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Connecting data and process science

Traditionally, not
data-driven and a
focus on modeling
(languages) and
automation.

statistics
data warehousing

simulation

operations research

data mining
workflow management

artificial inteligence

unsupervised learning

data
science. mining | science

operations management

business process management

machine learning

conformance checking

. . industrial engineering
supervised leaming

Traditionally, not
process-centric and
a focus on specific
tasks or decisions.

process modeling

data management

business intelligence

planning and control E_ "
d°l
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Timeline of Process Mining

Emergence of a
new discipline
(ICPM,PMSS, etc.)
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Timeline of Process Mining

Growing number of
commercial tools

From ad'hOC first process
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Timeline of Process Mining

Adoption in industry
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information

systems
extract
process align conformance predictions
- models replay =+ performance apply + Improvements
’ b 7 diagnostics compare T R
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Starting point: Event data

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

Case ID Activity Resource Timestamp product prod-price guantity address
X X X. X X. X X X
6350 place order Aiden 2018/02/13 14:29:45.000 APPLE iPhone 6 16 GB coxnn €5 NL-7751DG21
6283 pay Lily 2018/02/13 14:39:25.0000 SAMSUNG Galaxy S6 32 GB  543.99 3 NL-7828AM1la
6253 | prepare delivery Sophia 2018/02/13 15:01:33.000 APPLE iPhone 6 16 GB codpnn €3 NL-7887AC13
6257 | prepare delivery Aiden 2018/02/13 15:03:43.0000 SAMSUNG Galaxy S6 32 GB  543.99 1 NL-9521KJB4
6185 [ confirm payment Emily 2018/02/13 15:05:36.000 SAMSUNG Galaxy S4 oOoHMZnp €1 NL-9521GE32
6218 | confirm payment Emily 2018/02/13 15:08:11.0000 APPLE iPhone 6s Plus 64 GB tdc dhb>np €2 NL-7948BX10
6245 make delivery Michael 2018/02/13 15:14:04.000 APPLE iPhone 6 16 GB codnpn €3 NL-7905AX38
6272 pay Emily 2018/02/13 15:20:36.000 APPLE iPhone 6 16 GB codpZnfn €l NL-7821AC3
6269 pay Charlotte 2018/02/13 15:25:21.000 SAMSUNG Galaxy S4 OHMZAN €l NL-7907EH2
6212 | prepare delivery Sophia 2018/02/13 15:43:39.000 HUAWEI P8 Lite HonmZxZnp €l NL-7905AX38
6323 send invoice Alexander 2018/02/13 15:46:08.000 APPLE iPhone 6 16 GB codznp €l NL-7833HTF15
6246 | confirm payment Jack 2018/02/13 15:56:03.000 SAMSUNG Galaxy S4 OHpPEInN €3 NL-7833HTF15
6347 send invoice Jack 2018/02/13 15:57:42.000 SAMSUNG Galaxy S4 OHPEInN €3 NL-7905AX38
6351 place order Zoe 2018/02/13 16:17:37.000 APPLE iPhone 5s 16 GB nndpZnp €3 NL-9521GE32
6204 | prepare delivery Sophia 2018/02/13 16:31:28.0000 SAMSUNG Core Prime G361 mMop>Zngn €1 NL-7828AM11la
6204 | make delivery Kaylee | 2018/02/13 16:51:54.000 SAMSUNG Core Prime G36L Mo p > n h €1l NL-7828AM11a 71,043 events
6265 | confirm payment Lily 2018/02/13 16:55:55.000 SAMSUNG Galaxy S4 OHDInNN €4 NL-9521GE32 12’666 cases
6250 | confirm payment Jack 2018/02/13 17:03:26.000 MOTOROLA Moto G MppZnp €4 NL-7942GT2 ...
6328 | send invoice Lily 2018/02/13 17:30:16.000]  APPLE iPhone 6s64GB| ypy>nh €4 NL-9514BV16 [ activities
6352 place order Aiden 2018/02/13 17:53:22.000 APPLE iPhone 6 16 GB codp>nfp €2 NL-9514BV16
6317 send invoice Jack 2018/02/13 18:45:30.000 APPLE iPhone 6s 64 GB ypyznpnp €5 NL-7907EH2
6353 place order Sophia 2018/02/13 20:16:20.000 APPLE iPhone 5s 16 GB nnoZnpn €4 NL-7751AR19 >
X X X. X X X X X E'J @
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Starting point: Event data

Case ID Activity Timestamp
X X X
6350 place order 2018/02/13 14:29:45.000
6283 pay 2018/02/13 14:39:25.000 aeHele
6253 | prepare delivery 2018/02/13 15:01:33.000 eie:ﬂ:t —
6257 | prepare delivery 2018/02/13 15:03:43.000
6185 |confirm payment 2018/02/13 15:05:36.000
6218 | confirm payment 2018/02/13 15:08:11.000
6245 | make delivery 2018/02/13 15:14:04.000 %SE +
6272 pay 2018/02/13 15:20:36.000
6269 pay 2018/02/13 15:25:21.000
6212 | prepare delivery 2018/02/13 15:43:39.000 -
6323 | send invoice 2018/02/13 15:46:08.000 m
6246 |confirm payment 2018/02/13 15:56:03.000
6347 send invoice 2018/02/13 15:57:42.000
6351 place order 2018/02/13 16:17:37.000
6204 | prepare delivery 2018/02/13 16:31:28.000
6204 | make delivery 2018/02/13 16:51:54.000
6265 | confirm payment 2018/02/13 16:55:55.000
6250 |confirm payment 2018/02/13 17:03:26.000
6328 send invoice 2018/02/13 17:30:16.000
6352 place order 2018/02/13 17:53:22.000
6317 send invoice 2018/02/13 18:45:30.000
6353 place order 2018/02/13 20:16:20.000
X X X

© Wil van der Aalst (use only with permission & acknowledgements)
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Let O0sS

0 0 k

Case ID Activity Timestamp
6350 place order | 2018/02/13 14:29:45.00(
6351 place order | 2018/02/13 16:17:37.00(
6352 place order | 2018/02/13 17:53:22.00(
6352 send invoice | 2018/02/19 09:20:28.00(
6351 send invoice | 2018/02/19 16:08:07.00(
6350 send invoice | 2018/02/21 09:38:16.00(
6350 pay 2018/03/02 12:39:37.00(
6352 pay 2018/03/05 15:46:47.00(
6351 cancel order | 2018/03/06 10:17:01.00(
6350 |prepare delivery 2018/03/07 13:50:35.00(
6350 | make delivery| 2018/03/07 16:41:01.00(
6350 |confirm paymen| 2018/03/07 16:53:00.00(
6352 |prepare delivery 2018/03/07 17:05:59.00(
6352 [confirm paymen| 2018/03/07 17:59:55.00(
6352 | make delivery | 2018/03/08 09:54:36.00(
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Let O0sS 0

Case I[ Activity Timestamp
6350 place order |2018/02/13 14:29:45.00(
6351 place order | 2018/02/13 16:17:37.00(
6352 place order | 2018/02/13 17:53:22.00(
6352 send invoice | 2018/02/19 09:20:28.00(
6351 send invoice | 2018/02/19 16:08:07.00(
6350 send invoice |2018/02/21 09:38:16.00(
6350 pay 2018/03/02 12:39:37.00(
6352 pay 2018/03/05 15:46:47.00(
6351 cancel order | 2018/03/06 10:17:01.00(
6350 [ prepare delivery] 2018/03/07 13:50:35.00(
6350 | make delivery | 2018/03/07 16:41:01.00(
6350 |confirm payment 2018/03/07 16:53:00.00(
6352 | prepare delivery 2018/03/07 17:05:59.00(
6352 |confirm paymen{ 2018/03/07 17:59:55.00(
6352 | make delivery | 2018/03/08 09:54:36.00(

© Wil van der Aalst (use only with permission & acknowledgements)
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Let O0sS 0

Case ID Activity Timestamp
6350 place order | 2018/02/13 14:29:45.00(
6351 place order |2018/02/13 16:17:37.00(
6352 place order | 2018/02/13 17:53:22.00(
6352 send invoice | 2018/02/19 09:20:28.00(
6351 send invoice | 2018/02/19 16:08:07.00(
6350 send invoice | 2018/02/21 09:38:16.00(
6350 pay 2018/03/02 12:39:37.00(
6352 pay 2018/03/05 15:46:47.00(
6351 cancel order | 2018/03/06 10:17:01.00(
6350 [prepare delivery 2018/03/07 13:50:35.00(
6350 | make delivery| 2018/03/07 16:41:01.00(
6350 |confirm paymen 2018/03/07 16:53:00.00(
6352 |prepare delivery 2018/03/07 17:05:59.00(
6352 [confirm paymen| 2018/03/07 17:59:55.00(
6352 | make delivery | 2018/03/08 09:54:36.00(

© Wil van der Aalst (use only with permission & acknowledgements)
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Let O0sS 0

Case I[ Activity Timestamp
6350 place order | 2018/02/13 14:29:45.00(
6351 place order | 2018/02/13 16:17:37.00(
6352 place order |2018/02/13 17:53:22.00(
6352 | send invoice |2018/02/19 09:20:28.00(
6351 send invoice | 2018/02/19 16:08:07.00(
6350 send invoice | 2018/02/21 09:38:16.00(
6350 pay 2018/03/02 12:39:37.00(
6352 pay 2018/03/05 15:46:47.00(
6351 cancel order | 2018/03/06 10:17:01.00(
6350 | prepare delivery] 2018/03/07 13:50:35.00(
6350 | make delivery | 2018/03/07 16:41:01.00(
6350 |confirm paymen| 2018/03/07 16:53:00.00(
6352 | prepare delivery] 2018/03/07 17:05:59.00(
6352 [confirm payment 2018/03/07 17:59:55.00(
6352 | make delivery | 2018/03/08 09:54:36.00(

© Wil van der Aalst (use only with permission & acknowledgements)
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Let O0sS 0

Case I[ Activity Timestamp
6350 place order |2018/02/13 14:29:45.00(
6351 place order |2018/02/13 16:17:37.00(
6352 place order |2018/02/13 17:53:22.00(
6352 | send invoice |2018/02/19 09:20:28.00(
6351 send invoice |2018/02/19 16:08:07.00(
6350 send invoice |2018/02/21 09:38:16.00(
6350 pay 2018/03/02 12:39:37.00(
6352 pay 2018/03/05 15:46:47.00(
6351 cancel order | 2018/03/06 10:17:01.00(
6350 [ prepare delivery] 2018/03/07 13:50:35.00(
6350 | make delivery | 2018/03/07 16:41:01.00(
6350 |confirm payment 2018/03/07 16:53:00.00(
6352 | prepare delivery] 2018/03/07 17:05:59.00(
6352 [confirm payment 2018/03/07 17:59:55.00(
6352 | make delivery | 2018/03/08 09:54:36.00(
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Order 6351
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order invoice order
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71,043 events
12,666 cases
7 activities

place send prepare make confirm
8016 x invoice delivery delivery payment
place send cancel
1651 x invoice order
place send prepare confirm make
2962 X invoice delivery payment delivery
30 X place 7 send preparé make confirm
X order invoice delivery delivery payment
7 X place send prepare confirm make
order invoice delivery payment delivery

b ,. _r_’é Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements) hg b and Data Science




Using the whole event log

place send prepare make confirm

801 6 X payment
place send cancel

place send prepare confirm make

2962 x
30 place send prepare make confirm
X order invoice delivery delivery payment

7 place send prepare confirm make
X order invoice delivery payment delivery

make delivery

confirm payment

prepare delivery
5 11015

11015

send invoice
12666

place order
12666

cancel order 1651
1651

pay
11015

11015 - 11015

11015 11015 11015 11015 4,
12686 - 12666 666 12666 - a © - O 12666
12666 . 12666 12666 & 2666 B> 5 " 1651 5

12666 1651 cancel order 1651

3 2 7d 18:

11015 11015

cancel order

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

make delivery

prepare delivery

confirm payment
_ o oo ‘
o ® 11015

11015

send invoice

oo e
0 * 7606

Q av
DG 001 409

11015

What happens?

11015 - 11015
11015 11015 11015 11015 *,
12666 11015 - ° % - S 1015
12666 12666 s

12666
12666 12666 12666 45 5 5 5
O . ? @ 12666 1651 12666 O 1651 g‘anc'el 0fdg 1651 '

3 2

11015 11015

Where are the bottlenecks?

37
A’
pay 11015 sy 11015 11015 11015 confirm payment
—- Y A—— 11015 11015 - > 11015 11015
place order A ‘-T§629 126.2.9.. X

12666

1651

cancel order
1651

send invoice
12629

>

© Wil van der Aalst (use only with permission & acknowledgements) hg o
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Reality Is not so simple

Create Purc Irder Item

Create Purchase Order Item

254

Send Purchase Order (eMail)

Send Purchase Order (eOrder)

Print and Send Purchase Order (Paper)

1,034

Receive Order Confirmation

Record Ga

Vendor creates Invoice

Record Invoice Receipt

Record Goods Receipt

E:['fgfu

i “;.f' Chair of Process
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Reality Is not so simple

Sond Parchase Onder Upddase | 42

It IS common to fi}nd thousands of
different variants for simple core
processes like PZP and O2C!

Send Purchase Ordet (cOnbr)

Caused by hand-offs, rework, duplication,

Ineffective communication, etc.

e ‘




Process mining helps organizations to address
compliance and performance problems

2992 o o © @ o
600 0o o @ ©° © 0 o 358

4860 o0& 1868 Dun Order Confir®iation
o 00 © 18 02:42:02:333

755 ° ° 755
s e o 15
&) 5;1%) 16
o°°|32
o () Reveal performance and conformance

° Gmten) Issues and suggest actions.

m Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements) and Data Science
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Six types of process mining

information
systems

extract ‘

event

data 1: Process
Discovery 200 3: Performance

Analysis
explore select
filter show
clean

process
modeb

conformance
performance

2. Conformance : 4. Comparative
Checking & @ Process Mining

predictions
|mprovements

align

. act
Interpret

drill dog

6: Action-Oriented
Process Mining

e

transform

e 1o

“ | Chair of Process
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To start: Let 0s keep

A For now we focus on control-flow and discovery and (a bit of)
conformance checking.

A Later other perspectives and types will follow!
A We start with introducing process models and event logs.

T
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. Running example

(yes, process mining is related to Italian food)




A BPMN model

add cheese
(@9
buy ) . . .
ingredients create base add tomato bake in oven eat pizza clean kitchen
(bi) (cb) (af) (bo) (ep) (cK
start g end
)
add salami
(@s

start end
event event
[ a J activity
parallel exclusive
(AND) choice (XOR)
gateway gateway

Qv

i “ r’é Chair of Process
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How many possible executions?



Same process now as a Petri net

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).

O

bi

acC

s

O

cb

¢

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

at

S

as

bo

O

ep

O

ck

_,Q

Q place

a

—>» alcC

@ token

transition
(often representing an activily

P

o}

T “ r_'é Chair of Process
A g o and Data Science



One execution of the Petri net (1/9)

O

TO=
/\

/" /" /" /" /

:I..-__ y
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato Ef%

(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). L“f Chair of Process

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



One execution of the Petri net (2/9)

O
O |@) B+ )= et rrerrre

TOH=
/\

/" /" /" /" /

:I..-__ y
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato Ef%

(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). L“f Chair of Process

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



One execution of the Petri net (3/9)

Jos

ac

as

Q—»bi—»@—»cb

¢

p bi > cb 3

:I..-__ ,
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato ﬂ,’@‘.
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). {,E‘Jé

/" /" /" /" /

Chair of Process
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One execution of the Petri net (4/9)

O OO

/" /" /" /" /

:I..-__ y
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato Ef%

(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). L“f Chair of Process

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



One execution of the Petri net (5/9)

JJORT:

p bi ) cb > at ) as SN

:I..-__ ,
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato ﬂ,’@‘.
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). {,E‘Jé

Chair of Process
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One execution of the Petri net (6/9)

O

p bi > cb > at ) as ) ac DA

:I..-__ ,
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato ﬂ,’@‘.
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). {,E‘Jé

Chair of Process
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One execution of the Petri net (7/9)

O

p bi D cb > at ) as ) ac ) bo SN

:I..-__ ,
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato ﬂ,’@‘.
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). {,E‘Jé

Chair of Process

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



One execution of the Petri net (8/9)

O

p bi > cb > at > as ) ac ) bo ) ep S

:I..-__ ,
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato ﬂ,’@‘.
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). {,E‘Jé

Chair of Process
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One execution of the Petri net (9/9)

ac

as

:I..-__ ,
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato ﬂ,’@‘.
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). {,E‘Jé

Chair of Process
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An accepting Petri net has an initial and

final markinc

acC

at bo_>©—>ep_>©—>ck_,®

as

s

(@) bi | ()~ e

¢

f

i Process Mining
E| Handbook

Definition 14 (Accepting Petri Net). An accepting Petri net is a triplet AN = (N,
Minity M finar) where N = (P,T., F.l) is a labeled Petri net, M,;,;; € B(P) is the
initial marking, and Mg, € B(P) is the final marking. Uasn < Uy is the set of
accepting Petri nets.

Chair of Process

b [
© Wil van der Aalst (use only with permission & acknowledgements) A b é and Data Science



An accepting Petri net defines a set of

traces

OO

OO0

3! = 3x2x1 = 6 possible traces

Pil§D}
1 “;.f' é Chair of Process
S U and Data Science



A process tree

root node

# sequence Y ( bi (ac, ai,mS), bo, ep, Ck)

parallel

activity >\

Four types o fsequgnt@lrcampasition); x (ékclusive
choice),” (parallel composition), and (redo loop).

Chair of Process
and Data Science

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

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



The semantics of a process tree

Direct or in terms of
accepting Petri nets.

at asS
10K 0!
ornrerr'e @Eg@ep@ck@
O (=)

P gD}
Bon

Chair of Process
and Data Science



Directly-Follows Graph (DFG)

A A one-to-one correspondence between activities and nodes (except for start and end). |
A One can think of the fistatedo as the | ast a_ﬂt’ﬁl t

i “ r’é Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements) hg et and Data Science



One execution of the DFG (1/9)

2 2 A A A A 4

Lf
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato E :%

(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). »“J' Chair of Process

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



One execution of the DFG (2/9)

S g

Lf
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato E :%

(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). »“J' Chair of Process

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



One execution of the DFG (3/9)

YA A A A A 4

Lf
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato E :%

(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). »“J' Chair of Process
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One execution of the DFG (4/9)

/ /. / /- /

Lf
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato E :%

(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). »“J' Chair of Process
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One execution of the DFG(5/9)

N hY

/. / /- /

Lf
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato E :%

(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). »“J' Chair of Process

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



One execution of the DFG (6/9)

N,

/ /- /

Lf
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato E :%

(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). »“J' Chair of Process
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One execution of the DFG (7/9)

/- /

Lf
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato E :%

(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). »“J' Chair of Process

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



One execution of the DFG (8/9)

p bi > cb > at > as ) ac ) bo ) ep S

Lf
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato E "g—'
(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). ;“Jé

Chair of Process

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



One execution of the DFG (9/9)

Lf
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato E :%

(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). »“J' Chair of Process

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



One complete execution of the DFG

Lf
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato E :%

(at), add salami (as), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). »“tf Chair of Process

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



The DFG allows for many more traces

p bi > cb > at » as » at Y as ) at » bo ) ep ) ck 4
Qv

Infinitely many possible traces! sk



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




Alternative BPMN model

add cheese

@9
XOR XOR
split join

bake in oven clean kitchen
(bo) (cK
end
eat pizza
(ep)

add tomato

(@

) bu_y create base
ingredients (ch)
(bi)
start

add salami

(@

add

X0
mushrooms

split

join

start end
. (am) J Q event O event

Differences: (1) choice between salami and mushrooms, (2) cheese can be <4>9$353y®0h3§mm
added multiple times, and (3) one can skip eating the pizza. E.;@—,

i “ r’é Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements) hg et and Data Science



Alternative BPMN model

(2) (XOR xo:
join split (3)

add cheese

ac

@9 y (XOR XOR\
split join

buy N\ 4 N\ (" ] ]
ingredients create base add tomato bake in oven clean kitchen
(bi) (cb) (at (bo) (cK
start < AND ~ - AND end

add salami

-

eat pizza
. ® [ (ep) J
( ) \ )
o musﬁgoms o
split join
(1) S @ y

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

i “ r’é Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements) hg et and Data Science



How many traces?

add cheese
(a9

ingrglcjiiyents create base add tomato bake in oven clean kltchen
(bi) (cb (at) (bo) (cK)
start _ N end
add salami eat pizza
a
@9 (ep)

add
split mushrooms join
_ (@am )

@vEL

? “ r’é Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements) hg et and Data Science



Corresponding Petri net

silent activity (also
called Utransition)

silent activity (also
called Utransition)

OO

e

am

Same differences: (1) choice between salami and mushrooms, (2) cheese can be added E'
multiple times, and (3) one can skip eating the pizza. "gq'

i “ r’é Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements) hg et and Data Science



Corresponding process tree

Four types of operators:

A Y (sequential composition),
A x (exclusive choice),

A ~ (parallel composition), and
A (redo loop).

. |
Same differences. E ”g—'
Chair of Process

i >
© Wil van der Aalst (use only with permission & acknowledgements) "““" é and Data Science




Semantics




The corresponding DFG

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.

EVEn
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato (at), add . “ f'é
S o

salami (as), add mushrooms (am), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). Chair of Process

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



What are differences in behavior?

,,@

Same behavior as the process
am tree and BPMN model

as

Chair of Process
and Data Science

EVEn
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato (at), add é

. . _ . >
© Wil van der Aalst (use only with permission & acknowledgements) salami (as), add mushrooms (am), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). \,“L,



What are differences in behavior?

ac

bo

A
y
~C%elpk>~ o« ) u > bi cb at bo ep ck |

as

et

am

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

The DFG also allows for:

A Not adding cheese.

A Not adding tomato.

A Adding both salami and mushrooms.

A Adding tomato, salami, and mushrooms multiple times.

EVEn
Using short names: buy ingredients (bi), create base (cb), add cheese (ac), add tomato (at), add é

salami (as), add mushrooms (am), bake in oven (bo), eat pizza (ep), and clean kitchen (ck). L“&f Chair of Process

and Data Science



Four types of basic process models

BPMN: The industry Process trees: Frequently
standard (here we just use  used In process mining
a subset) because it is block structured

and sound by construction
Petri nets: The oldest

model for concurrent DFGs: Supported by all
Processes and_the de process mining tools (simple,
facto standard in process but no concurrency)

mining research
PLFDY

i PE Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements ) hg et and Data Science
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© Wil van der Aalst (use only with permission & acknowledgements) . . . .
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Two basic representations

Normal event log and simplified event log

case activity timestamp resource customer
pizza-56 buy ingredients (bz) 18:10 Stefano Valentina
pizza-57 buy ingredients (bi) 18:12 Stefano Giulia
pizza-57 create base (¢bh) 18:16 Mario Giulia
pizza-56 create base (cbh) 18:19 Mario Valentina
pizza-57 add tomato (at) 18:21 Mario Giulia
pizza-57 add cheese (ac) 18:27 Mario Giulia
pizza-56 add cheese (ac) 18:34 Mario Valentina
pizza-56 add tomato (at) 18:44 Mario Valentina
pizza-56 add salami (as) 18:45 Mario Valentina
pizza-56 bake in oven (bo) 18:48 Stefano Valentina
pizza-57 add salami (as) 18:50 Mario Giulia
pizza-56 eat pizza (ep) 19:10 Valentina Valentina
pizza-58 buy ingredients (bz) 19:17 Stefano Laura
pizza-57 bake in oven (bo) 19:23 Stefano Giulia
pizza-57 eat pizza (ep) 19:27 Giulia Giulia
pizza-57 clean kitchen (ck) 19:44 Mario Giulia
pizza-58 create base (¢bh) 19:48 Mario Laura
pizza-58 add salami (as) 19:49 Mario Laura
pizza-58 add tomato (at) 19:55 Mario Laura
pizza_‘;ﬁ Arlaan Litrhan (-1 MN-NY MM arin \!ulentina
rizza- normal event log (events with case, aura
via. ACtivity, time, etc. attributes) o
pizza-58 clean kitchen (ck) ‘ 20:51 ‘ Mario ‘ Laura

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

case: pizza-56

p bi > cb p ac )y at » as » bo » ep ) ck 2
case: pizza-57

p bi > cb > as > at » ac ) bo > ep ) ck 4

simplified event log (cases are represented as
seqguences of activities, ignoring all other attributes)

v
* “ r’é Chair of Process
S O and Data Science



Formalization: Normal event log

Definition 1 (Universes). U/, is the universe of events, U,.; is the universe of ac-
tivities, U,z 1s the universe of cases, Ui, 1S the universe of timestamps, U, = e
{act, case, time, ...} is the universe of attributes, U, is the universe of values, and
Unap = Uarr 7 Uyar s the universe of attribute-value mappings. We assume that
Z/{act chase Uutz’me C u’ua,lr 1 %/ Mva,lr andfor any f < umap-' f(CLCt) S Z/{a,ct U {J_},
f(case) € Uegse U{ L}, and f(time) € Upipme U{L}.

Process Mining
Handbook

LNBIP 448

Definition 2 (Event Log). An event log is a tuple L = (E, #, <) consisting of a set of
events I/ C U, a mapping # € I — U4y, and a strict partial ordering < C ' x I
on events.

Foranye € FE and att € dom(#(e)): #a41:(€) = #(e)(att) is the value of attribute
att for event e. For example, # ,ct(€), #case(€), and Fime(€) are the activity, case,
and timestamp of an event e.

The ordering of events respects time, i.e., if €1,e2 € E, #1ime(€1) # L, #time(€2)
# 1, and #tz'me(€1) < #tz'me(ez), then eo A e.

events have case, activity, time,
and possibly other attributes TN oo ocess
© Wil van der Aalst (use only with permission & acknowledgements) and Data Science




Formalization: Simple event log

Definition 3 (Simplified Event Log). A simplified event log L € B(U,.+™) is a multiset
of traces. A trace 0 = {(ay,as,...a,) € Uyer” is a sequence of activities. L(o) is the
number of times trace o appears in event log L.

P bi ) cb ) as » at > ac ) bo ) ep ) ck 4

Wil M. P. van der Aalst
Josep Carmona (Eds.)

Process Mining
Handbook

LNBIP 448

OPEN ACCESS

A Multiset: the same trace may appear any number of times!
A See Definition 4 for the conversion of normal event logs to simple event logs. ?V%

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

Chair of Process
and Data Science



XES (eXtensible Event Stream)

© Wil van der Aalst (us

only with permis

on & acknowledgements)

A Official IEEE standard since 2016
(development started in 2010).

A Supported by 15+ tools (e.g., ProM)
ACompared to normal event logs:

Case attributes

Lifecycle information (start, complete, etc.)
Classifiers

Resources, roles, and groups

Costs

Etc.

“ é Chair of Process
A g o and Data Science



Not enough: Object-Centric Event Data

activity timestamp pizza resource customer location
s {pizza-56, ‘ {Valentina,
buy ingredients (bz)| 18:10 pizza-57, {Stefano Giulia, {supermarket}
pizza-58} Laura}

create base (cb) 18.16 {pizza-57} Sf;g;‘;’} {Giulia} | {kitchen-1}
create base (cb) 18.19 {pizza-56} S{tﬂzggi {Valentina} | {kitchen-1}
add tomato (at) 18.21 {pizza-57} {Mario} {Giulia} {kitchen-1}
add cheese (ac) 18.27 {pizza-57} {Mario} {Giulia} {kitchen-1}
add cheese (ac) 18.34 {pizza-56} {Mario} {Valentina} | {kitchen-1}
add tomato (at) 18.44 {pizza-56} {Mario} {Valentina} | {kitchen-1}
add salami (as) 18.45 {pizza-56} {Mario} {Valentina} | {kitchen-1}
bake in oven (bo) 18.48 {pizza-56} {Stefano} | {Valentina} | {kitchen-1}
add salami (as) 18.50 {pizza-57} {Mario} {Giulia} {kitchen-1}
eat pizza (ep) 19.10 {pizza-56} | {Valentina} | {Valentina} | {restaurant}
bake in oven (bo) 19.23 {pizza-57} {Stefano} {Giulia} {kitchen-1}
eat pizza (ep) 19.27 {pizza-57} {Giulia} {Giulia} {restaurant}
create base (cb) 19.48 {pizza-58} Sf;:gg"} {Laura} {kitchen-2}
add salami (as) 19.49 {pizza-58} {Mario} {Laura} {kitchen-2}
add tomato (at) 19.55 {pizza-58} {Mario} {Laura} {kitchen-2}
clean kitchen (ck) 20.08 0 {Mario} 0 {kitchen-1}
add cheese (ac) 20.13 {pizza-58} {Mario} {Laura} {kitchen-2}
bake in oven (bo) 20.29 {pizza-58} {Stefano} {Laura} {kitchen-2}
eat pizza (ep) 20.48 {pizza-58} {Laura} {Laura} {restaurant }
clean kitchen (ck) 20.51 0 {Mario} 0 {kitchen-2}

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

A Events may involve multiple
objects of different types.

A This lecture: 1 room, 1
lecturer, 1 summer school,
130 participants, 150 chairs,
10 tweets (#pmschool22), etc.

A One can always flatten into a
normal event |Og (see Definition 5, Chapter 1)

PS03
] “ r’é Chair of Process
A g o and Data Science



More examples

A Place order: 1 order, 5 items, 1 customer, 1 payment.

A Deliver package: 1 package, 2 orders, 4 items, 1
customer.

A PhD defense: 1 candidate, 4 professors, 1 thesis.

A Check-in: 1 passenger, 2 suitcases, 1 flight, 1
employee.

A Etc.
This I1s the normal situation!

i mg Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements) and Data Science



Pushing an elephant through a keyhole
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