for initial exploratory analyses and for creating
custom views that address complex, multi-object relationships.

The PAM introduces a novel “subway map” visualization that redefines how organizations view their

processes:

1. Process as Subway Lines:

o Each distinct process (e.g., Order-to-Cash or Procure-to-Pay) is represented as a line in the

subway map.

o Intersections or junctions represent touchpoints where multiple processes converge, showing
the interrelations between business objects (e.g., orders, deliveries, invoices).

2. Clarity and Accessibility:

e This subway-style abstraction simplifies understanding of even the most complex processes,
offering users an intuitive way to grasp relationships without requiring deep technical expertise.

e The map provides a real-time, interactive overview of how different process lines and objects
are connected, highlighting bottlenecks or inefficiencies.

3. Performance Metrics on Nodes and Paths:

Shttps://www.celonis.com/process-sphere/
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Figure 9.22: “PAM?” feature in Celonis, allowing the discovery of “subway maps” from the OCDM.
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Figure 9.23: “Multi-perspective Process Explorer” in Celonis, allowing the discovery of object-centric
directly-follows graphs from the OCDM.

o Each “station” (representing process activities) and “line” (indicating flows between activi-
ties) can be enriched with performance metrics, such as average processing time, delays, or
throughput, making inefficiencies immediately visible.

e Metrics are contextualized by the relationships between different objects and their associated
events.

PAM’s dynamic filtering and exploration tools empower users to tailor the visualization and drill
down into specific process details:

1. Interactive Path Filtering:

o Users can dynamically filter paths based on specific criteria, such as activity type, object
relationships, or performance thresholds.

o For example, users might filter for processes where invoice creation exceeds a particular du-
ration or where specific delivery conditions are met.

2. Customizable Object Relationships:

e« PAM enables users to focus on specific object types and their interactions, providing the
ability to isolate or combine views of processes involving multiple objects (e.g., connecting
orders to shipments).

3. Ezploration Through Zoom and Layering:

o Users can zoom in to explore granular details of individual activities or zoom out for a high-
level overview of process interconnections.
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o Layering tools allow users to view specific process dimensions (e.g., financial performance or
compliance) on top of the subway map.

4. Bottleneck and Opportunity Identification:

e The dynamic capabilities allow users to pinpoint bottlenecks, such as overloaded process
segments, or uncover opportunities, such as underutilized paths.

9.1.4 Translating Object-Centric Event Logs into a Celonis OCDM

The Celonis Object-Centric Data Model (OCDM) provides a flexible, system-agnostic framework for
representing complex business operations, allowing analysts to deal with multiple object types and asso-
ciated events in a single, coherent schema. Instead of being forced into a single case notion, this approach
organizes data around diverse objects (such as orders, invoices, or deliveries), each with its own distinct
lifecycle and attributes, while also linking events to objects. Celonis requires a strict naming conven-
tion and schema structure for ingesting these data sets: object tables are prefixed with “o_” to store
object identifiers and attributes, event tables are prefixed with “e_ ” to store event records, and relation-
ship tables—connecting events to objects or objects to objects—are prefixed with “r_e ” or “r_o_,”
respectively, making all these interconnected components align into a consistent and navigable model.

Since Celonis expects data that follows these strict conventions, a crucial preparatory step for lever-
aging the OCDM in practice often involves starting from an object-centric logging standard like the
Object-Centric Event Log (OCEL). OCEL formats (including versions 1.0 and 2.0) represent events
connected to multiple object instances, but they do not by themselves conform to Celonis’ ingestion
rules. In this thesis project, I have implemented a transformation process that standardizes naming,
renames activities and object types to strip away non-alphanumeric characters and follow Celonis’ nam-
ing rules, and then translates the OCEL data into separate event, object, and relationship tables that
reflect the Celonis OCDM structure. This process, described in detail in the provided code repository?,
ensures that the resulting data model contains all required tables named according to Celonis conven-
tions (for example, “e_namespace_activityname” for events, “o_namespace_objtype” for objects, and
“r_e_namespace_activityname_objtype” or “r_o_namespace_objtypel objtype2” for relationships)
and that the tables are properly linked through foreign keys.

By carrying out this translation, the code developed for this thesis project not only cleans and maps
these object-centric event logs into the OCDM, but also sets the stage for more advanced analytics
that Celonis provides on top of the model. With an OCDM properly set up, organizations can take
advantage of Celonis’ multi-object process exploration, more intuitive visualization techniques (includ-
ing the “subway map” abstraction), and dynamic filtering capabilities. Thus, while OCEL itself is a
convenient, general-purpose format for object-centric event data, performing this translation to Celonis’
OCDM structure represents a critical enabling step. By adhering to the naming conventions, setting
up event-object relationships, and ensuring compatibility with Celonis’ table structure, the translated
data can fully power Celonis’ innovative process intelligence features. In doing so, the code serves as a
bridge, turning a neutral, standards-based object-centric event log into an analytically rich OCDM that
can drive deeper insights and more agile business decision-making.

4https://github.com/Javert899/ocel20-celonis-connector/
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9.2 Comparison of the Tools

This section provides a comparative analysis of the three previously introduced process mining tools:
the PM4Py library, the OC-PM tool, and Celonis Object-Centric Process Mining (OCPM).

First, the similarities and differences in the features and functionalities of the three tools are examined.
This segment explores the capabilities of each tool, enabling readers to better understand how these tools
can meet requirements in various contexts.

Subsequently, the discussion focuses on the performance, scalability, and ease of use of the tools.
The assessment includes how well these tools perform under different data volumes, their scalability in
accommodating growing datasets, and the user-friendliness of their interfaces and functionalities.

Finally, the suitability of these tools for different use cases and scenarios is discussed, providing
insights into how each tool can be utilized effectively in diverse practical and research-oriented contexts.

Feature/Quality Celonis OCPM | OC-PM | PM4Py
Functionalities
Discovery of Object-centric PNs/BPMNs v v
Activities and paths sliding v v
Performance analysis v v
Customization or scripting
Performance & Scalability
Scalable in-memory engine v
Integration with Python ecosystem
Ease of data model creation v
Ease of Use
User-friendly interaction v
Requires scripting v

SSENENEN

\

Table 9.5: Comparison of OCPM Tools

9.2.1 Similarities and Differences in Features and Functionalities

Celonis OCPM, OC-PM, and PM4Py differ in terms of their features, functionalities, and usability.

Celonis OCPM provides functionalities such as discovering object-centric BPMNs and DFGs, per-
forming activities and path sliding, and enabling performance analysis. These features are essential in
an OCPM context, offering a simplified approach for users.

OC-PM is a graphical tool designed to facilitate interaction and accessibility in process mining. It
provides features that enable users to interact with activities and edges of diagrams, offering an intuitive
and hands-on experience. However, the OC-PM tool does not readily support customization or scripting,
which may limit its use for tasks requiring a tailored or programmable approach.

PM4Py is a Python library that offers a similar set of features to the OC-PM tool but requires
scripting, which may present a higher learning curve. Unlike OC-PM, PM4Py does not offer interactive
functionalities but provides increased flexibility and integration capabilities. As a Python library, PM4Py
integrates with the Python ecosystem, enabling the process mining capabilities to be combined with other
computational and analytical libraries, thus supporting the development of complex and customizable
process mining workflows.

Table 9.5 summarizes the results of this comparison.

9.2.2 Performance, Scalability, and Ease of Use

In terms of performance, scalability, and ease of use, Celonis OCPM, PM4Py, and OC-PM exhibit
different characteristics and trade-offs.

Celonis OCPM is integrated with the Celonis in-memory engine, which is designed for handling large
volumes of data efficiently, enhancing its scalability. However, establishing an object-centric data model
in Celonis OCPM requires the configuration of multiple tables and thorough documentation, which may
require considerable effort and a robust skill set.

PM4Py is built on Python, a language known for its versatility. PM4Py leverages the Python
ecosystem to improve its performance and provide a range of additional functionalities. It employs
libraries such as Pandas for structuring event logs and Scikit-Learn for various machine learning tasks,

287



enhancing its capabilities beyond process mining. However, as a Python library, it requires scripting, so
users need to have knowledge of Python to utilize its features effectively.

OC-PM is based on JavaScript, resulting in lower scalability compared to Celonis OCPM and PM4Py.
Nonetheless, it emphasizes ease of use and immediacy of features. The tool is designed with a focus on
user experience, ensuring that functionalities are readily accessible and easy to interact with. This makes
OC-PM suitable for users seeking an intuitive and hands-on approach to process mining without the need
for scripting or complex configuration tasks.

Table 9.5 summarizes the results of this comparison.

Use Case/Scenario Celonis OCPM | OC-PM | PM4Py
Basic Process Discovery H H H
Detailed Performance Analysis M L H
Custom Process Mining Research L L H
Interactive Exploration M H L
Large-Scale Process Mining H L M

Table 9.6: Suitability of Tools for Different Use Cases and Scenarios (H=High; M=Medium; L=Low).

9.2.3 Suitability for Different Use Cases and Scenarios

When assessing the suitability of Celonis OCPM, PM4Py, and OC-PM for different use cases and sce-
narios, the varying attributes of each tool should be considered.

Celonis OCPM, with its high scalability and integration with the Celonis in-memory engine, is suitable
for large-scale enterprise environments where large volumes of data are common. Its comprehensive data
model supports complex scenarios where the relationships between various entities are examined in
detail. However, the requirement for extensive configuration and a high level of expertise may render it
less suitable for smaller projects or for analysts new to the field.

PMA4Py, integrating with the Python ecosystem, offers functionalities beyond process mining, such
as data wrangling and machine learning. This versatility makes it appropriate for scenarios requiring
a combination of process mining and other data analysis tasks. The scripting requirement allows for
extensive customization, suitable for analytical projects with unique or specific requirements. However,
it may be less suitable for users lacking Python knowledge or those who prefer a graphical interface.

OC-PM emphasizes ease of use and offers a graphical, interactive environment. This makes it ac-
cessible for users who prefer an intuitive, hands-on experience or who need to quickly understand the
concepts and techniques of process mining. It is appropriate for rapid prototyping, exploratory anal-
ysis, or teaching and learning contexts. However, its reduced scalability could limit its suitability for
large-scale, high-volume scenarios.

Table 9.6 summarizes the results of this analysis.

9.3 Guidelines for Selecting and Using the Appropriate Tool
for Scientific Research or Practical Tasks

When selecting the appropriate tool for scientific research or practical tasks, several key factors should
be considered:

e Data Volume and Complezity: For large-scale, complex datasets, Celonis OCPM’s scalability and
in-memory engine may provide significant advantages. For smaller, less complex datasets, the
straightforward and interactive approach of OC-PM or the versatility of PM4Py may be more
appropriate.

e Required Functionalities: The specific functionalities required for the project should be considered.
Celonis OCPM specializes in the discovery of object-centric BPMNs and DFGs, offering sliding
activities and paths analysis and some performance analysis features. PM4Py, with its Python
integration, offers a broader array of functionalities and benefits from the Python ecosystem. OC-
PM provides a user-friendly, interactive environment.

o Technical Skills: The technical skills and familiarity with certain programming languages (such as
Python or JavaScript) are important factors. For those well-versed in Python, PM4Py may be an
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appropriate choice, while users who prefer an intuitive, graphical approach may find OC-PM more
suitable.

Customization and Interactivity Needs: If the work requires extensive customization or direct in-
teraction with process diagrams, PM4Py or OC-PM should be considered.

Nature of the Task: For rapid prototyping, exploratory analysis, or teaching and learning con-
texts, OC-PM’s user-friendly interface can be beneficial. For tasks requiring in-depth analysis or
combining process mining with other data analysis tasks, PM4Py can be advantageous due to its
integration with the Python ecosystem. For large-scale enterprise environments, Celonis OCPM
can handle substantial data volumes.

In summary, the decision should be driven by the specific needs of the project or task. It may
be helpful to experiment with different tools to identify their strengths and weaknesses in relation to
the requirements. The three tools discussed—Celonis OCPM, PM4Py, and OC-PM—each have unique
strengths, and understanding these can assist in making an informed choice.

9.4 Recommendations for Future Tool Development and Im-

provement
Future Developments Celonis OCPM | OC-PM | PM4Py
Scalability Improvement - v v
Increase Customizability v v -

Enhance Interactivity - - v
Ease of Data Ingestion
Enhance Documentation

ENEN

Table 9.7: Directions for Future Tool Development

Based on the preceding discussions, several recommendations for future tool development and im-
provement in the realm of OCPM are identified:

1.

Enhancing Scalability: With the increasing data volumes in organizations, scalability is a paramount
concern. While Celonis OCPM integrates scalable solutions, other tools such as OC-PM and
PM4Py could improve their capacity to handle larger datasets. Incorporating more efficient data
structures or algorithms, or leveraging parallel computing or cloud technologies, may enhance scal-
ability.

Increasing Interactivity: Tools like OC-PM emphasize user interaction, allowing direct manipula-
tion of process diagrams, which enhances usability. Future development could focus on expanding
interactivity in all tools, potentially integrating machine learning algorithms that adapt and learn
from user interactions.

Ezpanding Functionalities: Although PM4Py offers an extensive range of functionalities through
its integration with the Python ecosystem, there is potential for all tools to expand their features to
address a wider array of use cases. This may involve incorporating advanced analytics capabilities
or introducing new methods to visualize and explore process data.

Improving Documentation and Usability: Comprehensive documentation and user-friendly inter-
faces enhance a tool’s utility. For tools like Celonis OCPM, which require significant knowledge
to employ effectively, improving the clarity and completeness of documentation is important. User
interface design is also crucial for making tools accessible and intuitive to both technical and
non-technical users.

Encouraging Interoperability: As organizations rely on various software tools, interoperability is
critical. Future developments could focus on how these process mining tools can effectively in-
teract with other software applications and data formats, facilitating seamless data exchange and
integration.
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6. Implementing Robust Performance Measures: With the wider adoption of process mining in op-
erational contexts, having robust, real-time performance measurement capabilities is important.
Future tool development may include features that allow for the tracking of key performance indi-
cators, process efficiencies, and other metrics relevant to operational success.

Table 9.7 summarizes possible lines of development for the three tools. In conclusion, while the current
suite of tools for OCPM offers substantial capabilities, there is opportunity for future development and
improvement. These recommendations outline potential areas where tool developers can innovate and
evolve their offerings to meet the changing needs of the field.

Conclusion

This chapter has explored the essential role of tooling in Object-Centric Process Mining, providing
a comprehensive overview and comparative analysis of three prominent tools: PM4Py, OC-PM, and
Celonis OCPM. We have examined their respective features, functionalities, performance characteristics,
and suitability for different use cases, offering practical guidance for tool selection. While each tool
offers valuable capabilities for OCPM, their strengths and weaknesses cater to different needs and user
profiles. PM4Py’s extensibility within the Python ecosystem makes it a powerful choice for research and
complex analytical tasks, while OC-PM’s user-friendly interface promotes interactive exploration and
rapid prototyping. Celonis OCPM, with its focus on scalability and enterprise integration, caters to large-
scale process analysis and improvement initiatives. The recommendations for future tool development,
including scalability enhancements, increased customizability, improved interactivity, and streamlined
data ingestion, provide a roadmap for advancing the state-of-the-art in OCPM tooling.
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Chapter 10

Conclusion and Future Work

“Science knows no country, because knowledge belongs to humanity, and is the torch which illuminates
the world.”
Louis Pasteur

10.1 Summary of the Main Contributions and Findings of the
Thesis

Object-centric process mining (OCPM) offers significant advantages over traditional, process-centric
approaches. First, it reduces the need to repeatedly go back to the source systems for information,
streamlining the analysis process. Second, OCPM mitigates distortions commonly encountered in tradi-
tional process mining, such as deficiency, convergence, and divergence, by considering the interactions of
multiple object types. Finally, and crucially, OCPM provides the ability to see and understand the com-
plex interactions between different object types within a process, offering a more holistic and accurate
view of operations.

The primary objective of this thesis was to explore, innovate, and develop methodologies for OCPM.
Over the course of various chapters, this exploration covered multiple facets, ranging from the foundations
of Object-Centric Event Logs (OCELs) to their application in real-world scenarios. Herein, we summarize
the main contributions and findings derived from the contents:

1. Theoretical Foundations and Preliminaries (Chapter 2 and Chapter 3): This research began by
establishing a robust background on traditional paradigms like relational databases and event
logs. These foundations allowed for the clear differentiation of the OCPM domain and its intrinsic
challenges, setting the stage for subsequent innovations. Furthermore, by integrating the concept
of LLMs, especially in the context of business process management, the thesis ventured into the
potential of combining state-of-the-art technologies with traditional BPM paradigms.

2. Literature Review and Existing Approaches (Chapter 4): A comprehensive review of existing
methodologies and practices in OCPM was undertaken. This chapter not only set the thesis in the
broader research context but also identified gaps and potential areas of enhancement, making it
pivotal for the development of novel methodologies later in the research.

3. Data Extraction and Preprocessing (Chapter 5): Recognizing that the efficacy of any process mining
technique is rooted in the quality and representativeness of data, this research dedicated an entire
chapter to data extraction and preprocessing. The development of a structured approach for data
extraction, especially in the context of OCELs, was a significant contribution. Notably, the three-
step methodology — from table selection to formulating blueprints to actual event log extraction —
showcased the intricacy of the process and the innovations therein. The introduction of the OCEL
format added a standardized structure, facilitating better analytics in subsequent stages.

4. Object-Centric Process Discovery (Chapter 6): A core contribution of this thesis was the formu-
lation of novel algorithms and methods to discover processes in an object-centric manner. This
chapter dived deep into the intricacies of process discovery, from collations of traditional models to
the creation of OCDFGs. The flexibility of these methods, evident from their application to diverse
processes like Purchase-to-Pay and Order-to-Cash, underscored their robustness and versatility.
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5.

Object-Centric Conformance Checking (Chapter 7): Beyond discovery, ensuring that the identified
processes conform to expectations and standards is crucial. This research addressed the unique
challenges posed by OCPM in the realm of conformance checking, thereby extending its practical
implications.

Real-world Applications and Tooling (Chapters 8 and 9): The ultimate test of any research lies in
its applicability, and this thesis did not fall short. Through real-world case studies, the practicality
and utility of the developed methodologies were exemplified. Furthermore, the development of
dedicated tools tailored for OCPM bridged the academic-industry gap, enabling practitioners to
leverage the research findings in tangible settings.

In summary, this thesis, through its exploration and innovation in the domain of OCPM, has not
only advanced the state-of-the-art but also paved the way for practical, real-world applications of these
methodologies.

10.2 Implications of the Research for the Process Mining Field

The implications of this research are important for the field of process mining, affecting both academic
and industrial communities. Below, we discuss these implications in a structured manner:

1.

Shift Towards Object-Centricity: Traditionally, process mining has been centered on flat event
logs, wherein events are often sequenced in a linear manner. This thesis presents a comprehensive
exploration into OCPM, which recognizes the interplay of multiple entities and their relationships in
process executions. The shift towards OCPM could pave the way for a more holistic understanding
of complex processes, especially in large enterprises where multiple entities interact simultaneously.

Standardization of Data Structures: With the introduction of the OCEL format, there is now a
push towards standardization in the representation of OCELs. This could have a cascading effect
on tool development, interoperability, and research reproducibility in the field. Standardized data
structures reduce ambiguities and increase the efficiency of data processing, a critical aspect for
real-time process mining applications.

Enhanced Analytical Capabilities: The methodologies introduced in this research, especially those
related to process discovery and conformance checking, broaden the analytical spectrum of process
mining. These methods, being tailored for object-centric data, can potentially uncover insights
that traditional techniques might overlook, offering a more granular view of processes and their
nuances.

Improved Data Extraction and Preprocessing: The systematic approach towards data extraction
and preprocessing can serve as a blueprint for future research and applications. By addressing
challenges specific to object-centric logs, the research ensures that subsequent analysis is based on
accurate, comprehensive, and representative data.

. Interdisciplinary Integration: By weaving in concepts of LLMs into process mining, the research

showcases the potential of interdisciplinary integrations. Such integrations could be the key to
unlocking novel solutions and insights, especially as artificial intelligence and machine learning
continue to evolve and influence various research domains.

Practical Applicability and Tooling: The real-world case studies and dedicated tooling discussed in
this thesis underscore the direct applicability of the research in industrial settings. This bridges the
often-existing gap between academic research and industry practice, ensuring that the innovations
and findings can be implemented and tested in tangible scenarios.

Stimulus for Future Research: By identifying gaps, challenges, and proposing novel solutions in
the domain of OCPM, this research can serve as a stimulus for future explorations. The open
questions and challenges posed will likely guide subsequent investigations, fostering an environment
of continuous learning and innovation in the field of process mining.
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10.3 Connection of Research Questions/Goals to the Objectives

This section ties the main objectives and research questions, as laid out in the introduction, to the
respective sections and chapters of the thesis. It serves as a bridge, emphasizing how each portion of the
content contributes to answering the formulated questions and achieving the set goals.

10.3.1 Main Objectives and Corresponding Sections
O1: Address Data Eztraction and Preprocessing Challenges:

e Chapter 5: Primarily devoted to data extraction and preprocessing for OCELs.

e Sections 5.1 to 5.5: Provide methodologies, from data extraction to assessment, to address chal-
lenges associated with OCELs.

02: Improve Process Discovery and Conformance Checking Methods:

e Chapter 6: Introduces OCPD, detailing methods ranging from traditional adaptations to object-
centric specific approaches.

e Chapter 7: Dedicated to OCCC methods, from log-model comparisons to criteria for selecting
relevant activities.

03: Implement Real-world Case Studies and Applications:

e Chapter 8: Demonstrates the application of developed methodologies in real-world scenarios, pro-
viding insights into their practicality and efficacy.

04: Develop and Provide Effective Tools for OCPM:
e Chapter 9: Focuses on the development and provision of software tools tailored specifically for
OCPM.
10.3.2 Research Questions and Corresponding Sections
RQ1: Definition of OCELs:
e Addressed in Chapter 3, particularly in sections discussing examples like P2P and O2C.
RQ2: Data extraction and preprocessing techniques for OCELs:
e Thoroughly explored in Chapter 5.
RQ3: Novel method for process discovery in object-centric settings:
e Addressed in Chapter 6 with emphasis on OCDFGs, Petri nets, and Object Graph Enrichments.
RQ4: Unique approach for conformance checking in object-centric setting:

e Expounded upon in Chapter 7, with sections discussing the nuances of log-model comparison in
object-centric logs.

RQ5: Adapting feature extraction and anomaly detection techniques for OCELs:
e Covered in Section 3.5 of Chapter 3 and in Chapter 7.
RQG6: Extending traditional event log definitions for object-centric complexities:
e Addressed in Chapter 3 with real-world and minimal examples.
RQ7: Tools and libraries for OCPM:
e Discussed in Chapter 9, focusing on specific tools and libraries designed for this purpose.
RQ8: Comparing the performance and functionality of OCPM tools:

e Explored within Chapter 5 in the assessment sections, and further evaluated in Chapter 9 where
the developed tools are compared in terms of their performance and scalability.
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10.4 Identification of Open Research Questions and Directions

for Future Work

Throughout this thesis, we have taken comprehensive strides in understanding and enhancing the land-

scape

of OCPM. While significant progress has been made in answering the outlined research questions,

as with any scientific endeavor, our efforts have also highlighted new challenges and opened new research

avenu

es. This section discusses the emergent open research questions and suggests potential directions

for future endeavors in OCPM.

10.4
ORQ1

ORQ2

ORQ3

ORQ4

ORQ5

ORQ6

ORQ7

10.4

The o
direct

In

.1 Open Research Questions

Generalization across Industries: While we focused on ERP processes, how can the methodologies
developed be generalized across other industries or processes with unique characteristics?

Process Enhancement and Prediction: Our primary focus was on data extraction, process discov-
ery, and conformance checking. What about the potential for object-centric process enhancement
or predictive analytics in this domain?

Quality and Availability of Data: Given the limitations tied to the availability and quality of data
in empirical research, how can we ensure the robustness and reliability of OCELs? What methods
can be developed to assess and improve data quality for such logs?

Transferability of Case Study Results: How can we ensure that the results from specific case studies
are more widely applicable? What methodologies can be introduced to test the generalizability
of findings from one setting to another in OCPM?

Scalability and Real-time Processing: With the increasing volume of data in today’s digital ecosys-
tems, how can OCPM techniques be adapted for real-time processing and analysis on larger scales?

Integration with Other Technologies: With the proliferation of technologies like AI, ToT, and
blockchain, how can OCPM be integrated with these advancements to provide more holistic
solutions?

Ethical Considerations: As with all data-driven approaches, what are the ethical considerations
in OCPM? How can we ensure privacy, transparency, and fairness?

.2 Directions for Future Work

pen research questions provide a structured direction for future research endeavors. Some proposed
ions include:

Cross-industry Collaboration: Engage in collaborative studies across diverse industries to refine
and generalize the OCPM methodologies.

Enhanced Data Quality Frameworks: Introduce frameworks and tools specifically tailored to assess,
enhance, and maintain the quality of OCELs.

Real-time Processing Solutions: Research on algorithmic enhancements and optimizations to ensure
that OCPM can handle real-time data streams.

User Ezperience (UX) Design: Given the potential implications on human actors, a focus on UX
design in tools and methodologies will ensure a seamless transition and adoption of OCPM.

Ethical Guidelines and Frameworks: Formulate guidelines that specifically cater to the unique
challenges posed by OCPM, ensuring ethical handling of data and processes.

Integration Research: Explore ways to meaningfully integrate OCPM with emerging technologies,
creating holistic solutions for modern business challenges.

conclusion, while this thesis has provided significant insights into the domain of OCPM, the field

remains ripe for exploration. As we stand on the cusp of this promising domain, these open research
questions and future directions offer a roadmap for the next generation of researchers.
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Chapter 11

Summary of Contributions

This thesis presents the findings from a series of research studies, that have been published in various
academic journals and workshops. These publications have contributed to the advancement of the field
of OCPM. The research findings have also been shared with the academic community, contributing to
an exchange of ideas and continual improvement in the field.

Journal Publications

In this section, the peer-reviewed journal papers that have emanated from the research conducted during
my Ph.D. studies are presented.

Journal Paper 1 (second iteration of OCDFG)

Alessandro Berti and Wil M. P. van der Aalst. Extracting multiple viewpoint models from relational
databases. In Paolo Ceravolo, Maurice van Keulen, and Maria Teresa Gomez Lépez, editors, Data-
Driven Process Discovery and Analysis - 8th IFIP WG 2.6 International Symposium, SIMPDA 2018,
Seville, Spain, December 13-14, 2018, and 9th International Symposium, SIMPDA 2019, Bled, Slove-
nia, September 8, 2019, Revised Selected Papers, volume 379 of Lecture Notes in Business Information
Processing, pages 24-51. Springer, 2019. [22]

The paper presented OCDFGs, "MVP models", computed from an OCEL. It also carried out a
comprehensive evaluation of the model’s usability and scalability. It is referenced in Chapter 6.

Journal Paper 2 (improved TBR)

Alessandro Berti and Wil M. P. van der Aalst. A novel TBR technique to speed up conformance checking
and process enhancement. Trans. Petri Nets Other Model. Concurr., 15:1-26, 2021. [24]

The paper offered a refined TBR technique for handling invisible transitions and the token explosion
problem. It included a comparison with other techniques and an evaluation of parameter effects, as well
as advanced process diagnostics. It is referenced in Chapter 6 and Chapter 7.

Journal Paper 3 (third iteration of OCDFG)

Alessandro Berti and Wil M. P. van der Aalst. OC-PM: analyzing OCELs and process models. Int. J.
Softw. Tools Technol. Transf., 25(1):1-17, 2023. [25]

The paper explored OCDFGs with extensive discussions on various activity and edge metrics and
introduced tool support for OCPD. It is referenced in Chapter 6 and Chapter 9.

Journal Paper 4 (Object-Centric Feature Extraction)

Alessandro Berti, Johannes Herforth, Mahnaz Sadat Qafari, and Wil M. P. van der Aalst. Graph-based
feature extraction on OCELs. International Journal of Data Science and Analytics, 2023. [13]

The paper proposed a feature extraction methodology on OCELs. The resulting features were a
combination of lifecycle-related features and graph-based features, concerning object interactions. It is
referenced in Chapter 3.
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Journal Paper 5 (second iteration of Automatic Extraction of OCELSs)

Alessandro Berti, Gyunam Park, Majid Rafiei, and Wil M. P. van der Aalst. A generic approach to
extract object-centric event data from databases supporting sap erp. Journal of Intelligent Information
Systems, 2023. [19]

This paper presented a semi-automated methodology for extracting OCELs from a class of rela-
tional databases, extending the workshop contribution. The paper also included scalability and quality
assessment. It is referenced in Chapter 5 and Chapter 8.

Journal Paper 6 (Case Study of OCPM on SAP ECC ERP)

Alessandro Berti, Urszula Jessen, Gyunam Park, Majid Rafiei, and Wil M. P. van der Aalst. Ana-
lyzing interconnected processes: using object-centric process mining to analyze procurement processes.
International Journal of Data Science and Analytics, 2023. [14]

The paper demonstrated an application of OCPM to a real-life Purchase-to-Pay process using a
revised process mining project methodology. It is referenced in Chapter 8.

Journal Paper 7 (OCPNs)

Wil M. P. van der Aalst and Alessandro Berti. Discovering OCPNs. Fundam. Informaticae, 175(1-4):1—
40, 2020. [119]

The paper introduced the discovery of OCPNs from OCELs, with TBR being instrumental in defining
arc typing and providing quality metrics for the resultant model. It is referenced in Chapter 6.

Journal Paper 8 (PM4Py)

Alessandro Berti, Sebastiaan van Zelst, and Daniel Schuster. PM4Py: A process mining library for
python. Software Impacts, 17:100556, 2023. [26]

PM4Py is a versatile Python process mining library. This paper introduces its features, including
OCPM, and highlights its profound influence in academia, industry, and the open-source realm. Its
broad acceptance underscores its importance for both researchers and professionals in process mining.
It is referenced in Chapter 9.
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Workshop Contributions

In this section, my contributions to workshops which provided a platform for presenting preliminary
results and receiving feedback are outlined.

Workshop Contribution 1 (first iteration of OCDFG)

Alessandro Berti and Wil M. P. van der Aalst. Starstar models: Using events at database level for process
analysis. In Paolo Ceravolo, Maria Teresa Gémez Lépez, and Maurice van Keulen, editors, Proceedings
of the 8th International Symposium on Data-driven Process Discovery and Analysis (SIMPDA 2018),
Seville, Spain, December 13-14, 2018, volume 2270 of CEUR Workshop Proceedings, pages 60-64. CEUR-
WS.org, 2018. [21]

This paper presented the initial version of OCDFGs, “StarStar Models”, computed from an Event-
to-Object Graph Enrichment. The models comprise of activities as nodes with varied interconnections
based on the object types.

Workshop Contribution 2 (TBR)

Alessandro Berti and Wil M. P. van der Aalst. Reviving TBR: Increasing speed while improving diag-
nostics. In Wil M. P. van der Aalst, Robin Bergenthum, and Josep Carmona, editors, Proceedings of the
International Workshop on Algorithms € Theories for the Analysis of Event Data 2019 Satellite event
of the conferences: 40th International Conference on Application and Theory of Petri Nets and Con-
currency Petri Nets 2019 and 19th International Conference on Application of Concurrency to System
Design ACSD 2019, ATAED@Petri Nets/ACSD 2019, Aachen, Germany, June 25, 2019, volume 2371
of CEUR Workshop Proceedings, pages 87-103. CEUR-WS.org, 2019. [23]

The paper introduced a novel TBR for handling invisible transitions and the token explosion problem,
instrumental for OCPNs’ discovery and conformance checking with Petri nets. It is referenced in Chapter
6 and Chapter 7.

Workshop Contribution 3 (first iteration of Automatic Extraction of OCELs)

Alessandro Berti, Gyunam Park, Majid Rafiei, and Wil M. P. van der Aalst. An event data extraction
approach from SAP ERP for process mining. In Jorge Munoz-Gama and Xixi Lu, editors, Process Mining
Workshops - ICPM 2021 International Workshops, Eindhoven, The Netherlands, October 31 - November
4, 2021, Revised Selected Papers, volume 433 of Lecture Notes in Business Information Processing, pages
255-267. Springer, 2021. [18]

The paper proposed a semi-automated methodology for extracting OCELs from relational databases,
specifically from SAP ERP, with user selection of pertinent tables for a given process. It is referenced in
Chapter 5.

Workshop Contribution 4 (OCEL standard)

Anahita Farhang Ghahfarokhi, Gyunam Park, Alessandro Berti, and Wil M. P. van der Aalst. OCEL: A
standard for OCELs. In Ladjel Bellatreche, Marlon Dumas, Panagiotis Karras, Raimundas Matulevicius,
Ahmed Awad, Matthias Weidlich, Mirjana Ivanovic, and Olaf Hartig, editors, New Trends in Database
and Information Systems - ADBIS 2021 Short Papers, Doctoral Consortium and Workshops: DOING,
SIMPDA, MADFEISD, MegaData, CAoNS, Tartu, Estonia, August 24-26, 2021, Proceedings, volume
1450 of Communications in Computer and Information Science, pages 169-175. Springer, 2021. [53]

The paper introduced the OCEL standard for storing OCELs, with two proposed implementations
based on JSON and XML. It is referenced in Chapter 3 and Chapter 5.

Workshop Contribution 5 (LLMs for Process Mining)

Alessandro Berti, Daniel Schuster, and Wil M. P. van der Aalst. Abstractions, scenarios, and prompt
definitions for process mining with llms: A case study. In Proceedings of the NLP4BPM 2023 Workshop,
2023. [20]

Modern LLMs, such as GPT-4, can answer complex queries starting from textual abstractions of
process mining artifacts (event logs, Directly-Follows Graphs, Petri nets). It is referenced in Chapter 6.
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Workshop Contribution 6 (Object-Centric Anomaly Detection)

Alessandro Berti, Urszula Jessen, Wil M. P. van der Aalst, and Dirk Fahland. Explainable object-centric
anomaly detection: the role of domain knowledge. In Adela del-Rio-Ortega, Marco Montali, Stefanie
Rinderle-Ma, Hajo A. Reijers, Jan vom Brocke, Mathias Weske, Benoit Depaire, Marta Indulska, Han
van der Aa, Weronika T. Adrian, Laura Genga, Sander J. J. Leemans, Katarzyna Gdowska, Maria Teresa
Gomez-Lépez, Jana-Rebecca Rehse, and Simone Agostinelli, editors, Proceedings of the Best Dissertation
Award, Doctoral Consortium, and Demonstration € Resources Forum at BPM 2024 co-located with 22nd
International Conference on Business Process Management (BPM 2024), Krakow, Poland, September
1st to 6th, 2024, volume 3758 of CEUR Workshop Proceedings, pages 162-168. CEUR-WS.org, 2024.
[15]

The paper introduces three different methodologies for object-centric anomaly detection. It is refer-
enced in Chapter 7.
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Demo Paper Contributions

Demo papers can play an essential role in the research landscape, showcasing the application and func-
tionality of novel systems or methods. The contributions derived from these practical demonstrations
often foster a deeper understanding of the theory and can inspire future enhancements. The following
demo papers have been submitted and accepted during the course of this research:

Demo Paper 1 (PM4Py library)

Alessandro Berti, Sebastiaan J. van Zelst, and Wil M. P. van der Aalst. Process Mining for Python
(PM4Py): Bridging the gap between process- and data science. In Proceedings of the 1st International
Conference on Process Mining (ICPM 2019), Demo Track. CEUR, 2019. [27]

The paper presented the PM4Py library, a versatile process mining library in Python with a com-
prehensive set of OCPM features, maintained by the author of this thesis. It is referenced in Chapter
9.

Demo Paper 2 (MongoDB scalable support for OCELSs)

Alessandro Berti, Anahita Farhang Ghahfarokhi, Gyunam Park, and Wil M. P. van der Aalst. A scalable
database for the storage of OCELs. CoRR, abs/2202.05639, 2022. [12]

The paper proposed a new implementation of OCEL based on the MongoDB document database,
which offers enhanced scalability compared to traditional JSON and XML implementations. Performance
considerations were also discussed.

Demo Paper 3 (Tool for the Automatic Extraction of OCELs from SAP ERP)

Julian Weber, Gyunam Park, Majid Rafiei, and Wil M. P. van der Aalst. Interactive process identification
and selection from SAP ERP (extended abstract). In Marwan Hassani, Agnes Koschmider, Marco
Comuzzi, Fabrizio Maria Maggi, and Luise Pufahl, editors, Proceedings of the ICPM Doctoral Consortium
and Demo Track 2022 co-located with 4th International Conference on Process Mining (ICPM 2022),
Bolzano, Italy, October, 2022, volume 3299 of CEUR Workshop Proceedings, pages 61-64. CEUR-
WS.org, 2022. [134]

The paper introduced a tool for the semi-automated extraction of OCELs from the SAP ECC ERP
system. It is referenced in Chapter 5.

Demo Paper 4 (OCEL 2.0 Standard)

Istvan Koren, Jan Niklas Adams, Alessandro Berti, and Wil M. P. van der Aalst. OCEL 2.0 resources -
www.ocel-standard.org. In Jan Martijn E. M. van der Werf, Cristina Cabanillas, Francesco Leotta, and
Laura Genga, editors, Doctoral Consortium and Demo Track 2023 at the International Conference on
Process Mining 2023 co-located with the 5th International Conference on Process Mining (ICPM 2023),
Rome, Italy, October 27, 2023, volume 3648 of CEUR Workshop Proceedings. CEUR-WS.org, 2023. [67]

The paper introduces the OCEL 2.0 standard for the storage of object-centric event logs. It is
referenced in Chapter 3 and Chapter 5.
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Pre-Prints
Pre-Print 1 (Literature Review OCPM)

Alessandro Berti, Marco Montali, and Wil M. P. van der Aalst. Advancements and challenges in object-
centric process mining: A systematic literature review. CoRR, abs/2311.08795, 2023. [17]

The paper introduces a systematic literature review on the topic of object-centric process mining. It
is referenced in Chapter 4.
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