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About this introduction lecture

deviation

decision

bottleneck

• Why is production delayed?

• Which orders are deviating?

• What is causing the bottleneck?

• Why was rework needed?

• When will this product be delivered?

• Will we meet our targets tomorrow?

What is process mining and 
why is it relevant?

 Development of the field
 Overview of process mining 

tasks and tools
 Core concepts: event data 

and process model
 Tools: ProM & Celonis
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Motivation
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176 BPMN models (available for all via intranet.rwth-aachen.de)
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Striking observation: I did not find a 
single non-sequential process, i.e., 
no AND or OR gateways or any of 
the more advanced concepts (only 
a tiny subset of the > 150 symbols 
are used). 

176 BPMN models (available for all via intranet.rwth-aachen.de)
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One payment coffee break summer school €995

16 persons from RWTH involved (on average 3 interactions per person, 6 weeks duration)

xSuite = invoice processing 
software for SAP

Example case
(deliberately made unreadable)
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a) 3
b) 5
c) 2
d) 2
e) 4
f) 6
g) 2
h) 3
i) 2
j) 4

k) 2
l) 2
m) 3
n) 4
o) 5
p) 2

16 persons from RWTH involved (on average 3 interactions per person, 6 weeks duration)

One payment coffee break summer school €995
Example case
(deliberately made unreadable)



© Wil van der Aalst (use only with permission & acknowledgements) 



© Wil van der Aalst (use only with permission & acknowledgements) 

Intra- and inter-object concurrency
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Key Material (see also the end of this lecture)

• First two chapters of the Process Mining 
Handbook (2022)
https://doi.org/10.1007/978-3-031-08848-3

− Process Mining: A 360 Degree Overview
− Foundations of Process Discovery

• The “Process Mining Bible” - Process Mining: 
Data Science in Action, Springer 2016 
https://doi.org/10.1007/978-3-662-49851-4

• Object-Centric Process Mining: Unraveling the 
Fabric of Real Processes, Mathematics 2023 
https://doi.org/10.3390/math11122691
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Development of 
the field



© Wil van der Aalst (use only with permission & acknowledgements) 

Timeline of Process Mining

Time 
prediction

First process 
mining book

ProM 6Process Design by 
Discovery project ProM 5.2Futura PI

Alignment-based 
conformance checkingProM 1.1Heuristic mining 

algorithm
Organization 

mining

Decision 
mining

Fuzzy 
mining

Alpha mining 
algorithm

EMiT
tool

IEEE Task Force 
on Process Mining

PM 
Manifesto

Start of process mining 
research at TU/e

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Token-based 
conformance checking

XES 
standard

PM-driven 
simulation Celonis
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Timeline of Process Mining

Object-Centric 
Process Mining

PI = OCPM+AI

First Celosphere 
2019 

Gartner PM 
Magic Quadrant 

"Process Mining in 
Healthcare" book 

PADS @ 
RWTH

40+ process mining  tools and 
acquisitions by IBM, SAP, MS, etc.

Inductive process 
mining

First PM market 
guide by Gartner OCEL 2.0 

Process mining 
handbook 

First ICPM 
conference 2019 

"Process Mining: Data 
Science in Action" book 

Decomposed 
process mining

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Coursera process 
mining MOOC

Celonis becomes 
a Unicorn 

First process mining 
summer school 

2024 2025

Process 
copilots

2026
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Timeline of Process Mining

Towards a PM discipline

Scaling PM in 
industry and 
academia 

Time 
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A mature market with round 50 
process mining vendors

2026 Gartner Magic Quadrant for Process Intelligence Platforms
2025 Everest PEAK Matrix for Process Mining Platforms
2025 Forrester Wave for Process Intelligence Software
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Process mining is used in all domains
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Some of the Celonis customers

© Celonis

Thousands of large organizations are using Celonis (approx. 50% of Fortune 500) and 
in some of these there are thousands of active users (e.g., Siemens, BMW, etc.)
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discover

align
replay
enrich

apply
compare

information 
systems

extract

process 
models

explore select
filter
clean

conformance
performance 
diagnostics

predictions
improvements

transform

actshow
model
adapt

show
interpret

drill down

ML

+ +
event 
data
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PM basics



© Wil van der Aalst (use only with permission & acknowledgements) 

Starting point: Event data

event

71,043 events
12,666 cases

7 activities

Case ID Activity Resource Timestamp product prod-price quantity address
… … …. … …. … … …

6350 place order Aiden 2018/02/13 14:29:45.000 APPLE iPhone 6 16 GB 639,00 € 5 NL-7751DG-21
6283 pay Lily 2018/02/13 14:39:25.000 SAMSUNG Galaxy S6 32 GB 543.99 3 NL-7828AM-11a
6253 prepare delivery Sophia 2018/02/13 15:01:33.000 APPLE iPhone 6 16 GB 639,00 € 3 NL-7887AC-13
6257 prepare delivery Aiden 2018/02/13 15:03:43.000 SAMSUNG Galaxy S6 32 GB 543.99 1 NL-9521KJ-34
6185 confirm payment Emily 2018/02/13 15:05:36.000 SAMSUNG Galaxy S4 329,00 € 1 NL-9521GC-32
6218 confirm payment Emily 2018/02/13 15:08:11.000 APPLE iPhone 6s Plus 64 GB 969,00 € 2 NL-7948BX-10
6245 make delivery Michael 2018/02/13 15:14:04.000 APPLE iPhone 6 16 GB 639,00 € 3 NL-7905AX-38
6272 pay Emily 2018/02/13 15:20:36.000 APPLE iPhone 6 16 GB 639,00 € 1 NL-7821AC-3
6269 pay Charlotte 2018/02/13 15:25:21.000 SAMSUNG Galaxy S4 329,00 € 1 NL-7907EJ-42
6212 prepare delivery Sophia 2018/02/13 15:43:39.000 HUAWEI P8 Lite 234,00 € 1 NL-7905AX-38
6323 send invoice Alexander 2018/02/13 15:46:08.000 APPLE iPhone 6 16 GB 639,00 € 1 NL-7833HT-15
6246 confirm payment Jack 2018/02/13 15:56:03.000 SAMSUNG Galaxy S4 329,00 € 3 NL-7833HT-15
6347 send invoice Jack 2018/02/13 15:57:42.000 SAMSUNG Galaxy S4 329,00 € 3 NL-7905AX-38
6351 place order Zoe 2018/02/13 16:17:37.000 APPLE iPhone 5s 16 GB 449,00 € 3 NL-9521GC-32
6204 prepare delivery Sophia 2018/02/13 16:31:28.000 SAMSUNG Core Prime G361 135,00 € 1 NL-7828AM-11a
6204 make delivery Kaylee 2018/02/13 16:51:54.000 SAMSUNG Core Prime G361 135,00 € 1 NL-7828AM-11a
6265 confirm payment Lily 2018/02/13 16:55:55.000 SAMSUNG Galaxy S4 329,00 € 4 NL-9521GC-32
6250 confirm payment Jack 2018/02/13 17:03:26.000 MOTOROLA Moto G 199,00 € 4 NL-7942GT-2
6328 send invoice Lily 2018/02/13 17:30:16.000 APPLE iPhone 6s 64 GB 858,00 € 4 NL-9514BV-16
6352 place order Aiden 2018/02/13 17:53:22.000 APPLE iPhone 6 16 GB 639,00 € 2 NL-9514BV-16
6317 send invoice Jack 2018/02/13 18:45:30.000 APPLE iPhone 6s 64 GB 858,00 € 5 NL-7907EJ-42
6353 place order Sophia 2018/02/13 20:16:20.000 APPLE iPhone 5s 16 GB 449,00 € 4 NL-7751AR-19

… … …. … … … … …



© Wil van der Aalst (use only with permission & acknowledgements) 

Starting point: Event data
Case ID Activity Resource Timestamp product prod-price quantity address

… … …. … …. … … …
6350 place order Aiden 2018/02/13 14:29:45.000 APPLE iPhone 6 16 GB 639,00 € 5 NL-7751DG-21
6283 pay Lily 2018/02/13 14:39:25.000 SAMSUNG Galaxy S6 32 GB 543.99 3 NL-7828AM-11a
6253 prepare delivery Sophia 2018/02/13 15:01:33.000 APPLE iPhone 6 16 GB 639,00 € 3 NL-7887AC-13
6257 prepare delivery Aiden 2018/02/13 15:03:43.000 SAMSUNG Galaxy S6 32 GB 543.99 1 NL-9521KJ-34
6185 confirm payment Emily 2018/02/13 15:05:36.000 SAMSUNG Galaxy S4 329,00 € 1 NL-9521GC-32
6218 confirm payment Emily 2018/02/13 15:08:11.000 APPLE iPhone 6s Plus 64 GB 969,00 € 2 NL-7948BX-10
6245 make delivery Michael 2018/02/13 15:14:04.000 APPLE iPhone 6 16 GB 639,00 € 3 NL-7905AX-38
6272 pay Emily 2018/02/13 15:20:36.000 APPLE iPhone 6 16 GB 639,00 € 1 NL-7821AC-3
6269 pay Charlotte 2018/02/13 15:25:21.000 SAMSUNG Galaxy S4 329,00 € 1 NL-7907EJ-42
6212 prepare delivery Sophia 2018/02/13 15:43:39.000 HUAWEI P8 Lite 234,00 € 1 NL-7905AX-38
6323 send invoice Alexander 2018/02/13 15:46:08.000 APPLE iPhone 6 16 GB 639,00 € 1 NL-7833HT-15
6246 confirm payment Jack 2018/02/13 15:56:03.000 SAMSUNG Galaxy S4 329,00 € 3 NL-7833HT-15
6347 send invoice Jack 2018/02/13 15:57:42.000 SAMSUNG Galaxy S4 329,00 € 3 NL-7905AX-38
6351 place order Zoe 2018/02/13 16:17:37.000 APPLE iPhone 5s 16 GB 449,00 € 3 NL-9521GC-32
6204 prepare delivery Sophia 2018/02/13 16:31:28.000 SAMSUNG Core Prime G361 135,00 € 1 NL-7828AM-11a
6204 make delivery Kaylee 2018/02/13 16:51:54.000 SAMSUNG Core Prime G361 135,00 € 1 NL-7828AM-11a
6265 confirm payment Lily 2018/02/13 16:55:55.000 SAMSUNG Galaxy S4 329,00 € 4 NL-9521GC-32
6250 confirm payment Jack 2018/02/13 17:03:26.000 MOTOROLA Moto G 199,00 € 4 NL-7942GT-2
6328 send invoice Lily 2018/02/13 17:30:16.000 APPLE iPhone 6s 64 GB 858,00 € 4 NL-9514BV-16
6352 place order Aiden 2018/02/13 17:53:22.000 APPLE iPhone 6 16 GB 639,00 € 2 NL-9514BV-16
6317 send invoice Jack 2018/02/13 18:45:30.000 APPLE iPhone 6s 64 GB 858,00 € 5 NL-7907EJ-42
6353 place order Sophia 2018/02/13 20:16:20.000 APPLE iPhone 5s 16 GB 449,00 € 4 NL-7751AR-19

… … …. … … … … …

event = 
case + 
activity + 
timestamp +
…
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Let’s look at orders 6350, 6351, and 6352
Case ID Activity Timestamp

6350 place order 2018/02/13 14:29:45.000
6351 place order 2018/02/13 16:17:37.000
6352 place order 2018/02/13 17:53:22.000
6352 send invoice 2018/02/19 09:20:28.000
6351 send invoice 2018/02/19 16:08:07.000
6350 send invoice 2018/02/21 09:38:16.000
6350 pay 2018/03/02 12:39:37.000
6352 pay 2018/03/05 15:46:47.000
6351 cancel order 2018/03/06 10:17:01.000
6350 prepare delivery 2018/03/07 13:50:35.000
6350 make delivery 2018/03/07 16:41:01.000
6350 confirm payment 2018/03/07 16:53:00.000
6352 prepare delivery 2018/03/07 17:05:59.000
6352 confirm payment 2018/03/07 17:59:55.000
6352 make delivery 2018/03/08 09:54:36.000
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Let’s look at orders 6350, 6351, and 6352
Case ID Activity Timestamp

6350 place order 2018/02/13 14:29:45.000
6351 place order 2018/02/13 16:17:37.000
6352 place order 2018/02/13 17:53:22.000
6352 send invoice 2018/02/19 09:20:28.000
6351 send invoice 2018/02/19 16:08:07.000
6350 send invoice 2018/02/21 09:38:16.000
6350 pay 2018/03/02 12:39:37.000
6352 pay 2018/03/05 15:46:47.000
6351 cancel order 2018/03/06 10:17:01.000
6350 prepare delivery 2018/03/07 13:50:35.000
6350 make delivery 2018/03/07 16:41:01.000
6350 confirm payment 2018/03/07 16:53:00.000
6352 prepare delivery 2018/03/07 17:05:59.000
6352 confirm payment 2018/03/07 17:59:55.000
6352 make delivery 2018/03/08 09:54:36.000

place 
order

send 
invoice pay prepare 

delivery
make 

delivery
confirm 
payment

Order 6350
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Let’s look at orders 6350, 6351, and 6352
Case ID Activity Timestamp

6350 place order 2018/02/13 14:29:45.000
6351 place order 2018/02/13 16:17:37.000
6352 place order 2018/02/13 17:53:22.000
6352 send invoice 2018/02/19 09:20:28.000
6351 send invoice 2018/02/19 16:08:07.000
6350 send invoice 2018/02/21 09:38:16.000
6350 pay 2018/03/02 12:39:37.000
6352 pay 2018/03/05 15:46:47.000
6351 cancel order 2018/03/06 10:17:01.000
6350 prepare delivery 2018/03/07 13:50:35.000
6350 make delivery 2018/03/07 16:41:01.000
6350 confirm payment 2018/03/07 16:53:00.000
6352 prepare delivery 2018/03/07 17:05:59.000
6352 confirm payment 2018/03/07 17:59:55.000
6352 make delivery 2018/03/08 09:54:36.000

place 
order

send 
invoice pay prepare 

delivery
make 

delivery
confirm 
payment

Order 6350

place 
order

send 
invoice

cancel 
order

Order 6351
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Let’s look at orders 6350, 6351, and 6352
Case ID Activity Timestamp

6350 place order 2018/02/13 14:29:45.000
6351 place order 2018/02/13 16:17:37.000
6352 place order 2018/02/13 17:53:22.000
6352 send invoice 2018/02/19 09:20:28.000
6351 send invoice 2018/02/19 16:08:07.000
6350 send invoice 2018/02/21 09:38:16.000
6350 pay 2018/03/02 12:39:37.000
6352 pay 2018/03/05 15:46:47.000
6351 cancel order 2018/03/06 10:17:01.000
6350 prepare delivery 2018/03/07 13:50:35.000
6350 make delivery 2018/03/07 16:41:01.000
6350 confirm payment 2018/03/07 16:53:00.000
6352 prepare delivery 2018/03/07 17:05:59.000
6352 confirm payment 2018/03/07 17:59:55.000
6352 make delivery 2018/03/08 09:54:36.000

place 
order

send 
invoice pay prepare 

delivery
make 

delivery
confirm 
payment

Order 6350

place 
order

send 
invoice

cancel 
order

Order 6351

place 
order

send 
invoice pay prepare 

delivery
confirm 
payment

make 
delivery

Order 6352
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Let’s look at orders 6350, 6351, and 6352
Case ID Activity Timestamp

6350 place order 2018/02/13 14:29:45.000
6351 place order 2018/02/13 16:17:37.000
6352 place order 2018/02/13 17:53:22.000
6352 send invoice 2018/02/19 09:20:28.000
6351 send invoice 2018/02/19 16:08:07.000
6350 send invoice 2018/02/21 09:38:16.000
6350 pay 2018/03/02 12:39:37.000
6352 pay 2018/03/05 15:46:47.000
6351 cancel order 2018/03/06 10:17:01.000
6350 prepare delivery 2018/03/07 13:50:35.000
6350 make delivery 2018/03/07 16:41:01.000
6350 confirm payment 2018/03/07 16:53:00.000
6352 prepare delivery 2018/03/07 17:05:59.000
6352 confirm payment 2018/03/07 17:59:55.000
6352 make delivery 2018/03/08 09:54:36.000

place 
order

send 
invoice pay prepare 

delivery
make 

delivery
confirm 
payment

Order 6350

place 
order

send 
invoice

cancel 
order

Order 6351

place 
order

send 
invoice pay prepare 

delivery
confirm 
payment

make 
delivery

Order 6352
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Let’s look at the whole event log again

place 
order

send 
invoice pay prepare 

delivery
make 

delivery
confirm 
payment8016 x

place 
order

send 
invoice

cancel 
order1651 x

place 
order

send 
invoice pay prepare 

delivery
confirm 
payment

make 
delivery2962 x

71,043 events
12,666 cases

7 activities

place 
order pay send 

invoice
prepare 
delivery

make 
delivery

confirm 
payment

place 
order pay send 

invoice
prepare 
delivery

confirm 
payment

make 
delivery

30 x

7 x
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Using the whole event log

No 
modeling
needed!



© Wil van der Aalst (use only with permission & acknowledgements) 

Performance and Compliance

What happens?

Where are the bottlenecks?

Where do we deviate from the happy path?
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Reality is not so simple
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Reality is not so simple

It is common to find thousands of 
different variants for simple core 

processes like P2P and O2C! 

Caused by hand-offs, rework, duplication, 
ineffective communication, etc.
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Process mining helps organizations to address 
compliance and performance problems

Reveal performance and conformance 
issues and suggest actions.
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Six types of 
process mining
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discover

align
replay
enrich

apply
compare

information 
systems

extract

process 
models

explore select
filter
clean

conformance
performance 
diagnostics

transform

actshow
interpret

drill down

ML

 

6: Action-Oriented 
Process Mining

5: Predictive Process 
Mining

3: Performance 
Analysis

2: Conformance 
Checking

1: Process
Discovery

4: Comparative 
Process Mining

Six types of process mining
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Two levels of 
process mining
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Object-Centric Event Data

event type 
(activity)

1

*

event 
attribute

event 
attribute

value
event 

object
type

object

object 
attribute

object 
attribute

value

time

1

*

1

*

1

*
*1

1

*

*1

** *

has type has name has namehas type

has timestamp

has objects

for event for object

qualifier qualifier

related
from to* *

1 * *1
has attrib. has attrib.
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Case-Centric Versus Object-Centric

event type 
(activity)

1

*

event 
attribute

event 
attribute

value
event 

object
type

object

object 
attribute

object 
attribute

value

time

1

*

1

*

1

*
*1

1

*

*1

** *

has type has name has namehas type

has timestamp

has objects

for event for object

qualifier qualifier

related
from to* *

1 * *1
has attrib. has attrib.

event type 
(activity)

1

*

event 
attribute

event 
attribute

value
event case

case 
attribute

case 
attribute

value

time

1

*

1

*
*1

1

*

*1

*

has type has name has name

has timestamp

has case

for event for case

1 *
has attrib.

1

Case-CentricObject-Centric

Just one 
object type 
called case

No O2O 
relationsNo arbitrary E2O relations 
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Case-Centric

event type 
(activity)

1

*

event 
attribute

event 
attribute

value
event case

case 
attribute

case 
attribute

value

time

1

*

1

*
*1

1

*

*1

*

has type has name has name

has timestamp

has case

for event for case

1 *
has attrib.

1



© Wil van der Aalst (use only with permission & acknowledgements) 

Removing event and case attributes

event type 
(activity)

1

*
event case

time
1

* *

has type

has timestamp

has case

1

Case ID Activity Timestamp
6350 place order 2018/02/13 14:29:45.000
6351 place order 2018/02/13 16:17:37.000
6352 place order 2018/02/13 17:53:22.000
6352 send invoice 2018/02/19 09:20:28.000
6351 send invoice 2018/02/19 16:08:07.000
6350 send invoice 2018/02/21 09:38:16.000
6350 pay 2018/03/02 12:39:37.000
6352 pay 2018/03/05 15:46:47.000
6351 cancel order 2018/03/06 10:17:01.000
6350 prepare delivery 2018/03/07 13:50:35.000
6350 make delivery 2018/03/07 16:41:01.000
6350 confirm payment 2018/03/07 16:53:00.000
6352 prepare delivery 2018/03/07 17:05:59.000
6352 confirm payment 2018/03/07 17:59:55.000
6352 make delivery 2018/03/08 09:54:36.000
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To start: Let’s keep it as simple as possible!
• For now we focus on control-flow and discovery and (a bit of) 

conformance checking.
• Later other perspectives and types will follow!
• We start with introducing process models and event logs.
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Process Models
(control-flow only)
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Running example
(yes, process mining is related to Italian food)
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A BPMN model

buy 
ingredients 

(bi)start

create base 
(cb)

add tomato
(at)

bake in oven 
(bo)

eat pizza
(ep)

add salami
(as)

clean kitchen 
(ck)

end

add cheese
(ac)

How many possible executions?

a

start 
event

end
event

activity

parallel
(AND) 

gateway

exclusive 
choice (XOR) 

gateway
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Same process now as a Petri net

bi cb

ac

at

as

bo ep ck

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato (at), 
add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

place

a

arc

token

transition 
(often representing an activity)
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One execution of the Petri net (1/9)

bi cb

ac

at

as

bo ep ck

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck
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One execution of the Petri net (2/9)

bi cb

ac

at

as

bo ep ck

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck
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One execution of the Petri net (3/9)

bi cb

ac

at

as

bo ep ck

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck
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One execution of the Petri net (4/9)

bi cb

ac

at

as

bo ep ck

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck
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One execution of the Petri net (5/9)

bi cb

ac

at

as

bo ep ck

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck
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One execution of the Petri net (6/9)

bi cb

ac

at

as

bo ep ck

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck
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One execution of the Petri net (7/9)

bi cb

ac

at

as

bo ep ck

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck
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One execution of the Petri net (8/9)

bi cb

ac

at

as

bo ep ck

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck
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One execution of the Petri net (9/9)

bi cb

ac

at

as

bo ep ck

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck
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An accepting Petri net has an initial and 
final marking

bi cb

ac

at

as

bo ep ck
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An accepting Petri net defines a set of 
traces

bi cb

ac

at

as

bo ep ck

bi cb at as ac bo ep ck

bi cb ac at as bo ep ck

3! = 3x2x1 = 6 possible traces
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A process tree

cb bobi ep ck

ac at as

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

root node

parallel 

→(bi , cb,∧(ac, at, as), bo, ep, ck)

Four types of operators: → (sequential composition), × (exclusive 
choice), ∧ (parallel composition), and ⟲ (redo loop).

sequence 

activity 
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The semantics of a process tree

cb bobi ep ck

ac at as

bi cb

ac

at

as

bo ep ck

Direct or in terms of 
accepting Petri nets.
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Directly-Follows Graph (DFG)

bi atcb

ac

as

bo ep ck

• A one-to-one correspondence between activities and nodes (except for start and end).
• One can think of the “state” as the last activity executed, i.e., just one token.
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One execution of the DFG (1/9)

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck

bi atcb

ac

as

bo ep ck
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One execution of the DFG (2/9)

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck

bi atcb

ac

as

bo ep ck
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One execution of the DFG (3/9)

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck

bi atcb

ac

as

bo ep ck
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One execution of the DFG (4/9)

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck

bi atcb

ac

as

bo ep ck
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One execution of the DFG(5/9)

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck

bi atcb

ac

as

bo ep ck
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One execution of the DFG (6/9)

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck

bi atcb

ac

as

bo ep ck
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One execution of the DFG (7/9)

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck

bi atcb

ac

as

bo ep ck
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One execution of the DFG (8/9)

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck

bi atcb

ac

as

bo ep ck
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One execution of the DFG (9/9)

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck

bi atcb

ac

as

bo ep ck
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One complete execution of the DFG

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato 
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

bi cb at as ac bo ep ck

bi atcb

ac

as

bo ep ck
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The DFG allows for many more traces

bi cb at bo ep ck

bi atcb

ac

as

bo ep ck

bi cb at as at as at bo ep ck

Infinitely many possible traces!
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Extended process Differences: (1) choice between salami and 
mushrooms, (2) cheese can be added multiple 
times, and (3) one can skip eating the pizza.
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Alternative BPMN model

buy 
ingredients 

(bi)start

create base 
(cb)

add tomato
(at)

bake in oven 
(bo)

eat pizza
(ep)

add salami
(as)

clean kitchen 
(ck)

end

add cheese
(ac)

add 
mushrooms

(am)

Differences: (1) choice between salami and mushrooms, (2) cheese can be 
added multiple times, and (3) one can skip eating the pizza.

AND 
split

AND 
join

XOR 
join

XOR 
join

XOR 
split

XOR 
split

XOR 
join

XOR 
split

a

start 
event

end
event

activity

parallel
(AND) 

gateway

exclusive 
choice (XOR) 

gateway
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Alternative BPMN model

buy 
ingredients 

(bi)start

create base 
(cb)

add tomato
(at)

bake in oven 
(bo)

eat pizza
(ep)

add salami
(as)

clean kitchen 
(ck)

end

add cheese
(ac)

add 
mushrooms

(am)

Differences: (1) choice between salami and mushrooms, (2) cheese can be 
added multiple times, and (3) one can skip eating the pizza.

AND 
split

AND 
join

XOR 
join

XOR 
join

XOR 
split

XOR 
split

XOR 
join

XOR 
split

(1)

(2)
(3)
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How many traces?

buy 
ingredients 

(bi)start

create base 
(cb)

add tomato
(at)

bake in oven 
(bo)

eat pizza
(ep)

add salami
(as)

clean kitchen 
(ck)

end

add cheese
(ac)

add 
mushrooms

(am)

AND 
split

AND 
join

XOR 
join

XOR 
join

XOR 
split

XOR 
split
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Corresponding Petri net

bi cb

ac

at

as

bo ep ck

am

silent activity (also 
called τ transition)

silent activity (also 
called τ transition)

Same differences: (1) choice between salami and mushrooms, (2) cheese can be added 
multiple times, and (3) one can skip eating the pizza.
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Corresponding process tree

cb bobi

ep

ck

ac

at

asτ am

τ 

Same differences.

Four types of operators: 
• → (sequential composition), 
• × (exclusive choice), 
• ∧ (parallel composition), and
• ⟲ (redo loop).
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Semantics

cb bobi

ep

ck

ac

at

asτ am

τ 

bi cb

ac

at

as

bo ep ck

am
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The corresponding DFG

bi atcb

ac

as

bo ep ck

am

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato (at), add 
salami (as), add mushrooms (am), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).

The goal was to add a choice between 
salami and mushrooms, allow for 
cheese to be added multiple times, and 
to skip eating the pizza.

Like the previous DFG, also this DFG is 
underfitting and allowing for more 
traces than intended.
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What are differences in behavior?

bi atcb

ac

as

bo ep ck

am

bi cb

ac

at

as

bo ep ck

am
Same behavior as the process 
tree and BPMN model

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato (at), add 
salami (as), add mushrooms (am), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).
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What are differences in behavior?

bi atcb

ac

as

bo ep ck

am

bi cb

ac

at

as

bo ep ck

am ⊆
The DFG also allows for:
• Not adding cheese.
• Not adding tomato.
• Adding both salami and mushrooms.
• Adding tomato, salami, and mushrooms multiple times.

Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato (at), add 
salami (as), add mushrooms (am), bake in oven (bo), eat pizza (ep), and clean kitchen (ck).
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Four types of basic process models

BPMN: The industry 
standard (here we just use 
a subset)

Petri nets: The oldest 
model for concurrent 
processes and the de 
facto standard in process 
mining research

DFGs: Supported by all 
process mining tools (simple, 
but no concurrency)

Process trees: Frequently 
used in process mining 
because it is block structured 
and sound by construction 
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Simplified event data used in the remainder

bi cb ac at as bo ep ck

bi cb at ac as bo ep ck

bi cb as at ac bo ep ck

case: pizza-56

case: pizza-57

case: pizza-58

normal event log (events with case, 
activity, time, etc. attributes) 

simplified event log (cases are represented as 
sequences of activities, ignoring all other attributes) 
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Software
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Many process mining tools are available

www.processmining.org

50+ tools 

How often is the same analysis repeated?

Le
ve

l o
f e

xp
er

tis
e 

re
qu

ire
d

hourly daily weekly monthly rarely

Interaction through 
programming or scripting

Interaction through a 
generic user interface

Interaction through a 
customized user interface

Interaction through a 
conversational interface

Continuous 
(real-time)

Project-based 
(offline)

(1)

(2)

(3)
High

Low

Interaction through 
programming or scripting

Interaction through a generic 
user interface

Interaction through a 
customized user interface

Interaction through a 
conversational interface

Continuous (real-time)

Project-based (offline)

Data ingestion

Event data visualization

Event data querying and 
filtering

Process discovery

On premise

Private cloud

Multi-tenant cloud

Limited scale

Extended scale

Enterprise scale

Hyperscale
Case-centric

Object-centric

Process modeling

Conformance checking

Performance analysis

Comparative analysis

Decision mining

Resource and organizational 
mining

Simulation-based analysis

Dashboarding and process 
monitoring

Reporting and 
documentation

Conversational process 
mining

Action-oriented process 
mining

Transition systems / Markov 
models

Directly-Follows Graphs 
(DFGs)

Petri nets / workflow nets

Process trees

Business Process Modeling 
Notation (BPMN)
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Two example tools used to 
illustrate the concepts

open source
academic

local installation
single user

for data/process experts

closed source
commercial
cloud based

multiple users
also for non-experts

Many more tools, e.g.,
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Getting the software 
I assume you have watched the videos!

• ProM: download from www.promtools.org. Please 
install ProM 6.15 or ProM Lite 1.4. ProM requires 
Java 8. If you encounter issues, you may use the 
Docker setup described in the video

• Celonis: get access via: signup.celonis.com. See 
academy.celonis.com for additional resources:
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Example of an open-source tool: ProM

• For a long time, the de facto standard tool for 
process mining. Created to avoid reinventing the 
wheel in science.

• ProM 1.1, released in 2004, had 29 plug-ins.
• ProM 6.15 has over 1500 plug-ins.
• Different flavors: ProM, ProM Lite, Nightly Builds, 

RapidProM.
• GNU Public License (GPL) for core and Lesser GNU 

Public License (L-GPL)  for most of the plug-ins.
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Load, explore, select, 
and filter event data
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Load, explore, select, 
and filter event data
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Dozens of process 
discovery techniques
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Animation on top of 
discovered models
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Bottleneck analysis
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Conformance 
checking
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Conformance 
checking
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Including DFGs
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Including C-nets
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These were just 5 of 1500 plug-
ins, just try some more yourself. 

www.promtools.org
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Example of a commercial tool: Celonis

• Most successful commercial process mining tool.
• Celonis was founded in 2011 by Alex, Basti, and Martin.
• Characteristics:

− The first process mining tool aiming at non data-scientists (using 
dashboards, cloud, apps, adapters).

− Highly scalable (SaolaDB in-memory database).
− Process Query Language (PQL) is at the core.
− The first to support action-oriented process mining (Integromat/Make 

connects to 1000+ systems).
− Fully object-centric
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Example uses 
dynamic events

OCED: Three object types
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Data integration: from raw data 
files to a loaded data model 
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OC-DFG



© Wil van der Aalst (use only with permission & acknowledgements) 



© Wil van der Aalst (use only with permission & acknowledgements) 

OC-BPMN with 
100% recall/fitness
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OC-BPMN for 
the happy path
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Investigating a 
particular deviation
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Action-oriented 
process mining
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3000+ apps
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case activity time
1 take order 11/4/2025 14:21
1 create base 11/4/2025 14:32
1 add tomato 11/4/2025 14:34
1 add salami 11/4/2025 14:34
1 add cheese 11/4/2025 14:35
1 bake in oven 11/4/2025 14:36
1 eat pizza 11/4/2025 14:40
1 clean kitchen 11/4/2025 14:48
2 take order 11/4/2025 19:07
2 create base 11/4/2025 19:18
2 add tomato 11/4/2025 19:19
2 add mushrooms 11/4/2025 19:19
2 add cheese 11/4/2025 19:19

case activity time
1 take order 11/4/2025 14:21
1create base 11/4/2025 14:32
1add tomato 11/4/2025 14:34
1add salami 11/4/2025 14:34
1add cheese 11/4/2025 14:35
1bake in oven 11/4/2025 14:36
1eat pizza 11/4/2025 14:40
1clean kitchen 11/4/2025 14:48
2 take order 11/4/2025 19:07
2create base 11/4/2025 19:18
2add tomato 11/4/2025 19:19
2add mushrooms 11/4/2025 19:19
2add cheese 11/4/2025 19:19

Load a CSV (or XES)
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Generate a simple data model
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Load the data model and switch to Studio



© Wil van der Aalst (use only with permission & acknowledgements) 

Create a new space in Studio
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Drag and drop components
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A DFG



© Wil van der Aalst (use only with permission & acknowledgements) 

Select annotation 
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PAM uses the IM algorithm
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If all variants are 
selected, there will be 
100% conformance.
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Time analysis
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Select 
variants 
with 
salami 
and 
eaten
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Now frequent deviations
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Zoom in on problem that not 
all pizzas are eaten.
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A small selection of the components you can drag and drop in 
a view’s window to create your own “process apps”.
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Create any table using PQL
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Throughput times
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Video: Includes loading more realistic 
data sets

As mentioned before, make sure to install ProM, get access to Celonis, and to download the datasets 
https://www.vdaalst.com/courses/pmdata2026.zip. Watch the videos mentioned before: ProM 
https://www.youtube.com/watch?v=rmpWqyHGRm4  and Celonis 
https://www.youtube.com/watch?v=zd7amuEC028
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Also check out OCPQ

https://ocpq.aarkue.eu/



3% of the 
items are 
delivered 
too late



o1

o2

e1

e2

≤ 4 weeks

place order

package delivered

orders

items

O2O



7659 rows, one for each binding



236 rows, one for each binding corresponding to a violation



OC-Declare
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Summary and 
Outlook
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Next

discover

align
replay
enrich

apply
compare

information 
systems

extract

process 
models

explore select
filter
clean

conformance
performance 
diagnostics

transform

actshow
interpret

drill down

ML

 

3: Performance 
Analysis

2: Conformance 
Checking1: Process

Discovery
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Process models and event data provide the context to look at 
processes and apply machine learning algorithms

complex reality event data and process models machine learning 
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Generating “Machine Learning Problems” for “Process 
Problems”

decision

bottleneck

deviation

ML-ready data
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Can be used to answer any process-related problem! 
(if there is enough data)

• What is causing the bottleneck?
• Which orders are deviating?
• When will this product be delivered?
• Will we meet our SLA tomorrow?
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The real 
challenge
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Websites
• www.processmining.org
• www.process-mining-summer-school.org
• www.tf-pm.org
• www.promtools.org
• www.celonis.com/academic-signup
• xes-standard.org
• ocel-standard.org
• www.pads.rwth-aachen.de
• www.vdaalst.com
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Online courses
• Coursera course “Process 

Mining: Data science in Action”
Register via coursera.org/learn/process-mining (>175.000 
participants since 2015). 

• Celonis/RWTH course “Process 
Mining: From Theory to 
Execution” 
Register via www.celonis.com/wils-process-mining-class.

• edX course “A Hands-on 
Introduction to Process Mining”
Register via RWTHx: www.edx.org/school/rwthx.

• edX course “Object Centric 
Process Mining” 
Register via RWTHx: www.edx.org/school/rwthx.
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Books (not intended to be complete)
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