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Development of 
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Connecting data and process science

process 
mining

process 
science

data 
science

process discovery

conformance checking

operations research

workflow management

statistics

operations management
machine learning

artificial intelligence

data mining

business intelligence

supervised learning

unsupervised learning

concurrency theory

simulation

industrial engineering

planning and control

process modeling

business process management

data  management

data warehousing

Traditionally, not 

process-centric and 

a focus on specific 

tasks or decisions.

Traditionally, not 

data-driven and a 

focus on modeling 

(languages) and 

automation.
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Timeline of Process Mining
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Process mining 
handbook 

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

First PM market 
guide by Gartner 

ICPM 2019: First 
PM conference 

Alignment-based 
conformance checking

ProM 1.1

start of process mining 
reserach at TU/ e
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Alpha mining 
algorithm

Heuristic mining 
algorithm

Token-based 
conformance checking

Decision 
mining

Organization 
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EMiT

Futura PI

IEEE Task Force on 
Process Mining

Fluxicon Celonis
Coursera process 

mining MOOC

"Process Mining: Data 
Science in Action" book 

Celonis becomes 
a Unicorn 
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ProM 6

Decomposed 
process mining
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(ICPM,PMSS, etc.)
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discover

align
replay
enrich

apply

compare

information 

systems

extract

process 
models

explore select
filter
clean

conformance
performance 
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predictions
improvements

transform

actshow
model
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show
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ML

+ +
event 

data
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PM basics
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Starting point: Event data

event

71,043 events

12,666 cases

7 activities

Case ID Activity Resource Timestamp product prod-price quantity address

Χ Χ Χ. Χ Χ. Χ Χ Χ

6350 place order Aiden 2018/02/13 14:29:45.000 APPLE iPhone 6 16 GB софΣлл ϵ5 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 софΣлл ϵ3 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 онфΣлл ϵ1 NL-9521GC-32

6218 confirm payment Emily 2018/02/13 15:08:11.000 APPLE iPhone 6s Plus 64 GB фсфΣлл ϵ2 NL-7948BX-10

6245 make delivery Michael 2018/02/13 15:14:04.000 APPLE iPhone 6 16 GB софΣлл ϵ3 NL-7905AX-38

6272 pay Emily 2018/02/13 15:20:36.000 APPLE iPhone 6 16 GB софΣлл ϵ1 NL-7821AC-3

6269 pay Charlotte 2018/02/13 15:25:21.000 SAMSUNG Galaxy S4 онфΣлл ϵ1 NL-7907EJ-42

6212 prepare delivery Sophia 2018/02/13 15:43:39.000 HUAWEI P8 Lite нопΣлл ϵ1 NL-7905AX-38

6323 send invoice Alexander 2018/02/13 15:46:08.000 APPLE iPhone 6 16 GB софΣлл ϵ1 NL-7833HT-15

6246 confirm payment Jack 2018/02/13 15:56:03.000 SAMSUNG Galaxy S4 онфΣлл ϵ3 NL-7833HT-15

6347 send invoice Jack 2018/02/13 15:57:42.000 SAMSUNG Galaxy S4 онфΣлл ϵ3 NL-7905AX-38

6351 place order Zoe 2018/02/13 16:17:37.000 APPLE iPhone 5s 16 GB ппфΣлл ϵ3 NL-9521GC-32

6204 prepare delivery Sophia 2018/02/13 16:31:28.000 SAMSUNG Core Prime G361 морΣлл ϵ1 NL-7828AM-11a

6204 make delivery Kaylee 2018/02/13 16:51:54.000 SAMSUNG Core Prime G361 морΣлл ϵ1 NL-7828AM-11a

6265 confirm payment Lily 2018/02/13 16:55:55.000 SAMSUNG Galaxy S4 онфΣлл ϵ4 NL-9521GC-32

6250 confirm payment Jack 2018/02/13 17:03:26.000 MOTOROLA Moto G мффΣлл ϵ4 NL-7942GT-2

6328 send invoice Lily 2018/02/13 17:30:16.000 APPLE iPhone 6s 64 GB уруΣлл ϵ4 NL-9514BV-16

6352 place order Aiden 2018/02/13 17:53:22.000 APPLE iPhone 6 16 GB софΣлл ϵ2 NL-9514BV-16

6317 send invoice Jack 2018/02/13 18:45:30.000 APPLE iPhone 6s 64 GB уруΣлл ϵ5 NL-7907EJ-42

6353 place order Sophia 2018/02/13 20:16:20.000 APPLE iPhone 5s 16 GB ппфΣлл ϵ4 NL-7751AR-19

Χ Χ Χ. Χ Χ Χ Χ Χ
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Starting point: Event data
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Letôs 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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Letôs look at orders 6350, 6351, and 6352
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Letôs 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!
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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

predictions
improvements

transform

actshow
model

adapt

show
interpret

drill down

ML

+ +
event 

data

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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To start: Letôs keep it simple!

ÅFor now we focus on control-flow and discovery and (a bit of) 

conformance checking.

ÅLater other perspectives and types will follow!

ÅWe 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 

Ÿ(bi , cb, (᷈ac, at, as), bo, ep, ck)

Four types of operators: Ÿ (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

Å A one-to-one correspondence between activities and nodes (except for start and end).

Å One can think of the ñstateò as the last activity executed, i.e., just one token.



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

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



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

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 

calledŰtransition)

silent activity (also 

calledŰtransition)

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

asŰ am

Ű 

Same differences.

Four types of operators: 

Å Ÿ (sequential composition), 

Å × (exclusive choice), 

Å (᷈parallel composition), and

Å (redo loop).
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Semantics

cb bobi

ep

ck

ac

at

asŰ am

Ű 

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 Ṗ
The DFG also allows for:

ÅNot adding cheese.

ÅNot adding tomato.

ÅAdding both salami and mushrooms.

ÅAdding 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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Event Data
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Two basic representations 
Normal event log and simplified event log

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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Formalization: Normal event log

events have case, activity, time, 

and possibly other attributes 
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Formalization: Simple event log

bi cb ac at as bo ep ck

bi cb at ac as bo ep ck

bi cb as at ac bo ep ck

ÅMultiset: the same trace may appear any number of times!

Å See Definition 4 for the conversion of normal event logs to simple event logs.
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XES (eXtensible Event Stream)

ÅOfficial IEEE standard since 2016 

(development started in 2010).

ÅSupported by 15+ tools (e.g., ProM)

ÅCompared to normal event logs:
ī Case attributes

ī Lifecycle information (start, complete, etc.)

ī Classifiers

ī Resources, roles, and groups

ī Costs

ī Etc.
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Not enough: Object-Centric Event Data

ÅEvents may involve multiple

objects of different types.

ÅThis lecture: 1 room, 1 

lecturer, 1 summer school, 

130 participants, 150 chairs, 

10 tweets (#pmschool22), etc.

ÅOne can always flatten into a 

normal event log (see Definition 5, Chapter 1)
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More examples

ÅPlace order: 1 order, 5 items, 1 customer, 1 payment.

ÅDeliver package: 1 package, 2 orders, 4 items, 1 

customer.

ÅPhD defense: 1 candidate, 4 professors, 1 thesis.

ÅCheck-in: 1 passenger, 2 suitcases, 1 flight, 1 

employee.

ÅEtc.

This is the normal situation!
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Pushing an elephant through a keyhole

80% of time is spent on data 

extraction and transformation é

é to create a single 

viewpoint


